
INFORMATION TO USERS

The most advanced technology has been used to photograph and

reproduce this manuscript from the microfilm master. UMI films the

text directly from the original or copy submitted. Thus, some thesis and

dissertation copies are in typewriter face, while others may be from any

type of computer printer.

The quality of this reproduction is dependent upon the quality of the

copy submitted. Broken or indistinct print, colored or poor quality

illustrations and photographs, print bleedthrough, substandard margins,

and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete

manuscript and there are missing pages, these will be noted. Also, if

unauthorized copyright material had to be removed, a note will indicate

the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by

sectioning the original, beginning at the upper left-hand corner and

continuing from left to right in equal sections with small overlaps. Each

original is also photographed in one exposure and is included in

reduced form at the back of the book.

Photographs included in the original manuscript have been reproduced

xerographically in this copy. Higher quality 6" x 9" black and white

photographic prints are available for any photographs or illustrations

appearing in this copy for an additional charge. Contact UMI directly
to order.

U-M-I
University Microfilms International

A Bell & Howellinformalion Company
300 North Zeeb Road. Ann Arbor. M148106-1346 USA

313;761-4700 8001521-0600





Order Number 9107'028

Part I. Aromatic annelation: Synthesis of naphthalenes.
Part U. C.-glycosyl anthraquinone synthesis: Total synthesis
of vineomycinone B2 methyl ester

Gomez Galeno, Jorge Enrique, Ph.D.

University of Hawaii, 1990

U·M·I
300 N. Zeeb Rd
Ann Arbor.MI48106





PARTI. AROMATICANNELATION: SYNTHESISOF NAPHTHALENES.

PARTII. C-GLYCOSYL ANTHRAQUINONE SYNTHESIS: TOTALSYNTHESIS OF

VINEOMYCINONE B2 METHYL ESTER.

A DISSERTATION SUBMIITED TO THE GRADUATE DIVISION OF THEUNIVERSITY

OF HAWAII IN PARTIAL FULFILLMENTOF THE REQUIREMENTS FORTHE DEGREE

OF

DOCTOR OF PHILOSOPHY

IN

CHEMISTRY

AUGUST 1990

By

JorgeE. Gomez Galena

Dissertation Comrrittee:

Marcus A Tius.Chairman

Roger E. Cramer

Robert S. H. Liu

Richard E. Moore

Peter P. Crooker



ACKNO~EDGEMENTS

I want to express my gratitude to Professor Marcus A. Tlus not only for his advice

and guidance but also for his patience and encouragement during the completion of this

work and for his interest in my career as a scientist.

Many thanks to my friends and colleagues for their help,friendship and valuable

suggestions. Paticularly, the patient and meticulous work of Dr. Xue-qin Gu made

possible the completion of the work described in the second part of this dissertation. Dr.

Javid H. Zaidi and Dr. Chengwen Zhao also collaborated in this project and their help is

gratefully acknowledged. Helpful suggestions were also received from Professor Robert

S.-H. Liu and Mr. Michael A. Kerr.

lowe a special debt to Leilani Frando for all of her love, support and

encouragement.

Finally, my thanks to Professor Marcus A. Tius for his support in the form of a

Research assistanship and the Department of Chemistry of the University of Hawaii for

support in the form of a Teaching Assistantship and a Departamental Research

Fellowship.

iii



ABSTRACT

Part One: A synthesis of naphthalenes by an aromatic annelation sequence Is

described. a-unsubstituted ketones were converted into naphthalenes in three steps: (1)

conversion Into the corresponding a-hydroxymethylene followed by O-silylation. (2)

addition of benzyl magnesium chloride followed by dehydration to afford an unsubstltuted

enal and (3) acid catalyzed cycllzatlon to generate the naphthalene.

Several naphthalenes were prepared by this sequence, and the potential of the

sequence Is Illustrated by the synthesis of a phenanthrene.

Part Two: The synthesis of functlonalized hydroxyanthraquinones is reported.

The method utilized was applied to a total synthesis of vineomycinone 82 methyl ester,

the aglycone of the C-glycosyl anthraquinone antibiotic vineomycln 82.

Hydroxyanthraquinones were protected as the corresponding methoxymethyl

ethers and reduced to the anthracenes with sodium borohydride in refluxing isopropanol.

These anthracenes could be cleanly lithiated and functlonallzed by reaction with reactive

electrophiles. The lithio derivatives could also be captured by stannylation and the

stannanes Iodinated. These Iodoanthracenes underwent Pd-catalyzed coupling reactions

to generate the corresponding c-c bonds in a highly reglospecific manner.

The use of a protected glucal derivative generated from the commercially

available tri-O-acetyl-D-glucal afforded a C-glycosyl anthracene.Hydrogenation with

sodium cyanoborohydride in methanolic HCI generated the corresponding P-C-glycosyl

anthracene. Further stannylation of this C-glycoslde afforded a stannane that was

coupled with a chiral dioxinone to incorporate the alkyl side chain. Addition of lithium

dimethylcuprate resuhs in a functionalized anthracene that contains all of the carbon -
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carbon bonds present in vineomycinone 82 methyl ester, and all the asymmetric centers

in the correct configuration. Elaboration into vlneomyclnone 82 methyl ester took place

by oxidation to the corresponding 9,10-anthraquinone followed by removal of all

protecting groups with methanolic Hel.
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PREFACE

This dissertation presents the results of two independent although related

projects: The first one is an aromatic annelation synthesis of 2,3-disubstituted

naphthalenes from a-unsubstituted ketones. This aromatic annelation route Is a logical

extension of earlier work performed in this laboratory under the direction of Professor

Marcus A. Tius. The methodology described In this portion of the work Is useful for the

synthesisof polynuclear aromatic hydrocarbons, as demonstratedby its application to the

synthesisof a phenanthrene.

It was expected that the methods developed for the synthesis of naphthalenes

could be applied to the synthesis of the' C-glycosyl anthraquinone vineomycinone 82

methyl ester, the aglycone of the antitumor antibiotic vlneomycin 82. However, the

realization that the different fragments of vineomycinone 82 could be derived from

readily available starting materials led us to pursue its total synthesis by a triply

convergent route. This approach takes advantage of the powerful organopalladium and

organonickel chemistry for the construction of the key C-C bonds. The completion of a

total synthesis of vineomycinone 82 methyl ester described in Part Two of this work

attests to the validity of this approach.

Preliminary work was done in an attempt to develop methodology for the

synthesis of C-glycosyl aromatics by use of an aromatic annelation route. The synthetic

plan along with selected results and future options in this project are presented in

Appendix I.
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PART ONE.

AROMATIC ANNELATlON: SYNTHESIS OF NAPHTHALENES

INTRODUCTION

A. BACKGROUND

Funetionalization of benzene rings is perhaps the most Important method for the

synthesis of aromatic compounds. This should come as no surprise. given that benzene and

other aromatic hydrocarbons have been used as cheap and convenient starting materials since

the early days of synthetic organic chemistry. Substitution reactions (nucleophilic and/or

electrophilic) used in a stepwise manner led to the desired target molecules. As a result, a vast

amount of information concerning the substitution at benzene rings has accumulated over the

years.

The use of an acyclic precursor (with some or all of the substituents already in place) to

form an aromatic ring is an important option which has received considerable attention1. Several

advantages can be seen in this approach: (i) The preparation of highly substituted benzenes in

relatively few steps. without the formation of ortho-meta-para mixtures common in ring substitution

sequences. (ii) In general. highly funetionalized aromatic compounds require longer synthetic

routes in ring-substitution approaches, which tend to offset the advantage of using cheap starting

materials. (iii) Ring synthesis can provide patterns not easily available by conventional routes.

And (iv), the synthesis of labelled compounds should be facilitated by ring synthesis because of

the larger pool of labelled acyclic compounds.

Earlier work from this laboratory led to the elaboration of c-unsubstnuted ketones into

aromatic products. These aromatic annelatlon sequences have provided routes to biphenyls2,
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phenols3, pyridines4, catechol monoethers5, m-terphenyls6, methylphenyls7 and 2-hydroxy-p­

quinones8 (Figure 1). The synthesis of a morphinan by use of an aromatic annelation sequence

illustrates the applicability of this technique9.

HO

J?
R1

· JlH
/\

HO
OR

o

OR

Figure 1

As shown below for the synthesis of methyl phenyls (Scheme I), this [3+3] approach

involves (i) addition of a three-carbon nucleophile to a protected ~-ketoaldehyde, (ii) dehydration

to form an anal, and (iii) acid-catalyzed intramolecular Prins reaction and dehydration to afford the
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target toluene derivative. The intermediate aldehyde can be isolated or, more conveniently, the

aromatic product can be obtained from the unsaturated tertiary alcohol in a single operation.

SCheme I

••

o(r01MS__
1 2 3

•

4

This acid catalyzed cyclization is believed to proceed by a cationic mechanism, a view

supported by the need of a substituent capable of stabilizing an allylic cation (methyl group in the

example above) and by the smooth cyclization of both geometric isomers of acyclic enals.

OH
•

The synthesis of fused aromatic rings would expand the scope of the aromatic annelation

methodology. This development would find application in the synthesis of polynuclear aromatic

3



hydrocarbons (PAH)10, an important family of compounds linked to a significant amount of human

cancers for which there is a continuing need to develop concise syntheses for monitoring and

biological studies.

A further potential applicaton is in the synthesis of anthraquinone containing natural

products, among which can be mentioned the anthracyclines, which constitute an important

group of agents in cancer chemotherapy.

B. OBJECTIVE

An entrance into the synthesis of fused aromatic hydrocarbons is the regioselective

synthesis of 2,3-disubstituted naphthalenes that can be devised by extension of the aromatic. .

annelation methodology, as illustrated in Scheme Il.for the synthesis of naphthalene 7.

Scheme II

5 6

..

7

Because of the relation with the method described above, the cyclization is expected to

proceed by a cationic intermediate of the type common in electrophilic aromatic substitution

reactions, a mechanistic feature which will lend flexibility to the method, allowing the use of acyclic

ketones as starting materials.
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This chapter describes the realization of this objective: several naphthalenes have been

prepared by elaboration of the corresponding 2-unsubstituted ketones11, and the scope of the

synthetic method is illustrated by the synthesis of a phenanthrene.

5



RESULTS AND DISCUSSION

The use of an aromatic annelation sequence for the synthesis of naphthalenes calls for

the use of aldehydes such as 6. The methodology developed earlier in this group leads to the

desired aldehydes by a very short route.

Reaction of silyl enol ether 1 with an excess of benzylmagnesium chloride in THF at -550C

gave the tertiary allylic alcohol 5 (Scheme III), which was isolated but not purified. Use of

temperatures higher than -550C for the Grignard addition resulted in the obtention of mixtures

containing 1,2- and 1,4- addition products. Dehydration of 5 (10 equivof PPTS, CH2CI2, 23°C)

led to aldehyde 6 in 58% yield. Table I summarizes the results obtained when a series of

aldehydes was prepared by this route.

SchemeIII

6

PPTS .,

5

PhCH2MgCI
•

THF, -55°C

o

aOTMS_--~-
1

With the required enals available, efforts were directed to the cyclization of the aldehydes.

Treatment of aldehyde 6 with a variety of Lewis acids afforded naphthalene 7 as indicated in

equation 1. The results of these experiments are summarized in Table II.

6



TABLE I

Enals oreoared as indicated in Scheme III

Entry Starting Material Enal Yield

COlo)

0

aCHO
1

(J'0TMS
8 65

13

0

cS
h

GOTMS 9 ' CHO
14

3 61

0

OCHO'O"OTMS
3 10 79

15

0 Ph
4 [SoTMS ~ CHO

11 16
66

0 Ph

~OTMS12 rC(CHO
5 74

17

(1:1/ E : Z)
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Lewis Acid • (eq.1)

6

TABLE II

7

Conditions used for the cvcnzancn of 6 (eo. 1)

Entry Conditions Yield (%)

1 FeCla. CH2CI2. -78 to 230C ao

2 BFa·OEt2. CHaN02. 2aoC, 6 days 66 (75)*

a EtAICI2 (several solvents) 0

4 TiCI4, CH2CI2. -78 to 230C a8

5 TiCI4. CH2CI2. -20 to 23°C 71

6 TiCI4. CHaN02• .40 to 230C 26

7 TfOH. CH2CI2. -55 to -250C 65

8 TMSOTf. CH2CI2. so to 2aoc 67

9 TMSOTf, pyridine. CH2CI2 -60 to 230C 20

* Yield corrected for recovered starting material.

From these results it is clear that among the acids evaluated titanium tetrachloride at rather

high temperatures was the best choice to induce the cyclization process (entries 4 and 5).

Although BF3·0Et2 gave results comparable to those of titanium tetrachloride in terms of isolated

yields (entry 2), the reaction was slower, which decreased its value as a practical method. Another

8



viable option is the use of triflic acid (entry 6). Trimethylsilyltriflate (entry 7) gives naphthalene 7 in

good yields. but this may be due to generation of triflic acid in situ. as suggested by the inhibition

of the reaction under buffered conditions (entry 9).

Reaction of the aldehydes prepared earlier with TiCI4 in methylene chloride gave the

corresponding naphthalenes as summarized in Table III.

TABLE III

Entr Na hthalene Yield %

1 13 OX) 84

~ ~ 18

2 14 CO:> 15

. ~ ~ 19

3 15

20

54

4 16

21

67

5 17

9

70



It is noteworthy that both geometric isomers of aldehyde 17 cyclized smoothly to

generate naphthalene 22. The low yield for the cyclization of 14 is in line with earlier results7, and

is probably due to a less favorable geometry for overlap between the aldehyde carbonyl carbon

and the phenyl ring carbon.

The simplicity of this synthetic sequence is obvious upon comparison of the preparation

of 18 by this method and by the method reported in the literature. The sequence depieted here

proceeds in three synthetic operations from cycloheptanone, whereas the reported method

works in several steps from a rather uncommon indene derivative.

•

1. Ag+

•
2. Hi Pd-C

18

A method reported in the literature for the synthesis of naphthalenes 7 and 20 involves

the catalytic hydrogenation of the corresponding dihydroanthracenes. The latter method is

obviously limited to the synthesis of tetrahydroanthracenes.

The preparation of naphthalene 21 illustrates how a large size ring can be fused to an

aromatic system in a simple manner, avoiding the need to resort 'to ring-expansion or

macrocyclization techniques.

10



As a further example of the usefulness of this method the synthesis of a phenanthrene

was undertaken. However, in order to have a more efficient procedure some modifications were

necessary. A minimum of Grignard or organolithio reagent was desired in order to prevent the

problems associated with the separation of byproducts. In the case of naphthalene preparation,

an excess of Grignard reagent was acceptable, because the byproduct obtained after workup and

isolation (toluene) was volatile and easily removed. In the case of a phenanthrene synthesis, the

byproduct (methylnaphthalene) would have to be removed by chromathographic methods so an

excess of this material was to be avoided. The need to use an excess of Grignard reagent stems

in part from the use of the silyl enol ethers as crude materials containing an equivalent of

triethylammonium chloride. A solution to this problem is the preparation of a silyl enol ether in an

isolable form free of proton sources,. such as in the case of 30, which was stable to

chromathography. A second modification was in the manner of generation of the nucleophile.

The benzylmagnesium bromide used above was contaminated with variable amounts of bibenzyl

and unreaeted benzylmagnesium chloride. In order to minimize the amount of these type of

contaminants the Iithiated species was generated by transmetallation of a stannane using the

method reported by Still12.

The synthesis of the phenanthrene was achieved by the sequence shown in Scheme IV.

Treatment of 1-chloromethyl naphthalene with tri-n-butylstannyllithium12, afforded stannane 29

in 57% yield after flash chromatography. Transmetallation of 29 (0.9 equiv n-BuLi, THF. -7S0C),

followed by addition of the t-butyldimethylsilyl enol ether 3013• gave a product which was

converted into aldehyde 31 by dehydration (PPTS. CH2CI2. 230C) in 68-S0% yield. Cyclization

of 31 proceeded rapidly at -40 to -300C with titanium tetrachloride in dichloromethane to afford a

70% yield of phenanthrene 32 along with 15% of recovered starting material. The mildness of

these conditions reilect the higher stability of a cation derived from naphthalene as compared with

that of a cation derived from benzene.

11



05,..::' Bu,Snll

~ ~
•

Scheme IV

05
s nsu3

~I ~
~ ~

29

1. n - BuLi

2. 0
~OTBDMS

U 30

3.PPTS

31

•
CH2CI2

-30 to -20°C

30 min

32

Once again, this method compares quite favorably with the method reported in the

literature for the synthesis of 32 (see below). not only because the reported route takes more

steps from a more complex starting material, but also because the more convergent route

disclosed here allows a high degree of flexibility in regard to the analogs that can be prepared.

o

---~~ 32
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CONCLUSIONS

The aromatic annelation methodology has been extended to the regioselective synthesis

of naphthalenes. and its potential has been illustrated by the synthesis of a phenanthrene. The

sequence developed here gives rise to naphthalenes in good to excellent yields in few steps.

Because of the flexibility gained by use of a convergent route and readily available starting

materials. the aromatic annelation route compares very favorably with alternative methods for the

synthesis of naphthalenes and phenanthrenes. constituting an excellent point of entrance into

the synthesis of polynuclear aromatic hydrocarbons. Careful! choice of starting materials can lead

to a variety of other aromatic compounds of biological interest.

The synthesis of aryl C-glycosides is only one of the possible applications of this

methodology. and progress has already been made in this direction (Appendix I).
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EXPERIMENTAL

General:

All moisture sensitive reactions were run in flame dried glassware under a positive

pressure of nitrogen or argon.

Solvents and reagents were used as received from the supplier with the exception of the

following: Acetonitrile, hexanes, benzene, boron trifluoride etherate and dihydropyran were

distilled under nitrogen from calcium hydride. Diethyl ether and tetrahydrofuran were distilled from

sodium benzophenone ketyl. Methylene chloride was distilled from phosphorous pentoxide

under nitrogen. Pyridine, triethylamine, diisopropylamine and diisopropylethylamine were

distilled under argon from barium oxide.' t-butyldimethylsilyl triflate. tri-n-butyl-tin hydride and

benzyl chloride were distilled under reduced pressure. Chlorotrimethylsilane and triethylsilane

were distilled under nitrogen.

Melting points were determined in a Mel-Temp apparatus and are uncorrected.

Infrared spectra were measured in a Perkin-Elmer IR 1430 spectrometer.

Proton NMR were measured on either a NT-300(Nicolet) or a OE-300 (General Electric)

both at 300 MHz. Chemical shifts are reported in parts per million downfield from tetramethylsilane

(S scale). Coupling constants are are given when accurate determinations are possible.

Carbon-13 NMR were mesured in the same instruments at 75 MHz.

Electron impact mass spectra were measured on a VG-70SE

14



(J
23

1. TMSCI • EtsN
2. PhCH2MgCI

•

General procedure for the synthesis of unsaturated aldehydes. Ena113:

To a solution of 295 mg (2.10 mmol) of hydroxymethylene 2314 in 50 mL of diethyl ether

were added 0.45 mL (ca. 1.2 equiv) of a 1:1 mixture of chlorotrimethysilane and triethylamine.

The resulting mixture was allowed to react for about 2 minutes and transferred via cannula to a THF

solution of benzylmagnesium chloride (50 mL, 16.0 mmol, 7.6 equiv) cooled to -550C. After

stirring for 1 min the reaction was quenched by pouring over a solution of sodium dihydrogen

phosphate at OOC. The product was partitioned between ether and water. The ether layer was

washed with brine, dried over K2C03 and evaporated to give an oil which was dissolved in

dichloromethane (5 mL) and added dropwise to 10 equiv of PPTS. After completion of the

reaction (0.5 h, 230C), aqueous workup and flash chromatography on silica gel afforded 293 mg

(65%) of aldehyde 13 as a colorless oil.

IR (neat): 2922, 2852, 2755, 1661, 717, 697 cnr".

1H NMR (300 MHz. CDCI3): 10.20 (1H, s), 7.10 - 7.40 (5H, rn), 3.93 (2H, s), 2.55 (2H, t, J = 6.0

Hz), 2.33 (2H, t, J., 3.0 Hz). 1.65 - 1.70 (2H, m), 1.30 - 1.50 (4H, m).

Mass spectrum (rn/e): 214 (M+), 171, 157, 128,91.

15



Ena114:

oO='0H
24

1. TMSCI - Et3N
2. PhCH2MgCI

•
.c:LJCHO

14

By use of the general procedure, 344 mg (3.1 mmol) of 24 afforded 350 mg (61%) of

aldehyde 14 as a yellowish oil.

IR (neat): 2955,2861, 1668, 1622,740, 702 em- 1.

1H NMR (300 MHz, COCI3): 10.16 (1H, s), 7.10 -7.40 (5H, m), 3.90 (2H, s), 2.62 (2H, t, J = 7.5

Hz), 2.48 (2H, t, J = 7.5 Hz), 1.83 (2H, m).

Mass spectrum (m/e): 186(M+),158,141,115,108,91.

16



1. TMSCI - Et3N
2. PhCH2MgCI

25

Enal6:

•

The aldehyde 6 (325 mg) was obtained in 58% yield from 358 mg (2.84 mmol) of

hydroxymethylene 25 by use of the general procedure.

IR (neat): 1663,1630,735,702 cm-1.

1H NMR (300 MHz, CDCI3): 10.28 (2H, s), 7.10·7.70 (5H, rn), 3.90 (2H, s), 2.29 (2H, s), 2.19

(2H, s), 1.60 (4H, bs).

Mass spectrum (m/e): 200 (M+),171,157,141, 91.

17



Ena115:

26

1. TMSCI - EtaN
2. PhCH2MgCI

•
~o CHO

15

By use of the general procedure, 299 mg (2.13 mmol) of hydroxymethylene 26 Oafforded

355 mg (79%) of aldehyde 15.

IR (neat): 2868.2776.1666, 728. 700 cm-1.

1H NMR (300 MHz, COCI3): 10.19 (1H. s).• 7.10 -7.40 (5H, m). 4.34 (1H. d. J .. 15.4 Hz). 3.63 (1H.

d. J - 15.4 Hz). 3.15·3.50 (1H, m), 2.15·2.45 (2H. m), 1.25·2.00 (4H, m), 1.13 (3H, d, J = 7.0

HZ).

Mass spectrum (rn/e): 214 (M+). 157, 115.91:

18



Ena116:

27

1. TMSCI- EbN
2. PhCH2MgC1

•

16

From 320 mg (1.52 mmol) of hydroxymethylene 27 were obtained 286 mg (66%) of

aldehyde 16.

IR (neat): 2974,2755,1667,733,700 crrrl.

1H NMR (300 MHz, COCI3): 10.21 (1H, s), 7.10 -7.30 (5H, m), 3,98 (2H, s), 2.27·2.43 (4H, m),

1.10 -1.60 (16H,m).

Mass spectrum (mle): 284(M+),193, 171, 158,129.

19



o OH

If
28

Enal17 (1:11 E:Z):

1. TMSCI - El3N
2. PhCH2MgCI

Ph

rYCHO

17

(1 :11 E:Z)

Use of the general procedure on 546 mg (4.79 mmol) of hydroxymethylene 28 gave 664

mg (74%) of aldehyde 17 asa 1:1 mixture of geometrical isomers.

IR (neat): 2755,1667,735,700 crrr l

1H NMR (300 MHz, CDCI3): 10.12,10.16 (1H, two singlets). 7.13 -7.30 (5H. m), 3.93 and 3.65

(2H two singlets), 2.52 and2.21 (q, J =8.0·Hz. q, J =8.0 Hz, 2H), 1.85 and 1.83 (3H, two singlets),

1.08 and 1.00 (t, J =8.0 Hz,t, J =8.0 Hz, 3H).

Mass spectrum (mle): 188(M+), 159. 128, 117,91.

20



13

T1Ct.
•

General procedure for the synthesis of naphthalenes: Naphthalene 18:

To a solution of 101 mg (0.47 mmol) of aldehyde 13 In 5.0 mL of CH2CI2 cooled to ­

300C were added 158 mL (1.4 mmol, 3.0 equiv) of TiCI4. The solution was allowed to warm to

230C dUring 2.5 h and decanted over ice cold saturated aqueous sodium bicarbonate. Extraction

with CH2CI2 followed by flash chromatography gave 77 mg (84%) of naphthalene.1S15

m.p. 104 - 1050C

IR (KBr): 881,824,737 crrr".

1H NMR (300 MHz, COCI3): 7.24 (2H, q, J .. 5.7 Hz), 7.55 (2H, s), 7.38 (2H, q, J =6.0 HZ), 2.95

(2H, m), 1.60 - 2.00 (6H, m).

13C NMR (75 MHz, COCI3): 142.08,132,33,126.92,126.67,125.04,36.81,32.42,29.14.

Mass spectrum (mle): 196 (M+), 167.

Exact mass: Calculated for C15H16: 196.1253. Found: 196.1296
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.c:
~CHO
14

Naphthalene 19:

TiC!4 ..

By use of the general cyclization procedure, 137 mg (0.74 mmol) of aldehyde 14 afforded

19 mg (15%) of naphthalene 1916.

m.p.: 84 - 850C

IR (KBr): 2955,2860, 741, 702 crrr".

1H NMR (300 MHz, COCI3): 7.75 (2H, q, J =6.0 Hz), 7.65 (2H, s), 7.37 (2H, q, J =6.0 Hz), 3.06

(4H, t, J =7.0 Hz), 2.14 (2H, m).

13C NMR (75 MHz, COCI3): 143.37,132.87,127.41,124.79,122.05,32.71,26.19.

Mass spectrum (mte): 168 (M+), 152, 139, 115.

Exact mass: Calcd. for C13H12: 168.0939. Found: 168.0943.

22



A:o CHQ

6

TiC4
•

Naphthalene 7:

From 61 mg (0.31 mmol) of aldehyde 6 were obtained 40 mg (71%) of naphthalene 7.

m.p.: 92 - 940C.

IR (KBr): 2900,832. 719 crrr".

1H NMR (300 MHz. COCI3): 7.68 (2H, q, J =6.0 HZ), 7.51 (2H, s). 7.33 (2H, q, J = 6.0 Hz), 2.94

(4H. bs), 1.85 (4H. m).

13C NMR (75 MHz, COCI3): 136.16,132.07,126.91,126.58,124.82.29.77,23.82.

Mass spectrum (nve): 182 (M+), 167,165, 154, 141.

Exact mass: Caled. for C14H14: 182.1096. Found: 182.1108.

23



~o CHQ

15

TIC,",
•

Naphthalene 20:

Treatment of 33 mg (0.15 mmol) of aldehyde 15 with TiCI4 by the general procedure gave

16 mg (54%) of 20 as a colorless oil17

IR (neat): 2925,843,772 cm-1.

1H NMR (300MHz. CDCI3): 7.60 - 7.80 (2H, m), 7.53 (2H. bs), 7.30 - 7.40 (2H. rn), 3.08 (1H, bq),

2.95 (2H, t, J. 6.0Hz), 1.50 - 2.10 (4H, m), 1.40 (3H, d. J I: 7.0 Hz).

13C NMR (75 MHz, CDCI3): 141.35.136.08,132.20.131.91, 121.18,126.38,125.59, 124.98,

124.78, 32.77, 31.71, 30.25, 22.74, 20.90.

Mass spectrum (m/e): 196 (M+), 181,178, 171, 165,152.

Exact mass: Calcd. for C15H16: 196.1253. Found: 196.1246.
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Naphthalene 21 :

From 51 mg (0.18 mmol) of aldehyde 16 were obtained 32 mg (67%) of 21 as a white

solid.

m.p.: 55 - 560C.

IR (KBr): 2900. 880, 859. 730 crrr",

1H NMR (300 MHz. COC(3): 7.71 -7.74 (2H. q, J =6.0 Hz), 7.64 (2H, bs), 7.34 -7.38 (2H,q, J =

6.0 Hz). 2.81 (4H, t, J = 8.0 Hz), 1.50 - 2.00 (14H. m).

13C NMR (75 MHz, COCI3): 140.16. 132.14, 127.69. 126.90. 124.93. 30.37, 30.00, 26.86,

26.00. 23.14.

Mass spectrum (mte): 266 (M+). 251. 223, 209,195. 183. 169.

Exact mass: Calcd. for C20H26: 266.2072. Found: 266.2022.

25



Ph

r'rCHO

17

Naphthalene 22:

•

251 mg (1.38 mmol) of 17 (as a 1:1 mixture of geometrical isomers)gave 166 mg (70%) of

22 as a colorless oil upon treatment under the general conditions.

IR (neat): 2932, 1603,879, 745 crrr l.

1H NMR (300 MHz, CDCI3): 7.70 - 7.80 (2H, m), 7.59 (2H, bs), 7.30·7.50 (2H, m), 2.78 (2H, q, J

=7.0 Hz).

13C NMR (75 MHz, CDCI3): 141.12,134.85,132.44,132.16,127.76,127.02, 126.76, 125.53,

124.98,124.91,26.26,19.64,14.29.

Mass spectrum (mJe): 170 (M+), 155, 141.

Exact mass: Calcd. forC13H14: 170.1090. Found: 170.1097.
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29

1. n - SuLi
•

2. )lr0TBDMS

U 30

3.PPTS

31

A solution of 245 mg (0.57 mmol) of 29 In 10 mL of THF at -780C was treated with 0.22 mL

of a 2.3 M solution of n-SuLi (0.51 mmol). After 5 min at -780C a THF solution of 114 mg (0.45

mmol) of silyl enol ether 30 was added and stirred for 1 min before pouring over ice cold saturated

sodium bicarbonate. The product was extracted with methylene chloride and the organic phase

was washed with water, saturated sodium chloride and dried over MgS04. Evaporation of the

solvent gave a crude oil which was dissolved in 2.0 mL of CH2CI2 and added via cannula to 1.38g

(5.5 mmol) of PPTS. After 12 h, aqueous workup and flash chromatography afforded 96 mg

(80%) of 31.

1H NMR (300 MHz, CDCIS): 10.17 (1H, s), 8.03 (1H, d, J = 8.7 Hz), 7.87 (1H, d, J = 9.0 Hz), 7.75

(1H, d, J =8.1 Hz), 7.52 (2H, m), 7.40 (1H, t. J =7.5 Hz), 7.20 (1H, d, J =6.9 Hz), 4.40 (2H, s),

2.61 (2H, m), 2.36 (2H, m), 1.74 (2H, m), 1.47 (2H, m), 1.40 (2H, m).
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31

TiCLt

CH2CI2

-30 to -20°C

32

Phenanthrene 32:

To a solution of 60 mg (0,23 mmol) of aldehyde 31 in 5.0 mL of CH2CI2 at -300C were

added 150 mL (1.37 mmol) of TiCI4. After 30 min, poured the mixture over ice cold saturated

sodium bicarbonate. The organic layer was separated and the aqueous phase extracted with

dichloromethane. The combined organic extracts were washed with water and saturated sodium

chloride and dried over MgS04. Evaporation of the solvent and chromatographic purification of

the residue gave 40 mg (70%) of phenanthrene along with 9 mg (15%) of recovered starting

aldehyde.

IR (hexanes): 889,806,745 crrr".

1H NMR (300 MHz, COCI3): 8.65 (1H, d, J. 8.0 HZ), 8.40 (1H, s), 7.85 (1H, d, J "" 8.0 Hz), 7.70­

7.50 (5H, m), 3.09· 3.05 (2H. bt), 3.01 ·2.98 (2H, bt), 1.95 -1.85 (2H, rn), 1.83 -1.70 (4H, rn).

13C NMR (75 MHz. COCI3): 142.54,131.86,130.56,130.10,128.56,128.45, 127.99, 126.37,

126.19, 126.03, 125.90, 125.48. 122.41, 122.30,37.88,36.65.32.58. 28.91, 28.90.
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Mass spectrun (rrve): 246 (M+), 217, 215, 205, 202,141.

Exact mass: Calcd.forC19H18: 246.1408. Found: 246.1406.
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PART TWO.

CGLYCOSYL ANTHRAQUINONE SYNTHESIS: TOTAL SYNTHESIS OF VINEOMYCINONE

82 METHYL ESTER

INTRODUCTION

A. BACKGROUND

The discovery of the antitumor activity of daunomycin on solid and ascites tumors, and

the demonstration of its activity in childhood leukemia as a remission inducer encouraged

numerous studies regarding the anthracyclines. This family of antibiotics is characterized by the

presence of a functionalized anthraquinone nucleus embedded in a glycosylated hydrotetracene

system. Efforts to find more potent anthracycllnes led to the discovery of adriamycin, which had

a more favorable therapeutic index and a broader spectrum of activity than daunomycin'.

o OH o
R

R =H Daunomycin

R =OH Adriamycin

The fact that a small change in the structure of daunomycin gave a dramatic

improvement in its biological properties, coupled with the undesirable side effects of these
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agents (particularly their cardiotoxlcity) stimulated a search for anthracycllnes with different

structures. A series of compounds discovered during this search have a carbon - carbon bond

linking a carbohydrate derivative and the anthraquinone unit, as in the case of nogalamycin and

menogaril2.

OH

o

HO

o

o OH

COOCH3

CH3

I
o

~
3C

'0
H3C

CH30 OCH3 OCH3

R1 =R: R2 .. H: Nogalamycin

R1
... H: R2 =OCH3: Menogaril

Although nogalamycin had significanrantitumor activity, it was not deemed suitable for

human clinical trials. In the other hand. the semisynthetic derivative menogaril is currently in

phase II clinical trials. one more example of how structural modifications of less than optimum

compounds can result in new agents with significantly improved biological properties.

A related family of C-glycosyl anthraquinone antibiotics was isolated from a culture of

Streptomyces matensis subsp. vineusS. These compounds, called vineomycines are active

against gram-positive bacteria and against sarcoma-180 in mice3. Vineomycin A1 has also been

found to be a potent inhibitor of collagen proline hydroxylase4. The structure of vineomycin A1

was found to be that shown below by spectroscopic and crystallographic methods and by

stablishing the identity of its aglycone with aquayamycin4. The structure 9f vineomycin 82 was

stablished by spectroscopic studies and by correlation with vineomycin A15. The aglycone,
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vineomycinone 82 methyl ester, was obtained from vineomycine 82 by treatment with

methanolic HCIS.

HO o

Vineomycin A1

o OH

~•••~~QbY"Qo.V
CHa

HO 0

Vineomycin 82: R1
... R; R2 ... H

Vineomycinone 82 methyl esther ( 1): R 1 = H, R2 =CHa

More recently, a group of C-glycosylated anthraquinone antibiotics with structure

resembling that of vineomycin 82 was isolated from mutants of Streptomyces parvulus. These

compounds, named fridamycines, have the structures indicated below. In particular, frydamycin

A is identical to vineomycinone 82. Interestingly, fridamycin E has the highest activity against

gram positive bacteria. However, although their structures are so similar to those of vineomycin

82, little is known about their possible antitumor activity.
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o OH

R

'. COOH
~OH

HO 0

H3::Y
Fridamycin R

OH

H3C"¢'O:.::Q E H

B Sugar I
0

0 Sugar II

Sugar I Sugar II

The presence of an aromatic ring attached to a glucose derivative through a ~-C·

glycosidic bond stimulated a number of groups to develop methodology for the synthesis of this

class of compounds6• with at least two of them resulting in total syntheses of 17,8.

The synthesis of vineomycinone B2 methyl ester reported by Danishetsky and

coworkers7, although interesting because of the methods utilized had two major drawbacks: (1)

The carbohydrate fragment was not obtained as a single diastereomer and, (2) the problem

posed by the stereochemistry of the five carbon side chain was not satisfactorily solved.

An alternative solution to the latter problem was advanced by Khron and Baltus6c in

their synthesis of fridamycin E. however, in spite of its simplicity this method Worked in very low

yield.
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B OBJECTIVE

This chapter describes the development of methodology for the synthesis of C-glycosyl

anthraquinones that was applied in a triply convergent synthesis of vineomycinone B2 methyl

ester. The configuration of all of the asymmetric centers of vineomycinone B2 methyl ester was

established unambiguously, and epimers, if formed, were not detected by 500 MHz 1H NMR.

C. SYNTHESIS DESIGN

The structure of vineomycinone B2 methyl ester can be seen as composed of three

subunits: a 2,6-dideoxyglucose derivative, a 1,5-dihydroxyanthraqulnone and an oxygenated,

chiral, alkyl side chain. Perhaps the most interesting feature of 1 is the presence of a carbon -

carbon bond between the anomeric center of the sugar and the anthraquinone nucleus.

dideoxyglucose
o

11
OH

Alkyl side chain

Dihydroxyanthraquinone

The commercial availability of anthrarufin (2) makes it an obvious starting material for

the synthesis of the central subunit of 1. The fact that the carbon - carbon bonds are located

ottno to the phenolic oxygens coupled with the ample precedent in the literature regarding the
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oxygen directed onno functionalization of phenols9 suggests that these hydroxyl groups should

be used to promote the formation of C-C bonds at C-2 and C-6.

The carbohydrate portion of 1 can be seen as derived from the commercially available

tri-O-acetyl-D-glucal (3). Glucal deoxygenation at C·6 is well precedented10, as is the Iithiation

of dihydropyranes at C-111.

OH 0

o OH

2

OAc
AcO :

D
AcOCH2'" 0

3

The work of Danlshefsky and coworkers7 demonstrated that there is practically no

interaction between the carbohydrate fragment and the open chain oxygenated residue. This

fact complicated their synthesis, since they started from a non chiral fragment for the preparation

of the oxygenated side chain and the detection and separation of diastereomers became a

difficult problem. The use of a chiral starting material appears to be necessary to avoid these

problems. Seebach has demonstrated that 4 can be functionalized by use of organocuprate

chemistry to give the corresponding homochiral ~-hydroxycarbonyl after depratection12 (eq. 1).

1. "RCu"

2. Deprotection

R. OH

~COOH (eq.1)

An appropriately functionalized derivative of 4 will lead to the oxygenated side chain by

use of a similar protocol (eq, 2).
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X
Ar~o

4

2. Deprotection
(eq.2)

The synthesis of the required starting materials is summarized in the figure below.

OAe

Ac0X)
AcOH2C~ 0

3

OR
AO :

--DHaC~" 0 M

X
AAo

4

OH o

o
2

OH

Figure 2

•

-

x
x~o

:II::t

A functionalized glucal derivative (I) can be prepared by deoxygenation at C-6 of tri-O­

acetyl-D-glucal (3) followed by protection of the diol and metallation at C-1 by standard
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methodology. Also a protected derivative of the central nucleus can be derived from protection

of the phenolic groups of anthrarufin (2) as methoxymethyl ethers. which will direct the

subsequent metallation reactions. Reduction of the central ring to an O-alkylated hydroquinone

(X' • OR) or an anthracene (X' • H) generates a bifunctional reagent (II) as it will be shown

below. Seebach's reagent 4 will be halogenated at the allylic position to generate (III), the unit

necessary for the incorporation of the alkyl side chain.

The above indicated starting materials can be assembled to form vineomycinone 82

methyl ester by use of a convergent route (Scheme I).

Transition metal catalyzed coupling of the carbohydrate and anthraquinone derived

fragments I and II will generate the critical C-glycosyl bond. Reduction of the styryl double bond

of IV generates the ~-C-glycosyl anthracene V (M = H), which upon metallation affords the

corresponding stannane (V, M =SnR3). Coupling of the stannane and the allyl bromoderivative

III will incorporate the oxygenated alkyl side chain. Addition of a methyl cuprate will form the

final carbon-carbon bond with the correct configuration. Elaboration of VI into vineomycinone 82

methyl ester 1 will then require that the anthracene ring be reoxidized to an anthraquinone

followed by removal of the protecting groups.
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RESULTS AND DISCUSSION

A. ANTHRAQUINONE NUCLEUS

1. Starting anthracene:

The use of anthrarufin as the starting material for the synthesis of the central fragment of

1 requires that (i) the hydroxyl groups be used as directors for the carbon - carbon bond

formation and (ii) that different substituents be introduced at C-2 and CoS.

As mentioned above, the ortho functionalization of phenols is a well established

methodology. Use of a methoxymethyl (MOM) group for the protection of the phenolic oxygens

will allow the activation of the ortho hydrogens towards Iithiation13 and will be easily removed at

the end of the synthesis. The differential functionalization at C-2 and C-S can be achieved by

either protecting both oxygens with MOM groups and finding conditions that result in

monometallation of the protected phenol, cr by using a different protecting group in each

oxygen14, effectively modulating the reactivityof the hydrogens at C-2 and CoS.

Protection of hydroxyanthraquinones by reaction with chloromethyl methyl ether and

diisopropyl ethylamine in refluxing chloroform15 (eq. 3) afforded the corresponding

methoxymethylated derivatives in the yields indicated in Table IV.

0 0

CICH20CHa
(eq.3)EtN(i-Pr)?

•
CHCla

R1 0 reflux 0
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TABLE IV
Methoxvmethvlation of hvdroxvanthraauinones (eauation 3'

Starting Material Product Yield

Entry R1 R2 R1 R2 (%)

1 2 OH H 5 OMOM OMOM 73

2 6 OCH3 H 7 OCH3 OMOM 79

3 8 H OH 9 H OMOM 95-

- Result obtained by Dr. Javid H. Zaidi

The simplicity of this procedure makes it the method of choice for the conversion of

anthraquinones into anthracenes, and it complements Snieckus' method for the synthesis of

polynuclear aromatic hydrocarbons.

The subsequent step, ortno metallatlon, does not proceed efficiently on the

anthraquinone, a result precedented in the literature16 and confirmed by use of substrate 5.

Therefore, it appeared that the best way to continue would be to reduce the anthraquinone to an

anthracene derivative before performing the metallation. The central ring of the anthraquinone

can be reduced to the hydroquinone. Further reduction leads to the corresponding anthracene.

Both of these possibilities were examined with the results described below17.

Reduction of anthraquinone 5 to the corresponding hydroquinone takes place readily

under a variety of conditions17. Use of zinc dust or catalytic hydrogenation gave the

hydroquinone 10 which was isolated by O-methylation in 94% yield18 (eq. 4).
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o

o

5

1. Zn or H21 Pd-C

2. (CH3)2S04
BU4NOH

•
MOMO

10: R=H

11: R =CHa

(eq.4 )

This method appears to be ideally suited to our purposes, since reoxidation to 5

proceeded cleanly under very mild conditions (AgOI dioxanel dil HN031 10 min) as reported by

Snyder and Rappoport19. Much to our disappointment, attempts to metallate this substrate

resulted in removal of the methyl groups to give a product which by 1H NMR and

chromatographic behavior appeared to be the hydroquinone 10. This result led us to consider

the reduction of the anthraquinone to an anthracene as the best course to follow.

The latter process turned out to be a more difficult problem than expected. Despite the

numerous methods reported for this transformation20 it was found that in the best case, when

applied to starting anthraquinone 5, reduction of the MOM protecting groups occurred

concurrently with the reduction of the carbonyl groups to afford 1,5-dimethoxyanthraquinone.

Clearly, the use of strongly acidic conditions or of Lewis acidl hydride source combinations was

not promising.

A literature report discloses the conversion of anthraquinones into anthracenes by a

three step sequence21 : (i) NaBH4 reduction to the dihydroanthracene diol, (Ii), acid catalyzed

dehydration to the corresponding anthrone and (iii), further reduction and base catalyzed

elimination to generate the anthracene.
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o

o
CH30 H

• •

HO

•

o

•
2-propanoll reflux

Although the acid catalyzed step appeared to be too harsh to be used on substrate 3. a

modification allowed the obtention of the anthracene. Dehydration of the dihydroanthracene diol

obtained by sodium borohydride reduction of the anthraquinone afforded the corresponding

anthrol which was converted into the anthracene by sodium borohydride reduction in refluxing

isopropanol.
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o

NaBH.1
•

CH30H

MOMO

OMOM

MOMO

OMOM

•
2-propanoV reflux

MOMO
14

OMOM

Further improvement came from the realization that the dehydration of the anthrone (or

anthrol) could be accomplished under the same conditions used for its generation.

Consequently, treatment of anthraquinone 5 with NaBH4 in refluxing isopropanol resulted in

obtention of an 87%yield of 14 (eq 5). Several anthracenes were obtained in good yield by this

procedure as summarized in Table V.

0

NaBH4
• (eq.5)

i - PrOH
reflux

0 R1
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TABLE V

Reduction of anthraquinones with NaBH4 (equation 5).
Starting Yield

Entry Material R, R2 R3 Product (%)

1 12 OCH3 H OCH3 13 80

2 5 OMOM H OMOM 14 87

3 7 OCH3 H OMOM 15 61

4 9 H OMOM OMOM 16 67

The simplicity of this procedure makes it the method of choice for the conversion of

anthraquinones into anthracenes. The synthesis of polynuclear aromatic hydrocarbons from the

corresponding polycyclic anthraquinones will be greatly facilitated by the use of this reduction

technique 22.

2. Anthracene functionalization

With the desired anthracenes in hand, the next step was the functionalization at the

positions onno to the protected oxygens by use of metallation reactions.

Treatment of an ethereal solution of anthracene 14 with an excess of t-BuLi in pentane,

followed by quenching with tri-n-butyltin chloride resulted in formation of bis-stannane 1723.

Iodine fortin exchange provided diiodoanthracene 1822 (eq. 6).

OMOM

OMOM
14

1. t - BuLi
BU3SnCI •
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X

OMOM
17: X= SnBu3

18: X= I

(eq.6)



This result showed the validity of the metallation method for the anthracene

functionalization. An unexpected difficulty was found upon attempted monometallation, since

use of one equivalent (or a deficiency) of t·BuLi afforded, after quenching with tri-n-butyltin

chloride, mixtures In which the distannane 17 and the starting anthracene 14 were the main

products, with little or no monostannylated material. This result suggestedthat the aggregation

state of the base or its solubility properties were playing an important role in this reaction24. In

order to test for this hypothesis, the t·BuLi was prediluted with ether and added to an ethereal

solution of 14. This modification resulted in a 74% yield of monostannane 19, which after

iodination gave a 94% yield of 20 (eq. 7).

OMOM OMOM

1. t - BuLi/ ether
(see text)

(eq.7)BU3SnCI •
2. 12

X

OMOM OMOM

14
19: X= SnBu3

20: X= I

It shouldbe pointed out that this reaction gave also anthracene 14 and bis-stannane 17

in yields ranging from 10 to 15%. Similar results were obtained by use of n~BuLiITMEDA forthe

metallation of the anthracene.

Monostannane 21 was obtained in 72% yield from anthracene 15 by addition of an

excess of t·BuLi withoutprior dilution with ether, a result that illustrates how the reactivity of the

two onno positions can be modulated by the choice of oxygen protectinggroups (eq. 8).
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OCH3
15

OMOM

t - BuLii ether
BU3SnCI

•

OCH3 21

OMOM

nBu3
(eq.8)

The isolation of metallated products as stannanes has several advantages. Stannanes

can be purified by standard chromatographic methods. It also allows the use of the anthracene

unit as a nucleophile either by means of the clean and quantitative lithium! tin exchange25, or by

directly employing the anthracene in transition-metal catalyzed reactions26. Finally, the

essentially quantitative conversion of stannanes into the corresponding iodides21 allows the use

of the anthracene unit as an electrophile. Examples of these transformations are shown below

(eq.9-11)27.

OMOM

~ SnBu3

OR

19: R ... MOM

21: R .. CH3

OMOM

I

OMOM

20

1. n - BuLi I
THF/-78°C

2.CICOX

PhZnCI
[Pd]o

•

•
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OR

22: R '" MOM; X ... NEt2

23: R = CH3; X .. OCH3

OMOM

~Ph

OMOM

24

(eq.9)

(eq.10)



OMOM

~Ph

~
OMOM

24

1. n-8uLi-TMEDA
•

2. CICOOCH 3 H3COO

OMOM

25

Compounds 22 and 23 (eq. 9) are interesting as potential starting materials for the

synthesis of anthracycline derivatives. Metallation reactions directed by the diethyl carboxamido

or the methyl ester group respectively can provide a handle for further elaboration of the ring

system.

Anthracene derivatives 19 and 20 are useful starting materials for the synthesis of

vineomycinone 82 methyl ester, since they can be functionalized specifically at C-2 and a

second metallation can be performed at C-6 (eq. 11).

The above examples illustrate the flexibility of this route, not only for the synthesis of

vineomycinone 82 but also of other functionalized anthracene and/or anthraquinone derivatives.
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B. CARBOHYDRATE DERIVATIVE

A usefulglucal derivative was prepared from tri-O-acetyl-D-glucal by adaptation of the

route developed by Toril and coworkers10. Conversion of 3 into 6·deoxyglucal (28) was

accomplished bythesequence shown in Scheme II. Mesylate 26wastreated with lithium iodide

to generatethe corresponding iodoglucal 27. Reduction with tri-n-butyltin hydride was followed

by removal of the acetyl groups with methanolic sodium carbonate to afford 28 in good yields.

However, the use of the tin hydride wasundesirable for larger scale reactions because (i) it had

to be separated chromalhographically and (ii) it posed a waste disposal problem. A more

efficient alternative to the two step conversion of 27 into 28 was the lithium aluminum hydride

reduction of 27,28 which afforded 28 in a singleoperation.

SCHEME II

UAIH4
THF

..

OAe

AeOn
XH2C' 0

(
260 X .. MsO

Lill THF 0

27: X =I

ref. 10

OAeMOD
AcOCH2'" 0

3

OH
HO :

X)
H3C

28
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O-silylation of 28 can be performed with TBDMSCI and imidazole to generate the

monoprotected alcohol (eq.12). Based on literature reports, It was anticipated that higher

temperatures and/or longer reaction times could lead to 29. However, it was found more

convenient to use the corresponding t-butyldimethyl sllyl triflate and triethylamine in methylene

chloride at room temperature29 to obtain the bis-silylated 29 in 95% overall yield from 27 (eq.

13).

OH
HO :

X)
H3C

28

TBDMSCI

DMF
imidazole

•

OTBDMS
HO :

Dol
H3C'

29

(eq.12)

28
(eq, 13)

29

Glucal derivative 29 was functionalized by Iithiation under the conditions reported by

Boeckmann and Bruza 11 (t-BuU, pentane-THF, 00C) (eq, 12). Again, the metallated product

can be isolated as a stannane (31) and converted into iodide 32, so that a useful fragment with

reactivity complementary to that of anthracenes 19 and 20 was prepared in a straightforward

manner.
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OTBDMS

TBDMSOn: 1. t-BuLi
I pentanel THF

H C~" 0 2. BU3SnCI
3 3. IiCH2CI2

29

C. C-GLYCOSYL ANTHRAQUINONE

1. Anthracene C - glycoside

OTBDMS

TBDMSOn:

• I..'
H3C' 0 X

31: X=BU3Sn

32: X=I

(eq.14)

Once the starting materials had been prepared, it was necessary to define conditions for

the coupling of the carbohydrate and anthracene fragments. The reactivity of these two

fragments arecomplementary when proper substitution is chosen.

Transition metal catalyzed reactions were attempted in an effort to couple the starting

fragments as shown below. Selected results are compiled in Table VI.

+

MOMO

OMOM

Y

•

TBDMSO

Figure 2
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TABLE VI

Preoaration of 33 b transition metal catalvzed couolina fFiaure 2)

Entry X Y Conditions Yield of

33 COlo)

1 I MgBr Ni(dppp)CI2; ether; reflux 12

2 I ZnCI Ni(dppp)CI2; ether; THF; 230C 32

3 I ZnCI Pd(PPh3)2CI2 + DIBAL-H; THF; 230C a

4 I SnBu3 Pd(CH3CN)2CI2; DMF; eosc a

5 I SnBu3 Pd(CH3CN)2CI2 + PPh3; CHCI3; eooc a

6 MgBr I Pd(PPh3)2CI2 + DIBAL-H or Ni(dppp)CI2 a

7 SnBu3 I . Pd(CH3CN)2CI2; DMF; eosc 31

e SnBu3 I Pd(CH3CN)2CI2 + LiCI; DMF; eooc 15

9 SnBu3 I Pd(PPh3)2CI2 + LiCI; THF; eooc 19

10 ZnCI I Ni(PPh3)2CI2; THF; eooc 35

11 ZnCI I Ni(dPPP)CI2; ether;230C 52

12 ZnCI I Ni(dppp)CI2; THF;230C 24

13 ZnCI I Pd(PPh3)2CI2 + DIBAL-H; THF; 230C 75*

*Reference 34

The use of iodosugar 32 (X = I, entries 1 - 5) was inconvenient for two reasons: (i) the

low recovery of 32 after chromatographic purification and (ii) neat 32 was unstable to storage,

noticeably darkening after a few minutes of exposure to air. Nonetheless, some coupling

reactions were performed using this intermediate, but optimization was not studied as

extensively as those in which the sugar unit was used as a nucleophile: Better results were

obtained by use of iodoanthracene 20 and the sugar as a nucleophile (entries 6 - 13). The
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Grignard reagent derived from the sugar (prepared by addition of MgBr In THF to a solution of

the lithio anion) tends to decompose under the reaction conditions, which explains the low yield

of this process (entry 6) despite the relatively high yields reported In related applicatlons30. The

low yield for the coupling of 31 with 20 (entries 7 - 9) is in line with earlier results. Very few

coupling reactions of stannanes with haloaromatic compounds. mediated by Pd catalysts, are

reported to proceed efficiently when there Is an electron donating substituent ortho to the

halogen atom31. The organozlnc reagent which was derived from the glucal seemed to be the

nucleophile of choice for this coupling. Good yields of 33 were obtained with Ni(dppp)CI2 as a

catalyst32 In ether (entry 11) or a palladium catalyst (generated from Pd(PPha)2CI2 and DI8AL·

H) in THF33 (entry 13 )34.

This synthesis of a C-glycosylated anthracene fits the needs of our route to

vineomycinone 82 methyl ester: it is easily scaled up and it does not require stoichiometric

amounts of the transition metal catalyst.3S The regioselectivity of the new carbon- carbon bond

formed is dictated by the position of the substituents in the starting materials.

2. Dihydropyran reduction

The f3-C-glucosyl anthracene 34 is formally derived from hydrogenation of 33. It was

expected that hydrogenation would proceed from the less hindered face to give the desired 34.

OTBDMS•
TBDMS0X)•• '"

HaC' 0 " I
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Despite the ample precedent of uneventful catalytic hydrogenation of glucal

derivatives36, attempted hydrogenation of 33 gave eitherunreacted starting materials or, under

forcing conditions, complicated mixtures containing products in which the central ring of the

anthracene had been reduced. These results suggestedthat the central ringwas reacting faster

than the styryl double bond, probably reflecting a combination of two factors: a hindered, slow

reacting double bond and aneasily reduced anthracene.

Reduction of the central ring of anthracene 14 to 35 before performing the metallation

reaction was briefly examined (eq. 15)37, however, this system was readily reoxidized back to

the starting material during chromatographic purification.

OMOM

MOMO 14

OMOM

MOMO 35

(eq.15)

An option considered was the one-electron reduction of 33. In order to search for

conditions leading to reduction of the double bond of 33, model compound 36 was prepared from

dihydropyran and lodoanthracene 20 (eq. 16) in 72% yield30.

oo

1. t·BuLi

2. ZnCI2

3. 20 I [Pd]O

...

36 OMOM

(eq.16)

Although it was anticipated that the central ring of 36 would be E!asily reduced, it was

known that reoxidation to the anthracene would be a straightforward process. The expected

problemwasthe cleavage of the resulting benzylic ether underthe reaction conditions. In fact.
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this turned out to be the case. Treatment of 36 with lithium or sodium in THFI ammonia38

resulted in clean reduction to dihydroanthracene 37 (eq, 17).

MOMO
36

Li or Na
•

NH3
THFI t-BuOH MOMO

MOMO

37

(CH~50H

(eq.17)

When the reaction was quenched after short periods of time. mixtures containing 36 and

37 were obtained, indicating that if reduction to a tetrahydropyran was occurring, its cleavage to

the open chain compound 37 was faster, effectively preventing the isolation of the dihydropyran.

The use of a milder reducing agent was considered next. Metallic ytterbium has been

used to reduce styryl double bonds39. Reaction of 33 with Ybo in THFI methanol under an inert

atmosphere gave dihydroanthracene 38 (eq. 18) as the only product,

OTBDMS
TBDMSO

•
OMOM THFI CH sOH

33

TBDMSO

56

~TBDMS

38
OMOM

(eq.18)



The obtention of the above result led us to abandon the attempts to saturate the double

bond by one-electron reduction routes.

The second approach considered, which ultimately led to 34, takes advantage of the

electron-rich nature of the enol ether double bond. It was expected that an oxygen stabilized

benzylic cation could be captured by a hydride source40, leading to 40. When 36 was treated

with Et3SiHI Lewis acid combinations35, products derived from cleavage of the tetrahydropyran

ring were obtained. In order to examine a system more closely related to those reported in the

literature, compound 39 was prepared by methoxymercuration-demercuration of 34 in 57% yield

(eq.19).

(eq. 19)

OMOM '39

1.Hg(OAc)2
CHaOH 0..
2.NaBH.v NaOH CHaO

OMOM
36

Reaction of 39 with Et3SiHI BF3.0Et2 in CH3CN at -40 to 230C resulted in clean

reversio ....... ",c /,.,.. "n\

CHaCN
•

36 (eq.20)

MOMO
39
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This resuh hinted that the benzylic cation was formed, but its intramolecular collapse to

form 36 was faster than its capture by hydride. The latter idea suggested that if the cation could

be reversibly generated In the presence of a hydride source, tetrahydropyran 40 could be

obtained.

Sodium cyanoborohydride is a hydride source which is stable in mildly acidic solutions.

Reaction of 36 with NaBH3CN in methanolic HCI (pH about 4.5)41 led to a 58% yield of 40 (sq.

21).

(eq.21)

40

CH30H/HCI
OOc· MOMO

36
MaMa

Treatment of 33 under the same conditions resulted in isolation of 34 in 73% yield (eq.

22).
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OTBDMS
•

TBDMS0:O-

", I"'"
H3C' 0 I

OMOM

NaBH3CN

MOMO
33

OTBDMS
•

TBDMS0X)......

H3C' 0 'I
OMOM

MOMO
34

(eq.22)

A nuclear Overhauser effect between the benzylic hydrogen and the methine at C-6'

stablished the cis relationship between them, as expected for the P-C-glycosidic isomer.

3. C-Glycosyl anthraquinone

The P-C-glycosyl anthracene 34 is a key intermediate for the synthesis of

vineomycinone B2 methyl ester (1) proposed above.

The problems associated with the oxidation of the anthracene to the anthraquinone were

dealt efficiently with by Dr. Javid H. Zaidi of this laboratory and are reported elsewhere.26

Application of the conditions developed by Dr. Zaidi on anthracene 34 (bis-pyridine silver

permanganate, methylene chloride, 230C) resulted in formation of anthraquinone 35 (eq. 23).

Deprotection of 35 resulted in formation of 36 (sq. 24) which contains all of the structural

features of the left and central subunits of vineomycinone B2 methyl ester.
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TBDMS9

.TBDMS0X)' OMOM

.' ...•,." ~

H3C" 0 I
D

34
OMOM

BPSP

35: R I: MOM

(eq.23)

35: R=MOM

HCV CHj30H •

36

60

(eq.24)



4. Total synthesis of vineomycinone B2 methyl ester

The total synthesis of vineomycinone B2 methyl ester (1) was completed by Dr. Xue-qin

Gu of this laboratory by the sequence illustrated below.

TBDMSq

TBDMSOn=
OMOM

H3C~"" 0 "'" I ~
4

n-BuLi-TMEDA (34: M = H
BU3SnCI 37: M = SnBu3

TBDMSO

TBDMSOn= OMOM

...'" 'I

H3C~ 0 '" I

MOMO

38

OTBDMS

TBDMSOD- OMOM

H3C...... 0 "'" I ~
D

39
OMOM

61

X
Br~o

Pd2(dba)3'CHCb
PPh3

o

o

•

•

•



TBDMSO

mOMSOD.. OR 0

H3C~ 0 "I

o OR

40: R-MOM

o

HCVCH30H
•

o OH

1

COOCH 3

The ~-C·glycosylated anthracene 34 was stannylated by Iithiation at C·6 with n-BuLi­

TMEDA at OOC followed by quenching with BU3SnCI at ·780 C to afford stannane 37 in 90%

yield.

The fragment required forthe incorporationof the alkyl side chain (38) was obtained by

allylic bromination of4 (NBS, benzoyl peroxide, hv), which afforded thebromide 38 in 40% along

with 20% of recovered starting material and ca.15% of dibrominated product.

Coupling of 37 and 38 was mediatedby Pd2(dba)s.CHCIS and triphenylphosphine in

THF at 700C with scrupulous exclusion of oxygen to afford 39 in 48% yield42. Seebach's

methodology was used for incorporation of the methyl group in the desired configuration.

Reaction of 39 with lithium dimethyl cuprate in ether led to 40 in 60% yield, Which contains all of

the carbon-carbon bonds present in vineomycinone B2 and all of the asymmetric centers in the

correct configuration. Two further steps converted 40 into vineomycinone B2 methyl ester.
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Oxidation to the corresponding 9,1a-anthraquinone with BPSP in dichloromethane was followed

by single step removal of all of the protecting groups with methanolic Hel to give 1 in 35%

overall yield form 40 as a single epimer as determined by 500 MHz 1H NMR. Spectral data for 1

is identical with the data reported by Danishefsky and coworkers.

63



CONCLUSIONS

The design and execution of a synthetic plan aimed at the synthesis of C-glycosyl

anthraquinones has been described. The results obtained here are applicable to the synthesis

of natural products, as demonstrated by the completion of a total synthesis of vineomycinone 82

methyl ester (1).

The total synthesis of vineomycinone 82 methyl ester reported here addresses the

problems found by earlier workers in the field. The carbohydrate fragment was generated from a

derivative of glucose and obtained as a single epimer. The five carbon alkyl chain was

Incorporated in good yield also as a single eplmer by taking advantage of an accesible chlral

synthon. Analogs of vineomycinone 82. can be easily prepared by use of modified starting

materials at different stages of the synthetic route.

The solution to the problems found during the execution of this work resulted in the

development of conditions for:

(1) Clean conversion of anthraquinones into' anthracenes in a single step under non acidic

conditions. The sodium borohydride reduction procedure reported here appears to be the

method of choice for this transformations. In combination with Snieckus' report for the synthesis

of polycyclic quinones23 it becomes a powerful route for the synthesis of polycyclic aromatic

hydrocarbons.

(2) Specific metallation at only one of two equivalent positions of aryl derivatives by choice of the

conditions employed. The rational behind this method may be useful for procedures other than

metallation.

(3) Development of an efficient C-glycosylation procedure. The method reported here works in

good yields and without the need to use of stoichiometric amounts of the transition metal catalyst
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as reported in related applications35. After completion of this work, a similar approach to the

synthesis of aryl C-glycals appeared in the Iiterature43.

(4) Reduction of enol ethers in the presence of other reducible groups under conditions which

were only slightly acidic. The procedure reported here allows the hydrogenation of the double

bond in cases where other portions of the molecule could inhibit a hydrogenation catalyst.

These results will be useful not only for the synthesis of vineomycin 82 and other C­

glycosyl aromatics, but also of other anthraquinone containing natural products such as the

anthracyclines.
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EXPERIMENTAL44

0 OH 0 OMOM

CICH2OCH3
EtN(i-Pr)2

•
CHClaI reflux

OH 0 MOMO 0

2 5

Protection of hydroxyanthraquinones: 5:

A suspension of 1.00 g (4.17 mrnol) of anthrarufin (2) in 15 mL of chloroform was treated

with 13.5 mL (77.6 mmol) of diisopropylethyl amine and 8.0 mL (ca. 51.2 mmol) of a 6.4 M

solution of chloromethyl methyl ether45 at room temperature and then heated to reflux for 16 h.

The mixture was cooled down, washed with aq. NaOH (until the washings were of a pale pink

color) and brine. The organic layer was dried over MgS04 and the solvent removed under

reduced pressure. The resulting solid was washed with 1N NaOH, water and abs. ethanol to

afford 1.00 g (73% yield) of anthraquinone 5 asa yellow solid.

m. p. 209 - 2110C

1H NMR (300 MHz. CDCI3): 7.65 (2H, dd, J =8.3.7.7 Hz. 2H). 7.50 (2H. d. J =8.3 Hz), 5.37

(4H, s). 3.55 (6H. s).

13C NMR (75 MHz, CDCI3): 182.54,159.75.137.49.134.91,121.06,119.71. 116.81,95.43,

56.50.

Mass spectrum (mJe): 328 (M+), 284. 253, 240 (100%). 224.

66



Exact mass: Calcd. for C1SH1606: 328.0947. Found: 328.0967.

IR (neat from CH2CI2): 1670,1160,1090 cm-1
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0 OH 0 OMOM
CICH20CH3
EtN(i-Pr)2 ..
CHCIs/ reflux

CH30 0 CH30 0

6 7

Anthraquinone 7:

From 431 mg (1.70 mmol) of anthraquinone 614 obtained400 mg (79%)of 7.

m.p.: 187 -1880C

1H NMR (300 MHz, COCI3): 7.96 (1H, d, J. 7.6 Hz), 7.90 (1H, d, J. 7.8 Hz) 7.68 (2H, m), 7.50

(1H, d, J .. 8.4 Hz), 7.28 (1H, d, J .. 8.4 Hz), 5.39 (2H, s), 4.04 (3H, S),3.57 (3H, s),

13C NMR (75 MHz, COCI3): 182.44, 159.70( 157.07,137.31,137.22,134.96,134.73,121.18,

121.03,119.56,116.76,95.17,56.52,56.45.

Mass spectrum (mle): 298 (M+), 283, 266,254,238 (100%)

Exact mass: Calcd. for C17H1405: 298.0841. Found: 298.0847.

IR (neat from CH2CI2): 1660, 1590,1265 crrr".
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MOMO OCH3

11

.,1.Zn

o
5

o

Anthraquinone reduction: O-methylated hydroquinone 11.

A mixture of 7 (293 mg, 0.89 rnmol), Zn dust (2.976g, 45.5 mmol) and diisopropyl ethyl

amine in 10 mL of THF was stirred at 230C for 2h and then heated to 600C and treated with

tetra-n-butyl ammonium hydroxide (3.9 mt, 5.85 mmol) and dimethyl sulfate (3.5 mL, 37.0

mmol). After 2h Aqueous workup and flash chromathography gave 301 mg (94%) of 11.

1H NMR (300 MHz, COCI3): 8.07 (2H, d, J '" 8.8 Hz), 7.36 (2H, dd, J '" 7.4, 8.8 Hz). 7.11 (2H,

d, J .. 7.4 Hz), 5.41 (4H. s), 4.01 (6H, s). 3.64 (6H, s).
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MOMO

o

o
5

OMOM

i-PrOH
reflux

•

OMOM

14

OMOM

Anthraquinone reduction: Anthracene 14:

To a suspension of 2.56 g (7.8 mmol) of 5 in 125 mL of j·PrOH were added 9.00 g (ca.

237 mmol) of NaBH4. The mixture was heated to reflux for 8 h, poured over ice water and

neutralized by slow addition of 6N HCI at OOC until the pH of the mixture was 4 - 6. The solid

anthracene was filtered and the aqueous portion extracted with CH2CI2. The methylene

chloride phase was washed with water, dried (MgS04) and evaporated to give more crude

anthracene as a yellow-brown solid. Flash chromatography of the combined solids gave 2.02 g

(87%) of 14 as a pale yellow solid.

m.p.: 130· 1330C

1H NMR(300 MHz, CDCI3): 8.80 (2H, s), 7.69 (2H, d, J • 8.6 Hz), 7.36" (2H, dd, J • 7.4, 8.6

Hz), 7.03 (2H, d, J I: 7.4 Hz), 5.48 (4H, s), 3.60 (6H, s).

13C NMR (75 MHz, CDCI3): 152.71,132.28, 125.39, 125.09, 122.12,120.49,105.96,94.75,

56.33.

Mass spectrum(rn/e): 298 (M+, 100%).268,253.238,223.
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Exaelmass: Caled.forC18H1804: 298.1205. Found: 298.1199.

IA (neat from CH2CI2): 1150. 1075. 1055.980 em-1.
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0 OMOM OMOM

NaBH4 •
i-PrOH
reflux

CHaO 0 CHaO 15
7

Anthracene 15:

Sodium borohydride reduction of 267 mg (0.90 mmol) of 7 afforded 147 mg (61%) of

anthracene 15.

m.p.: 122· 12509.

1H NMR (300 MHz, CDCI3): 8.79 (2H, bs), 7.69 (1H, d, J - 8.5 Hz), 7.63 (1H, d, J .. 8.5 Hz),

7.35 (2H, m), 7.03 (1H, d, J =7.4 Hz) 6.74 (1H, d, J .. 7.4 Hz), 5.48 (2H, s), 4.08 (3H, s),.3.60

(3H, s).

13C NMR (75 MHz, CDC1S): 157.67,155.28,152.67,132.20,125.40,125.21, 125.09, 124.94,

122.18,120.96,120.61,120.27,105.95,101.88, 94.71, 56.28, 55.41.

Mass spectrum (mle): 268 (M+, 100%), 238, 223,195,180,152.

Exact mass: Calcd. for C17H1603: 268.1099. Found: 268.1104.

IR (neat); 1625,1540,1465,1250,1150,1110,985,950, 8S5.cm-1
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IMOMO 14

OMOM

FeCI3
THF MOMO 35

OMOM

9,1O-Dihydroanthracene 35:

To a solution of 137 mg (0.46 mmol) of 14 and 10 mg (0.06 mmol) of FeCI3 in a mixture

of THF (6.0 mL) and liquid ammonia (ca. 15 mL) was added lithium wire (12 mg, 1.71 mmol).

The resulting red-brownish solution was stirred at reflux for 2h before addition of 7.0 mL of

ethanol. The ammonia was allowedto evaporate. Aqueous workup afforded 130 mg (94%) of

product which did not requirepurification.

1H NMR (300 MHz, COCI3): 7.15 (2H, t, J EO 7.8 Hz), 6.98 (4H, dd, J = 7.8, 7.2 Hz), 5.26 (4H, s),

4.00 (4H, s), 3.52 (6H, s).
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OMOM
OMOM

OMOM

14

1. t - BuLV ether
•

OMOM
19

Anthracene metallation: Stannane 19:

t-BuLi (9.5 mL of a 1.7 M solution in pentane, 16.15 mmol) was diluted with 25 mL of

ether at -100C and transferred via cannula to a solution of 1.27 9 (4.26 mrnol) of anthracene 14

in 90 mL of ether at room temperature. After 2h, this mixture was treated with 5.0 mL (18.4

mmol) of trion-butyl-tinchloride and allowed to react for additional 45 min. Addition of water and

washing of the organic layer with sat. NaCI was followed by drying (MgS04) and removal of the

solvent. Flash chromatography over silica gel pretreated with 1-2% triethylamine in hexane gave

1.84 9 (74%) of 19 as an oil.

1H NMR (300 MHz, CDCI3): 8.73 (1H, s), 7.82·(1H, d, J =8.4 Hz), 7.69 (1H. d. J 0:: 8.4 Hz), 7.44

(1H, d, J =8.3 Hz), 8.83 (1H, s), 7.35 (1H, dd, J = 7.4, 8.4 Hz), 7.02 (1H, d, J = 7.4 Hz), 5.48

(2H. s), 5.20 (2H, s), 3.68 (3H. s). 3.60 (3H, s), 1.59 (6H, rn), 1.38 (6H, m), 1.16 (6H, m), 0.90

(9H, t =7.3 Hz).

13C NMR (75 MHz, CDCI3): 125.29,125.13.124.74.122.35,120.92.120.83. 105.89, 100.55.

94.75,57.75.56.33.29.19,27.42,13.69,10.43..
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OMOM
1. t - BuLV ether
2. BUaSnCI

Anthracene metallation: Stannane 21.

•

OMOM

To 323 mg (1.21 mmol) of 15 in 15.0 mL of ether at roomtemperature was added 2.9

mL (4.9 mmol) of a 1.7 M solution of t-BuLi in pentane. The reaction mixture was stirred at room

temperature for 2 h before quenching with BU3SnCI. After 45 min, aqueous workup and flash

chromatography on silica gel which had been deactivated with triethylamine gave 489 mg (72%

yield) of stannane 21 as an oil.

1H NMR (300 MHz, COCI3): 8.81 (1H, s), 8.71 (1H, s), 7.81 (1H, d,J. 8.3 Hz),7.63 (1H, d, J 0::

8.6 Hz), 7.43 (1H, d, J. 8.3 Hz), 7.33 (1H, dd, J - 7.4, 8.3 Hz), 6.74 (1H, d, J. 7.4 Hz), 5.20

(2H, s), 4.08 (3H, s), 3.69 (3H, s), 1.60 (6H, m), 1.36 (6H, m), 1.19 (6H, m), 0.90 (9H, t, J =7.3

Hz).

13C NMR (75 MHz, COCI3): 158.98,155.33,133.30,132.53,131.83,131.69, 129.22, 126.87,

125.13,125.00,124.84,124.60,121.20,120.99, 120.72, 101.80,100.52,57.71,55.45,29.19,

27.41,13.67,10.42.

IR (neat from CH2CI2): 1610,1555,1525,1460,1160, 1080,1030 cm-1.
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OMOM

SnBua

OMOM
19

Stannane iodination: lodoanthracene 20:

•

OMOM
20

OMOM
I

A solution of iodine (677 mg, 2.67 mmol) in 30 mL of CH2CI2 was added via cannula to

a solution of 1.426 g (2.43 mmol) of stannane 19 in 8.0 mL of CH2CI2 at room temperature.

After stirring for 10 min a saturated solution of NaHS03 in waterwas addedand the mixture was

extracted with CH2CI2. The organic layer was washed with water andsat NaCl, dried (MgS04)

and stripped of solvent under reduced pressure. Flash chromatography on silica gel afforded

974 mg (94%) of 20

m.p.: 68 - 690C

1H NMR (300 MHz, CoCI3): 8.82 (1H, s). 8.68 (1H, s), 7.70 (2H, m), 7.60 (1H, d, J. 9.0 Hz).

7.40 (1H, ddt J =7.4, Hz). 7.06 (1H, d, J = 7.4 HZ),5.47 (2H, s), 5.34 (2H, s), 3.81 (3H. s), 3.59

(3H. s)

13C NMR (75 MHz, CoCI3): 152.67•.134.11,132.78.131.99,127.70,126.74, 126.00, 125.54,

122.08,121.35.121.30,120.95,106.34,100.32, 94.74, 86.68, 58.43, 56.36.

Mass spectrum (rn/e): 424 (M+. 100%),379,297.
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Exact mass: Calcd.lor C18H17I04: 424.0171. Found: 424.0162.

In Ineallrom CH2CI2): 1615,1532,1460 crrr l
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OMOM

1. n-BuLi

2. CICONEt2

OMOM
19

Anthracene funetionalization: N,N-Diethyl amide 22:

..

OMOM
22

OMOM

~ CONEt2

To a solution of 177 mg (0.30 mmol) of stannane 19 in THF (4.0 mL) cooled to -400C

was added a solution of n-auu in hexanes (0.30 mL of a 1.4 M solution, 0.42 mmol) and stirred

at 230C for 45 min. The resulting mixture was cooled to ·78oC, treated with 110 fJ.L of diethyl

carbamoyl chloride and heated at 52·580C for 30 min. Aqueous workup and flash

chromathography afforded 87 mg (73% yield) of 22 and 13 mg (15%) of anthracene 14.

1H NMR (300 MHz, CDCI3): 8.85 (1H, s), 8.19 (1H, s). 7.86 (1H, d, J .. 8.8 Hz), 7.70 (1H, d, J ...

8.5 Hz), 7.40 (1H, dd, 8.5, 7.4 Hz), 1.30 (1H, d, J • 8.1 Hz), 7.07 (1H, d, J ... 7.4 Hz), 5.48 (2H,

s), 5.32 (2H, s), 3.75 (1H, broad), 3.63 (3H, s), 3.60 (3H, s), 3.58 (1H, broad), 3.30 (2H, broad),

1.32 (3H, t, J ... 7.1 Hz), 1.07 (3H, t. J .. 7.1 Hz).

13C NMR (75 MHz. CDCI3): 169.08.152.64, 148.61, 132.85,132.20,127.13.125.73,125.43,

124.13,123.90.121.96,121.58,121.52,121.16, 121.08, 106.27, 100.46,94.68,57.83,56.29,

43.09,39.14,14.03. 12.86.

Mass spectrum (m/e): 397 (M+), 367, 350, 322, 305. 280 (100%).
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Exaet mass: Cared. for C23H27NOS: 397.1889. FOUnd: 397.1880.

IR (neat): 1645. 1635, 1150 crrr t.
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OCH3

21

OMOM

~ SnBu3
1. n-BuLi ..
2.CICOOCH3

OCHa
23

OMOM

~ COOCH3

Anthracene funetionalization: Methyl ester 23:

A solution of stannane 21 (87 mg, 0.16 mmol) in 4.0 mL of THF was treated with 350~L

(0.49 mmol) of a 1.4 M solution of n-BuLi in hexanes at -780C. The mixture was stirred at 230C

for 1h and treated with 200 ~L of methyl chloroformate at OOC. After 5 min the mixture was

poured over sat. NaHC03 at OOC and extracted with methylene chloride. The organic layer was

washed with water and sat. NaCl, dried over MgS04 and stripped of solvent. Flash

chromathography of the residue afforded 44 mg (86% yield) of 23 and 5 mg of (12%) of 15.

1H NMR (300 MHz, CDCI3): 8.92 (1H, s), 8.81 (1H, s), 7.82 (2H, m), 7.66 (1H, d, J =8.6 Hz),

7.40 (1H, dd, J =8.2,7.4 Hz), 6.79 (1H, d, J =7.4 Hz), 5.36 (2H, s), 4.06 (3H, s), 3.98 (3H, s),

3.69 (3H, s).

13C NMR (75 MHz, CDCI3): 166.70,156.24,155.24,133.29,132.81,127.67, 126.43, 125.83,

124.88,124.70,123.32,121.19, 120.99,117.83, 102.94,102.00,58.06,55.56,52.20.

Mass spectrum (m/e): 326 (M+), 250,151,132,108.

Exactmass: Calcd.forC19H1805: 326.1155. Found: 326.1139.

IR (neat): 1725,1715,1265,1240,1155 cm-1.
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6 • Oeoxyglucal (28):

OAc.
AcO :

D
IH2C~. 0

27

THF •

OH
HO :

Dol
H3C'

28

A solution of 7.10 9 (20.9 mmol) of iodoglucal27 in 20 mL of THF was added to 114 mL

of a 1.0M solution of LiAIH4 in THF at room temperature. After 2h, the reaction mixture was

treated with NaF (54.5 g, 1.30 mol) and water (23.9 mL in 75 mL of THF, slow addition at OOC).

The resulting suspension was stirred for 1h at room temperature, filtered through a

Celite pad, the solids washed with THF and the solvent evaporated to afford 2.50 g (92%) of 28

as an off white solid, which was not purified for the following step.

1H NMR (300 MHz, COCI3): 6.32 (1H, d, J '" 6.1 Hz), 4.72 (1H, dd, J '" 6.1, 3.5 Hz), 4.21 (1H,

m), 3.44 (1H, m), 3.33 (1H, m). 2.30 (1H, d, J.=3.5 Hz, exchanges 020). 1.79 (1H, d, J =6.4

Hz, exchanges 020). 1.39 (3H, d, J =6.3 Hz).

13C NMR (75 MHz. COCI3): 144.73,102.72.75.46,74.48,70.36,17.16.

Mass spectrum (m/e): 130 (M+), 113,97,86,73 (100%), 58.

Exact mass: Calcd. for C6H1003: 130.0630. Found: 130.0645.

IR (neat): 3300 (broad),1650.1230, 1050cm-1.
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OH
HO :

Dol
H3C·

28

OTBOMS

TBOMSOn:
TBDMSOTf. I

"H3C~ 0

29

Protectedglucal 29:

To a solution of 2.50 g (19.2 mmol) of crude 28 and 11.4 mL (82 mmol) of triethylamine

in 40 mL of CH2CI2 at OOC were added 11.3 mL (13.08 g, 49.5 mmol) of t-butyldimethyl silyl

triflate. After stirring at room temperature for 1.5 h, the solvent was removed under reduced

pressure and dry ether was added to the residue. Filtration through a Florisil pad with ether as

the eluent gave 6:62 g (96%) of 29 as an oil. Purification of a sample for analysis was effected

by flash chromatography.

1H NMR (300 MHz, COCI3): 6.29 (1H, d, J =6.1 Hz), 4.66 (1H, dd, J = 6.1, 3.5 Hz), 4.08 (1H,

m), 3.94 (1H, m), 3.56 (1H, m), 1.32 (3H, d, J .. 6.7 Hz), 0.93 (18H, bs), 0.11 (3H, e), 0.10 (6H,

s), 0.09 (3H, s).

13C NMR (75 MHz, COCI3): 143.09,133.60,102.69,75.18.74.83.69.27,26.05. 25.98,17.16,­

3.70, -3.90, -4.10, -4.24.

Mass spectrum(mle): (no M+), 343, 301 (100%).172,147,115,73.

IR (neat): 3070,2960,2920,2860,1650,1470,1460,1250,1110, 1070 cm-1.
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OTBDMS

TBDMSOn= 1. t-BuLiI pentanel THF

H3C~"''' 0 2. BU3SnCI

29 31

Glucal stannylation: Stannane 31.

A solution of 97 mg (0.27 mmol) of 29 in 0.2 mL of THF was treated at -780C with 0.3

mL (0.51 mmol) of a 1.7 M solution of t-BuLi in pentane. The mixture was warmed to OOC and

stirred for 30 min before quenching by addition of 0.2 mL (0.70 mmol) of tri-n-butyltin chloride.

After 15 min, aqueous workup and chromathography on neutral alumina afforded 162 mg (92%)

of stannane 31.

1H NMR (300 MHz, CDCI3): 4.67 (1H, d, J. 2.7 Hz), 4.10 (1H, m), 3.74 (1H, m), 3.48 (1H, m),

1.52 (12H, rn), 1.30 (18H, m), 0.91 (9H, s), 0.89 (9H, s), 0.10 (3H, s). 0.08 (3H, s), 0.08 (3H, e.
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31 32

lodoglucal derivative 32:

A solution of 179 mg (0.28 mmol) of stannane 31 in 2.0 mL of methylene chloride at ooe

was treated with a solution of 88 mg (0.35 mrnol) of iodine in the same solvent. After 5 min, a

saturated solution of sodium bisulfite was added. The organic layer was separated and washed

with water and brine, dried (MgS04) and the solvent evaporated to give 130 mg (96%) of iodide

32.

1H NMR (300 MHz, CDCI3): 5.23 (1H, d, J .. 3.6 Hz), 4.14 (1H, m), 3.97 (1H, m), 3.62 (1H,m),

1.37 (3H, d, J .. 6.8 Hz), 0.89 (9H, s), 0.88 (9H, s), 0.09 (3H, s), 0.08 (3H, s), 0.08 (3H, s), 0.07

(3H, s),
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oo

1. t·BuLi

2. ZnCI2

3. 20 I [Pd]o

•

36 OMOM

Oihydropyran coupling: Anthracene 36:

t-BuLi (6.6 mL of a 1.9 M solution in pentane, 12.5 mmol) was added at -780C to a

solution of 0.6 mL (6.59mmol) of dihydropyran in 2.4 mL of THF and the mixture warmed to OOC

for 30 min. To this reaction mixture was added a solution of 5.40 9 (39.7 mmol) of anhydrous

zinc chloride in 33 mLof THF and the resulting mixture stirred at 230C for 20 min.

In a separateflask, a solutionof 100 mg (0.14 mmol) of Pd(PPh3)2CI2 in 6.0 mL of THF

was treated with 0.35 mL (0.35 mmol) of a 1.0 M solution of OIBAL-H in THF. The above

prepared organozinc was transferred to the solution of the Pd catalyst via cannula followed by a

solution of 257 mg (0.61 mmol) of iodoanthracene 20 in 10 mL of THF. After 8h at 230C,

aqueous workup andflash chromathographya~orded 168 mg (72%) of 36 as an oil.

1H NMR (300 MHz, COCI3): 8.84 (1H, s), 8.81 (1H, s), 7.80( 1H, d, J. 8.8 Hz), 7.71 (1H, d, J =

8.5 Hz), 7.48 (1H, d, J =8.8 Hz), 7.37 (1H" dd,J =8.5, 7.4 HZ), 7.04 (1H, d, J =7.4 HZ), 5.47

(2H, s), 5.38 (1H, t, J = 3.5 Hz), 5.32 (2H, s), 4.26 (2H, t, J =5.0 Hz), 3.66 (3H, s), 3.60 (3H, s),

2.28 (2H, m), 1.99 (2H, m).

13C NMR (75 MHz, COCI3): 152.68.150.32,150.14, 132.71, 132.07,127.89,126.26,125.40,

125.28,124.33, 123.69, 122.14, 121.65, 120.58, 106.00, 102.43,99.61,94.70,66.72,57.94,

56.31, 22.33, 20.96.

IR (neat): 2930, 1650,1150 crrr",
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Mass spectrum: 380 (M+), 348 (100%),303, 280. 235.

Exact mass: Caled. for C23H240S: 380.1624. Found: 380.1633.
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MOMO

33

OMOM

20

1. t-BuLl
2. ZnC12

3. Ni(dppp)CI2

MOMO

~I
~

OMOM

29

OTBDMS

OTBDMS TBDMS0X)..i II""

TBDMSO~..: I ..'....~_)l----,.;;.----_. HaC' 0 I
HaC" 0

Ni catalyzed coupling: 33:

To a solution of 649 mg (1.81 mmol) of 291n 0.8 mL of THF at -780C was added 1.8 mL

of a 1.9 M solution of t-BuLi in pentane (3.~2 mmol). After stirring for 30 min at OOC, the mixture

was transferred via cannula to a suspension of 0.83 g (ca 6.1 mmol) of freshly fused ZnCI2 in 9.0

mL of ether. The resulting mixture was stirred at 250C for 30 min and added via cannula to a

mixture of 285 mg (0.67 mmol) of 20 and 134 mg (0.25 mmol) of Ni(dppp)CI2 in 12.0 mL of

ether. After 12h at room temperature water-was added and the mixture was extracted with

ether. The ether layer was washed with brine, dried (MgS04) and the solvent removed. Flash

chromatography afforded 242 mg (55% yield) of 33 as a pale yellow oil.

1H NMR (300 MHz, CDCI3): 8.86 (1H, s), 8.79 (1H, s), 7.78 (1H, d, J = 8.7 Hz), 7.70 (1H, d, J =

8.7 Hz), 7.44 (1H, d, J =8.7 Hz), 7.36 (1H, dd, J =7.5, 8.7 Hz), 5.47 (2H, s), 5.33 (2H, AB q),

5.30 (1H, m), 4.29 (1H, t, J =6.3 Hz), 4.23 (1H, t, J =3.9 Hz), 3.74 (1H, t, J =4.5 Hz), 3.60 (3H,

s), 3.58 (3H, s), 1.49 (3H, d, J =6.9 Hz), 0.93 (18H, s), 0.16 (3H, s), 0.15 (3H, S), 0.14 (6H, s).
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13C NMR (75 MHz, COCI3): 152.74, 148.97,132.73,132.18, 126.12, 125.58, 125.32, 124.20,

122.43,122.24, 121.96, 120.57, 106.14,103.43,100.26,94.78,76.58,75.80,74.05,69.27,

58.03,56.37, 25.97, 25.90, 25.67, 18.10, 16.82, -3.95, -4.12, -4.22, -4.35.

IR (neat): 3060,2960,2940,1660,1650,1630,1110,840 crrr".

Mass spectrum (mle): 654 (M+), 622 (100%), 609, 591,543.

Exact mass: Calcd. for C36H5407Si2: 654.3408. Found: 654.3429.
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OTBDMS
•

TBOMS0X).• I... QMOM

H3C" 0 "I

MOMO

33

OTBDMS
i

TBOMS0X).III OMOM

H3C" 0 'I I

MOMO

34

Oihydropyran reduction: 34:

A stirring mixture of 103 mg (0.16 mmol) of 33,120 mg of NaBH3CN and a few drops of

methyl red was cooled to OOC and a solution of methanolic HCI (prepared by addition of acetyl

chloride to methanol at OOC) was added dropwise until the mixture maintained a red-orange

color. After about 1h an additional 89 mg of NaBH3CN was added and the reaction was stirred

for an additional 1h at OOC. The mixture was poured over ice cold sat NaHC03 and extracted

with CH2CI2. The organic layer was washed with water and brine, dried (MgS04) and

evaporated. Flash chromatography gave 78 mg (75% yield) of reduced product 34 as an oil.

1H NMR (300 MHz, COCI3): 8.82 (1H, s), 8.59 (1H, s), 7.88 (1H, d, J =8.7 HZ), 7.67 (1H, d, J =

8.7 Hz), 7.59 (1H, d, J =8.7 HZ), 7.37 (1H, dd, J =8.7, 7.5 Hz), 7.04 (1H, d, J = 7.5 Hz), 5.47

(2H, 5), 5.25 (2H, AB q), 5.14 (1H, rn), 3.87 (1H, m), 3.73 (3H, s), 3.59 (3H, s), 3.50 (1H, m),

3.31 (1H, t, J =8.4 Hz), 2.21 (1H, ddd, J =13.2,4.5,1.8 Hz), 1.86 (1H, AB cO 1.33 (3H, d, J =6.3

Hz), 0.94 (9H, 5), 0.90 (9H, s), 0.17 (3H, s). 0.15 (3H, s), 0.12 (3H, s), 0.10 (3H, 5).
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13C NMR (75 MHz, COCI3): 152.75.149.61, 132.69.132.24.129.29,127.17.125.46,125.29,

123.79,121.96,121.13,121.01,105.94,100.57, 94.73, 78.51, n.37, 75.03, 71.78.57.81,

56.33,42.13,29.67,26.35,26.18,19.28,18.31. 18.13, -2.58, -2.91, -3.76, -4.15.

Mass spectrum (rnIe): 656 (M+), 480, 448. 423.301.147, 73 (100%).

Exact mass: Calcd. for C36H5607Si2: 656.3565. Found: 656.3544.
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APPENDIX

The aromatic annelation described in the first part of this dissertationcan be extended to

the synthesis of C-glycosyl anthraquinones. Such approach would complement the ring

substitution methodology reported in the second part. The extension of the aromatic annelation

methodology could be accomplished by the sequence illustrated below:

o

o.
•

OR
•

IV

•

v

A key point of this sequence will be the synthesis of ketones such as I or their synthetic

equivalents. Preliminary work led to the elaboration of CL-methyl-D-glucoside into nitrile 1

efficiently in a multigram scale:
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QCH3

CH"o~OCHo

""'~OACN
I
OCH3

1

Toourdisappointment. conversion of 1 into ketones of the type of I by addition of a two­

carbon nucleophile failed to give useful amounts of the desired product. Addition of a benzylic

nucleophile to the nitrile was an optionconsidered which although proceeded in low yields gave

reasonable amounts of material. Further addition of a two-carbon fragment failed presumably

because of thepreferential enolization of the benzylic ketone:

CH30

1. LOBB

OCH3 2. 1

OCH3

•
CH30

CH30

OCH3

Options for the synthesis of I areavailable. aswe have already found. Addition of a two-

carbon nucleophile to 2 should lead to an equivalent of I:

TBOMSO

TBOMSOD.' I
H3C'- 0

1. t-BuLi
•
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TBDMSq

TBDMSOn:

H3C···· 0 .•••~

o OEt
2

A more convergent route to I can also be envisioned as shown in the

sequence below:

•
~o~V --

o OCH3

--~~ CI~OCH3
3

TBDMSO

TBDMSO :

o

As demonstrated bythe fast cyclization of 4 at -780C. thecyclization stepproceeds more

efficiently in the case ofa more activated benzyl nucleophile:
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•

o

(J'oTBDMS _

The latter result is verypromising, sincefor the preparation of anthraquinones morehighly

oxygenated nucleophiles will be necessary.
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