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PREFACE

The work presented over the course of the following chapters covers research done

in two different areas of organic chemistry. Chapters 1 and 2 center around the compound

2'-deoxy-2,3-azaborapyridine. Chapter 1 discusses the development of 2'-deoxy-2,3­

azaborapyridine and its potential use as an antiviral/anticancer agent. Chapter 2 details th

work done toward the synthesis of 2'-deoxy-2,3-azaborapyridine.

The second half of the thesis - chapters 3 and 4 - discusses the use of tandem

reactions in synthesis. Chapter 3 provides a brief overview of the anionic-anionic sequence

and its use in synthesizing molecules with specific regio-, chemo-, diastereo-, and

enantioselectivity. Chapter 4 covers the application of the anionic-anionic and reduction­

Michael sequences toward the synthesis of fused-ring systems.

I would like to extend thanks to Sarah Pope for her generou donation of the

pentenylriboside. I would also like to thank Dr. Steven M. Graham and Dr. Richard A.

Bunce for giving me the opportunity to work in their groups.
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CHAPTER 1

2'.DEOXY.2,3.AZABORAPYRIDINE t I

AS A POTENTIAL ANTIVIRAL/ANTICANCER AGENT

Background

The goal of many antiviral/anticancer agents is the disruption of DNA replication.

A cornmon method, especially in the treatment of cancer, [-4 is alkylation-induced DNA

damage. Anticancer DNA alkylating drugs (e.g., mitomycin C, nitrogen mustards,

nitrosoureas), however, suffer from several drawbacks. These include an inability to

distinguish replicating from non-replicating DNA and a reaction with other non-DNA

cellular nucleophiles with the end result being the drug's deactivation. Although damage

by such agents to diseased cells may demonstrate therapeutic cytotoxicity, healthy cells are

not immune to the action of an alkylating drug. Mutagenesis2
,4-6 ha been implicated to

damage the DNA of healthy ceUs primarily through mismatched-induced mutations and

deletions [i. e. the drug alkylates the DNA such that the nonnal base-pairing pattern is

disrupted resulting in one of the following: (1) the substitution of one base pair for

another; (2) the deletion of one or more base pairs or; (3) the insertion of one or more base

pairs]. There are two principle ways to avoid mismatched-induced mutagenesis. First, an

alkylation event that results in an interstrand cross-link can obstruct mutations by providing

a barrier to separation of the DNA strands and subsequent replication. Such DNA adducts

are resistant toward denaturation and in vivo repair and are unable to undergo

transcription!,3,7 Second, alkylations that maintain the nonnal Watson-Crick (WC)

1



hydrogen honding pattern will be les mutag nic in the vent that th alkylation do n t

lead to an interstrand cross-linkY

Cowart and Benkovic9
•
10 synthesized an aziridin -containin guan sin -b d

triphosphate analogue 6edDlP (Figure 1) which was shown to be a ub trate f I'

DNA polymerases. The Klenow fragment of DNA polymerase 1 howed littl tiVi

incorporation as it placed 6edDTP opposite any of the natural nucleotid [N t: th

Klenow fragment is a 67-kd fragment of DNA polymerase I compo ed of a p lymer and

3' -> 5' exonuclease; the Klenow fragment's responsibilities are to inc rp rate

nucleotides into a growing chain of DNA as well as "proofread" and correct mi takes in the

DNA). Significant cross-linking occurred, however, only when th complim ntary

nucleotide was deoxycytidy1ate or deoxyadenylate. Also, polymerization past th cros-

6edDTP

-
x~

0-.;

x =A, C, G, or T
Cross-link forms only when

X=AorC

Figure 1. Normal WC Hydrogen Bonding in the Thymidine-Adenosine Base Pair (top)
and the Cross-linking Analogue, 6edDTP (bottom).

2
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link continued relatively unimpeded indicating minimal <Ii rupti n of tb. D A tructur.

This appears to be the only exampl where a nucleo ide anal u cap ble of rmin an

interstrand cross-link was successfully incorporated by a polymeras int DNA. Our

objective was to develop a nucleoside analogue which would exhibit qualiti imilar lJ that

of 6edDTP but be more selective in its incorporation and enhance th potential that a r

linking event would occur.

• I Based upon the work of Cowart and Benkovic, the inter trand cr -linking r nt

should possess the following characteristics: (1) it should be a nucleo id anal U,

capable of in vivo 5'-triphosphorylation, and be a substrate for DNA polymerase ~ (2) to

alkylating functionality/interstrand cross-link should be small (in order to meet the

requirements of (l), i.e. to be a substrate) and, to avoid repair enzymes, the inter trand

cross-link should not disturb the structure of the DNA duplex to any great extent; (3) the

analogue should place the alkylating group in close proximity to a nucleophile on the

opposite strand of DNA and; (4) the analogue should retain fully the WC hydrogen

bonding pattern of the parent nucleoside, again to ensure its use by DNA polymerases, but

also to avoid mismatched-induced mutations.

The Thymidine Analogue

H

OH

Thymidine

H

BCNA 1

R = H, alkyl

Figure 2. Structures for Thymidine and BCNA 1.

3



To this end, Figure 2 presents thymidin and its b ron ntainin nu Ie id

analogue 2'-deoxy-2,3-azaborapyridine (BCNA 1). BCNA 1 teamr a nov I pl~ m nt

of the normal thymidine C-4 carbonyl with a boron-oxygen singl bond. This ub tituti n

should maintain the normal WC hydrogen bonding pattern of thymidiDJ whil at th am

time allow the introduction of alkyl groups. In conventional WC hydr K n b nding

involving thymidine, both the 0-4 and the N-3 imino proton IDEOO can ts t til

complimentary base. In contrast, alkylation of thymidine 0-4 requires the 10 of th N-3

imino proton, the resultant 0-4 alIkyl thymidine now has the WC hydrogen bonding pattern

characteristic of the enol fonn of thymidine (Figure 3). In previous studies of 0-4 alkyl

o 0

H

Thymidine

H3c.. ~

H~ifyO
OH

0-4 Methylthymidine

~
E1H'~~~

H I I
~N

o

H

0-4 H-BCNA 1

~
El@~:;~

H I ~N
o

H

0-4 Alkyl-BCNA 1

Notice that when a group is attached to the
0-4 of thymidine the N(l)H is lost and the
pattern of WC H-bond donor and
acceptors is aUered

Fjgure 3. Effect of Alkyl Substitution in Thymidine and BCNA 1.

donors and acceptors, (1) the 5'-triphosphates were not incorporated into replicating DNA,

and (2) oligomers containing 0-4 alkylthymidine analogues were destabilized relative to

duplex DNA.5
,11 In principle, alkyl groups can be incorporated into 1 without altering the

4
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WC hydrogen bonding pattern. Upon incorporati n in~ thtar t D A, 1 w uld

hydrogen bond with its complimentary base (in this instance adenine).

Figure 4 presents a proposed alkylation ev nttha c uld cur up n in rp rad n

of 1 into DNA. As mentioned above, 1 allows for the introduction f alkyl gr up .

Specifically, the alkyl functionality would be electrophilic in natur (i. . B-OR-X wh r

is a leaving group). In theory, rotation about the B-O bond giv an orientation fav rab1

for nucleophilic attack resulting in the desired interstrand cross-link.

(~ j.,

E r~N~.~~
, '\-~ N~ '\
-r.f '= 0

o
-L

Cross-linkipg
II

(-HX)

Figure 4. Proposed Alkylation of DNA by BCNA 1.

In the event that an interstrand cross-link does not Conn, there is still a potential use

for 1. A second anticancer strategy is boron neutron capture therapy,12.13 currently in

Phase ill clinical trials. In this therapy, boron-rich tumor cells are selectively destroyed by

the high-energy disintegration products 4He2
+ and 7Lt emitted when lOB captures a thermal

(slow) neutron. Tumor cells require higher levels of deoxynucleoside triphosphates in

order to support their enhanced level of DNA synthesis. Thus, tumor cells may sequester

1 in quantities sufficient to provide an alternative to the current spectrum of boron-based

drugs. 12
-
16

5
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Literature Precedence for Stable Boron Heterocycles

Considering 1, the question of stability of th brill h [ y L m i ty ali

Fortunately, ample evidence exits in the literature to show that boron bJ tef Y I are tabl

to various conditions and reactions (Figure 5). Gronowitz and co-w >rkJ r hav h wn

boron heterocycles to be stable to nitration,17 reduction,J7,l8 halogenati iJl 19 and Od, nard

conditions. 18 Boron heterocycles have also been shown20
,21 to be table to acidic and b J.

reagents as well as aqueous media.

From Oronowitz et al.: '/

or: ,GH, Raney Ni Et~N,GH' HN03 EI~ ,GH,~ I ~ • I I • I ~
S .'.:N MeOH .'.:N AC20 .'.:N

HOAc

2 50% 3 73% N02 4

cC ,GH,
i) BuOH, rs

~~,GH3CC~,GH'
Br2

f I ~
reflux •• CCl4

S .'.:N ii) MeMgI S ~N pyridine S .'.:N

S 68% 6 78% r 7

From Dewar et al. and Yale et at.:

Stable to boiling 15% KOH or conc. HCI > 2 h

(Y~~
(H012~~Io

10

Recrystallized from water

Figure 5. Examples of Boraheteroaromatic Compounds from the Literature.

6



Conclusions

Gronowitz17
,18,19 and others20,21 have shown that h terocycl s containing boron can

be synthesized and have shown these boron he1erocycles to be stable toward a variety of

conditions. Likewise, biologically relevant boron-containing compounds ar being u d

for boron neutron capture therapy.12 q To date, however, no one has synth ized a bar n

analogue of a purine or pyrimidine nueleo ide. In the known boron-containing

nuc1eosides,15,16,22,23 the boron was a ring substituent rather than a ring atom (bora-

heteroaromatic). Of particular interest is that syntheses of heterocycles with boron as a ring

atom peaked in the late 1960's to mid 1970's. After that point, the literature I aves the

subject. Thus, to synthesize 1 as a finished product would be a first in the literature.

I J z· },

,~ "I. It' I ~

l, , .. 1

7

f f "I
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CHAPTER 2

TOWARD THE SYNTHESIS OF

2'.DEOXY-2,3.,AZABORAPYRIDINE , .\.

, . Introduction

Retrosynthesis of BCNA 1 shows that this compound can be assembled through

coupling of the boraheteroaromatic ring, as in 2 and 3 with either 5-0-(tert-

butyldiphenylsilyl)-2,3-0-isopropylidene-D-ribono-l,4-lactone (4, ribonolactone) or with

pent-4-enyl 2',3',5'-0-acet-yl-~-D-erythro-pentofuranoside(5, pentenylriboside, Figure 6).

The 2,3-0-protected ribonolactone can be purchased from Sigma; the unprotected

<j>R
ruB'tj"Bn

's-'YN

X
boraheteroaromatic ringH

OH R =H, alkyl

BCNAI

>
TBDPS~

ex
ribonolactone, 4

+

OR

2,X=H
3, X =Br

pentenylriboside,5

Figure 6. Retrosynthesis of BCNA 1.

8



pentenylriboside was diverted from another project. Thu th m thodology pr nt

below concentrates on the synthesis of th boraheteroaromati ring and th an mp

coupling of the latter with the ribonolactone or the pentenylribosid .

Results

Synthesis of the Boraheteroaromatic Ring. Figure 7 pr en a ynth tic

scheme to obtain the boraheteroaromatic ring. Treatment of 6 with n-Bu.L~ follow d by

addition of DMF and acidic work-up gave aldehyde 7.24
•
25 After protection of the aid hyde

functionality as its cyclic acetal, 8 was reacted with n-BuLi followed by tributylborate to

give the thiopheneboronic acid 9 in 66% yield.24
,25 Initially, the fIrst three steps (2 3-

./j(Br

\~S Br

6

1) n-BuLi
2) DMF ocr

'1s ~O

7

cat.
H2S04

82%

1) n-BuLi ~H 1) BnNHNHt 2HCl

2) B(OBuh
OC~H

Et3N/CHC13
• •

3) H30+ 2) TBDPS-Cl

66% 9 2

CCl~

pyridine

T<X[BDPS~, fin
, I ~
S ~N

r

3

TBDPS = -Si(Phh-t-Bu

Figure 7. Synthesis of the Boraheteroaromatic Ring.

9



2-Formyl-3-thiophene­
boronic acid

r(r
'\S~r

2,3-Dibromo­
thiophene

1) n-BuLi
2) DMF

3) n-BuLi

4) B(OBuh
5) H30+

«H
(GB'
, 'I OH
s ~O <24~

Figure 8. One-pot Synthesis of 2-Formyl-3-thiopheneboronic Acid.

dibromothiophene (6) to 2-formyl-3-thiopheneboronic acid (9), were attempted as a on ­

pot synthesis (Figure 8). Due to consistently low yields « 24%), however, it was decided

to break this procedure up into three steps. Isolation of 9 initially proved problematic, but

ultimately interesting. At first, yields of 9 were low averaging 23%. It was found (by

observation) that upon slow evaporation of the post work-up organic layer cry tal

formation occurred. Proton NMR analysis of these crystals showed that all of the proton

peaks corresponding to 2-formyl-3-thiopheneboronic acid could be accounted for except

the hydroxyl protons, i.e. those proton peaks were absent at their expected chemical shift

nor were such visible anywhere else in the spectrum. It was hypothesized that the boronic

acid was forming a trimer (Figure 9) thus accounting for the loss of the hydroxyl proton .

To test the hypothesis an NMR sample of the crystals was prepared which conLained water.

If the boronic acid had formed a trimer, addition of water should hydrolyze the trimer to the

boronic acid. Indeed 'H NMR showed the appearance of the hydroxyl protons (at their

Figure 9. Proposed Structure for the Cyclic Anhydride Trimer.

10



expected chemical shift) over aperiod of -2 day. Tho, ording to 1H NMR anal i

there was evidence of trimer formation. Additional vid noe w ught by condu ting a

FAB analysis. This proved inconclusive although it was p s ibl that tb -Qitroben yl

alcohol matrix used had reacted with the trimer in a similar mann r.as wat r. Furth r FAB

experiments were not conducted, in part because either the thiophen b rome acid 9 or tb

"cyclic anhydride trimer" could be used to provide 2.

Compound 9 was cyclized by reaction with benzylhydrazine dibydrochloride24 and

the resultant hydroxyl was protected26 with tert-butyldiphenylsilyl chloride (TBDPS-Cl)

yielding the azaborapyridine 2. Bromination19 of 2 gave the bromo azaborapyridine 3.

For the synthesis of 2, it was necessary to isolate this compound as its TBDPS derivative.

Attempted isolation/purification of 2 without hydroxyl protection proved impossible.

Gronowitz24 was able to isolate the N5-phenyl boron heterocycle (i.e. a derivative of 2

with a phenyl substituent replacing the benzyl group) with its free hydroxyl group,

consequently it was thought that the additional methylene group of the N5-benzyl analogue

would not prove problematic. Since the coupling reaction was two steps away, hydroxyl

protection would be necessary.

Attempted Coupling of the Boraheteroaromatic Ring with the

Ribonolactone. Literature precedent for the synthesis of C-nucleosides is parse. U ing

BCNA 1 as an example (Figure 10), a C-nucleoside is a nucleoside that has a C-C linkage

Hs .....H

H
00,

CI'H

Thymidine BCNA 1

Figure 10. Normal Nucleoside and C-Nucleoside Linkages.

11
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between CI' of the sugar and C6 of the attached ring system. An nnal nu L id linkag

- as seen in thymidine - is between CI' of the sugar and a N 0 th atta h d thymin ring.

The three examples presented here served as the basis for our oupling tra gy. Fir t,

Matulic-Adamic and co-workers27 successfully synthesized C-ribonucleosid l'-deoxy-l'-

phenyl-j3.-D-ribofuranose (Figure U) in an overall yield of 72%. The key feature for this

reaction was the addition of phenyllithium to the ribonolactone 4.

TBDPS~

ex
4

PhLi/THF..
-78°C

TBDPS

10

Et3SiH / BF3" El20..

TBDPS

+ (X.
1) 1 MTBAF /THF ..

11 1'-Deoxy-l'-phenyl-~­

D-ribofuranose

Figure 11. Synthesis of 1'-Deoxy-l '-phenyl-I3-D-ribofurano e.

Second, Cornia and co-workers28 synthesized 3-(2,3,5-tri-O-benzyl-I3-D-arabino-

furanosyl)-7 -azaindole and 3-(2,3:5,6-di-O-isopropylidene-I3-D-mannofuranosyl)indole

(Figure 12). Though the yields were low (12% and 10%, respectively), Cornia was able to

show that a carbon nucleoside could be made.
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-

Bn

3-(2,3,5-tri-O-benzyl-~-D-arabino­

furanosyl)-7-azaindole

14

3-(2,3:5,6-cti-O-isopropylid n -~-t>­

mannofuranosyl)indole

Figure 12. C-Nucleosides.

The [mal example, from Lerch and co-workers,29 was similar to the Matulic­

Adamic protocol in that a lithiated pyrimidine derivative was added to the sugar moiety

(Figure 13). Deprotection followed by cyclization produced a mixture of the desired

products.

Y
t-BU

~ r
N I

t-Bu-A

15

n-BuLi ..
THF

16

=E
~

17

t-Bu-

9-t-Bu

N~
I

H

+

aJtro isomer MeOH/4 N~S04 (3:J) ..
heal HOH2

19

+

ex. anomer

Figure 13. Synthesis of C-Nucleosides.

With this knowledge in hand, several coupling reactions were attempted with

azaborapyridine 2 or bromo azaborapyridine 3 and ribonolactone 4 (Figure 14). Our

13



strategy was to generate the anion of 2 or 3- and then c upl th r ulting ani n t

ribonolactone 4. Analysis of crude and purified materials by IH NMR b w d that n

coupling occurred between the sugar and the azaborapyridine. Th Ii was doubt t

I'

TBDPSTBDPSQ

~
B"'N"Bn

f I I +
~N

X

2X=H
3X=Br ribonolactone 4

1) base, lHF, -78°C X.. TBDPS

2) H20 or sat. Nl4Cl

coupled product 20

Figure 14. Expected Coupling Between Azaborapyridine 2 or Bromo Azaborapyridine 3
and the Ribonolactone 4.

whether the anion of the azaborapyridine was forming. To verify anion formation,

experiments were conducted using the same coupling conditions with the exception that the

ribonolactone 4 was replaced with D20 or H20 (Figure 15). Analy is of D20IH20

R«

o:;,Bn
f I l~
S .&

H

2, R =H, TBDPS

3

1) Base, THF, -78°C X"
2) D20

1) Base, THF, -78°C X..

cQ
'

'N,Bn
f I I

.&

o
2a, R' =D, TBDPS

TBDPS«

o:;;Bn
f I I

.&

H

3a

Figure 15. Test Reactions to Verify Anion Formation in 2 and 3.
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reactions by lH NMR provided no evidence that anion formati n was currin, i . . 2a

and 3a were not observed by 'H NMR analysis. While lH analy i f 3a

straightforward, analysis of 2 was complicated. In the instanc when R :::, TBDPS n

deprotonation was observed. When R = H, though, lH NMR analy is indicated that

deprotonation had occurred at either OH, H2, H3, or not at alI. Sine r ul w r

inconsistent, a preferred deprotonation site on 2 could not be establish d.

At this point in time, two other options were investigated. Fir t, a di:ffi rent

methodology for coupling the sugar and azaborapyridine was attempted. Second, it was

believed that the butyllithium reagent was faulty thus providing no lithiated 2 or 3 to r act

with the ribonolactone. Storage and use30 of the hutyllithiurn reagent would allow a return

to the above synthesis (see Figure 14).

Attempted Coupling of the Boraheteroaromatic Ring with the

Pentenylriboside. The methodology for this reaction sequence was developed by

examining previous Gronowitz reactions and recent work done by Chapeau and Marnett. 31

Gronowitz had investigated bromination, iodination and nitration of 3,2-borazaropyridine

21 and bromination of the thieno-fused 3,2-borazaropyridine 22. 19 From his tudy,

yH3

Be f"H

J:
~N1f\' 3I I~

C H ~N
2 5 6

21 22

Figure 16. 3,2-Borazaropyridine 21 and Thieno-fused 3,2-Borazaropyridine 22.

Gronowitz found that under strongly acidic conditions 21 did not react. Under slighUy

acidic or non-acidic conditions, 21 readily underwent substitution with the substitution

pattern dependent upon the electrophile present. Nitration predominantly resulted in

substitution at the 6-position, iodination at the 4-position, and bromination provided a

15



mixture of 4- and 6-substituted 3.2-borazaropyridin . Brornination f 22 was perpl >tin

as well. Under strongly acidic conditions ub titotion occurr din th thi ph ne rin whil

with slightly acidic or non-acidic conditions bromination occurred in th boron-nitrog n

containing ring.

Based upon these results, it could not be said that a "nonnal" electrophilic aromatic

substitution mechanism was occurring through a Wheland intennediate. Gronowitz and

others32 have proposed two possible mechanisms (Figure 17) to account for the ob erved

qH3 tH3 ~H3

Jj H~tH3
e "'pH

H B~~~H:j !1~@ 3
yH3 C2Hs ~ "'E C2H5 <t> "'E C

2
H ~N

e E~N..PH3 E+A- -EAI I(£) 23 E+ 24 25.. .. ..
C2H ~N -w

21

~3
~3 ~~e H

~~H'~N~ 3 '" It) ~w.cH3I 1+ @ I I lit)
N C2H ~NC2H "'E C2 'E

26 27 28

qH3
~H3 ;;3~H3

~H3e
:D~H3.J:::~£H3 J=:Z,CH

3I {t) A~ e+
~N ~ .. I ~(f) + I (f)

C2Hs C2H5 ~ -HA C2H ~N C2H ~

21 29 2S 28

Figure 17. Proposed Mechanisms for the Addition of an Electrophile to 21.

substitution patterns. The first mechanism involves a three step process: (1) addition of

the species E+A- to 21; (2) substitution at the 4- or 6-position by E+ and; (3) elimination of

EA and H+ from 24 or 27 to provide the [mal product. The second mechanism takes into

account the characteristic properties of boron. The boron atom of 21 is attacked by a

nucleophile followed by addition of the electrophile to the 4- or 6-position. Subsequent

16



loss of HA then gives the substituted product. Althou h th rn banism w n v 1.\

defInitively proven, to Gronowitz and others it was apparent that th r: . w tb addition

an electrophilic species to either 21 or 22. How to affect th ub titution pattern wa

dependent upon the reaction conditions employed.

c~BZ0J{J.. --..

Bz 8z

33

BZ°tfJ~
BzO OBz

32

c{<1(MGh
+ +

I

31

TMS-OTf ..

30

34 35

+

36

H'N"cH3

. BZO~o$=6
BZ~BZ

37

Figure 18. Proposed Mechanism for the Coupling of the Pentenylriboside with a Purine
Base.

Chapeau's paper31 deals with the coupling of the pentenylriboside 5 with variou

purine base derivatives. Figure 18 presents a proposed mechanism for the coupling of the

pentenylriboside with a purine base. Taking into consideration Gronowitz' study of l:he

electrophilic substitution mechanism, our plan was to use Chapeau' reaction conditions

and to replace the purine base with our own azaborapyridine 2 or other azaborapyridine

derivative (Figure 19). Also of interest was whether a different functional group could be

incorporated into the 0-4 position of the azaborapyridine molecule. The reason for thi

were long tenn. Referring back to BCNA 1 and Figure 4, it would ultimately be necessary

to incorporate a leaving group into the 0-4 position of BCNA 1. Following l:he protocol

outlined by Gronowitz et al. ,24.33 the synthesis of 4-tert-butoxyazaborapyridine (38) was

carried out in a yield of 79%. Based upon the results of this reaction, it should be possible

17



to run a similar synthesis with an alcohol of the g n ral form HO-CH2CH2-X (recall fr m

Chapter 1 that BCNA 1 ultimately will need to incorporate a leaving group at the 0-4

position).

Three coupling reactions were attempted with differ nt r ul18. Th fir t exp rim nt

was a run with 5 and 38 (Figure 19). Proton NMR indicated that coupling may hay

occurred, albeit between N6 or N5 of the heterocyclic ring and C-l' of til ugar. FAB

AC~)
AcO OAe

+
NIS /lMS-OTf X •

CH3CN

pentenyl riboside 5
2 R=TBDPS

R'=Bn
38 R = t-Bu •

R'=H

AcO OAe

coupled product

39a R=TBDPS
R'=Bn

39b R = t-Bu
R'=H

Figure 19. Expected Coupling Between Azaborapyridine 2 or 4-tert-Butoxyazabora­
pyridine 38 and the Pentenylriboside 5.

analysis could not confirm the presence of 39. Additionally, with the low yield 0 r

"coupled" product 39 (13%) in conjunction with a 71 % recovery of starting materials, th

reaction conditions need to be optimized or modified.

The second and third coupling attempts were with 5 and 2. Unlike the first run, IH

NMR analysis indicated no coupling had taken place between the base and sugar in either

reaction. Again, experimental conditions require modification.
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Conclusions

The above encompasses the research done toward th synth i of 2'-d 0 y-2,3­

azaborapyridine, BCNA 1. While the synthesis of the borah teroaromatic b e wa

relatively successful the coupling reaction proved difficult. This, however, wa ex

since the literature for such a reaction is sparse. There are several additional option to

examined. First, as mentioned above, the pentenylriboside couplings need furth r

investigation. Second, a return to the synthesis of coupled product 20 warrants

investigation. Finally, a third methodology is available in. the event the previous avenu

do not work. Essentially this protocol involves working "backwards." That i, ynth i

of 1 would begin with the sugar moiety and the boraheterocycle would be built on to this.

Experimental

General. All reactions were done under a nitrogen atmosphere. Pyridine was

distilled from KOH. CCl4 was distilled from P20 S' DMF was dried over 4-A molecular

sieves. Titration34 of butyllithium reagents was done before each reaction in which th y

were used. I H NMR (400 MHz) were taken in DMSO-d6 unles otherwise tated. 13

NMR (100 MHz) were taken in CDCl3 unless otherwise stated.

2-Formyl-3-bromothiophene (7).17,25 To a stirred solution of 10.9 g (5.00

mL, 45.1 romol) of 2,3-dibromothiophene in 250 mL of ether at -75°C wa added 5.30

mL (45.1 romol) of 8.5 M n-BuLi in a dropwise fashion over a period of 5-6 min. The

mixture was stirred for 1 h and a solution of 5.00 mL (4.71 g, 64.5 mmol) of DMF in 90

mL of ether was added dropwise with stirring at -75°C. After 1 h the solution wa

warmed to rt, cooled in an ice bath, acidified by dropwise addition of 33 mL of 4 M HCl,

and stirred for I h. The aqueous layer was washed with ether (2 x 25 mL) and the

combined organic layers were washed with saturated aqueous NaHC03 (l x 25 roll,
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satmated NaCI (1 x 25mL), and. dried (MgSOJ. Tb rganic Lay r w filt red.

concentrated and the resulting oil was distilled under reduced pres ure to giv 6.64 g (34.

mmol, 77%) of7 as a yellow liquid, bp 60-61 °C (0.5 rom Hg). IH NMR () 7.42 (d, J::;

5.1 Hz, 1 H), 8.24 (dd, J =5.1, 1.3 Hz, 1 H), 9.90 (d, J =1.3 Hz, 1 H).

2-(3-Bromo-2-thienyl)-1,3-dioxolane (8).2.4 In a 500-mL ooe-n ked

round-bottomed flask equipped with a Dean-Stark trap was pLaced 13.0 g (68.0 mmol)

7, 4.64 g (74.8 mmol) of ethylene glycol, 200 mL of benzene, and two drop

concentrated ~S04' After stirring at reflux for 3 h, the reaction was cooled to rt, wash d

with saturated aqueous NaHC03 (2 x 25 mL) and saturated NaCL (1 x 25 mL). Th

organic layer was dried (MgS04), filtered, and concentrated to give 15.5 g of a yellow

liquid. The crude product was distilled under reduced pressure to give 13.1 g (55.7 romol,

82%) of 8 as a colorless liquid, bp 90-95 °C (0.9 rom Hg). lH NMR () 3.94-4.08 (m, 4

H), 6.00 (d, J =0.6 Hz, 1 H), 7.11 (d, J = 5.3 Hz, 1 H), 7.72 (dd, J = 5.2, 0.5 Hz, 1

H).

2-Formyl-3-thiopheneboronic acid (9).17.25 To a stirred solution of 14.0 g

(59.5 mmol) of 8 in 40 mL of ether at -75°C was added 6.50 mL (63.7 mmol) of 9.8 M n­

BuLi in a dropwise fashion over a period of 15 min. After 10 min, a solution of 16.7 g

(19.6 mL, 72.6 romol) of tributyl borate in 65 mL of ether was added and the re ulting

mixture was stirred for 1 h. The mixture was warmed to rt, then cooled to 0 °C and

quenched by dropwise addition of 20 mL of 4 M HCl. The reaction was tirred for 1 h at

which time the layers were separated and the aqueous Layer extracted with ether (3 x 20

mL). The combined ether layers were extracted with 2 M N~C03 (7 x 15 mL). The

combined aqueous carbonate layers were cooled to O°C, acidified to pH 2-3 (ca. 130 mL

of 4 M HCI), and the resultant precipitate collected to give 4.40 g (28.2 mmol, 47%) of a

yellow solid. Further extraction of the ether layers with 2 M N~C03 (3 x 10 mL) and

acidification to pH 2-3 (ca. 34 mL of 4 M HCl) gave an additional 1.90 g (12.2 mOlol,

19%) of 9 (total yield 66%). This materiaJ;was used without further purification in the next
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reaction. lH NMR 07.51 (d, J =4.8 Hz, 1 H) 8.03 (dd J =4.8, 1.2 Hz 1 H . 4 (

2 H), 10.24 (d, J = 1.2 Hz, 1 H).

N5-Benzyl-4-(tert-butyldipbenylsilyloxy)-5,4-azaboratbieno [3,2-d

pyridine (2).33 To a suspension of 1.25 g (6.40 mmol) of b nzylhydrazin

dihydrochloride in 18.0 mL of ethanol was added 1.30 g (1.80 mL, 12.8 m:rnol) of

triethylamine dropwise with stirring. The resulting solution was stirred for 5 min aftl r

which it was added to a solution of 1.00 g (6.40 mmol) of 9 in 32.0 mL of thanol. After

stirring for 30 min at ft, the ethanol was evaporated and the remaining solid w dis olv d

in 20 mL of CH2CI2. The organic layer was washed with water (3 x 10 mL), dried

(MgS04), filtered, and concentrated to give a brown oil. The brown oil was di solved in

4.50 mL of DMF and to the resulting solution was added 1.10 g (16.0 mmol) of imidazole

followed by dropwise addition of 2.12 g (2,.00 mL, 7.70 mmol) of TBDPS-Cl with

stirring. The resulting solution was stirred for 24 h and then diluted with 15 mL of

CH2CI2• The organic layer was washed with water (4 x 8 mL), dried (MgSOJ, filtered,

and concentrated to give a brown oil. The oil was chromatographed (hexane-CHCI3, 70/30

to 50/50) on silica gel to yield 905 mg (1.90 mmol, 30%) of 2 as a yellow olid. IH NMR

(CDC}3) 0 1.03 (s, 9 H), 5.39 (s, 2 H), 6.41 (d, J =5.1 Hz, } H), 7.16 (d, J =4.8 Hz, 1

H), 7.24-7.39 (m, 11 H), 7.67 (dd, J = 8.1, 1.5 Hz, 4 H), 8.27 ( , 1 H); 13C NMR 0

20.6, 27.7, 56.2, 128.0, 128.3, 128.9, 129.4, 129.5, 130.9, 131.5, 134.3, 135.3,

136.1, 141.1,147.6; FAB MS (miz) 481 (MH+).

N5-Benzyl-'-bromo-4-(tert-butyldiphenylsilyloxy)-5,4-azaborathieno

[3,2-d] pyridine (3).19 To a stirred solution of 0.20 rnL of pyridine, 0.30 mL of CC14,

and 99 mg (0.21 mmo1) of 2 was added a solution of bromine (37 mg, 0.23 mmol) in 0.45

mL of anhydrous CCI4• A brown precipitate formed and the resulting mixture was stirred

for 24 h. The mixture was diluted with 5 mL of CHC4 and the brown precipitate filtered

and washed with CHCl3 (2 x 2 mL). The combined organic layers were washed with

water (3 x 15 rnL), dried (MgS04), filtered, and concentrated to give 113 mg of a crude
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yellow-brown oil. Chromatography on silica gel (hexan -CHCI3 70/30 to 40/(0) yi Id

47 mg (0.08 mmol, 38%) of 3 as a yellow syrup. IH NMR (CDCI3) 0 1.00 (s, H) .47

(d, J = 5.1 Hz, 1 H), 5.38 (s, 2 H), 7.10 (d, J = 5.1 Hz, 1 H), 7.21-7.39 (m, 11 H) 7.64

(dd, J = 6.6, 1.5 Hz, 4 H).

5-0 -(tert-B utyldiphenylsily1)-2,3-0 -isopropylidene-D -ri bono -I ,4­

lactone (4). To a stirred solution of 1.00 g (5.31 romol) of 2,3-0-i apr pylid n -D­

ribono-l,4-lactone and 1.07 g (15.7 mmol) of imidazole in 10.0 mL of DMF was added a

solution of 1.64 g (5.97 mrnol) of TBDPS-CI in 2.00 mL of DMF. The solution wa

stirred for 20 min, then diluted with 20 mL of ether and washed with water (2 x 10 roLl,

and saturated NaCl (l x 10 roLl. The organic layer was dried (NaS04), filtered, and

concentrated to give 1.93 g of crude product. Chromatography on silica gel (hexane­

CHCI3, 50/50 to 0/100) yielded 1.37 g (3.21 mmol, 60%) of 4 as a colarIes syrup. lH

NMR 0 0.93 (s, 9 H), 1.35 (s, 3 H), 1.38 (s, 3 H), 3.76 (dd, J = 11.4, 2.6 Hz, 1 H),

3.88 (dd, J = 11.6, 1.7 Hz, 1 H), 4.72 (s, 1 H), 4.78 (d, J = 5.5 Hz, 1 H), 4.94 (d, J =

5.5 Hz, 1 H), 7.54 (ro, 10 H).

Pent-4-enyl 2' ,3' ,5'-0-Acetyl-~-D-erythro-pentafuranoside(5). To a

stirred solution of 1.12 g (5.13 mmol) of pent-4-enyl-~-D-erythro-pentafuranoide in 13.0

mL of pyridine was added 2.14 g (1.95 mL, 27.4 mmol) of acetyl chloride. After 2.5 h of

stirring, the reaction was diluted with 35 mL of ether. The organic layer wa wa hed with

water (l x 50 mL), 1 M HCI (l x 50 mL), and 1 M N~C03 (1 x 50 mL). The organic

layer was dried (MgS04), filtered, and concentrated to give a yellow oil. The crude

material was purified by silica gel chromatography (hexanes-ethyl acetate, 90/10 to 80120)

to yield 1.30 g (3.77 mmol, 73%) of 5 as a colorless oil. lH NMR (CDCI3) 0 1.65

(quintet, J = 6.9 Hz, 2 H), 2.05 (s, 3 H), 2.09 (s, 3 H), 2.11 (s, 3 H), 2.21 (m, 2 H),

3.39 (dt, J = 9.5, 6.6 Hz, I H), 3.72 (dt, J = 9.5, 6.6 Hz, I H), 4.11 (m, 1 H), 4.29 (m,

1 H), 4.34 (d, J =3.8 Hz, 1 H), 4.97 (m, 1 H), 5.02 (m, 1 H), 4.98 (d, J =0.8 Hz, 1 H),

(dd, J =4.9, 0.9 Hz, 1 H), 5.34 (m, 1 H), 5.79 (ddt, J = 17.0, 10.2,6.7 Hz, 1 H).
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4-0-tert-Butyl-S,4-azaborathieno [3,2-d] pyridine (3. T a tirr d

solution of 998 mg (6.40 mmol) of 9 in 4 mL of ethanol and 11 mL of eth r was add d a

solution of 780 mg (760 ilL, 24.3 romol) of hydrazine in 4 mL of ethanol and 1 mL

ether. The resulting yellow solution was stirred. for 15 min and the olv nt was r moved

under reduced pressure to give a bright yellow solid. Subsequent reery tallization fr In

ethanol-water (1:2) gave 721 mg (4.74 romol, 73%) of 4-hydroxy-5,4-azaborathi no [ 2­

d] pyridine as a yellow powder. lH NMR 07.61 (dd, J =5.0, 0.8 Hz, 1 H), 7.76 (d J =

5.0 Hz, 1 H), 8.17 (bs, 1 H), 8.17 (d, J = 0.7 Hz, 1 H), 10.2 (bs, 1 H); DC NMR

(DMSO-d6) 0 124.1, 125.1, 128.2, 141.5.

In a 250 mL three-necked round-bottomed flask was placed 100 mL of t-BuOH and

25 rnL of benzene. The solution was distilled until an internal temperature of 74°C was

reached and maintained for 10 min. After this time, 361 mg (2.38 romol) of 4-hydroxy­

5,4-azaborathieno[3,2-d] pyridine was added. Distillation was continued until almost dry.

The remaining solvent was removed under vacuum to give 392 mg (l.88 romol, 79%) of

38 as a yellow solid. IH NMR 0 1.27 (s,9 H), 7.28 (dd, J =5.1, 0.7 Hz, 1 H), 7.51 (d,

J =5.1 Hz, 1 H), 8.32 (d, J =0.7 Hz, 1 H), 8.96 (bs, 1 H).

Attempted Synthesis of NS-Benzyl-4-(tert-butyldiphenylsilyloxy)-7­

[S-O -(tert- butyldiphenylsilyl)-2,3-0-isopropylidene-n-ribono-l ,4-lactone]­

5,4-azaborathieno [3,2-d] pyridine (20). General. Five attempts were made to

couple the ribonolactone 4 with either 2 or 3.

Run l. To a stirred solution of 153 mg (0.32 mmol) of 2 in 0.30 mL of THF at

-75°C was slowly added 38 ilL (0.32 mmol) of 8.4 M n-BuLi. After 20 min, a solution of

130 mg (0.30 mmol) of 4 in 0.80 mL of THF was added dropwise over a period of 15

min. The resulting solution was stirred for 3 h at -75°C, then warmed to rt and quenched

with 3 mL of water. The aqueous layer was separated and washed with ether (3 x 3 mL).

The organic layers were combined, dried (N~S04)' filtered, and concentrated to give 205
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mg of a crude brown oil. Analysis of the crude product by lH NMR howed n uplin

had occurred.

Run 2. To a stirred solution of 162 mg (0.29 rnmol) 'Of 3 in 0.40 mL of THF

-78°C was added 170 J.lL (0.29 rnmol) of 1.7 M t-BuLi over a period of 3 min. After 20

min, a solution of 113 mg (0.27 mmol) of 4 in 0.80 mL of THF was add d in a low

dropwise manner. The resulting solution was stirred for 4 h at -78°C, then warmed trt

and quenched with cold water. The aqueous layer was separated and washed with ether (3

x 1.5 mL). The organic layers were combined, dried (NazS04)' filtered, and cone ntra d

to give 216 mg of a crude brown oil. Column chromatography (hexanes-ethyl acetat , 98/2

to 5/95) returned only starting materials.

Run 3. To a stirred solution of 41 mg (0.07 mmol) of 3 in 0.30 mL of THF at

-75°C was slowly added 44 J,JL (0.07 mmol) of 1.6 M n-BuLi. After 15 min, a solution of

28 mg (0.07 mmol) of 4 in 0.30 mL of THF was added over a period of 15 min. Th

resulting solution was stirred for 3.25 h at -75°C, then warmed to rt and quenched with

cold saturated NH4Cl. The layers were separated and the aqueous layer was washed with

ether (3 x 1.5 mL). The combined organic layers were dried (Na2S04), filtered, and

concentrated to give 46 mg of a crude yellow oil. Analysis of the crude oil by IH NMR

showed no coupling had occurred.

Run 4. To a stirred solution of 79 mg (0.13 mmol) of 2 in 0.20 mL of THF at

-75°C was added 320 J,JL (0.14 mmol) of 0.44 M n-BuLi in a slow, dropwise fashion.

After 1 h, a solution of 56 mg (0.13 mmol) of 4 in 0.40 mL THF was added lowly. The

resulting solution was stirred for 2 h, then warmed to rt and quenched with saturated

NH4Cl. The layers were separated and the aqueous layer was washed with ether (3 x 1.5

mL). The combined organic layers were dried (NazS04)' filtered, and concentrated to give

96 mg of a crude yellow oil. Analysis of the material by IH NMR showed no coupling had

occurred.
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Run 5. To a stirred solution of 49 mg (0.10 mmol) of 2 in 0.20 mL' f THF

-75°C was slowly added 90~ (0.14 romol) of 1.5 M t-BuLi. Aft r 15 min, a olutiJ n f

44 mg (0.10 romol) of 4 in 0.4 mL of THF wa added dropwise. Th r ulting luti n

was stirred for 3 h, then wanned to rt and quenched with cold saturated NH4Cl. Th lay r

were separated and the aqueous layer was washed with ether (3 x 1.5 mL). Th c mbined

organic layers were dried (N~S04)' filtered, and concentrated to give 57 mg of a crud

brown oil. Analysis of the crude oil by IH NMR showed no coupling had occurred.

Attempted Synthesis of 4-0-tert-Butyl-7-(2' ,3' ,5'-0 -a.cetyl-p-D-

erythro-pentafuranosyl)-5,4-azaborathieno [3,2-d] pyridine (39). General.

Three attempts were made to couple the pentenylriboside 5 with either 38 or 2.

Run 1. To a stirred solution of 50.0 mg (0.24 mmol) of 38 in 24 mL of CH3CN

was added 248 mg (0.72 mmol) of 5 and 162 mg (0.72 mmol) of N-iodosuccinimide (30).

After 10 min, 160 mg (120 ~L, 0.72 mmo1) of TMS-OTf was added dropwise. The

resulting orange-brown solution was stirred for 2 h, then quenched with 6 mL of 10%

N~S203 and 6 mL of saturated NaHC03, and extracted with 25 rnL of ether. The organic

layer was separated and the aqueous layer was washed with ether (3 x 10 mL). Th

combined organic layers were washed with 10 mL of saturated NaCI, dried (N~S04)' and

concentrated to give a crude brown oil. SubsequeDl chromatography on silica gel

(chloroform-ethanol, 98.5/1.5 to 97/3) gave two sets of collected fractions. 1H NMR

analysis of the fractions showed an undesired coupling had occurred between the NS or N6

of the base and C-l' of the sugar.

Run 2. To a stirred solution of 49 mg (0.14 mmol) of 5 in 10 mL of CH3CN wa

added 38 mg (0.17 mmol) of N-iodosuccinimide (30) and 51 mg (0.11 mmol) of 2. The

reaction was chilled in an ice bath and 11 mg (9.0 IiL, 0.05 mmol) of TMS-OTf was

added. The resulting solution was stirred for 4.5 h, then quenched with 5 mL of 10%

N~S203 and 5 mL of saturated NaHC03, and extracted with 20 mL of ether. The organic

layer was separated and the aqueous layer was washed with ether (3 x 15 mL). The
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combined organic layers were dried (N~S04)' ftltered, and concentrated to giv a crud

yellow oil. Subsequent chromatography on silica gel (hexanes-chloroform, 75/25 to

chloroform-ethanol, 98.5/1.5) yielded three fractions. IH NMR analysis of fraction

showed no coupling had occurred.

Run 3. To a stirred solution of 49 mg (0.14 mmol) of 5 in 4 mL of CH3CN wa

added 63 mg (0.28 mmol) of N-iodosuccinimide (30) and 62 mg (51 ~L, 0.28 mmol) of

TMS-OTf. After stirring for 5 min, a solution of 208 mg (0.43 rnmol) of 2 in 7 mL of

CH3CN and 2 mL of CCl4 was added dropwise. The resulting solution was stirred for

5.25 h, then quenched with 5 rnL of 10% N~S203 and 5 mL of saturated NaHC03, and

extracted with 20 mL of ether. The organic layer was separated and the aqueous layer was

washed with ether (3 x 15 rnL). The combined organic layers were dried (N~S04)'

filtered, and concentrated to give a crude yellow oil. Silica gel chromatography (hexanes­

chloroform, 50/50 to chlorofonn-ethanol, 97/3) yielded three fractions. Analysis of the

fractions by lH NMR showed no coupling had occurred.
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CHAPTER 3

TANDEM ANIONIC-ANIONIC REACTIONS

IN ORGANIC SYNTHESIS

Introduction

Tandem reactions have been known and used for many years. Only recently has a

focused effort been undertaken to expand their use in organic synthesis. Of major

importance is the use of tandem reactions for the synthesis of complex ring systems found

in natural products. Organic chemists are continually looking for methodologies which

generate complex structures in a minimum number of steps. Tandem reactions, also

known as domino, sequential, cascade, consecutive, iterative, zipper, and one-pot (one­

flask) reactions, provide such an avenue. They allow the organic chemist to combine two

or more reactions into one synthetic operation. This effectively cuts down on labor

involved, the quantities of chemicals/solvents used, and the amount of waste produced.

An overview of the literature shows a wide range of reactions which could

conceivably be classified as tandem reactions. Thus, before beginning, an adequate

defInition of a tandem reaction needs to be made. Tietze35 defines a tandem reaction a

"...a process involving two or more bond-forming transformations (usually C-C bonds)

which take place under the same reaction conditions without adding additional reagents [or]

catalysts, and in which the subsequent reactions result as a consequence of the functionality

formed in the previous step. II Furthermore, the literature shows that those reactions which

do qualify as tandem reactions require further classification. Tietze provides a system
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(Table 1) which allows for the categorization of tand m reactions based upon th

mechanisms of the steps involved. Those most frequently se n in th literature th

cationic-cationic (la/2a), anionic-anionic (lb/2b) radical-radical (lc/2c), pericyclic­

pericyclic (ld/2d), and sequential transition metal-catalyzed reactions (lg/2g). Th

anionic-pericyclic (lb/2d) and anionic-pericyclic-pericyclic (lb/2d/3d) are not as

prevalent but are just as powerful.

Table 1. Classification of Tandem Reactions According to the Mechanism of the
Different Steps.

1st step 2nd step 3rd step

la cationic 2a cationic 3a cationic
Ib anionic 2b anionic 3b anionic
Ie radical 2c ndical 3e radical
Id pericyclic 2d pericycIic 3d pericyclic
Ie photochemical 2e photochemical 3e photochemical
If carbinoid 2f carbinoid 3f carbinoid
Ig transition metal-catalyzed 2g transition metal-catalyzed 3g transition metal-catalyzed
Ih oxidation/reduction 2h oxidation/reduction 3b oxidation/reduction

Since the project presented in this thesis is based on an anionic sequence, the r st of

this chapter will be focused toward this end. The reader may refer to reviews 35
•
37 to gain a

better understanding of the diversity and richness of these intriguing reaction .

Anionic Sequences

Of all the sequences present in tandem reactions, the anionic sequences are the most

prevalent. Bunce37 has broken the anionic sequence down into four ub-categories-

anionic-radical and anionic-carbene, anionic-pericyclic, and anionic-anionic sequences, the

latter being the largest of the fOUL Anionic-radical and anionic-carbene reactions are

relatively new and have been added only recently to the growing list of tandem reaction .

Anionic-pericyclic sequences have been fairly well documented in the literature. 38-47 This
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reaction involves an initial addition or elimination which leads to a reactiv interrn diate

capable of further pericyclic reactions with inter- or intramolecular functionality. Ani ruc

reactions have been coupled with the Diels-Alder and [3+2] cycloadditions Clai en

rearrangements, electrocyclizations, and [2,3]-sigmatropic shifts. Anionic-anionic

sequences involve either a Michael-initiation or a Michael-tennination step with th final

result being a cyclic structure. This tandem process proves very useful for the ynthe i of

ring structures commonly found in natural products. In this sequence, a nucleophilic

species adds to an activated alkene to produce a stabilized anion, which then adds to a

second activated alkene positioned so as to close a five- or six-membered ring. The

sequence is terminated by reaction with an electrophile, most often a proton, an alkyLating

agent, or yet another alkene.

Anionic-anionic reactions abound in the literature. Due to the vast array and utility

of these reactions, it is virtually impossible to present a complete and comprehensive

overview. Thus, a few prime examples are presented below to show how this reaction

introduces regio-, chemo-, diastereo-, and enantioselectivity into ring systems.

Fukumoto and co-workers48 described the use of an intramolecular double Michael

addition (Figure 20) in their synthesis of oxygenated derivatives of the diterp ne alkaloid

atisine. Chiral cyclization substrate 1, synthesized in six steps by adaptation of previou Iy

LiHMDS •

1 2 3 (62%)

Figure 20. Synthesis of Tricyclic Intermediate 3.
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reported methods, was treated with lithium llexam thyldisilazi.d (LiHMDS) to giv

tricyclic intennediate 3 as a single stereoisomer in 62~ yield. Th ob rv d

stereochemistry presumably arises from the lithium chelated intennediat 2.

1) [Bn(1MS)NhCuLi,
MgBr2

2) 1 N HC] then
sat. NaHC03

4 (R* =(-)-menthy1) 5a (91:9) 5b

Figure 21. Synthesis of Cyclohexyl Diester 5.

High diastereo- and enantioselectivity was exhibited in the synthesis of cyclohexy1

diester 5 (Figure 21). In the treatment of di-(-)-menthyl (2E,7E)-2,7-nonadienedioate (4)

with lithium N-benzy1-N-(trimethy1silyl)amide "cuprate" in the presence of MgBr2,49 a high

preference was shown for the all equatorial product 5a. It was believed that chelation of

the MgBr2 with the nonadienedioate in the indicated confonnation led to the observed

selectivity.

exchange
02Ph

6 9 10 (75%)

Ph0
2
S:fx02Me

°2Me
Ph02 H

12 (95%)

Figure 22. Synthesis of Diphenylsulfonyl Cyclopentene 10 and Bicyclo[3.3.0]octene
12.
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Padwa and co-workers have d veloped an inte· ling Micha l-Micha 1 timin ti n

sequence as an approach to the synthesis of cyclopentenes from 2,3-bi (ph nyl ulf nyl)-

1,3-butadiene (6).50 Treatment of phenylsulfonylacetone (7) with a light x fNaH

in the presence of 6 gave the intermediate anion 8 via Michael addition of 7 to th

unsaturated sulfone (Figure 22). Anion 8 underwent a proton exchange to give the more

stable anion 9. Subsequent Michael ring closure followed by elimination of the allylic

sulfone provided the diphenylsulfonyl cyclopentene 10 in 75% yield. Exten ion of thi

protocol gave the bicyclo[3.3.0]octene 12.51 Michael addition of diester anion 11 to 6

followed by consecutive anion exchange, Michael, Michael, and elimination reactions

afforded 95% of 12.

Nitrogen heterocycles are also possible via tandem reaction methodology. Dumas

and d' Angelo have made pyrrolidine derivatives by using a novel reductive

amination/Michael addition sequence. 52 Condensation of keto acrylate 13 with (S)-I­

phenylethylamine (14) followed by imine reduction with NaCNBH3 provided 67% of the

racemic trans-2,5-disubstituted pyrrolidine 15 along with 8% of the cis isomer (Figure 23).

Interestingly, the observed selectivity was dictated by the steric bulk rather than the chirality

of the amine. For example, reaction with benzylamine produced a 2.6: 1 ratio of trans:ci

pyrrolidines while the use of cx-isopropylbenzylamine gave essentially 100% of the trans­

disubstituted product.

13

f
NH2

H-- Mep

14

1) 5 Amol sieves

cyclobexane, 6. ..
2) NaCNBH3

15 (67%)

Figure 23. Synthesis of a trans-2,5-Disubstituted Pyrrolidine.

31



Paulvannan and Stille employed a uniqu acylation-Micha I[ ti n (Figur 2 in

their synthesis of tashirornine (19).53 Treatment of tl-enamino ter 16 with a ryl yl

chloride (17) yielded 87% of indolizidine 18. Conyer ion to 'tashiromine was th n

accomplished in six steps with an overall yield of 50%.

_J0
2

Me
+aH

16

cy /).
c¢Me

6 steps• d5
H

•
THF 50%

0 87%
0

17 18 19

Figure 24. Use of an Acylation-Michael Reaction in the Synthesis of Tashiromine (19).

Bunce and co-workers have developed a demethoxycarbonylation-Michael addition

sequence to generate highly functionalized carbocycles.54
,55 Figure 25 presents two

examples of this methodology. Substrates were designed to be activated toward

20

o

22

LiCl

HMPA,1200C

n =1,50-70%

n =2, 40-65%

LiCl

HMPA,1200C

n= 1,24%

n= 2, 74%

•

21

23

Figure 25. Synthesis of Funtionalized Carbocyc1es.
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decarboxylation once the methyl ester was cleaved (i.e. X = EWG for 20).

Chem0 selective nucleophilic attack on the methyl ester (by chloride) initiated

demethoxycarbonylation to produce a stabilized anion which th n cyclized by Mi ha I

addition to the tethered acrylate ester. Ring closure resulted in a majority of th pr duct

having the X group (e.g. C02Et, COMe, COPh) and the acetate sid chain oriented tran a

in 21, even when the donor moiety was further substituted with an alkyl group.

Using a similar protocol Bunce and co-workers synthesized highly functionalized

fused ring oxygen heterocycles.56 Cyclization substrates 24 and 26 wer pr pared u ing

standard literature methods. Treatment of 24 or 26 with lithium chloride (Figure 26)

produced the stabilized anion which then underwent Michael addition to the acrylate ester to

give chroman 25 or benzofuran 27, respectively. The observed trans preference of the

ester functionalities was speculated to result from electronic rather than steric factors. 56
.
57

etS
Et cerI ~ °2Me

LiCl I ~. C02Et.. °2Et
DMEU,

~ O~C02Et 120°C ~ 0

24 89% 25a (8: 1) 25b

LiC) ..
DMEU,

120°C

84%

26 27a (>5: l) 27b

Figure 26. Synthesis of Fused Ring Oxygen Heterocycles.
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Conclusions

The above discussion provides just a few examples of how tand m anionic-anionic

sequences can be used to synthesize ring systems with specific regio-, chemo-, diast reo-,

and enantioselectivity. This field continues to expand and receive more attention a organic

chemists tum toward tandem methods to aid them in synthesizing natural products that b ar

complex and unusual substitution patterns. Tandem reactions also serve as an approach to

the development of reaction schemes that minimize cost and waste but provide high

efficiency.
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CHAPTER 4

TOWARD THE SYNTHESIS OF RING

SYSTEMS VIA TANDEM SEQUENCES

Introduction

This chapter details the use of two types of tandem sequences - the anionic-anionic

and reduction-Michael addition sequences - which have been used to synthesize highly

functionalized ring systems. A survey of natural products shows a diverse collection of

complex ring systems. To synthesize such compounds in the most efficient manner (the

ability to combine two or more reactions into one synthetic step with minimal labor,

quantities of chemicals/solvents, and waste) can be accomplished by the tandem sequenc·.

The compounds presented in this chapter - namely indans 1 and 2, indanon 3,

cyclopentenes 4 and 5, quinoxaline 6, and benzoxazine 7 - can have a two-fold impact in

the area of natural product synthesis: (1) the compounds themselves could serve a

building blocks for other ring systems or; (2) the methodologies could be applied to

synthesis of other compounds.

While 1,2,4, and 5 were unattainable, 3, 6, and 7 were readily prepared, the one

appealing factor being the ease of synthesis of 3, 6, and 7. Specifically, all three

compounds are easily made from readily available starting materials and require four steps

or less to prepare. Thus, the methodologies presented below provide a useful addition to

the field of tandem reactions.
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~~ ~~ 02~I A I A I A
°2Et C02Et °2Et

1 2 3

H

O::~O,E1 ce~o,E1
H H

4 5 6 7

Figure 27. Indans 1 and 2, Indanone 3, Cyclopentenes 4 and 5, Quinoxaline 6, and
Benzoxazine 7.

Results

Anionic-anionic Reactions. Initial attempts were made to synthesize indan

derivatives 1 and 2. To set up the tandem sequence which was to provide 1 or 2, it wa

necessary to synthesize the initial cyclization substrates 8 and 9 (Figures 28 and 29

respectively). To this end, (2-chlorophenyl)acetic acid (10) was treatedS8 with lithium

aluminum hydride to provide alcohol 11. Treatment59 of 11 with methanesulfonyl (mesyl)

chloride gave mesylate 12 which was converted to iodide 13 in an overall 63% yield.

Addition of iodide 13 to the anion of ethyl methyl methylmalonate 14 afforded

chlorophenyl diester 15. Nitration60 of 15 yielded the 2-chloro-5-nitrophenyl diester 8. In

the next step, 8 was treated with LiCl in DMEU to initiate a demethoxycarbonylation

nucleophilic aromatic substitution sequence to give cyclized product 1.61 Indan derivative

1, however, was not observed. While the anion had formed CH and l3C NMR spectra

showed loss of the methoxycarbonyl group), 8 did not undergo the subsequent ring

closure to form 1. It was hypothesized that the anion was too sterically hindered to react at

the aromatic ring. Therefore, a similar synthesis was conducted (Figure 29) to give
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10

o::H

I~
I

11

MsCl •

~
MS NaI

I . •
~ I acetone, A

12

0::
1

13

14 15

8

Figure 28. Synthesis of Iodide 11 (top) and Attempted Synthesis of Cyclized Product 1
(bottom).
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02Me fuming HN03•

16 17

Liel X.
DMEU, !',

2

9

Figure 29. Attempted Synthesis of Cyclized Product 2.

chloronitrophenyl diester 9, the main difference being the omission of the side chain methyl

group. Attempts to cyclize 9 also resulted in a decarboxylated product (2a). It wa

19

NaH •
DMF

21

_fu_ffil_·_ng_H_N_O_3........02~

H2S04 ~CI

22

2) 22

15

1) NaH, DMF
X •

23

Figure 30. Synthesis of Diethyl (4-Nitrophenyl)methylmalonate (20, top) and Test
Reaction for Alkylation of 2-Chloro-5-nitrotoluene (23, bottom).
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hypothesized that the alkyl chain tethering the malonate moiety t th aromatic ring wa

possibly deactivating the ring toward nucleophilic ubstitution. To test th validity f thi

hypothesis a test reaction was conducted (Figure 30) on 22 using protocol outlined by

Guerrato and co-workers.62 In their work, Guerrato and co-workers were able to

synthesize diethyl methyl(4-nitrophenyl)malonate (20) from diethyl methylmalonate (19)

and p-chloronitrobenzene (18) in 75% yield. A similar reaction with 22 gave non of th

addition-elimination product 23. Since nitrophenyl diester 23 was not ob erved ( tarting

material was recovered), it was concluded that the alkyl substituent was indeed deactivating

the ring. To alleviate this problem, it was decided to incorporate another electron

withdrawing group (specifically a carbonyl functionality) into the system at the benzylic

position of the alkyl chain to further activate the ring toward substitution.

Initial attempts were made to oxidize the benzylic position of 8 with the Jones

reagent. Eisenbraun63 had shown that tetralin derivatives were readily oxidized by the

Jones reagent at the benzylic methylene position but it was not known to us if such a

procedure would allow for oxidation of the benzylic methylene in an acyclic alkyl

substituent. Attempts to oxidize the benzylic position using Jones reagent were

unsuccessful. A second attempt was made using the procedure of Schmidt and Schafer.64

These authors were able to oxidize the benzylic methylene of isobutylbenzene and n­

butylbenzene to the respective ketones using benzyltriethylammonium pelTI1aganate. U c

of this reagent on 8, however, did not afford the desired ketone.

Rather than investigate oxidation of 14 further, the synthesis was redesigned to

build the substrate with a carbonyl functionality already present at the benzylic position

(Figure 31). Thus, the anion of ethyl methyl methylmalonate (14) was treated with 2­

bromo-l-(2-chlorophenyl)ethanone (24) to afford keto diester 25. Nitration6o of 25

provided the 5-nitro adduct in 67% yield. Treatment of the nitro compound with LiCI in

DMEU at 120°C gave the desired cyclized product 3 in low yield (13%). The cyclization

reaction was attempted only once. Possible avenues available to improve the yield include
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1) NaH, DMF

o
2)~Br

~I (24)

12 25

26

LiC]

DMEU, I!:.

3

Figure 31. Synthesis of Cyclized Product 3.

adjustment of reaction conditions, replacement of the ethyl methyl methylrnalonate with

ethyl methyl malonate and/or use of the less sterically hindered fluoroaromatic.

Liel -DMEU, I!:.

DMEU, I!:.

27 29

LiCI X-

4

31, cis and trans

Figure 32. Attempted Synthesis of Cyclopentene Derivatives 4 and 5.
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Synthesis of cyclopentene derivativ 4 and 5 (Figur 2) w r al atternp d

using the anionic-anionic sequence. Treatment of hex nedioate 27 with a sli ht f

NaH followed by subsequent Michael addition to chioro ester 28 provided octadi nedioat

29. Reaction61 of 29 with five equivalents of LiCl in DMEU at 120°C gay a c ,mpL x

mixture. Analysis of the crude mixture by IH NMR suggested that 4 might be pr nt but

the products proved difficult to separate. Similar reaction of triester dien 30 gav only the

demethoxycarbonylation product 31 as a mixture of E and Z isomers. Thu ,furth r

investigations should focus on substrates having structures similar to 29.

Reduction-Michael Addition Reactions. The reduction-Michael addition

sequence was used to synthesize quinoxaline derivative 6 and benzoxazine derivative 7.

H

C(~02Et
6

Figure 33. Quinoxaiine Derivative 6 and Benzoxazine Derivative 7.

The synthesis of 6 was accomplished by alkylation65 of o-nitroaniline (32) with ethyl 4­

bromocrotonate (33) to give anilinobutenoate 34. Reduction of the nitro functionality in

cc"'" ~~02EtQ N0
2

34

EtOH, /).

H

CCN~02Et
~
6

Figure 34. Synthesis of Quinoxaline Derivative 6.
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34 with sodium hydrosulfite (N~S204) followed by sub equ nt intram J cular Mi b

addition of the intermediate amine to the a,~-unsaturated ester provid d telTabydr ­

quinoxatine 6 in 44% yield.

The synthesis of 7 required a more indirect route (Figur 35). Alkylation of 0­

nitrophenol (35) with allyl bromide (36) provided phenoxyalkene 37. Ozonoly is of the

side chain double bond in 37 followed by Wittig 0lefination54
,61 then gave the phenoxy­

substituted 2-butenoate ester 39. Nitro reduction and subsequent ring cIo ur of 39

yielded dihydrobenzoxazine 31 in 10% yield.

acetone, t1
2) Me2S, -78 .... 20°C

3) Ph3P=CHC02Et (38),

PhH, 80°C

39

EtOH, t1

Figure 35. Synthesis of Benzoxazine Derivative 7.

The synthesis of 6 resulted in a relatively modest yield of 44%. This, coupled with

the fact 6 does not require purification, allows for improvement of yield to focus on the

reaction conditions. Potential avenues are reaction time and/or temperature. Although the

synthesis of 7 resulted in a poor yield, this can be remedied through reaction time and the

amount of heat applied to the reaction. For example, the reduction of the nitro group to the

amine readily occurs at room temperature over a 10-15 min period. Application of heat to

the reaction for an equivalent amount of time should allow for cyclization to go to

completion. Adjustment of stir times as well as the amount of heat applied to the reaction

should lead to increased yield.
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In conclusion, with the successful syntheses of 3, 6 and 7 and up n optimization

of the yields, valuable additions have been mad to the field of tand m qu nc . Th

compounds, while simple in their construction, have incorporated a high d gr 0

functionality. Their potential use in natural product synthesis or the applicati n of th

methodologies to other reaction schemes should prove useful in the future.

Experimental

General. All reactions were carried out under a nitrogen atmosphere. DMF wa

stored over 4-A. molecular sieves. DMEU was distilled from CaH2 (0.5 mm Hg) and

stored over 4-A. molecular sieves. THF was distilled from LiAlH4 under nitrogen.

Reactions were followed by either: (1) TLC on hard layer silica gel OF plates (Analtech)

using UV detection or (2) capillary OC with FI detection (SE-30 column, 6 m x 0.25 rom

i.d., 0.25 ~ film thickness). Preparative separations were peIformed using one of the

following methods: (1) P11..C on 20-cm x 20-em silica gel OF plates (Analtech) or (2)

column chromatography on silica gel (60-200 mesh) mixed with Sylvania no. 2282 UV­

active phosphor. Band elution, where appropriate, was monitored using a hand-held UV

lamp. IH NMR (300 MHz) and 13C NMR (75 MHz) were laken in CDC]3.

2-(2-Chlorophenyl)ethanol (11). To a stirred suspension of 1.10 g (29.0

mmol) of LiAlH4 in 50 mL ofTHF al 0 °C was added a solution of 5.00 g (29.3 mmol) of

2-ehlorophenylacetic acid in 125 mL of THF. The resulting solution was stirred al rt for

0.5 h and then refluxed for 2.5 h. The reaction was cooled to 0 °C and quenched by

alternating addition of 10% NaOH and H20 until a fine ppt had formed. The mixture was

filtered through Celite and the filtrate was concentrated to give a yellow oil. Vacuum

distillation of the crude product afforded 3.43 g (22.0 mmol, 76%) of 11 as a colorless oil,

bp 88-89 °C (0.6 mm Hg). IR (thin film) 3345, 3061, 3025,1573,1481, 1445,755 em-I;
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lHNMR 0 1.45 (bs, 1 H), 3.03 (t, J = 6.7 Hz, 2 H), 3.89 (q J = 6.3 Hz 2 H) 7.17­

7.39 (m, 4 H); lJC NMR 036.6,61.6, 126.7, 127.8, 129.5, 131.3 134.2 136.l.

2-(2-Chl.orophenyl)ethyl mesylate (12). To a stirred solution of 3.43 g

(22.0 mmot) of 4 and 3.34 g (4.60 mL, 33.0 mmol) of triethylamine in 100 mL of CHzClz

at 0 °c was added 2.75 g (1.85 mL, 24.0 mmol) of methanesulfonyl (mesyl) chlorid over

a 4 min period. The resulting mixture was stirred for 30 min at 0 °C, then wa hed with

cold water (1x), cold 1 M HCl (Ix), saturated NaHC03 (Ix), and saturated NaCl. Th

organic layer was dried (MgS04), filtered, and concentrated to give a quantitativ yi Id of

12 as a pale yellow oil. IR (thin film) 3068,3026,1573,1510,1353,1175,754 cm· l
; IH

NMR 0 2.88 (s, 3H), 3.21 (t, J =6.9 Hz, 2 H), 4.46 (t, J =6.8 Hz, 2 H), 7.21-7.39 (m

4 H); l3C NMR 0 33.5,37.2,68.4, 126.1, 127.2, 128.8, 129.8, 131.6, 134.0.

2-(2-Chlorophenyl)-I-iodoethane (13). In a 250-mL round-bottomed flask

was placed 3.21 g (13.7 mmol) of 12,8.60 g (57.4 mmal) of Nat and 100 mL of acetone.

The resulting mixture was refluxed for 4 h, then cooled to rt and concentrated. The olid

was transferred to a separatory funnel with the aid of water and ether. The aqueous layer

was washed with ether (3x) and the combined organic layers were washed with water (1 x),

sodium thiosulfate (Ix), saturated NaCl (1x), dried (NazS04)' filtered, and cone ntrated to

give 3.38 g (12.7 mmol, 93%) of 13 as a yellow-orange oil. The iodide was used without

further purification in the next reaction. IR (thin film) 3068, 3018, 1573, 1474, 755 cm'l;

IH NMR 0 3.27-3.41 (m, 4 H), 7.20-7.38 (m, 4 H); l3C NMR 0 3.0, 38.1, 127.1, ] 28.5,

129.9, 130.8, 133.9, 138.2.

Ethyl Methyl (Z-(2-Chlorophenyl)ethyl)methylpropanedioate (15). To

a stirred suspension of 0.46 g (19.0 mmol) of oil-free NaH in 15 mL of DMF was slowly

added a solution of 2.90 g (18.0 mmal) of ethyl methyl methylmalonate in 15 mL of DMF.

The resulting mixture was stirred for 30 min after which a solution of 5.10 g (19.0 mmol)

of 6 in 15 mL of DMF was added dropwise. The reaction was stirred until complete (GC),

then transferred to a separatory funnel containing saturated NaCl. The aqueous layer wa
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washed with ether (3x) and the combined organic layers were dried (MgSO,J, filtered, and

concentrated to give a yellow oil. The crude product was chromatographed on silica gel

(hexanes-ether, 95/5) to provide 3.27 g (11.0 mmol, 61%) of IS as a colorless oil. IR

(thin ftlm) 1737,762 cm'l; IH NMR 01.27 (t, J =7.1 Hz, 3 H), 1.54 (s, 3 H), 2.12-2.17

(m, 2 H), 2.67-2.73 (m, 2 H), 3.74 (s, 3 H), 4.21 (q, J =7.1 Hz, 2 H), 7.13-7.37 (m,4

H); 13C NMR 0 13.9, 19.8, 28.6, 35.7, 52.4, 53.6, 61.3, 127.0, 127.7, 129.6, 130.5,

133.9, 139.1, 172.2, 172.8.

Ethyl Methyl (2-(2-Chloro-S-nitrophenyl)ethyl)methylpropanedioate

(8). To a stirred solution of 2.51 g (8.40 mrnol) of IS in 4 mL of H2S04 at -5°C was

added a solution of 0.40 mL of fuming HN03 in 0.85 mL of H2S04 at a rate of 1-2 drops

every 10 min. The reaction was stirred for 2.75 h and then poured into ice water. The

aqueous layer was washed with ether (3x) and the combined organic layers were dried

(MgSO,J, fLltered, and concentrated to give a viscous yellow oil. Chromatography on

silica gel (hexanes-ether, 95/5 to 88/12) afforded 2.18 g (6.34 mmol, 75%) of 8 as a

yellow oil. IR (thin film) 3106,1744,1527,1348, 749 em ,1; IH NMR 8 1.28 (t, J =7.1

HZ,3 H), 1.55 (s, 3 H), 2.13-2.19 (m, 2 H), 2.78-2.82 (rn, 2 H), 3.77 (s, 3 H), 4.22 (q,

J =7.1 Hz, 2 H), 7.51 (d, J = 8.7 Hz, 1 H), 8.03 (dd, J = 8.8, 2.7 Hz, 1 H), 8.13 (d, J =

2.7 Hz, 1 H); 13C NMR 8 13.5, 19.3,28.3,34.8,52.1,52.9,61.1, 122.2, 124.8, 130.1,

140.4, 140.7, 146.4, 171.3, 172.0.

Attempted Synthesis of Ethyl-l-methyl-S-nitroindancarboxylate (l ).

In a 25-mL round-bottomed flask was placed 210 mg (0.61 mmol) of 8, 110 mg (2.44

mmol) of LiCI, and 10 mL of DMEU. The resulting solution was heated at 120°C until the

reaction was complete (GC), then poured into a separatory funnel containing 25 mL of

ether. The organic layer was washed with water (3x) and saturated NaCI (Ix). The

aqueous layer was washed with ether (2x) and the combined organic layers were dried

(MgS04), filtered, and concentrated to give an orange-brown oil. Preparative TLC

(hexanes-ether, 95/5 to 85/15) produced three bands, the major band being decarboxylated
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product (la). IR(thinfilrn) 3100, 1736,1527,1354,1174, 749crn-I. I HNMRo 1.25 (d,

J =7.0 Hz, 3 H), 1.30 (t, J =7.1 Hz, 3 H), 1.67-1.83 (m, 2 H), 1.96-2.09 (m, 2 H)

2.48-2.55 (m, 1 H), 4.18 (q, J = 7.1 Hz, 2 H), 7.52 (d, J = 8.8 Hz, 1 H), 8.01 (dd J =

8.8,2.7 Hz, 1 H), 8.13 (d, J = 2.7 Hz, IH); 13C NMR 0 14.1, 17.1, 31.2, 32.9, 39.0,

60.4, 120.0, 122.4, 125.1, 130.4, 141.1, 141.3, 176.1.

Ethyl Methyl (2-(2-Chlorophenyl)ethyl)propanedioate (17). To a

stirred suspension of 0.30 g (12.3 mmol) of oil-free NaB in 10 m.L of DMF wa added a

solution of 1.77 g (12.1 mmol) of ethyl methyl malonate in 10 rnL of DMF dropwi e. The

resulting mixture was stirred for 30 min and a solution of 3.38 g (12.7 mmol) of 13 in 10

mL of DMF was added dropwise. The resulting solution was stirred for 5.25 h, then

poured into 50 mL of saturated NaCI and extracted with ether (3x). The combined organic

layers were dried (MgS04), filtered, and concentrated to give a yellow oil. Column

chromatography (hexanes-ether, 95/5) provided 2.64 g (9.3 mmol, 77%) of 17 as a

colorless oil. IR (thin film) 3070,1736, 1484, 1441, 1152, 756 em-I; lH NMR 3 1.28 (t,

J = 7.0 Hz, 3 H), 2.19-2.27 (m, 2 H), 2.76-2.82 (m, 2 H), 3.40 (t, J = 7.4 Hz, 1 H),

3.75 (s, 3 H), 4.21 (q, J = 7.1 Hz, 2 H), 7.15-7.36 (m, 4 H); 13C NMR 0 L4.0, 28.5,

31.0, 51.2, 52.4, 61.5, 126.9,. 127.8, 129.7, 130.6, 134. L, 138.3, 169.3, 169.9.

Ethyl Methyl (2-(2-Chloro-S-nitrophenyl)ethyl)propanedioate (9). To

a stirred solution of 2.60 g (9.30 mmo!) of 17 in 5 mL of H2S04 at -5°C was added a

solution of 0.45 m.L of fuming HN03 in 1.0 m.L of H2S04 at a rate of 2 drops every 10

min. The reaction was stirred for 3 h, then poured into ice water. The aqueous layer was

washed with ether (3x) and the combined organic layers were dried (MgS04), filtered, and

concentrated to give a viscous yellow oil. Column chromatography on ilica gel (hexanes­

ether, 93/7) gave 1.80 g (5.5 mmol, 59%) of9 as a yellow oil. IR (thin film) 3106, 1744,

1614, 1578, 1527, 1347,749 em-I; IH NMR 0 1.30 (t, J =7.1 Hz, 3 H), 2.23-2.30 (m, 2

H), 2.87-2.92 (m, 2 H), 3.41 (t, J =7.4 Hz, 1 H), 3.77 (s, 3 H), 4.24 (q, J =7.1 Hz, 2

H), 7.53 (d, J = 8.8 Hz, 1 H), 8.05 (dd, J =8.7, 2.6 Hz, I H), 8.14 (d, J = 2.6 Hz, 1 H);
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l3C NMR 0 13.9, 28.0, 31.1, 51.0, 52.6, 61.7, 122.8, 125.3 130.6 140.3, 141.1,

146.0, 168.9, 169.5.

Attempted Synthesis of Ethyl-S-nitroindancarboxylate (2). In a 25-mL

round-bottomed flask was placed 340 mg (1.00 mmol) of 9, 180 mg (4.20 mmol) of LiCl,

and 5 mL of DMEU. The resulting solution was heated at 135°C for 4 h, then poured into

20 mL of ether. The organic layer was washed with water (3x) and the combined aqu ou

layers were washed with ether (3x). The combined organic layer: were dried (MgS04 )

filtered, and concentrated to give a brown oil. Preparative TLC (hexanes-ether, 90/10)

produced four bands, the major band being decarboxylated product (2a). lR (thin film)

3106, 1736, 1614, 1578, 1520, 1347, 1189, 749 em-I; IH NMR 0 1.29 (t, J = 7.1 Hz. 3

H), 2.01 (quintet, J =7.3 Hz, 2 H), 2.40 (t, J =7.3 Hz, 2 H), 2.88 (t, J = 7.7 Hz, 2 H),

4.16 (q, J =7.1 Hz, 2 H), 7.53 (d, J =8.8 Hz, IH), 8.03 (dd, J =8.8,2.7 Hz, IH), 8.13

(d, J = 2.7 Hz, 1 H); 13C NMR 0 14.1, 24.2, 32.6, 33.3, 60.4, 119.8, 122.2 122.5,

125.1, 130.4, 141.0, 173.0.

2-Chloro-S-nitrotoluene (22). To a stirred solution of 1.00 g (0.90 mL, 7.90

mmol) of 2-chloro-1-methylbenzene in 4 mL of H2S04 at -5 uC was added a solution of

0.40 mL of fuming HN03 in 0.80 mL of H2S04 at a rate of 2 drops every 10 min. Th

resulting solution was stirred for 3 h, then poured into ice water. The aqueous layer wa

washed with ether (3x) and the combined organic layers were dried (MgS04), filtered, and

concentrated to give a brown oil. Column chromatography on silica gel (h xanes-ether,

95/5) afforded 1.20 g (7.0 mmol, 89%) of 22 as a yellow oil. IR (thin film) 3113, 1614,

1585, 1527, 1354,922, 806, 749 cm -1; IH NMR 02.49 (s, 3 H), 7.54 (d, J =8.4 Hz, 1

H), 8.01 (dd, J= 8.8, 2.2 Hz, 1 H), 8.13 (d, J= 2.1 Hz, 1 H); 13C NMR 0 20.2,121.7,

122.2, 125.7, 130.0, 138.0, 141.5.

Attempted Synthesis of Ethyl Methyl (2-Methyl-4-nitrophenyl)pro­

panedioate (23). To a stirred suspension of 70 mg (3.10 mmol) of oil-free NaH in 2

mL of DMF was slowly added a solution of 0.40 g (3.42 mmol) of ethyl methyl malonate
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in 2 mL of DMF. The resulting mixture was tirr d for 30 min aft r whi h a olution f

0.50 g (2.90 mmol) of 23 in 2 mL of DMF was added dropwis . Th reaction was heat

for 12 hat 55°C and 24 hat 80°C. GC indicated only a small amount of starting mat rial

(ca. 7%) had been converted to product.

Ethyl Methyl (2-(2-Chlorophenyl)-2-oxoethyl)methylpropanedioate

(25) . The synthesis of 2-bromo-l-(2-chlorophenyl)ethanone (24) was carried out u ing

the method of Cowper and Davidson.66 To a stirred solution of 6.00 g (39.0 mmol) of 2'­

chloroacetophenone in 10 mL of anhydrous ether at 0 °C was added 0.050 g (0.35 mmol)

of aluminum chloride. To the resulting solution was added 6.20 g (2.00 mL, 39.0 mmol)

of bromine dropwise with stirring. After addition of bromine the solvent was removed by

rotary evaporation and the resulting yellow oil was washed with water, saturated NaCI.

dried (MgS04), fJ.ltered and concentrated to give 8.20 g (35.0 mmol, 900/£) of 24 as a

yellow oil. IR (thin mm) 3029, 1695, 1595, 760, 720 cm- l
; lH NMR «5 4.53 (s, 2H),

7.36-7.59 (m, 4H); 13C NMR a34.4, 127.2, 129.5, 130.3, 130.6, 131.2, 132.8, 194.2.

To a stirred suspension of 0.20 g (8.40 mmol) of oil-free NaH in 10 mL of DMF

was slowly added a solution of 1.30 g (8.20 mmol) of ethyl methyl methylrnalonate in 1O

mL of DMF dropwise. The resulting mixture was stirred for 30 min after which a solution

of 2.00 g (8.6 mmol) of 24 in 10 mL of DMF was added dropwise. The resulting solution

was stirred for 9.5 h, then poured into a separatory funnel containing 30 mL of water. The

aqueous layer was washed with ether (3x) and the combined ether layers were dried

(MgS04), filtered, and concentrated to provide a yellow oil. Column chromatography on

silica gel (hexanes-ether, 95/5 to 85/15) gave 1.37 g (4.4 mmo), 54%) of 25 as yellow oil.

IR (thin film) 3068, 1736, 1583, 1478, ] 241, 1110,761 cm- I
; lH NMR «5 1.23 Ct, J =7.3

Hz, 3 H), 1.64 (s, 3 H), 3.63 (s, 2 H), 3.76 (s, 3 H), 4.22 (q, J = 7.3 Hz, 2 H), 7.27­

7.52 (m, 4 H); l3C NMR «5 13.8, 20.5, 48.4, 51.8, 52.8, 61.7, 127.0, 129.1, 130.7,

132.0, 133.0, 138.9, 171.4, 172.1, 199.8.
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Ethyl Methyl (2-(2-Chioro-5-nitrophenyl)-2-9xoethyl)methylpropane­

dioate (26). To a stirred solution of 3.50 g (11.2 mmol) of 25 in 20 mL of H2S04 at -5

°C was added a solution of 0.65 mL of fuming flN03 in 1.3 mL of~S04 over a period of

5 min. The resulting solution was stirred for 3 h, then poured into 40 mL of ice water.

The aqueous layer was washed with ether (3x) and the combined organic lay r wer dried

(MgS04)' filtered, and concentrated to give a red-orange oil. Column chromatography on

silica gel (hexanes-ether, 93/7) yielded 2.66 g (7.50 mmol, 67%) of 26 as a yellow oil.

Subsequent recrystallization from absolute ethanol provided 2.66 g (7.50 mmol, 100%) of

26 as a yellow powder, mp 66-68 °C. IR (thin film) 3105, 1736, 1605, 1532, 1320,

1249, 1023,746 cm·1; 1H NMR 81.28 (t, J =7.1 Hz, 3 H), 1.66 (s, 3 H), 3.60 (s, 2 H),

3.79 (s, 3 H), 4.24 (q, J =7.1 Hz, 2 H), 7.62 (d, J = 8.8 Hz, 1 H), 8.26 (dd, J =8.8,

2.7 Hz, 1 H), 8.39 (d, J =8.7 Hz, 1 H); 13C NMR 8 13.8, 20.7, 48.3, 52.1, 52.9, 62.0,

124.4, 126.3, 131.9, 137.6, 139.9, 155.9, 171.1, 171.8, 197.6.

3-Ethoxycarbonyl-3-methyl-6-nitro-l-indanone (3). In a 25-mL round­

bottomed flask was placed 0.75 g (2.1 mmol) of 26, 0.45 g (l0.5 mmol) of LiCl, and 10

mL of DMEU. The resulting mixture was stirred at rt until dissolution of the LiCl wa

complete and the reaction was heated at 120°C for 5 h. The mixture wa poured into a

separatory funnel containing water and extracted with ether (3x). The combined ether

layers were washed with water (2x), saturated NaCI (Ix), dried (MgS04), filtered, and

concentrated to give a brown oil. Column chromatography on silica gel (hexanes-ether,

9515) gave 150 mg of 3 which required further purification by preparative TLC (hexanes­

ether, 90/10) to provide 70 mg (0.27 mmol, 13%) of 3 as a brown oil. IR (thin film)

3110, 1730, 1609, 1538, 1353, 1196, 1097, 748 ern"; 1H NMR 8 1.24 (t, J = 7.] Hz, 3

H), 1.75 (s, 3 H), 2.68 (d, J = 19.2 Hz, 1 H), 3.52 (d, J = 19.2 Hz, 1 H), 4.19 (q, J =

7.1 Hz, 2 H), 7.87 (d, J =8.5 Hz, 1 H), 8.50 (dd, J =8.4, 2.2 Hz, 1 H), 8.56 (d, J = 1.8

Hz, 1 H); 13C NMR 8 13.9, 25.8, 48.8, 49.1, 62.2, 119.1, 126.6, 129.3, 136.9, 148.7,

162.0, 173.0, 201.7.
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Ethyl cis-3-Chloroacrylate (28). To a stirred olution of 0.42 g (2.2 mmol)

of copper(l) iodide in 7.2 mL of cone. HCI was added 3.00 g (2.60 mL, 43.0 mmol) of

propiolic acid over a period of 7-8 min while maintaining a temperature <10 0c. The

resulting mixture was stirred for 10 h at 0 °C, then stored overnight in a freezer. Th

reaction mixture was washed with CHC13 (6 x 10 mL) and the combined organic lay r

were dried (MgS04), fJltered, and concentrated to give a peach colored product.

Recrystallization from hexanes provided 3.00 g (28.0 mmol, 65%) of cis-3-chloroacrylic

acid as pale, yellow needles, mp 61-62 °C. IR (thin film) 3450-2450,1716,1616 em'); lH

NMR 86.25 (d, J = 8.4 Hz, 1 H), 6.86 (d, 1 = 8.4 Hz, 1 H); 13C NMR 8 120.8, 135.5,

168.5.

In a l00-mL round-bottomed flask was placed 1.53 g (14.4 mmol) of cis-3­

chloroacrylic acid, 50 mL of ethanol, and 2.5 mL of cone. H2S04, The resulting solution

was refluxed for 3 h, then poured into a separatory funnel containing water. The aqueous

layer was washed with ether (3x) and the combined ether layers were washed with

saturated NaHC03(until the aqueous layer was basic), dried (MgS04), and concentrated to

give 1.48 g (11.0 mmol, 76%) of 28 as a pale, yellow oil. IR (thin film) 3075, 1730,

1616 cm'l; IH NMR 81.31 (t,1=7.1 Hz, 3 H), 4.24 (q, 1= 7.1 Hz, 2 H), 6.19 (d, J=

8.2 Hz, 1 H), 6.70 (d, 1 = 8.2 Hz, 1 H); l3C NMR 8 14.0, 60.6, 121.6, 132.5, 158.0.

Ethyl Ethyl (E,E)-4-Ethoxycarbonyl-4-mcthoxycarbonyl-2,6-octadi­

enedioate (29). To a stirred suspension of 0.05 g (1.94 mmol) of oil-free NaH in 2 mL

of DMF was slowly added a solution of 0.50 g (1.90 mmol) of ethyl ethyl (£)-5­

methoxycarbonyl-2-hexenedioate (27) in 2 mL of DMF. The resulting mixture was stin'ed

for 30 min, then cooled to 0 °C and a solution of 0.27 g (2.00 mmo1) in 2 mL of DMF was

added dropwise. The resulting solution was warmed to rt and stirred for 12 h. The

reaction was poured into 30 mL of saturated NaCI and the aqueous layer was extracted with

ether (3x). The combined organic layers were dried (MgS04), filtered, and concentrated to

give a red-orange oil. Preparative TLC (hexanes-ether 95/5 to 90/1 0) afforded 0.29 g
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(0.80 mmol, 42%) of 29 as a pale, yellow oil. IR (thin film) 1737, 1659 1274 11 6

1033 cm-I;IH NMR 0 1.22-1.43 (m, 9 H), 3.16-3.20 (m, 2 H), 3.74 (s, 3 H) 4.12-4.26

(m, 6 H), 5.81 (dt, J = 15.5, 1.5 Hz, 1 H), 6.05 (d J = 12.2 Hz, 1 H), 6.78 (dt J =

15.5,7.8 Hz, 1 H), 6.82 (d, J = 12.2 Hz, 1 H); l3C NMR 0 13.6, 13.8, 13.9, 37.9, 52.8,

58.7,60.1,60.4,62.0, 122.2, 124.9, 142.4, 143.0, 165.2, 165.7, 168.5, 169.1.

Attempted Synthesis of 1,3-Bis(ethoxycarbonyl)-1-cyclopentene-4.

acetate (4). In a 25-mL round-bottomed flask was placed 140 mg (0.40 mmol) of 27,

80 mg (1.90 mmol) of LiCl, and 5 mL of DMEU. The resulting mixture was stirred at rt

until dissolution of LiCI was complete and the reaction was heated at 120°C for 2.25 h.

The mixture was cooled, poured into water and extracted with ether (3x). The combin d

organic layers were washed with water (3x), saturated NaCI (Ix), dried (MgS04), filtered,

and concentrated to provide a crude yellow oil. Preparative TLC (hexanes-ether, 90/10)

gave two bands, neither of which could be identified as the desired product 4.

Attempted Synthesis of t-Ethoxycarbonyl-l-cyclopentene-4-acetate

(5). To a stirred suspension of 0.37 g (15.3 mmol) of oil-free NaB in 10 mL of DMF was

added a solution of 3.87 g (15.0 mmol) of ethyl ethyl (E)-methoxycarbonyl-2­

hexenedioate67 in 4 mL ofDMF. The mixture was stirred for 10-15 min, then cooled La 0

°C, and 2.97 g (l.40 mL, 15.8 mmol) of 1,2-dibromoethane was added dropwise. The

reaction was stirred at 0 °C for 3 h and at 25°C for 1 h. The reaction was quenched with

25 mL of saturated NH4CI and the mixture was extracted with ether (3x). The combined

organic layers were washed with saturated NaCI (lx), tben dried (MgS04), and

concentrated under vacuum. Chromatography on silica gel (increasing concentrations of

ether in hexanes) gave 3.62 g (9.92 mmol, 66%) of ethyl ethyl (E)-5-(2-bromoethyl)-5­

methoxycarbonyl-2-hexenedioate as a light yellow oil. IR (thin film) 1729, 1656, 1368,

984 em ,1; lH NMR 0 1.27 (t, J =7.1 Hz, 3 H), 1.29 (t, J =7.1 Hz, 3H), 2.46 (m, 2 H),

2.80 (dq, J =7.6,0.8 Hz, 2 H), 3.36 (m, 2 H), 3.77 (s, 3 H), 4.20 (dq, J =7.1 Hz, 2

H), 4.23 (q, J =7.1 Hz, 2 H), 5.90 (dt, J = 15.5, 1.4 Hz, 1 H), 6.76 (dt, J = 15.5, 7.6
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Hz, 1 H); l3C NMR 0 13.8, 14.0, 26.5, 36.1, 36.4, 52.7, 57.2 60.4, 61.9 125.6

141.6, 165.7, 169.6, 170.3.

A solution of 3.57 g (9.78 nunol) of ethyl ethyl (E)-5-(2-bromo thyl)-5­

methoxycarbonylhexenedioate and 1.86 g (12.23 romol) of DBU was heated at 75-80 °C

until GC indicated complete conswnption of the bromo diester. The reaction was cooled to

ft, 50 roL of NH4Cl was added, and the mixture was agitated until the viscous r idu

dissolved. The solution was extracted with ether (2x) and the combined organic layer

were washed with 0.5 M HCI, saturated NaHC03, and saturated NaCI, then dried

(MgS04), and concentrated under vacuum. Preparative TLC (increasing concentration of

ether in hexanes) provided 1.14 g (4.01 romol, 41%) of ethyl ethyl (E)-5-ethenyl-5­

methoxycarbonyl-2-hexenedioate (30) as a colorless oil. IR (thin fIlm) 1736, 1657, 1368,

986 cm'l; lH NMR 01.25 (t, ] =7.1 Hz, 3 H), 1.27 (t, ] =7.1 Hz, 3 H), 2.94 (dd, J =

7.6 1.4 Hz, 2 H), 3.76 (s, 3 H), 4.17 (q, ] = 7.1 Hz, 2 H), 4.22 (q, J = 7.1 Hz, 2 H),

5.23 (d, J = 17.7 Hz, 1 H), 5.37 (d, J = 10.9 Hz, 1 H), 5.87 (dt, J = 15.7, 1.4 Hz, 1 H),

6.29 (dd, J = 17.7, 10,9 Hz, 1 H), 6.80 (dt, J = 15.7, 7.5 Hz, 1 H); l3C NMR 0 13.8,

14.0,37.3,52.7,59.5,60.2,61.8, 117.7, 125.0, 133.9, 142.4, 165.9, 169.4, L70.I.

In a 25-mL round-bottomed flask was placed 110 mg (0.39 mmon of 30, 70 mg

(1.70 mmol) of LiCl, and 4 mL of DMEU. The resulting mixture was stirred at rt until

dissolution of the LiCl was complete and lie reaction was heated at 120°C for 6.5 h. The

reaction was poured into water and extracted with ether (3x). The organic layer wa

washed with water (3x) and the combined aqueous layers were washed with ether (2x).

The combined organic layers were dried (MgS04), fJ.1tered, and concentrated to give a

yellow oil. Preparative TLC (hexanes-ether, 98/2 to 90/10) did not provide the desired 5

but rather an inseparable mixture of E and Z ethyl ethyl 5-ethylidene-2-hexenedioate (31).

IH NMR 8 1.28-1.37 (m, 12 H), 1.81 (d, J = 7.1 Hz, 3 H), 1.92 (d, J = 7.4 Hz, 2 H),

3.22 (t, J =7.3 Hz, 2 H), 4.11-4.25 (m, 8 H), 5.79 (dt, J = 15.7, 1.5 Hz, 1 H), 6.26 (d,

J = 16.0 Hz, 1 H), 6.86 (q, J = 7.3 Hz, 1 H); l3C NMR 0 14.1, 14.2, 14.6, 23.3, 24.8,
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27.8, 28.9, 38.9, 60.2, 60.3, 60.5, 60.6, 121.8, 125.5, 127.3, 137.3 138.3, 139.9

145.6, 166.7, 167.0, 167.1, 171.7, 175.3.

Ethyl (E)-4-(N-(2-Nitrophenyl)amino)-2-butenoate (34). In a l00-mL

round-bottomed flask was placed 7.00 g (50.0 romol) of o-nitroaniline and 9.70 g (50.0

mmol) of ethyl 4-bromocrotonate. The resulting mixture was heated at 95°C for 17.5 h

then transferred to a separatory funnel with the aid of ether. The ether layer was wash d

with saturated NaHC03(4x), dried (MgS04), filtered, and concentrated to giv a brown

oil. Column chromatography on silica gel (hexanes-ether, 9515 to 90/10) provided 4.80 g

(19.2 mmol, 38%) of 34 as an orange solid. mp 50-51°C; IR (thin fIlm) 3395, 3096.

1716,1666,1623,1517,1313,1275,1246,1040.741 cm -1; IH NMR & 1.29 (t, J =7.0

Hz, 3 H), 4.18 (m, 2 H), 4.20 (q, J =7.2 Hz, 2 H), 6.01 (dt, J = 15.6, 2.1 Hz, 1 H),

6.72 (m, 2 H), 7.03 (dt, J = 15.8, 4.5 Hz, 1 H), 7.45 (m, 1 H), 8.21 (dd, J =8.5, 1.6

Hz, 1 H), 8.26 (bs, 1 H); 13C NMR & 14.1, 43.6, 60.6, 113.8, 116.2, 122.6, 127.0,

133.0, 136.4, 143.1, 144.8, 166.0.

2,3-Dihydro-lH,4H-quinoxaline-2-acetate (6). To a stirred solution of

0.13 g (0.52 mmol) of 34 in 10 mL of 95% ethanol was slowly added a suspen ion of

0.56 g (3.22 mmol) of sodium hydrosulfite and 0.84 g (10.0 mmol) of NaHC03in 4 mL

of water. The resulting mixture was heated at 58°C for 35 min, then cooled, filtered, and

diluted with water. The aqueous layer was saturated with NaCI, extracted with ether (3x),

and the combined organic layers were dried (MgS04), filtered, and concentrated to afford

50 mg (0.23 mmol, 44%) of 6 as a yellow oil which did not require further purification.

IR (thin film) 3385, 3054, 1728, 1603, 1520, 747 cm-J
; lH NMR & 1.27 (t, J = 7.1 Hz, 3

H), 2.54 (m, 2 H), 3.13 (dd, J = 10.9, 6.3 Hz, 1 H), 3.39 (dd, J = 10.9, 3.0 Hz, 1 H),

3.81-3.87 (m, 1 H), 3.90 (bs, 2H), 4.17 (q, J = 7.1 Hz, 2 H), 6.48-6.63 (m, 4 H); 13C

NMR & 14.1,38.7,45.7,46.6,60.7, 114.6, 114.9, 118.8, 119.1, 132.8, 133.0, 172.3.

3-(2-Nitrophenoxy)-1-propene (37). In a 500-mL round-bottomed flask

was placed 14.0 g (101 mmol) of 2-nitrophenol, 13.4 g (9.60 mL, III mmol) of allyl
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bromide, 14.0 g (101 romo1) of KZC03, and 125 mL of acetone. The r ulting mixtuli

was refluxed for 6 h, the solvent was evaporated and water was add d to th solid. Th

aqueous layer was washed with ether (3x) and the combin d organic layers w re wa b d

with saturated NaHC03 (2x), dried (MgS04), filtered, and concentrated to give a y llow

oil. Vacuum distillation provided 12.7 g (70.9 mmol, 70~) of 37 as a yellow oil. bp 93­

94°C (0.30 mm Hg); IR (thin mrn) 3096, 1616, 1538, 1360, 1275, 862, 748 em .1; IH

NMR b 4.69 (dt, J =4.9, 1.6 Hz, 2H), 5.33 (dq, J = 10.6, 1.2 Hz, 1 H), 5.49 (dq, J =

17.3,1.5 Hz, 1 H), 6.04 (ddt, J= 17.2,10.5,4.9 Hz, 1 H), 7.00-7.1 (m, 2 H), 7.49­

7.54 (m, 1 H), 7.83 (dd, J = 8.1, 1.6 Hz, 1 H); DC NMR 069.8, 114.8, 118.3, 120.5,

125.6, 131.7, 134.1, 151.9.

Ethyl (E)-4-(2-Nitrophenoxy)-2-butenoate (39). A solution of 2.5] g

(14.0 mmol) of 37 in 75 mL of CH2C12 was cooled to -78°C and treated with 0 3 until !.he

solution turned a light blue color. The reaction was quenched at -78 DC with 2.18 g (2.58

mL, 35 mmol) of Me2S, warmed to 20 DC, stirred for 3 h, and concentrated under vacuum.

To the resulting oil was added 65 mL of benzene and 7.32 g (21.0 mmol) of ethyl

(triphenylphosphoranylidene)acetate.68 The solution was refluxed for 12 h, then cooled

and concentrated under vacuum to afford a semisolid mas. The residue was layered n

top of a 8 em x 6 ern plug of silica gel in a sintered glass frit, and 2 L of 15% ether in

hexanes was poured through under aspirator vacuum. Concentration of the filtrate gave !.he

crude product as a yellow oil. Column chromatography on silica gel (increasing

concentrations of ether in hexanes) provided 2.00 g (8.00 mmol, 57%) of 39 as a lighL

yellow solid, mp 32-34 0c. IR (thin film) 3082, 3053, ]716, 1659, 16] 6, 1587, 1530,

1388,1352,748 cm· l
; 'H NMR 8 1.33 (t, J =7.1 Hz, 3 H), 4.22 (q, J =7.] Hz, 2 H),

5.31 (dd, J =4.7, 2.5 Hz, 2 H), 5.96 (dt, J = 11.5, 2.5 Hz, 1 H), 6.54 (dt, J = 11.5, 4.5

Hz, 1 H), 7.03-7.13 (m, 2 H), 7.50-7.56 (m, 1 H), 7.85 (dd, J = 8.1, 1.6 Hz, 1 H); l3C

NMR b 14.1, 60.6, 67.7, 114.7, 120.7, 120.8, 125.8, 134.2, 140.1, 145.1, 151.7,

166.1.
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3,4-Dihydro-4H-l,4-benzoxazine-3-acetate (7). To a stirred solution of

250 mg (1.0 mmol) of 39 in 20 mL of ethanol was slowly added a mixture of 1.11 g (6.40

mmol) of sodium hydrosulfite and 1.68 g (20.0 mmol) of NaHC03 in 8 mL of water. Th

resulting mixture was StilTed a1 rt until complete (TLC), the reaction was filtered and th

ethanol was removed by rotary evaporation. The crude olid wa transferred to a

separatory funnel with the aid of water and ether and the aqueous layer was saturated with

NaCl. The layers were separated and the aqueous layer was extracted with ether (2x). The

combined organic layers were dried (MgS04), filtered, and concentrated to provide a

yellow oil. Preparative TLC (hexanes-ether, 95/5 to 85/15) afforded 20 mg (0.10 mrnol,

10%) of7 as a yellow oil. IR (thin film) 3381,3061,3039, 1729, 1605, 1503,746 em";

IH NMR () 1.28 (t, J = 7.1 Hz, 3 H), 2.54 (m, 2 H), 3.84 (m, I H), 3.95 (dd, J = 10.6,

6.0 Hz, 1 H), 4.18 (q, J =7.1 Hz, 2 H), 4.20 (dd, J = 10.6,2.6 Hz, 1 H), 4.44 (bs, IH),

6.58-6.80 (m, 4 H); 13C NMR 8 14.0, 36.6, 46.1, 60.8, 68.4, 115.7, 116.6, 118.8,

121.7,132.8,143.6,171.8.

Acknowledgements. I wish to thank the NIH (GM54256) for support of this re earch.

Funds for the 300 MHz NMR spectrometer of the Oklahoma Statewide Shared NMR

Facility were provided by NSF (BIR-9512269), the Oklahoma State Regents for Higher

Education, the W. M. Keck Foundation, and Conoco, Inc.

55



REFERENCES

1. Nakanishi, K., et al. Biologically Active Natural Products; Hostettmann, K.;
Lea, P. J., Eels.; Annual Proceedings of the Phytochemical Society of Europe;
Oxford University: Oxford, 1987; No. 27, Chapter 18.

2. Connors, T A. Chemical Carcinogens, 2nd ed.; Searle, C. E., Ed.; ACS
Monograph 182; American Chemical Society: Washington DC, 1984; Vol. 2,
Chapter 20.

3. Nielson, P. E. J. Mol. Recog. 1990,3, 1-25.

4. Chemotherapy (Cancer; Vol. 5); Becker, F. F., Eel.; Plenum: New York, 1977;
Vol. 5, p. 5.

5. Dosanjh, M. K.; Essigmann, 1. M.; Goodman, M. F.; Singer, B. Biochemistry
1990,29,4698-4703 and references cited therein.

6. Shibutani, S.; GroHman, A. P. 1. Biol. Chern. 1993,268, 11703-11710.

7. Myles, G. M.; Sancar, A. Chem. Res. Toxicol. 1989,2, 197-226.

8. Goodchild, J. Bioconjugate Chern. 1990,1, 165-187.

9. Cowart, M.; Benkovic, S. J. Biochemistry 1991,34, 315-319.

10. Webb, T R.; Matteucci, M. D. Nucleic Acids Res. 1986,14,7661. Webb, T.
R.; Matteucci, M. D. J. Am. Chem. Soc. 1986,108, 2764-2765.

11. Strazewski, P.; Tamm, C. Angew. Chern. Int. Ed. Engl. 1990,29, 36-57.

12. Barth, R. F.; Soloway, A; Fairchild, R G. Cancer 1992,70, 2995-3007.

13. Hawthorne, M. F. Angew. Chem. Int. Ed. Engl. 1993,32,950-984.

14. Kane, R. R; Drechsel, K.; Hawthorne, M. F. J. Am. Chem. Soc. 1993,115,
8853-8854.

15. Tjarks, W.; Gabel, D. 1. Med. Chem. 1991,34,315-319.

16. Yamamoto, Y.; Seko, T; Rong, F.; Nemeto, H. Tetrahedron Lett. 1989,30,
7191-7194.

17. Gronowitz, S.; Maltesson, A. Acta Chern. Scand. 1971,25, 2435-2446.

18. Gronowitz, S.; Namtvedt, 1. Acta Chem. Scand. 1968,22, 1373-1374.

19. Gronowitz, S.; Maltesson, A Acta Chern. Scand. B 1975,29,461-467.

20. Dewar, M. J. S.; Dougherty, R C. 1. Am. Chern. Soc. 1962, 84, 2648-2649.

21. Yale, H. L.; Bergeim, F. H.; Sowinski, F. A.; Bernstein, 1.; Fried, J. J. Am.
Chem. Soc. 1962,84, 688-690.

56



22. Sood, A.; Spievogel, B. F.; Shaw, B. R. 1. Am. Chem. Soc. 1989,111,9234­
9235.

23. Schinazi, R. F.; Prusoff, W. H. 1. Org. Chern. 1985,50, 841-847.

24. Gronowitz, S.; Bugge, A. Acta Chem. Scan.d. 1965,19, 1271-1285.

25. Gronowitz, S.; Michael, U. Acta Chem. Scand. 1968,22,1353-1355.

26. Corey, E. 1.; Vankateswarlu, A. J. Am. Chem. Soc. 1972,94 6190-6191.

27. Matulic-Adarnic, J.; Beigelman, L.; Portmann, S.; Egli, M.; Usman, N. 1. Org.
Chem. 1996,61, 3909-3911.

28. Cornia, M.; Casiragh, G.; Zetta, L. 1. Org. Chem. 1991,56, 5466-5468.

29. Lerch, U.; Bordan, M. G.; Moffatt, J. G. 1. Org. Chern. 1971,36, 1507-1513.

30. Personna! communication with Manning P. Cooke, Jr., Washington State
University.

31. Chapeau, M.-C.; Mamett, L. J. Org. Chem. 1993,58, 7258-7262.

32. Brown, R. D.; Harcourt, R. D. Tetrahedron 1960,16, 23-32.

33. Gronowitz, S.; Narntvedt, J. Acta Chem. Scand. 1967,21,2151-2166.

34. Watson, S. c.; Eastham, J. F. 1. Organornet. Chern. 1967,9, 165-168.

35. Tietze, L. F. Chern. Rev. 1996,96, 115-136.

36. Parsons, P. 1.; Penkett, C. S.; Shell, A. J. Chem. Rev. 1996,96, 195-206.

37. Bunce, R. A. Tetrahedron 1995,51, 13103-13159.

38. Parsons, P. J.; Stefinovic, M. Synlett 1993,931-932.

39. Bohn, T.; Kramer, W.; Neidlein, R.; Suschitzky, H. 1. Chern. Soc.. Perkin
Tran.s. 1 1994, 947-951.

40. Yang, R.-Y.; Dai, L.-X.; Ma, R.-1. Heteroatorn Chern. 1992,3, 585-588.

41. Tietz, L. F.; Bachmann, J.; Wichmann, 1.; Burkhardt, O. Synthesis 1994, 1185­
1194. For an application of this reaction to the synthesis of heterosteroids, see
Tietze, L. F.; Beifuss, U.; Lokos, M.; Rischer, M.; Gohrt, A.; Scheldrick, G. M.
Angew. Chern. Int. Ed. Engl. 1990,29, 527-529.

42. Bailey, W. F.; Khanolkar, A. D.; Gavaskar, K. V. 1. Am. Chem. Soc. 1992,
114, 8053-8060.

43. Bailey, W. F.; Jiang, x.-L. 1. Org. Chern. 1994,59, 6528-6533.

44. Ovaska, T. V.; Warren, R. R.; Lewis, C. E.; Wachter-Jurcsak, N.; Baily, W. F.
1. Org. Chern. 1994,59, 5868-5870.

57



45. Grigg, R.; Dorrity, M. 1.; Heaney, F.; Malone, 1. F.; Rajviroongit, S.; Sridharan,
V.; Surendrakar, S. Tetrahedron 1991,47, 8297-8322.

46. Yokohama, M.; Sujino, K.; lrie, M.; Yamazaki, N.; Hiyama, T.; Yamada, N.;
Togo, H. J. Chem. Soc., Perkin Trans. 1 1991,2801-2809.

47. Vedejs, E.; Gingras, M. 1. Am. Chern. Soc. 1994,116, 579-588.

48. Ihara, M.; Hirabayashi, A.; Taniguchi, N.; Fukumoto, K. Tetrahedron 1992,48,
5089-5098.

49. Shida, N.; Uyehara, T.; Yamamoto, Y. J. Org. Chern. 1992,57,5049-5051.

50. Padwa, A.; Filipkowski, M. A.; Meske, M.; Murphee, S. S.; Watterson, S. H.;
Ni, Z. 1. Org. Chem. 1994,59, 588-596.

51. Padwa, A.; Watterson, S. H.: Ni, Z.; J. Org. Chem. 1994,59, 3256-3258.

52. Dumas, F.; d'Angelo, J. Tetrahedron Lett. 1992,33, 2005-2008.

53. Paulvannan, K.; Stille, J. R. J. Org. Chem. 1994,59, 1613-1620.

54. Bunce, R. A.; Dowdy, E. D.; Jones, P. B.; Holt, E. M. 1. Org. Chem. 1993,
58, 7143-7148.

55. Bunce, R. A.; Schilling, C. L. III 1. Org. Chem. 1995,60, 2748-2752.

56. Childress, R. S. Ph.D. Thesis, Oklahoma State University, ]996.

57. Sevin, A; Tortajada, J.; Pfau, M. 1. Org. Chem. 1986,51,2671-2675.

58. Glennon, R. A; Salley, J. 1., Jr. 1. Med. Chem. 1981,24, 678-683.

59. Crossland, R. K.; Servis, K. L. J. Org. Chem. 1970,35,3196-3197.

60. Sindelar, K.; Holubek, 1.; Dlabac, A; Bartosova, M.; Protiva, M. Collection
Czechaslav. Chem. Commun. 1977,42, 2231-2239.

61. Bunce, R. A; Dowdy, E. D.; Childress, R. S.: Jones, P. B. 1. Org. Chern.
1998,63, 144-151.

62. Guerrato, A; Perchinunno, M.: Pregnolato, F. OPPI Briefs 1977,9,303-307.

63. Eisenbraun, E. J.; Rangarajan, R. J. Org. Chem. 1985,50, 2435-2438.

64. Schmidt, H,-I.; Schafer, H. J. Angew. Chem. Int. Ed. Engl. 1979, 18, 68-69.

65. Abdulla, R. F. Tetrahedron Lett. 1974.40, 3559-3562.

66. Cowper, R. M.; Davidson, L. H. Org. Synth.; John Wiley & Sons, Inc.: New
York; 1943; ColI. Vol. 2, pp 480-481.

67. Bunce, R. A; Pierce, J. D. Org. Prep. Proced. Int. 1987,19,67-71.

58



68. (a) Maercker, A. Org. React. 1965.14,270-490. (b) Fieser, L. F.' Fi r, M.
Reagents for Organic Synthesis; Wiley: New York; 1967; Vol. I, pp. 112-114.

59



VITA

Peter Michael Jaryno

Candidate for the Degree of

Master of Science

Thesis: I. AN AZABORAPYRIDINE NUCLEOSIDE AS A THYMIDINE ANALOGUE
II. FUSED RING SYSTEMS VIA mE DEMETIIOXYCARBONYLATION­

MICHAEL OR REDUCTION-MICHAEL SEQUENCE

Major Field: Chemistry

Biographical:

Personal Data: Born in Denver, Colorado, on Feb 15, 1973, the son of Michael
and Geraldine Jaryno.

Education: Graduated from Regis High School, Littleton, Colorado, in May, 1991;
received Bachelor of Science degree in Biology and Bachelor of Science
degree in Chemistry from Regis University, Denver, Colorado, in May,
1995. Completed the requirements for the Master of Science degree with a
major in Chemistry at Oklahoma State University in July, 1999.

Societies and Committees: Pre-med Club; Phi Lambda Upsilon (pre ident);
American Chemical Society (Student Affiliate).

Experience: Undergraduate Research Assistant, Regis University, Department of
Chemistry, Aug 1994 - May 1995; Teaching Assistant, Oklahoma State
University, 1995-1999; Research Assistant, Oklahoma State University,
1996-1999.


