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ABSTRACT

THE AROMATIC 3-AZA-COPE REARRANGEMENT AND

AZA-ANNULATION REACTION AS SYNTHETIC TOOLS

FOR THE CONSTRUCTION OF NITROGEN HETEROCYCLES

By

Lars Guenter Beholz

Conditions for the aromatic 3-aza-Cope rearrangement were developed for which

the reaction occurred at a reasonable rate, at practical temperatures and with adequate

reproducibility and regiospecifity. The catalyst systems BF3-Et20 in toluene, ZnC12 in

xylenes, and AlCl3 in xylenes efficiently accelerated the 3-aza-Cope rearrangement of N-

allylaniline substrates accessing a convenient method for CC bond formation between N-

alkyl substituents and an o-aromatic ring carbon. This versatile rearrangement yielded

products which could potentially act as precursors to a variety of indole alkaloids

substituted in the indole 6-membered ring portion.

Stereochemically complex hydroxylated piperidine alkaloids were efficiently

accessed through use of the aza-annulation. The G4 and C-5 substituent pattern was

determined through initial substrate preparation. After aza-annulation, the stereochemistry

at these positions could then be controlled through choice of reduction conditions. Trans

stereochemistry at C-4 relative to OS was efficiently incorporated to an extent of >98:2

through use of the Baeyer-Villiger oxidation. Stereospecific cis hydroxylation at the C-2

and C-3 positions was then accessed through selenation followed by oxidation with 0804.

D-mannonolactam and deoxymannojirimycin were prepared from propargyl alcohol using

this methodology. '

The aza-annulation was then shown to constitute a quick and efficient method of

building up highly functionalized 6-membered nitrogen heterocycles for potential use in the

preparation of peptide mimics. DDQ oxidation of these functionalized heterocycles

provided the corresponding functionalized pyridone ring systems. This methodology thus

may provide a rapid and efficient route into the formation of peptide mimics with

functionalization possible at the C-2, C-4, and 05 positions.



To my parents Joan and Guenter



ACKNOWLEDGEMENTS

I would like to express my great appreciation to Dr. Stille for his dedication to the

field of chemistry and for all he has taught me throughout my graduate career. I would also

like to thank those on my graduate committee, Drs. Reusch, Allison, and Dunbar.

Furthermore, I would like to extend my appreciation to all those individuals without whom

my graduate career would have incomprehensibly more difficult: the NMR staff - Drs.

Long and Jackson, Kermit, Dennis, Bev at the Mass Spec Facility, Lisa, Beth, Cathie, and

Katherine, Tom from electronics, and all those in the glass shop. I would also like to thank

Dr. Goetz for his wisdom, and companionship.

I would like to extend my deepest thanks to Elizabeth, for her spiritual as well as

financial support, her love, understanding and sacrifice. I would also like to thank my

parents, family, and close friends: Andy and Niki, Tim and Michelle, and Dud and Lorna.

I would especially like to thank those members of my group for their friendship and

comradeship. I will especially miss Petr and Subramani. I have already said farewell to

the California crowd: Art, Greg, and Paul.

Finally, I would like to thank all those outside my family who have touched and

changed my life in the most significant ways, and whom I think of daily: Mr. and Mrs.

Calkins, Opa, all my friends over sea and Dr. O'Keeffe.

iv



RI



TABLE OF CONTENTS

LIST OF TABLES ........................................................................... vi

LIST OF FIGURES ......................................................................... vii

LIST OF SCHEMES ........................................................................ viii

CHAPTER I. REFINEMENT OF THE LEWIS ACID-PROMOTED 3-AZA-

COPE REARRANGEMENT OF N-ALKYL-N-

ALLYLANILINES: A VERSATILE ROUTE TOWARD THE

PREPARATION OF INDOLES SUBSTITUTED IN THE

BENZENE RING PORTION.

Introduction .......................................................................... 1

Aromatic-B-aza-Cope-Rearrangement........................................ 4

Aza-annulation of N-Allylindoles............................................. 8

Results and Discussion............................................................. 10

Conclusion ........................................................................... 26

Experimental ......................................................................... 27

References........................................................................... 41

CHAPTER II. AZA-ANNULATION AS A ROUTE TO HYDROXYLATED

ALKALOIDS: THE TOTAL SYNTHESIS OF D-

MANNONOLACTAM AND DEOXYMANNOJIRIMYCIN.

Introduction.......................................................................... 43

Results and Discussion............................................................. 45

Conclusion ........................................................................... 56

Experimental......................................................................... 59

References ........................................................................... 71

CHAPTER III. AZA-ANNULATION AS A ROUTE TOWARD THE

PREPARATION OF PEPTIDE MIMICS.

Introduction .......................................................................... 73

Results and Discussion............................................................. 76

Conclusion........................................................................... 85

Experimental......................................................................... 86

References ........................................................................... 94

REPRINTS OF PUBLICATIONS



Table I-l

Table I-2

Table I-3

Table [-4

Table I-S

Table I-6

Table I-7

Table I-8

Table I-9

Table I- 10

Table I-ll

Table I- 12

Table I-13

Table I- 14

Table I-15

Table 11-1

Table 11-2

Table 11-3

Table 11-4

LIST OF TABLES

Study of Acid Catalyzed Rearrangements of I-31................

Effect of Varying ZnC12 Molarities on Maximum % I-77 in the

Reaction Mixture in the Rearrangement of [-49...................

Results of the Acid Catalyzed Rearrangement of I-49............

Effect of Solvent Reflux Temperature on the Rearrangement of

I-49 .....................................................................

Effect of Varying Equivalents of A103 on the Rearrangement of

I - 4 9 .....................................................................

Optimized Yields for the Rearrangement of I-49..................

Results of the Acid Catalyzed Rearrangement of [-53............

Results of the Acid Catalyzed Rearrangement of [-50 to I-87..

Results of the Acid Catalyzed Rearrangement of I-55............

Results of the Acid Catalyzed Rearrangement of [-57............

AlCl3 Catalyzed Rearrangements of Various Nitrogen and

Aromatic Substituted Anilines.......................................

ZnC12 Catalyzed Rearrangement of Various Nitrogen and

Aromatic Substituted Anilines.......................................

BF3-etherate Catalyzed Rearrangement of Various Nitrogen and

Aromatic Substituted Anilines.......................................

o-Allyl Regioisomer Product Ratios for the N-Substituted m-

Methoxy Substrates Under Conditions of Various Acid

Catalysts .................................................................

Competitive Lewis Acid-Promoted 3-Aza-Cope Rearrangement

of I-49 and 1-67 ......................................................

Baeyer-Villiger Oxidation Studies on cis II-l3....................

Baeyer-Villiger Oxidation Studies on trans II-l3.................

Various Conditions Used in the Palladium Mediated Reduction

of 11-12 to II-l3 .....................................................

Continued Baeyer-Villiger Oxidation Studies on 11-13...........

13

13

14

17

18

18

18

19

19

21

22

22

23

24

47

48

49

49



Figure I-1

Figure I-2

Figure I-3

Figure I-4

Figure 11-1

Figure 11-2

Figure 11-3

Figure 11-4

Figure 11-5

Figure III-l

Figure III-2

Figure III-3

Figure III-4

Figure III-5

LIST OF FIGURES

Transition State of N-Allylindole (I-59) Rearrangement. ........

Substrates Prepared for Acid Catalyzed Rearrangement...........

N-Substituted-p-methoxy Substrates................................

N-Substituted-m-methoxy Substrates...............................

Hydroxylated Piperidine Alkaloids and Stereochernically Similar

Sugars...................................................................

Alkaloid Precursor Target.............................................

Epimerization of Model Compound II-13..........................

DQ-COSY Spectra of 11-6 ............................................

DQ-COSY Spectra of II-7 ............................................

Several Important Peptide Mimics...................................

Example of Peptide Surrogate Design...............................

B-Turn Mimic...........................................................

Piperidone Peptide Mimic.............................................

Aza-annulation B-Amino Acid Analogs.............................

11

11

ll

45

50

57

58

73

74

75

75

77



Scheme 1-1

Scheme 1-2

Scheme 1-3

Scheme 1-4

Scheme 1-5

Scheme 1-6

Scheme II-l

Scheme 11-2

Scheme 11-3

Scheme 11-4

Scheme 11-5

Scheme 11-6

Scheme 11-7

Scheme 11-8

Scheme 111-1

Scheme III-2

Scheme 111-3

Scheme III-4

Scheme III-5

Scheme 111-6

Scheme 111-7

Scheme III-8

Scheme 111-9

Scheme 111- 10'

LIST OF SCHEMES

Retrosynthetic Analysis of Substituted Indole Preparation

' from Substituted Anilines.........................................

Possible Transition State Conforrnations for o-Substituted-

N-allylanilines......; ...............................................

Preparation of N-Benzyl-N-allyl-m-methoxyaniline..........

Possible Mechanism for the Formation of 1-78 from I-49..

Ring Closure of 1-77 .............................................

Synthesis of N-Methyl-p-allylaniline............................

Preparation of II-6 and 11-7 from Sugar Analogs............

Preparation of Initial Precursor Analog II-lS.................

Oxidation of Achiral Substrate Surrogate.......................

Preparation of Alkaloid Precursor II-24.......................

Preparation of Alkaloid Precursor II-31 .......................

Alternate Route to Alkaloid Precursor Preparation............

Use of Alternate Route to Introduce Chiral Center............

Preparation of II-6 and II-7 from Alkaloid Precursor.......

General Strategy for Functionalized Pyridone Formation...

' Aza-annulation of B-Ketoester III-25 ..........................

Aza-annulation of B-Enaminoester III-29.....................

Preparation of B-Ketoamide Substrates.........................

Aza-annulation of B-Ketoamide III-33 ........................

Aza-annulation of B-Ketoamide III-34........................

Aza-annulation of Acetylenic Ester III-43.....................

Aza-annulation of Acetylenic Ester II-45......................

Aza-annulation of Acetylenic Ester III-48.....................

Hydrolysis of 111-28 and III-31 ...............................

4

12

1 5

20

26

45

50

51-

52

53

54

55

76

78

78

79

8O

81

82

83

83

84



Ac

Bn

BuLi (rt-BuLi)

C6H6

DBU

DDQ

DMSO

Et .

G. C.

hr (s)

LHMDS

IDA

M

m

IVE

m-CPBA (MCPBA)

Ts (Tos)

p-TsOH

LIST OF ABBREVIATIONS

Acetyl

Benzyl

n-Butyllithium

Benzene

1,8-Diazabicyclo[5.4.0]undec-‘7-ene

2,3-Dichloro-5,6-dicyano-l,4—benzoquinone

Dimethylsulfoxide

Ethyl

Gas Chromatography

Hour (5)

Lithium Bis(u'imethylsilyl)amide

Lithium Diisopropylamide

Molar

Meta

Methyl

m-Chloroperoxybenzoic Acid

Generalized Lewis Acid

N-Bromosuccinimide

Nuclear Overhauser Effect

Ortho

Generalized Protecting Group

Para

Pyridinium Chlorochromate

Phenyl

Room Temperate

Tetrahydrofuran

Trimethylsilyl

Thin Layer Chromatography

p-Toluenesulfonyl

p-Toluenesulfonic Acid



CHAPTER I.

REFINEMENT OF THE LEWIS ACID-PROMOTED 3-AZA-COPE

REARRANGEMENT OF N-ALKYL-N-ALLYLANILINES: A VERSATILE

ROUTE TOWARD THE PREPARATION OF INDOLES SUBSTITUTED IN THE

BENZENE RING PORTION.

Introduction.

Indoles substituted in the benzene ring portion occupy an important role in indole

alkaloid synthesis. Examples of these alkaloids are serotonin (1-1) and oxypertine (1-2).

H3C

HO
W

I N

W2 1v E]If H

H N

1..

Serotonin Oxypertine

(a neurotransmitter) (a tranquilizer)

I-l I-2

Preparation of these types of indoles have been executed by a variety of methods.1

Many of these methods began with various o-substituted anilines (eqs. 1-3).2'4

Preparation of these o-substituted anilines was also approached via a wide variety of

methodologies (eqs. 4 and 5).5’6
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1-14 1-15 1-16

The major disadvantages of these methods are either low overall yields from

aniline to indole or lack of aniline substituent availability. A compromise between the

benzene portion substituent pattern of the indole and overall yield of reaction is

particularly evident in the synthesis outlined in equation 6.7 Yields for this synthesis

range from 40% to 45% not including the formation of the endo-peroxide pyrrole (1-17).
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In order to ascertain a more efficient route toward the formation of substituted

indole frameworks, the aromatic 3-aza—Cope rearrangement (aromatic-amino-Claisen

rearrangement) for the o-allylation of anilines has been examined. Specifically, it was

hoped that conditions for the 3-aza-Cope reaction could be developed so that the reaction

would occur at a reasonable rate, at practical temperatures and with adequate

reproducibility and regiospecifity. These improved conditions would allow for the

convenient and versatile preparation of indoles substituted in the benzene ring portion as

illustrated retrosynthetically in Scheme [-1.



Scheme I-l. Retrosynthetic Analysis of Substituted Indole Preparation from

Substituted Anilines

\ \ \ \ \ \

|/ |=|/ |=¢I// d|// dl/

Rr/ If R/ NH R1 If R1 NHR R1 NHZ

R R R

I-23 I-24 I-25 I-26 I-27

R represents any appropriate N-protecting group and R1 represents any desired substituent.

Aromatic 3-aza-Cope rearrangement.

The aromatic 3-aza-Cope rearrangement, a [3,3]-sigmatropic rearrangement of N-

allyl-N-arylamines, has received less attention than its counterpart, the aromatic-Claisen

rearrangement, probably because of the drastic conditions required and the tendency

toward side reactions.8 Thermal rearrangements of N-allylaniline occur at 200 - 350°C

with cleavage to arylamines sometimes being the dominant reaction.9 Analogous

rearrangements of the oxygen counterparts occur in the temperature range of 150 -

225°C.8

The nature of the rearrangement was examined extensively by Jolidon and Hanson and

found to be similar to the aromatic oxy-Claisen rearrangement.9 Futhermore, in

rearrangements using mixtures of deuterated and non-deuterated reactants (one reactant

with the aromatic ring deuterated at the m-positions and the other with the terminal allyl

positions deuterated), the formation of cross products was not observed. Also in this

study, the [3,3] nature of the reaction was examined through steric interactions arising in

the rearrangement of o-substituted-N-allylanilines. Scheme 1-2 gives the possible

transition state conformations of a [3,3]-type process. As substituents of increased bulk

were used, steric interaction between them and the crotyl methyl group increased in the

cis-chair transition state conformation (top). A corresponding decrease in the amount of

I-29 resulted. Evidence that the Lewis acid catalyzed rearrangement follows the same

mechanism is available.11 Extensive studies of Lewis acid catalyzed rearrangements

were executed by Abdrakhmanov, et alum-13 In one study, the rearrangement of N-(a-

methylcrotyl)aniline (1-31, eq. 7) was monitored by Gas Chromatography (G. C.) relative

to an internal standard. The results of this study are shown in Table I-l.





Scheme I-2. Possible Transition State Conformations for o-Substituted-N-allylanilines
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I-31 I-32 I-33 I-34 I-35

Table 1-1. Study of Acid Catalyzed Rearrangements of 1-3112

Entry Acid Catalyst/ Solvent Time (min.) % I- % I- % I- % I-

Equivalents (130°C) 90% conv. 320 33a 34a 35a

1 Aniline-HCI / 1:1 Aniline 360 87 11 0 NA

2 Aniline-HCI/ 1:1 1-Octanol 200 74 3 12 NA

3 Aniline-HCI/ 1:1 DMSO 180 40 6 6 NA

4 Aniline-HCI/ 1:1 C6Hs-NOz 180 62 4 8 20

5 Aniline-HCI/ 1 2 C6H5-N02 260 68 4 11 15

6 Aniline-HCI/ 1.3 C6H5-N02 380 72 3 12 12

7 ZnClz/ 1:10 C6H5-N02 60 90 7 0 1

8 A1C13/ 1:10 C6H5-N02 25 68 3 18 5

9 CoClz/ 1:10 C5115-N02 30 55 6 13 15

10 SnCl4/ 1:10 C6H5-N02 10 62 12 0 10

11 TiC14 / 1:10 C6H5-N02 6O 48 4 O 17

12 BF3-ctherat6/ 1:10 C6H5-N02 20 68 10 O 9

13 ZnClz/ 1:1 C6H5-Cl 20 75 5 O 10

14 ZnClz/ 1:1 xylene 60 65 7 O 10

a Values represent G.C. yields relative to an internal standard.

Inconsistencies exist between the results of Abdrakhmanov and those reported by

Jolidon and Hansen. In particular, the recovery of 1-34 and I-35 by Abdrakhmanov

indicated bond cleavage prior to bond making, a less [3,3]-like process. Furthermore,

explanation as to how more 1-34 than I-35 could be formed in some cases was difficult

since the second substituent on I-34 had to have come from I-31, 1-32, or 1-33.

Decomposition mechanisms have been postulated. 14 One sequence is shown in equation

8.





(8)

 

I-36 I-37 I-38 I-39

Substituent effects on the aromatic portion of the substrate have also been

examined in some depth. For the rearrangement of o- and m-substituted anilines, the

amount of resulting p-product (similar to I-33) was found to be significantly higher.15

For example, in m-toluidines (m-methylanilines), the ratio of o- to p-rearrangement

products was found to be 2.5 : 1 as opposed to 7 : 1 in the unsubstituted case. For 0-

chloroaniline, the ratio was 3 : 1. The only exception to this trend was m-anisidine (m-

methoxyaniline) which yielded the o-product only. Reaction rates for all substituted

anilines were reported slower. Rates of reaction of p-substituted-N-allylanilines in

H2804 at 60°C were as follows: p-H (kl-51:1), p-CH3 (krel=0-5). p-Cl (kl-31:05), p-

OCH3 (krel=0-2)- With the p-CN substituent, cleavage was the principle reaction.

Krowicki, et al., also studied the effects of substituents on the aromatic ring.15 For the

rearrangement of N-methyl-N-(a-methylallyl)aniline under conditions of refluxing

ethanol / water with an HCl catalyst for 8 hours the following isolated yields were

obtained: p-H (95%), p-CH3 (95%), p-OCH3 (92%), m-CH3 (45%), m-OCH3 (24%).

Under conditions of 180 - 230°C in concentrated HCl, N-allylanisidines simply

decomposed.l7

N-Substitution has been reported to give increased yields and faster rates of

rearrangement under milder conditions.15 Rates of reaction for both the thermal and acid

catalyzed rearrangements increased in the order ofN-H < N-CH3 , N-t-butyl.9

Rearrangement yields vary greatly depending on the reaction conditions and substituent

pattern of the migrating group. The most favorable conditions were reported by Krowicki

et al.1 and Abdrakhmanovlzv13 although yields reported by Abdrakhmanov were by G. C.

only. The fact that the yields given were by G. C. only was significant in that isolated

yields have sometimes been found to be far less than G. C. yields (for example: 70%

yield by G. C. vs. 29% isolated for the Bronsted catalyzed rearrangement ofN-methyl-N-

(a-methylallyl)aniline and 88% G. C. vs. 57% isolated for a similar rearrangement of N-

allylaniline).9 To exemplify the variety of yields obtained in seemingly similar reactions,

the following illustrations have been included. Reported yields for ZnC12 catalyzed

rearrangements range from 42% isolated for N-allylaniline in refluxing xylenes for 3



 
 

 

 

Au

rear

0Vt:

achi



hours with 0.7 equivalents of catalyst to 23% isolated for 1-32 under conditions of 1

equivalent of ZnClz in refluxing xylenes.18 For the rearrangement of 1-31 to 1-32 the

yields range from 65% under conditions of 1.1 equivalent of ch12 in xylenes at 130°C

for 1 hour by G. c.13 to 97% with 1.1 equivalents of ZnC12 at 130°C in nitrobenzene by

G. C. The highest overall yield found for an acid catalyzed rearrangement was for the

reaction shown in equation 9.19 This reaction, which was run with a "large excess" of

aniline, was reported to have provided a 100% isolated yield of 1-42 after 4 hours at

120°C or 3 hours at 184°C. The authors attributed the high yield to the catalytic activity

of aniline-HCl, checking their hypothesis by running the reaction without excess aniline

(no reaction) and then adding aniline-HCl which gave 100% isolated yield. For

analogous reactions run without excess aniline and under conditions of thermal and acid

catalysis, the authors obtained 20 - 40% yields.

CH3

NH2 H\ NH CH3

Cl N |

+W ——> a
O H3C H3 H3 0 1

H3

excess

I-35 I-40 I-41 I-42

Aza-annelation of N-Allylindolee.

The [3,3]-rearrangement of N-allylindoles is far less studied than the [3,3]-

rearrangement of N-allylanilines. This is probably due to the higher energy required to

overcome the strained transition state and the variety of other methods available to

achieve the same transformation (eqs 10-12).20‘22

/\/Br

I O | I (10)
N N

V

 

I E820, 20°C I

MgBr 11

I-43 I-44

CH3

/

B/\/‘\CH3 ‘ D I I (11)

If HOAc, NaOAc, RT 1? H30 H3

H H

I-4S 1-46
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[C

is:

eff

pI'C

on<

ind

Rir

 

310

C01]

pn'r
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' Wm, I (12)

= N02

N N

I C6136 I

H H

1-45 I-47

Thermal rearrangements of N-allylindole (I-S9) to 3-allylindole (I-44) occur at

elevated temperatures (405 - 470°C).23 The requirement for higher temperature is

consistent with the greater strain the transition state (1-48) must endure (Figure 1-1).

Under conditions of 1 equivalent of AlCl3 in refluxing benzene for 2 hours, 1-59

rearranged to I-44 in 58% isolated yield while the crotyl analog rearranged in 43%

isolated yield.24

Figure I-l. Transition State I-48

 

 

  
  
 

I-48

There exists support for use of the aromatic 3-aza-Cope rearrangement as an

efficient synthetic tool in the preparation of o-substituted anilines. This same [3,3]-

process may then be used in the 3-allylation of indoles from 1-59. In the former case,

once the o-allylaniline is formed, ring closure may be executed to form the corresponding

indole oxidatively via aldehyde formation followed by acid catalyzed ring closure.25

Ring closure may also be affected directly using Hg(OAc)226 or light16 followed by

aromatization with Mn(II)27 or DDQ.28 The 3-aza-C0pe rearrangement could thus

constitute an efficient route to indole alkaloids substituted in the benzene portion. The

primary obstacles that must be overcome are: finding a general and efficient catalyst

system, improving reaction yield reproducibility, and increasing overall reaction yield.
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Results and Discussion.

Substrates for the aromatic 3-aza-Cope rearrangement were cleanly prepared by

N-alkylation through the methodology of Tweede and Allabashi.29 Since previous

rearrangements were executed using only a small variety of spectator (protective) N-

substituents, a variety of substrates (Figure 1-2, I-3, and L4) were synthesized.

Preparation of these substrates were as indicated in Scheme H. The protecting group or

equivalent was added to the aniline or aniline derivative and the product then isolated.

The protected aniline was then allowed to react with the alkyl bromide to provide the N-

allylanilines. The specific syntheses were as follows: N-methyl-N-allyl aniline (1-49)

was prepared in 91% yield by allylating N-methyl aniline. N-Allyl-N-benzyl aniline (I-

50) was prepared in 3 steps from 1-35 by condensation first of 1-35 with benzaldehyde to

form N-benzylidine aniline (I-Sl) which was subsequently reduced to N-benzyl aniline

(1-52) with LiAlH4. Substrate I-52 was allylated to give I-50 in 54% overall yield. N-

tosyl-N-allyl aniline (1-53) was prepared by the reaction of 1-35 with tosyl chloride to

yield the N-tosyl aniline (1-54) which was then allylated to provide I-53 in 40% overall

yield. N-allyl acetaniline (I-SS) was prepared via preparation first of acetaniline (1-56)

from I-35, followed by allylation in 50% overall yield. Preparation of 1-57 in 20%

overall yield from m-nitro aniline was accomplished by methylation of 1-74 to give N-

methyl-m-nitroaniline (1-58) which was then allylated to provide I-57. Preparation of I-

59, by allylation of 1-45, was accomplished in 75% yield.

The p-methoxy substrates were prepared in similar fashion from p-anisidine

(Figure 1-3). N-Methyl-N-allyl-p-methoxy aniline (I-60) was prepared in 42% overall

yield via N-methyl-p-methoxy aniline (I-61). N-Benzyl-N-allyl-p-methoxy aniline (1-62)

was prepared in 28% overall yield in 3 steps by preparation first of N-benzylidine-p-

methoxy aniline (I-63), reduction of I-63 to N-benzyl-p-methoxy aniline (I-64) followed

by allylation.

The m-methoxy substrates (Figure 1-4) were prepared from m-methoxy aniline (I-

66), which was prepared as outlined in Scheme 1-3.30 N-methyl-N-allyl-m-methoxy

aniline (1-67) was prepared by formation first of N-methyl-m-methoxy aniline (1-68)

followed by alkylation in 50% overall yield. N-benzyl-N-allyl-m-methoxy aniline (1-69)

was prepared in similar fashon via N-benzyl-m-methoxy aniline (1-70) or via N-

benzylidine-m-methoxyaniline (I-7l) followed by alkylation in 72% overall yield. N-

isobutyl-N-allyl-m-methoxy aniline (1-72) was prepared via N-isobutyl-m-methoxy

aniline (1-73) in 62% overall yield.
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Figure 1-2. Substrates Prepared for Acid Catalyzed Rearrangement
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Scheme 1-3. Preparation of N-Benzyl-N-allyl-m—methoxyaniline.
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NH2 Cu20 OH (94%) OCH3

(33%)

I-74 I-75 I-76

TiC14 lNaBH4

(113C0CH2)2

(75%)

“‘AN I allylbromide AN’H benzylbmmme NH“

N32C03

O 7 H20,EtOI-1 H20, EtOH

0% (33%) OCH. (48%) OCHs

I-69 I-70 I-66

Acid catalyzed rearrangement of the substrates 1-49, 1-50, I-53, I-55, I-57, and I-

59 were then explored with emphasis being placed on the rearrangement of 1-49 (eq 13).

Initial studies of the rearrangement of 1-49 focused on the optimization of conditions

using the well studied catalyst ZnClz. ZnC12 molarities were varied from 0.36 to 3.0 M

under conditions of refluxing xylenes (140°C) and 1.2 equivalents of catalyst.

Rearrangement of I-49 to the o-allyl product (1-77) occurred in 45% isolated yield at 0.5

M (Table 1-2). Compound 1-49 was then subjected to rearrangements using a variety of

acid catalysts. These catalysts exhibited a wide range of activities as indicated in Table 1-

3.

H3C\ H3C ,H
N’m MLn ‘N

O O m)I

I-49 L77

1!
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Table 1-2. Effect of Varying ZnClz Molarities on Maximum % 1-77 in the Reaction

Mixture in the Rearrangement of I-49

 

Entry znc120 Time % of

molarity (hours) I-77b

1 0.36 16 27

2 0.5 16 52

3 1.0 16 51

4 2.0 16 37

5 3.0 40 17

0 Reactions were executed using 1.2 equiv of catalyst relative to 1-49. b Values represent % of the reaction

mixture as 1-77, as indicated by G.C. without an internal standard.

Table 1-3. Results of the Acid Catalyzed Rearrangement of 1-49

 

Entry Catalyst“ Time (hours) % yield Of

1.77"

1 TiCl4 20 46

2 MgBrz 44 38

3 HBF4 48 33

4 bis-t-Cl-AlMeC 24 28

5 bis-d-Ph-AlMed 72 27

6 FeCl3 4 24

7 AlMezCl 24 22

8 H2804 24 17

9 MeAlC12 44 16

10 EtAlClz 14 8

1 1 HCl No rxn! O

12 AIMCZCI No an! 0

13 SnCl4 No rxn.‘ 0

14 F6373 Dest of SMf. 0

a Reactions were executed using 1.2 equiv of catalyst relative to 1-49. ’7 Values represent G.C. yields

relative to an internal standard. c bis-t-Cl-AlMe represents bis-(2,4,6-trichlorophenoxy)methylaluminum.

d bis-d-Ph-AlMe represents bis-(2,6-diphenylphenoxy)methy[aluminum. e No rxn. indicates that less than

2% of the starting material was consumed over 48 hours. fDest of SM indicates complete destruction of

starting material with less than 2% yield of any single isolable product.



 

I
n
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Table 1-4. Effect of Solvent Reflux Temperature on the Rearrangement of I-49

 

Entry Catalyst“ Solventb Time (hours) % yield 0f

L770

1 A1C13 xylene 8 88

2 AlC13 toluene 24 52

3 BF3-Et20 xylene 24 49

4 BF3-Et20 toluene 44 79

5 ZnC12 decalin 16 0d

6 ZnClz xylene 16 52

7 ZnC12 toluene 24 17

8 I-IBF4 xylene 2 l 1

9 HBF4 toluene 48 33

10 FeC13 xylene 4 24

1 1 FeCl3 toluene 4 2

12 HCl decalin 24 9

13 HCl xylene No rxne 0

14 HCl toluene No pm; 0

15 F6313 xylene Dest of SW 0

16 FeBr3 toluene 8 3

a Reactions were executed using 1.2 equiv of catalyst relative to 1-49. b Temperatures at reflux for the

solvents used were: 190°C for decalin, 140°C for xylene and 111°C for toluene. 0 Values represent G.C.

yields of I-77 relative to an internal standard. 4 Product 1-78 was formed. See text and Scheme IV for

explanation. ‘ No rxn. indicates that less than 2% of the starting material was consumed over 48 hours.

fDest of SM indicates complete destruction of starting material with less than 2% yield of any single

isolable product.
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Scheme 1-4. Possible Mechanism for the Formation of I-78 from 1-49
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The effect of temperature was examined by running similar reactions in refluxing

xylenes (140°C), toluene (111°C) or decalin (190°C) as indicated in Table 1-4. These

results indicated that, in general, xylenes exhibited the optimum solvent conditions for

the catalysts examined. Notable exceptions were those of BF3-etherate, which provided

an increase in yield from 49% at 24 hours in xylenes to 79% at 40 hours in toluene, and

of I-IBF4 which provided an increase in yield from 11% at 2 hours in xylenes to 33% at 48

hours in toluene. Another interesting result obtained from these experiments was the

formation of 1,2-dimethylindole (1-78) as the sole product in 30% isolated yield from

ZnClz catalyzed reaction of I-49 under conditions of refluxing decalin for 16 hours. A

possible mechanism for this conversion is indicated in Scheme 1-4.

Since AlCl3 in xylenes gave the highest yield of 1-77, the next variable explored

was the equivalents of A1C13 relative to 1-49 (Table I-5). These experiments yielded

interesting results in that lower equivalents of AlCl3 tended to promote cyclization to the

1,2-dimethyl-2,3-dihydroindole (1-85) and even aromatization to I-78. Decomposition to

N-methylaniline (1-86) was also noted (eq. 14).

Although G.C. yields for the rearrangement of I-49 to 1-77 were extremely

promising, isolation of 1-77 proved to be challenging as expected from the results of

Jolidon and Hanson.9 Products of the test reactions were generally isolated by quenching

the acid in situ with an excess of 15% aqueous sodium hydroxide. Quenching was

followed by repeated washing with 15% aqueous sodium hydroxide, saturated aqueous

sodium chloride and water. Solvent removal was then affected by rotary evaporation, and

the resulting product mixture chromatographed on silica with petroleum ether. Isolated

yields of I-77 for the three most effective acid catalysts are given in Table I-6. Reaction

yield consistency remains problematic at times, especially for the A1C13 catalyzed

systems.

Rearrangements of I-50, I-53, and 1-55 were also examined using a variety of

catalysts. For the other substrates, a more limited number of catalysts was examined as

indicated (Tables 1-7 - I-9).
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+
AIC133© (14)

3”“

gin, tn,

1-49 1-77 1-78

Table I-S. Effect of Varying Equivalents of AlCl3 on the Rearrangement of I-49

Entry Equivalents of Time (hours) % % % %

 

 

 

 

 

AlCl3“ I-77b I-85b I-78b I-86b

1 1.5 2 38 0 0 0

2 1.5 4 22 0 0 0

3 1.5 8 9 0 0 0

4 1.2 4 49 0 0 0

5 1.2 8 88 0 0 2

6 1.2 24 7 l 0 0 3

7 1.2 30 66 0 0 5

8 0.75 2 58 0 0 0

9 0.75 4 68 l 0 0

10 0.75 8 70 6 0 0

1 1 0.75 24 23 32 5 0

12 0.75 48 4 37 9 1

13 0.75 72 1 42 12 3

14 0.5 2 36 0 0 0

15 0.5 4 51 2 0 0

16 0.5 8 72 6 0 4

17 0.5 24 3 71 9 5

18 0.25 2 18 0 0 0

19 0.25 4 33 1 0 0

20 0.25 8 55 l 1 0 0

21 0.25 24 9 56 9 0

22 0.25 48 3 40 13 0

23 0.25 72 2 29 22 0

a Reanangements were run 0.5 M of 1-49 with 1.2 equiv. of Lewis acid at reflux in xylenes. b Yieldswele

determined by G.C. analysis of the cnlde reaction mixture relative to an internal standard.
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Table 1-6. Optimized Yields for the Rearrangement of 1-49

 

Entry Catalyse: % yield of 1.77 % yield of 1.77

by G. C.b isolated

1 A103 88 46

2 BF3-etherate 79 58

3 ZnC12 52 45

a Rearrangements were run 0.5 M of substrate with 1.2 equiv. of Lewis acid at reflux in toluene (111°C,

Et20-BF3) or xylenes (140°C ZnClz). b Yields were determined by G. C. analysis of the crude reaction

mixture relative to an internal standard.

Table 1-7. Results of the Acid Catalyzed Rearrangement of 1-53

 

Entry Catalyst“ Solvent Time (hours) % o-prodb

(at reflux)

1 A1C13 xylenes 1 33

2 ZnC12 xylenes No me 0

3 BF3-etherate toluene Dest of SMd O

4 AlMezCl xylenes 24 1 1

a Rearrangements were run 0.5 M of 1.53 with 1.2 equiv. of Lewis acid. ’0 Yields were determined by G. C

. analysis of the crude reaction mixture relative to an internal standard. C No reaction indicates that less

than 2% of the starting material had been consumed over 48 home. d Dest. of SM indicates complete

destruction of starting material with less than 2% of any single product formed.

Table I-8. Results of the Acid Catalyzed Rearrangement of 1-50 to 1-87

 

Entry Catalyst“ Solvent Time ‘ % o-prod

(at reflux) (hours) 1.8711

1 A1C13 xylenes 2 75

2 AlMezCl xylenes 2 0

3 BF3-etherate toluene 24 0

4 HF xylenes 72 13

5 H3PO4 xylenes 24 O

a Rearrangements were run 0.5 M of 1-50 with 1.2 equiv. of Lewis acid. b Yields were determined by G.

C. analysis of the crude reaction mixture relative to an internal standard.
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Table 1-9. Results of the Acid Catalyzed Rearrangement of 1-55

 

Entry Catalyst“ Solvent Time % o-prodb

(at reflux) (hours)

1 A1C13 xylenes 2 1

2 BF3-etherate toluene 2 10

3 ZnClz xylenes No rxnC 0

4 TiCl4 xylenes No rxn O

5 A1Me3 xylenes 2 8

6 A1Me2Cl xylenes No rxn 0

7 H2804 xylenes No rxn O

8 bis-d-Ph-AlMed/ xylenes N0 rm 0

a Reanangements were run 0.5 M of I-55 with 1.2 equiv. of Lewis acid or 0.1 - 0.3 equiv. using the Lewis

acid TiCl4. b Yields were determined by G. C. analysis of the crude reaction mixture relative to an internal

standard. C Bis-d-Ph-AlMe represents the bis-(2,6-diphenylphenoxy) methylaluminum. d No rxn indicates

that less than 2% of starting material had been consumed within 48 hours.

Results of the acid catalyzed rearrangements of 1-59 were particularly promising

in lieu of the strained transition state. Isolated yields of I-44 along with the

corresponding G. C. yields are indicated in Table I-10.

Table I-10. Results of the Acid Catalyzed Rearrangement of 1-57

 

Entry Catalyst“ Solvent Time (hours) %yield 1.44b % iSCI yield of

-44

1 AlCl3 xylenes 8 88 54

2 ZnC12 xylenes No me O -

3 BF3-etherate toluene 4 5 -

4 AlMezCl xylenes 24 30 20

5 TiCl4 xylenes 8 3 -

6 AlMeClz xylenes 24 23 5

7 “3-41-1311-AlMeb xylenes No rxn 0 -

8 FeC13 toluene No rxn 0 -

a Reanangements were run 0.5 M of 1-57 with 1.2 equiv. of Lewis acid or 0.1 - 0.3 equiv using the Lewis

acid TiCl4. b Ratios were determined by G. C. analysis of the crude reaction mixture relative to an internal

standard. c Bis-d-Ph-AlMe represents bis-(2,6-diphenylphenoxy)methylaluminum. d No rxn. indicates that

less than 2% of the substrate had been consumed within 48 hours.
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At this time, several initial attempts to achieve ring closure of 1-77 were

attempted. Photocyclization (Hg arc lamp, C6H5)15 yielded the desired I-85 in 50% yield

as determined by G. C. (a portion isolated for analysis by preparative TLC). Ring closure

initiated by action of Hg(OAc)2 gave 10% isolated yield of the same product (Scheme 1-

5).26

Scheme 1-5. Ring Closure of 1-77

Irv, 450 nm

 

C6H6_ RT, 3.5 hrs

50% by G.C., portion

isolated by TLCH C H3 \N’
for analysis

D I “3

1'77 1) Hg(OAc)2, RT, 1 hr 1'35

 

2) NaBH4 /NaOH

10%2

A potentially promising route to ring closure could be through the use of KMnO4

/ NaIO4,31 Subsequent aromatization could then be achieved using Mn(11)27 or DDQ.28

To determine the scope and generality of the aromatic aza-Cope rearrangement,

several other aniline substrates were examined: 1-60, 1-62, 1-67, 1-69 and 1-72 (eq 14,

15). Results for rearrangement of I-49, I-50, 1-53, I-57, 1-60, I-62, I-67, I-69, I-72 and I-

81 using the most favorable catalyst conditions are indicated in the summary tables 1-11 -

1-13:
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R‘ R‘ ,H
N’\“ MLn N

= (14)

[O 0 |

R' R'

1-50 R = CHzPh, R' = H 1-87 R = CHzPh, R' = H

1-60 R = Me, R' = OMe I-88 R = Me, R‘ = OMe

1-62 R = CHzPh, R' = OMe 1-89 R = CHzPh, R' = OMe

 

Rs
N/\“

R.N.H R‘N,H

MLn

(15)

0 *0 I + O IOCH, OCH, H,Co

1-67 R = Me 1-90 R = Me 1-91 R = Me

1-69 R = CHzPh 1-92 R = CH2Ph 1-93 R = CHzPh

1-72 R = iBu I-94 R = iBu 1-95 R = iBu

Table I-ll. AlC13 Catalyzed Rearrangements of Various Nitrogen and Aromatic

Substituted Anilines“

ring N-isobutyl N-methyl N-benzyl N-tosyl

substitution hrs. G.C. [isob hrs. G.C. [isob hrs. G.C./isob hrs. G.C./isob

 

unsubstituted 08 88 / 68 02 35/ 15 48 33 / 0

p-methoxy 04 0 / 0 01 ll [Cnic 04 0 / Dsmd

m-methoxy 04 0 / dsm 24e 0 / Dsm 016 18 / Cni 08‘ O/ Dsm

m-nitro O4 0 / Dsm

a Rearrangements were run 0.5 M of substrate with 1.2 equiv. of Lewis acid at reflux in toluene (111°C,

Etzo-BF3) or xylenes (140°C ZnClz). b Yieldswere determined by G.C. analysis of the crude reaction

mixture relative to an internal standard. CCni indicates no isolable products. d Dsm indicates destruction of

starting material. e Yield is inclusive of both o-regioisomers formed.
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Table I-12. ZnC12 Catalyzed Rearrangement of Various Nitrogen and Aromatic

Substituted Anilines“

ring N-isobutyl N-methyl N-benzyl N-tosyl

substitution hrs. G.C./iso. hrs. G.C.b/iso. hrs. G.C.b/iso. hrs. G.C.b/iso.

unsubstituted 16 52/ 45 24 30/ 15 48 0/ No rxne

p-methoxy 16 66/58 24 57 / 53 48 0/ Dsm”

m-methoxy 064 98/ 98 08" 77/70 24" 64/ 57 48 0 / Dsm

m-nitro 48 0 / No rxn 
a Rearrangements were run 0.5 M of substrate with 1.2 equiv. of Lewis acid at reflux in toluene (111°C,

Et20-BF3) or xylenes (140°C, ZnClz). b Yields were determined by G.C. analysis of the crude reaction

mixture relative to an internal standard 6 Dsm indicates destruction of starting material 4 Yields are

inclusive of both o-regioisomers formed. e No rxn indicates no reaction.

Table 1-13. BF3-etherate Catalyzed Rearrangement of Various Nitrogen and Aromatic

Substituted Anilinesa

ring N-isobutyl N-methyl N-benzyl N-tosyl

substitution hrs. G.C./iso. hrs. G.C.IL/ iso. hrs. G.C.b1 iso. hrs. G.C.b/iso.

unsubstituted 48 79 / 58 24 0 / Cnic 48 0 / Dsmd

p-methoxy 72 61 /55 48 42 / 35 48 O / Dsm

m-methoxy 24c 89/ 80 48‘ 99/99 48‘ 47 I 38 48C 0 / Dsm

m-nitro 24 O / Dsm 
a Rearrangements were run 0.5 M of substrate with 1.2 equiv. of Lewis acid at reflux in toluene (111°C,

Et20-BF3) or xylenes (140°C ZnClz). b Yields were determined by G.C. analysis of the crude reaction

mixture relative to an internal standard 0 Chi indicates no isolable products. 0' Dsm indicated destruction

of starting material. 9 Yields are inclusive of both o-regioisomers formed.

For the 1-67, 1-69, and 1-72, rearrangement resulted in the formation of o-allyl

regioisomers (Table 1-14). Rearrangement to the position para to the m-methoxy group

was always preferred. HCl catalyzed rearrangement in refluxing ethanol according to the

method of Krowicki2 yielded regioisomer ratios of 2.1 : 1.0 for 1-72 after 60 hours (78%
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conversion), 2.8 : 1.0 for 1-67 after 60 hours (26% conversion) and 2.7 : 1.0 for the I-69

after 60 hours (22% conversion).

Table 1-14. O-Allyl Regioisomer Product Ratios for the N-Substituted m-

Methoxy Substrates Under Conditions of Varying Acid Catalysis.

Lewis Acid Catalyst

product ratio ZnClg BF3-etherate

1-95 : 1-94 2.7 : 1.0 2.6: 1.0

1-91 :1-90 1.8: 1.0 1.9: 1.0

1-93 : I-92 2.5 : 1.0 2.6 : 1.0

For the nitrogen substituents examined, the rearrangement appears to be promoted

by bulky N-substituents (probably through ground state destabilization). This finding

correlates well with previous work.” Rearrangement in the presence of the benzyl

substituent is retarded though, and the N-tosyl substrate (1-53) did not rearrange.

Substituents on the aniline aromatic ring promoted rearrangement in the order of m-

methoxy > p-methoxy > unsubstituted >> m-nitro. This supports the notion of greater

ring reactivity being associated with electron releasing substituents.

For regioisomers obtained where m-substituted anilines underwent rearrangement,

the two o-allyl products were generally obtained in the ratio of 2.0-3.0 : 1.0. Bulkier N-

substituents promoted somewhat greater selectivity than non bulky substituents. This

correlation was opposite that observed under conditions of HCl catalysis described

earlier. Also, HCl catalyzed reactions did not go to completion after 84 hours.

Comparison of relative rearrangement rates of the non-activated substrate 1-49 (eq

13) vs the activated 1-67 (eq 15) was carried out through direct competition of 1.0 equiv

of each substrate with 1.8 equiv of Lewis acid (Table 1-15). Results of this study

' indicated that 1-67 reacted approximately 1.5 times faster when the rearrangement was

promoted by Et20-BF3 and approximately 3.0 times faster when promoted by ZnClz.
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Table I-15. Competitive Lewis Acid-Promoted 3-Aza-Cope

Rearrangement of 1-49 and 1-67

product formationb (%)

 

condnsa (I-90 + I-91) :

catalyst (time (hours)) I-90 + 1-91 I-77 I-77

Et20-BF3 2.0 24 15 62:38

4.0 33 22 60:40

6.0 49 30 62:38

8.0 55 33 63:37

ZnC12 0.5 17 7 71:29

1.0 36 10 78:22

1.5 47 15 76:24

2.0 55 18 75:25

a Rearrangements were run 0.5 M of substrate with 1.5 equiv. of Lewis acid at reflux in toluene

(111°C, EtzO-BF3) or xylenes (140°C ZnClz) with 1.8 equiv of Lewis acid. b Yields were determined by

G. C. analysis of the crude reaction mixture relative to an internal standard.

In order to establish a potential route to methoxy-substituted natural products, the

rearrangement of several substrates containing unsymmetrical allylic substituents was

examined. N-((E)-2-Hexen-1-yl)-N-methyl-m-methoxyaniline (1-100) and N-((E)-2-

hexen-1-y1)-N-methyl-p-methoxyaniline (1-97) were prepared by standard procedures in

72 and 73% yields from their respective methoxy substituted-N-methyl anilines and 1-

bromo-2-hexene (I-98). Bromination of 2-hexene-l-ol with NBS provided 1-98 in 68%

yield.32

 

3 H, o

H,Ce MLn O

\
> NH \ 3 (16)

If CH,

CH,

I-97 I-99
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Rearrangement of 1-97 provided 1-99 in 50% yield with ZnClz in xylenes at

140°C and in 79% yield with BF3-Et20 at 111°C (eq 16). For the meta-substituted

aniline substrate (1-100), a mixture of regioisomers was obtained (eq 17).

CH, CH3

1-100 1-101 I-102

H,C

Selectivities for the rearrangement of I-100 under conditions of BF3-Et20 and

ZnC12 were higher than for 1-67, as was expected based on the bulkier allyl substituent.

For the BF3-Et20 promoted system, a regioselectivity of 75:25 was obtained for I- 101

and 1-102. For the ZnClz system, a regioselectivity of 83:17 was obtained for the same

products. Yields for these reactions were 75% and 70% respectively. Another product

isolated from both of these reactions in 11% was 1-103.

H,C NH

H3

I-103

To determine whether any N-methyl-p-allylaniline (I-104) was formed during the

aromatic 3-aza-Cope rearrangement of I-49, I-104 was prepared by standard

methodologies. The preparation of 1-104 was executed by Grignard reaction of

bromobenzene with allylbromide to provide allylbenzene (1-105).33 The alkene was then

masked using Br2 in diethyl ether at -78°C to give 1-106 in 92% overall yield. Nitration

of 1-106 gave I-107 (72% yield), and debromination gave p-allylnitrobenzene (I-108)

with some o-product present (69% yield).33o 34 The nitro group was then reduced to the

corresponding amine using acid activated iron to give I-109 in 95% yield.35 The o-, and

p-isomers were then separated by chromatography and the p-isomer N-methylated to give

the desired product, I-104 (Scheme 1-6).29 Overall yield for the conversion of

bromobenzene to I-104 was 16%.
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Scheme 1-6. Synthesis of N-Methyl-p-allylaniline.
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It was determined that in no rearrangement of 1-49 to 1-104 occurred in greater

than 2%.

Conclusion.

It was hoped that conditions for the 3-aza-Cope reaction could be developed under

which the 3-aza-Cope rearrangement would occur at a reasonable rate, at practical

temperatures and with adequate reproducibility and regiospecifity. The catalyst systems

BF3-Et20 in toluene and ZnClz, and A103 in xylene efficiently accelerated the 3-aza-

Cope rearrangement of N-allylaniline substrates accessing a convenient method for C-C

bond formation between N-alkyl substituents and an ortho aromatic ring carbon. This

versatile rearrangement yields products which may potentially act as precursors to a

variety of indole alkaloids substituted in the benzene ring portion.
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Experimental Section.

General Methods.

All reactions were carried out using standard inert atmosphere techniques to

exclude moisture and oxygen, and reactions were performed under an atmosphere of

nitrogen. Benzene, toluene and diethyl ether were distilled from sodium/benzophenone

immediately prior to use. Xylenes and decalin were heated over calcium hydride for a

minimum of 12 hr and then distilled prior to use. LiA1H4 (1 M in THF) was obtained

from Aldrich Chemical Co. Unless specified, concentration of mixtures was performed

using a Btichi rotary evaporator.

Gas chromatographic (G. C.) analyses were carried out on one of two instruments.

For lower molecular weight compounds gas chromatographic analysis was carried out

isothermally on a Perkin-Elmer 8500 instrument using a 50 meter RSL-200 capillary

column (5% methylphenyl silicon) and an FID detector at 200 °C oven temperature, 220

°C injector temperature, and 300 °C detector temperature. Helium gas pressure was set at

15 psi with a flow rate of 2 mL/min. For higher molecular weight compounds, gas

chromographic analysis was carried out on a Hewlett-Packard 5880A series gas

chromatograph fitted with a 30 meter silica capillary column and a flame ionization

detector. For these analysis injector and detector temperatures were set at 250 °C and the

column oven temperature was programmed: 40 °C, 2 min., 10 °C/min. ramp to 200 °C.

All reactions were monitored by G. C. and the reactions terminated either when the

starting material had been consumed or no further reaction appeared to continue. For

reactions in which a Dean-Stark trap was used, the trap was filled with molecular sieves

to a level below that of returning solvent turbulence. These were changed during

reactions in which additional reagent was added after the reactions initiation. Molecular

sieves were activated by heating in a 150 °C oven for at least 24 hours prior to use. NMR

spectra were obtained on a VXR-300 spectrometer using CDCl3 with 0.1% TMS as an

internal standard 5 (0.00 ppm), multiplicity (s = singlet, d = doublet, t = triplet, q =

quartet, sept = septet), integration and coupling. Infrared spectra were recorded on a

Nicolet 42 FT-IR instrument.

Formation of l-Bromo-Z-hexene (1-98). 2-Hexene-1-ol (2.00 g, 20 mmol) and

triphenylphosphine (6.29 g, 24 mmol) were added to 60 mL of CH2C12 and cooled to

0°C. Using a solids addition funnel, NBS (4.27 g, 24 mmol) was slowly added over a

period of 1 h. The reaction was allowed to warm to room temperature. After 14 h, the

solvent was removed and the solid mass extracted with low boiling petroleum ether (10 X

50 mL) with vigorous mixing. Solvent removal gave a clear, colorless oil (2.23 g, 68%
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yield); 1H NMR (300 MHz, CDC13) 5 0.90 (t, J = 7.3 Hz, 3H), 1.41 (sext, J = 7.3 Hz,

2H), 2.04 (q, I = 6.7 Hz, 2H), 3.94 (d, J = 6.0 Hz, 2H), 5.60-5.80 (m, 2H); 13C NMR (75

MHz, CDC13) 5 13.49, 21.90, 33.40, 33.99, 126.40, 136.26; IR (oil/NaCl) 3032, 2961,

2874, 1661, 1464 cm'1

General Method for N-Alkylation of primary anilines. The aniline (2.0-50

mmol, 4.0 equiv) and the alkyl bromide or alkyl iodide (1.0 equiv) were taken up in a 4:1

ethanol/water mixture (0.5 M relative to the aniline) along with Na2CO3 (0.6 equiv).

After stirring at room temperature for 14 h, the EtOH was removed under reduced

pressure and the crude oil purified by flash column chromatography (silica, 230-400

mesh; eluent - 5:95 Et20:low boiling petroleum ether). The solvents were evaporated

and the mono- and dialkylated aniline by-products isolated.

N-Tosylaniline (1-54). ( 30% Yield, mp 101 - 103 °C); 1H NMR (300 MHz,

CDC13) 5 2.32 (s, 3H), 7.14 (m, 7H), 7.65 (s-br, 1H), 7.73, (d, J = 8.4 Hz, 2H); 13C (75

MHz, CDC13) 5 21.41, 121.19, 124.98, 127.21, 129.15, 129.53, 129.58, 135.83, 136.59.

143.77; IR (KBr) 3052, 3059, 2899, 1483, 1339, 1159, 914, 756 cm'l.

N-Methyl-m-nitroaniline (1-58). (20% yield); 1H NMR (300 MHz, CDC13) 5

2.89 (d, J = 2.7 Hz, 3H), 4.19 (s-br, 1H), 6.86 (ddd, J = 8.4, 2.7, 0.9 Hz, 1H), 7.26 (t, .I =

8.1 Hz, 1H), 7.36 (t, J = 2.4 Hz, 1H), 7.50 (ddd, J = 8.1, 2.1, 0.6 Hz, 1H); 13C NMR (75

MHz, CDC13) 5 30.42, 105.67, 111.65, 118.40, 129.55, 149.39, 149.95; IR (oil/NaCl)

3410 (broad), 3000, 2800, 1541, 1343, 1094, 779, 729, 667 cm'l.

N-Methyl-p-methoxyaniline (1-60). (65% yield); 1H NMR (300 MHz, CDC13)

5 2.73 (s, 3H), 3.44 (bs, 1H), 3.70 (s, 3H), 6.50-6.56 (m, 2H), 6.74-6.80 (m, 2H); 13C

NMR (75 MHz, CDC13) 5 31.30, 55.55, 113.39, 114.68, 143.59, 151.82; IR (oil/NaCl)

3405 (broad), 3058, 2988, 2832, 2811, 1620, 1514, 1466 cm'l.

N-Methyl-m-methoxyaniline (I-68). (73% yield); 1H NMR (300 MHz, CDC13)

5 2.74 (s, 3H), 3.67 (bs, 1H), 3.73 (s, 3H), 6.12 (t, J = 2.4 Hz, 1H), 6.18 (ddd, J = 8.1, 2.4,

0.9 Hz, 1H), 6.25 (ddd, J = 8.1, 2.4, 0.9 Hz, 1H), 7.06 (t, J = 8.1 Hz, 111); 13C NMR (75

MHz, CDC13) 5 30.44, 54.82, 98.08, 102.07, 105.42, 129.70, 150.65, 160.68; IR

(oil/NaCl) 3413 (broad), 2994, 2836, 2811, 1617, 1499 cm’l.

N-Benzyl-m-methoxyaniline (1-70). (87% yield); 1H NMR (300 MHz, CDC13) 5

3.70 (s, 3H), 4.01 (bs, 1H), 4.25 (s, 2H), 6.15 (t, J = 2.4 Hz, 1H), 6.21 (ddd, J = 7.8, 2.4,

0.6 Hz, 1H), 6.26 (ddd, J = 8.4, 2.4, 0.9 Hz, 1H), 7.04 (t, J = 8.1 Hz, 1H), 7.20-7.38, (m,

5H), 13C NMR (75 MHz, CDC13) 5 48.14, 54.90, 98.74, 102.52, 105.84, 127.10, 127.38,

128.51, 129.87, 139.25, 149.45, 160.70; IR (oil/NaCl) 3416 (broad), 3029, 2836, 1615,

1495 cm'l.
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Formation of N-Benzylidene aniline (1-51) from the Condensation of Aniline

and Benzaldehyde. To benzene (100 mL) were added aniline (9.31 g, 100.0 mmol),

benzaldehyde (1.10 g, 100.0 mmol) and p-toluenesulfonic acid (0.33 g, 1.7 mmol). The

reaction flask was fitted with a Dean-Stark trap containing 4 A molecular sieves, and the

solution heated at reflux for 14 h. After cooling the mixture, the volatiles were removed

under reduced pressure and the imine recrystallized from low boiling petroleum ether to

give N-benzyliminaniline (16.60 g, 92.0 mmol) in 92% yield. (mp 50-52 °C); 1H NMR

(300 MHz, CDC13) 5 7.15-7.22 (m, 3H), 7.31-7.45 (m, 5H), 7.84-7.90 (m, 2H), 8.39 (s,

1H); 13C NMR (75 MHz, CDC13) 5 120.77, 125.81, 128.63, 128.69, 129.03, 131.22,

136.14,151.98, 160.15; IR (KBr) 3061, 2892, 1626, 1591, 1451 cm-1.

Reduction of N-Benzylidene-aniline (LE1) to Benzylaniline (I-52). To a

suspension of LiAlH4 (10.36 g, 280.0 mmol) in Et20 (56 mL) at 0 °C, was slowly added

I-Sl (5.00 g 27.6 mmol). The mixture was heated at reflux for 72 h, after which the

solution was cooled to 0 °C and quenched by the addition of water (10 mL), followed by

15% aqueous NaOH (10 mL), and water (30 mL). After stirring for 2 h, the solution was

filtered through NagsO4 and the solvent removed under reduced pressure at room

temperature. The resulting oil was purified by flash column chromatography (silica, 230.

400 mesh; eluent - 10:90 Etzozlow boiling petroleum ether). The solvents were

evaporated to give I-52 (7.92 g, 210.0 mmol) in 75% yield: (mp 34-37 °C); 1H NMR

(300 MHz, CDC13) 5 3.77 (bs, 1H), 4.09 (s, 2H), 6.46 (dd, J = 8.4, 0.9 Hz, 2H), 6.63 (tt, J

= 7.2, 0.9 Hz, 1H), 7.10-7.18 (m, 2H), 7.20—7.35 (m, 5H); 13C NMR (75 MHz, CDC13) 5

48.15, 112.72, 117.42, 127.10, 127.39, 128.51, 129.15, 139.34, 148.03; IR (oil/NaCl)

3420 (broad), 3027, 2843, 1603, 1507, 1453 cm'l.

Formation of N-Benzylidene-p-methoxyaniline (I-63) from the Condensation

of p-Methoxyaniline and Benzaldehyde. To 100 mL of benzene were added p-

methoxyaniline (1.79 g, 14.6 mmol), benzaldehyde (1.54 g, 14.6 mmol) and p-

toluenesulfonic acid (0.05 g, 0.1 mmol). The reaction flask was fitted with a Dean-Stark

trap containing 4 A molecular sieves, and the solution was heated at reflux for 14 h.

After cooling the mixture to room temperature, the volatiles were removed under reduced

pressure, and the imine purified by flash column chromatography (silica, 230-400 mesh;

eluent - 10:90 Etzozlow boiling petroleum ether). The solvents were evaporated and the

solvents removed under reduced pressure to give 1-63 ( 2.30g, 10.9 mmol) in 75% yield:

(mp 7071 °C); 1H NMR (300 MHz, CDC13) 5 3.79 (s, 3H), 6.87-6.95 (m, 2H), 7.18-7.26

(m, 2H), 7.40-7.47 (m, 3H), 7.83-7.91 (m, 2H), 8.45 (s, 1H); 13C NMR (75 MHz, CDC13)

5 55.38, 114.29, 122.13, 128.49, 128.63, 130.93, 136.38, 144.79, 158.23; IR (KBr) 3054,

2955, 2879, 2838, 1622, 1507 cm‘l.
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Reduction of N-Benzylidene-p-methoxyaniline (I-63) to N-Benzyl-p-

methoxyaniline (L64). To a suspension of LiA1H4 (4.04 g, 109.1 mmol) in Et20 (20

mL) at 0 °C, was slowly added I-63 (2.30 g, 10.9 mmol). The mixture was heated at

reflux for 72 h, after which the solution was cooled to 0 °C and quenched by the addition

of water (10 mL), 15% aqueous NaOH (10 mL), and water (30 mL). After stirring for 2

h, the solution was filtered through Na28O4 and the solvent removed under reduced

pressure. The oil was then purified by flash column chromatography (silica, 230-400

mesh; eluent - 20:80 Et20:low boiling petroleum ether). The solvents were evaporated

and the aniline distilled under vacuum to give I-64 (1.63 g, 7.8 mmol) in 71% yield.(mp

46-49 °C); 1H NMR (300 MHz, CDC13) 5 3.70 (s, 3H), 3.75 (bs, 1H), 4.24 (s, 2H), 6.53-

6.60 (m, 2H), 6.72-6.79 (m, 2H), 7.20-7.37 (m, 5H); 13C NMR (75 MHz, CDC13) 5

49.08, 55.66, 113.98, 114.78, 127.04, 127.42, 128.47, 139.60, 142.34, 152.04; IR (KBr)

3376 (broad), 2998, 2950, 2832, 1514 cm'l.

Formation of Acetanilide (I-56) from Aniline and Acetic anhydride. To an

acidified 50 °C aqueous solution of aniline (0.91 g, 9.7 mmol, 0.3 M) was rapidly added

acetic anhydride (1.38 g, 13.5 mmol) followed immediately by addition of sodium acetate

(2.25 g, 1.1 mmol) in water (60 mL). The mixture was cooled to 0 °C for 15 min and the

white crystals collected by vacuum filtration. The crystals were then dissolved in

methylene chloride, dried and the solvent removed under reduced pressure to give (1.10

g, 8.3 mmol) 85% of the desired I-56.(mp 113-115 °C); 1H NMR (300 MHz, CDC13) 5

2.12 (s, 3H), 7.07 (td, J = 7.3, 1.2 Hz, 1H), 7.27 (td, J = 8.4, 1.8 Hz, 2H), 7.51 (dd, J =

7.3, 1.2 Hz, 2H), 8.37 (s-br, 1H); 13C NMR (75 MHz, CDC13) 5 24.24, 120.13, 124.15,

128.76, 147.91, 169.04; IR (KBr) 3295, 3195, 3059, 1665, 1599, 1557, 1435, 1323, 760,

694 cm'l.

General Method for the N-Allylation of Secondary Anilines. The aniline (2.0-

50.0 mmole, 1.0 equiv) and the alkyl bromide or alkyl chloride (1.2-4.0 equiv) were taken

up in a 4:1 ethanolzwater mixture (0.5 M relative to the aniline) along with Na2C03 (0.6

equiv). After stirring at room temperature for 14 h the ethanol was removed under

reduced pressure and the crude oil purified by flash column chromatography (silica, 230-

400 mesh; eluent 5:95 Etzozlow boiling petroleum ether). The solvents were evaporated

and the di-alkylated anilines distilled under vacuum.

N-AllyI-N-methylaniline (1.49). (91% yield, bp 107-110°c <1.5 mmHg): 111

(300 MHz, CDC13) 5 2.78 (s, 3 H), 3.76 (dt, J = 5.0, 1.7 Hz, 2H), 5.05 (dq, J = 17.0, 1.7

Hz, 1H), 5.07 (dq, J = 10.4, 1.7 Hz, 1H), 5.73 (ddt, J = 17.0, 10.4, 5.0 Hz, 1H), 6.60-

6.68 (m, 3H), 7.11-7.19 (m, 2H); 13C (75.5 MHz) (CDC13) 5 37.57, 54.86, 112.16.
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115.70, 116.17, 128.82, 133.60, 149.81; IR (oil/NaCl) 3063, 3027, 2980, 2897, 2815,

1644, 1599, 1449 cm‘l-

N-Allyl-N-benzylaniline (L50). (85% yield); 1H NMR (300 MHz, CDC13) 5

3.85-3.91 (m, 2H), 4.43 (s, 2H), 5.10 (dq, J = 10.5, 1.8 Hz, 1H), 5.12 (dq, J = 17.4, 1.8

Hz, 1H), 5.78 (ddt, J = 17.4, 10.5, 4.8 Hz, 1H), 6.59-6.68 (m, 3H), 7.06-7.24 (m, 7H);

13C NMR (75 MHz, CDC13) 5 52.81, 53.76, 112.24, 116.06, 116.43, 126.41, 126.63.

128.40, 128.99, 133.52, 138.76, 148.73; IR (KBr) 3062, 3028, 2862, 1599, 1509 cm'l.

N-Allyl-N-tosylaniline (L53). (87% yield, mp 66-68 °C); 1H NMR (300 MHz,

DCD13) 5 ,2.41 (s, 3H), 4.17 (dt, J = 6.3, 1.4 Hz, 2H), 5.04 (sext, J = 0.9 Hz, 1H), 5.06

(dq, J = 17.1, 1.4 Hz, 1H), 5.73 (ddt, J = 17.1, 10.2, 6.3 Hz, 1H), 7.04 (m, 5H), 7.26 (m,

5H), 7.48 (dt, J = 8.7, 2.1, 1H); 13C NMR (75 MHz, CDC13) 5 21.46, 53.43, 118.68.

127.62, 128.76, 129.35, 132.74, 135.32, 139.02, 143.36; IR (KBr) 3068, 2928, 1493,

1183, 1038, 918, 696, 670 cm'l.

N-AllyI-N-acetanilide (L55). (75% yield, mp 44-46 °C); 1H NMR (300 MHz,

CDC13) 5 1.86 (s, 3H), 4.38 (d, J = 6.3 Hz, 2H), 5.04 (s, 1H), 5.10 (d, J = 7.8 Hz, 1H),

5.87 (ddt, J = 17.1, 10.2, 6.3 Hz, 1H), 7.17 (d, J = 6.9 Hz, 2H), 7.36 (m, 3H); 13C NMR

(75 MHz, CDC13) 5 22.47, 51.77, 117.53, 127.64, 127.86, 129.34, 132.95, 142.78; IR

(KBr) 3009, 2938, 1645, 1593, 1501, 1399, 1277, 1009, 939, 916, 708 cm'l.

N-AllyI-N-methyl-m-nitroaniline (LS7). (99% yield); 1H NMR (300 MHz,

CDC13) 5 3.01 (s, 3H), 3.97 (dt, J = 4.8, 1.8 Hz, 2H), 5.13 (dq, J = 16.8, 1.8 Hz, 1H), 5.17

(dq, J =17.1,1.8 Hz, 1H), 5.81 (ddt, J =17.1, 10.5,1.8 Hz, 1H), 6.93 (ddd, J = 8.1, 2.4,

0.6 Hz, 1H), 7.28 (tt, J = 8.4, 1.2 Hz, 1H), 7.48 (m, 2H); 13C NMR (75 MHz, CDC13) 5

38.17, 54.81, 106.02, 110.55, 116.54, 117.56, 129.47, 132.25, 149.31, 149.74; IR

(oil/NaCl) 3088, 2909, 2826, 1530, 1375, 1348, 1003, 735, 673 cm'l.

N-Allyl-N-methyl-p-methoxyaniline (L60). (66% yield, bp <4 mmHg 80-86

°C); 1H NMR (300 MHz, CDC13) 5 2.83 (s, 3H), 3.72 (s, 3H), 3.80 (dt, J = 5.3, 1.7 Hz,

2H), 5.14 (dq, J = 10.5, 1.7 Hz, 1H), 5.16 (dq, J = 17.4, 1.7 Hz, 1H), 5.82 (ddt, J = 17.4,

10.5, 5.3 Hz, 1H), 6.67-6.73 (m, 2H), 6.77-6.84 (m, 2H); 13C NMR (75 MHz, CDC13) 5

38.54, 55.55, 56.44, 114.54, 114.59, 116.26, 134.20, 144.38, 151.64; IR (oil/NaCl) 3077,

2936, 2832, 2809, 1642, 1516 cm’l.

N-Allyl-N-benzyl-p-methoxyaniline (L62). (75% yield, bp <4 mmHg 128-139

°C); 1H NMR (300 MHz, CDC13) 5 3.72 (s, 3H), 3.92 (dt, J = 5.1, 1.8 Hz, 2H), 4.46 (s,

2H), 5.16 (dq, J = 10.2, 1.8 Hz, 1H), 5.17 (dq, J = 17.2, 1.8 Hz, 1H), 5.87 (ddt, J = 17.2,

10.2, 5.1 Hz, 1H), 6.64-6.71 (m, 2H), 6.74-6.80 (m, 2H), 7.18-7.33 (m, 5H); 13C NMR

(75 MHz, CDC13) 5 53.78, 54.82, 55.66, 114.35, 114.63, 116.33, 126.71, 126.80, 128.46,

134.17, 139.25, 143.61, 151.53; IR (oil/NaCl) 3085, 2934, 2832, 1512 cm'l.
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N-Allyl-N-methyl-m-methoxyaniline (L67). (68% yield, bp <4 mmHg 83-87

°C); 1H NMR (300 MHz, CDC13) 5 2.91 (s, 3H), 3.76 (s, 3H), 3.88 (dt, J = 5.1, 1.8 Hz,

2H), 5.13 (dq, J = 10.8, 1.8 Hz, 1H), 5.14 (dq, J = 17.1, 1.8 Hz, 1H), 5.82 (ddt, J =17.1,

10.8, 5.1 Hz, 1H), 6.22-6.29 (m, 2H), 6.30-6.36 (m, 1H), 7.07-7.15 (m, 1H); 13C NMR

(75 MHz, CDC13) 5 37.96, 54.95, 55.16, 98.90, 101.09, 105.50, 116.01, 129.66, 133.66,

150.79, 160.65; IR (oil/NaCl) 3085, 2998, 2938, 2836. 1609, 1503 cm'l.

N-Allyl-N-benzyl-m-methoxyaniline (L69). (83% yield, bp <4 mmHg 130-137

°C); 1H NMR (300 MHz, CDC13) 5 3.68 (s, 3H), 3.96 (dt, J = 4.8, 1.8 Hz, 2H), 4.50 (s,

2H), 5.16 (dq, J = 10.5, 1.8 Hz, 1H), 5.17 (dq,J =17.1, 1.8 Hz, 1H), 5.85 (ddt, J =17.1,

10.5, 4.8 Hz, 1H), 6.22-6.35 (m, 3H), 6.32 (ddd, J = 8.4, 2.1, 0.8 Hz, 1H), 7.06 (t, J = 8.4

Hz, 1H), 7.17-7.31 (m, 5H); 13C NMR (75 MHz, CDC13) 5 53.03, 53.89, 54.88, 98.91,

101.19, 105.46, 116.21, 126.46, 126.71, 128.48, 129.71, 133.50, 138.77, 150.26, 160.63;

IR (oil/NaCl) 3085, 3936, 2836, 1612, 1501, 1453 cm“.

N-Allyl-N-isobutyl-m-methoxyaniline (L72). (80% yield, bp <4 mmHg 35-36

°C); 1H NMR (300 MHz, CDC13) 5 0.92 (d, J = 6.6 Hz, 6H), 2.06 (sept, J = 6.6 Hz, 1H),

3.06 (d, J = 7.2 Hz, 2H), 3.73 (s, 3H), 3.91 (dt, J = 4.8, 1.8 Hz, 2H), 5.09 (dq, J = 16.8,

1.8 Hz, 1H), 5.10 (dq, J =11.1, 1.8 Hz, 1H), 5.78 (ddt, J =16.8, 11.1, 4.8 Hz, 1H), 6.18-

6.32 (m, 3H), 7.04-7.11 (m, 1H); 13C NMR (75 MHz, CDC13) 5 20.33, 27.30, 53.96,

54.82, 58.93, 98.83, 100.27, 105.39, 115.82, 129.51, 133.82, 149.98, 160.58; IR

(oil/NaCl) 2955, 2870, 2836, 1611, 1576, 1499 cm'l.

N-(E-Z-hexene)-N-methyl-p-methoxyaniline (L97). (73% yield); 1H NMR (300

MHz, CDC13) 5 0.86 (t, J = 7.4 Hz, 3H), 1.36 (sext, J = 7.4 Hz, 2H), 1.98 (q, J = 7.4 Hz,

2H), 2.78 (s, 3H), 3.70 (s, 3H), 3.73 (bd, J = 5.4 Hz, 2H), 5.43 (dtt, J = 15.3, 5.7, 1.1 Hz,

1H), 5.56 (dtt, J = 15.3, 5.7, 1.1 Hz, 1H), 6.67-6.73 (m, 2H), 6.76-6.82 (m, 2H); 13C

NMR (75 MHz, CDC13) 5 13.46, 22.29, 34.22, 38.21, 55.41, 55.78, 114.41, 114.81,

125.66, 132.91, 144.55, 151.60; IR (oil/NaCl) 2957, 2932, 2872, 2832, 1620, 1562, 1464

cm'l.

N-(E-z-hexene)-N-methyl-m-methoxyaniline (L100). (72% yield); 1H NMR

(300MHz, CDC13) 5 0.86 (t, J = 7.4 Hz, 3H), 1.36 (sext, J = 7.4 Hz, 2H), 1.98 (q, J = 7.4

Hz, 2H), 2.85 (s, 3H), 3.74 (s, 3H), 3.81 (dd, J = 5.4, 0.9 Hz, 2H), 5.42 (m, 1H), 5.55 (m,

1H), 6.21-6.28 (m, 2H), 6.31-6.36 (m, 1H), 7.09 (td, J = 8.0, 0.7 Hz, 1H); 13C NMR (75

MHz, CDC13) 5 13.48, 22.29, 34.20, 37.57, 54.41, 54.80, 98.91, 100.97, 105.58, 125.18,

129.55, 132.63, 150.88, 160.59; IR (oil/NaCl) 2959, 2872, 2836, 1607, 1503, 1456 cm'l.

Formation ofN-Isobutyl-m-methoxyaniline (L72) by a Modified N-alkylation

Procedure. The aniline (4.00 g, 35.5 mmol) and isobutyl bromide (2.22 g, 16.2 mmol)

were taken up in a 4:1 ethanolzwater mixture (65 mL) along with Na2CO3 (1.02 g, 9.7
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mmol). After stirring at reflux for 48 h the ethanol was removed under reduced pressure

and the crude oil purified by flash column chromatography (silica, 230-400 mesh; eluent

- 10:90 Ethdow boiling petroleum ether). The solvents were evaporated and product

distilled under vacuum to give (1.21 g, 6.3 mmol) 78% yield of the L72. 1H NMR (300

MHz, CDC13) 5 0.96 (d, J = 6.7 Hz, 6H), 1.86 (nonet, J = 6.7 Hz, 1H), 2.89 (d, J = 6.7

Hz, 2H), 3.72 (bs, 1H), 3.77 (s, 3H), 6.14 (t, J = 2.4 Hz, 1H), 6.18-6.26 (m, 2H), 7.05 (t, J

= 8.1 Hz, 1H); 13C NMR (75 MHz, CDC13) 5 20.40, 27.95, 51.72, 54.94, 98.50, 101.95,

105.81, 129.83, 149.93, 160.80; IR (oil/NaCl) 3407 (broad), 2957, 2870, 2836, 1617,

1497 cm‘l.

General Method for N-Alkylation of Indole and Acetanilide. The indole or

acetanilide (10.0 mmol, 1.0 equiv) was added to a previously prepared mixture of crushed

KOH (40.0 mmol, 4.0 equiv) in DMSO (20 mL) and allowed to stir 45 min at room

temperature. After cooling the mixture in an ice bath for several minutes, the alkyl

bromide or alkyl iodide (20.0 mmol, 2.0 equiv) was then added. After stirring at room

temperature for 1 h, a large excess of water was added and the product mixture extracted

with Et20. The Et20 was then removed under reduced pressure and the crude oil purified

by flash column chromatography (silica, 230-400 mesh; eluent - 5:95 EtzOzlow boiling

petroleum ether). The solvents were evaporated and the alkylated anilines distilled under

vacuum or recrystallized.

N-Allylacetanilide (L55). (75% yield, mp 44-46 °C); 1H NMR (300 MHz,

CDC13) 5 1.86 (s, 3H), 4.30 (d, J = 6.3 Hz, 2H), 5.04 (s, 1H), 5.10 (d, J = 7.8 Hz, 1H),

5.87 (ddt, J = 17.1, 10.2, 6.3 Hz, 1H), 7.17 (d, J = 6.9 Hz, 2H), 7.36 (m, 3H); 13C NMR

(75 MHz, CDC13) 5 22.47, 51.77, 117.53, 127.64, 127.86, 129.34, 132.95, 142.78; IR

(KBr) 3008, 1645, 1593, 1501, 1399, 1277, 1009, 916, 708, 662 cm'l.

N-Allylindole (L59). (73% yield); 1H NMR (300 MHz, CDC13) 5 4.87 (dt, J =

7.0, 1.5 HZ, 2H), 5.43 (dq, J = 17.1, 1.5 Hz, 1H), 5.57 (dq, J = 10.5, 1.5 Hz, 1H), 6.29

(ddt, J = 21.0, 10.5, 5.3 Hz, 1H), 7.08 (dd, J = 3.0, 0.8 Hz, 1H), 7.42 (d, J = 3.0 Hz, 1H),

7.74 (m, 3H), 8.25 (d, J = 8 Hz, 1H); 13C NMR (75 MHz, CDC13) 5 48.13, 101.07,

109.40, 116.49, 119.18, 120.68, 121.23, 127.52, 128.48, 133.22, 135.83; IR (oil/NaCl)

3086, 2859, 1645, 1511, 1465, 1316, 1259, 1013, 992, 924, 737, 718 cm'l.

m-Nitroanisole (L76). (54% yield, mp 35-38 °C); 1H NMR (300 MHz, CDC13)

5 3.88 (s, 3H), 7.32 (ddd, J = 8.4, 2.7, 0.9 Hz. 1H), 7.43 (t, J = 8.1 Hz, 1H), 7.73 (t, J =

2.4 Hz, 1H), 7.82 (ddd, J = 7.2, 2.1, 1.2 Hz, 1H); 13C NMR (75 MHz, CDC13) 5 55.83,

108.15, 115.75, 121.27, 121.36, 129.93, 121.01, 149.27, 160.16; IR (KBr) 2832, 1530,

1352, 1250, 1042, 801, 739, 671 cm'l.
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Formation of m-Nitrophenol (L75) from m-Nitroaniline. To a stirred mixture

of m-nitroaniline (2.87 g, 20.8 mmol) in 35% aqueous sulfuric acid (50 mL), 50 g of ice

was added followed by sodium nitrite (1.70 g, 25.0 mmol) in water (20 mL). After 5 min

several crystals of urea were added and the mixture then allowed to continue stirring for

an additional 5 min. A solution of cupric nitrate (466.50 g, 2050 mmol) in water (900

mL), and cupric oxide (2.80 g, 19.6 mmol) were then added and the solution allowed to

warm to room temperature. After 1 h the dark green mixture was extracted with Et20

(15 X 50 mL). The solvent was removed under reduced pressure and the solid

recrystallized from Et20/low boiling petroleum ether to give a yellow solid (2.40 g, 20.1

mmol) in 83% yield. (mp 95-97 °C); 1H NMR (300 MHz, CDC13) 5 7.21 (dd, J = 8.1,

1.8 Hz, 1H), 7.40 (t, J = 9.0 Hz, 1H), 7.63 (m, 2H), 9.21 (s-br, 1H); 13C NMR (75 MHz,

CDC13) 5 110.64, 115.02, 122.71, 131.07, 149.98, 158.86, 207.29; IR (KBr) 3391

(broad), 1522, 1350, 1300, 1078, 818, 739, 673 cm'l.

Formation of m-Nitroanisole (L76) from m-Nitmphenol (L75) Using K2CO3

in Acetone. m-Nitrophenol (0.50 g, 3.6 mmol) and methyl iodide (0.27 g, 7.2 mmol)

were added to a stirred mixture of K2CO3 (1.02 g, 7.2 mmol) in dry acetone (7.2 mL).

After stirring for 14 h at room temperature, the mixture was filtered and the solvents

removed under reduced pressure. The crude oil was purified by flash column

chromatography (silica, 230-400 mesh; eluent - 10:90 Et20:10w boiling petroleum ether).

The solvents were evaporated to give the desired product (0.32 g, 0.3 mmol) in 58%

yield. Spectroscopic data was identical to that reported for the product obtained by the

general N-alkylation of Indole and Acetanilide procedure.

Formation of m-Nitroanisole (L76) from m-Nitrophenol (L75) Using

Na2CO3 in Aqueous Ethanol. m-Nitrophenol (0.50 g, 3.6 mmol) and methyliodide

(2.04 g, 14.4 mmol) were taken up in 7.2 ml. of a 4:1 ethanol/water mixture along with

Na2C03 (0.76 g, 7.2 mmol). After stirring at room temperature for 14 h the ethanol was

removed under reduced pressure, the crude oil purified by flash column chromatography

(silica, 230-400 mesh; eluent - 5:95 Et20:1ow boiling petroleum ether). The solvents

were evaporated to give m-nitroanisole (0.54 g, 3.5 mmol) in 98% yield. Spectroscopic

data was identical to that reported for the product obtained by the general N—alkylation of

Indole and Acetanilide procedure.

Formation of m-Methoxyaniline (L70) from m-Nitroanisole (L76). To a

mixture of TiCl4 (1.19 mL, 11.0 mmol) and NaBH4 (1.25 g, 33.0 mmol) in

dimethoxyethane (40 mL) was slowly added a solution of m-nitroanisole (1.53 g, 10.0

mmol) in dimethoxyethane (10 mL) at 0 °C. After 14 h at room temperature the reation

mixture was cooled to 0 °C and quenched by carefuu addtion of excess water. Extraction
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of the reaction mixture with Et20 followed by solvent removal at reduced pressure

afforded a crude oil which was purified by flash column chromatography (silica, 230-400

mesh; eluent - 5:95 Et20:low boiling petroleum ether). The solvents were evaporated to

give m—methoxyaniline (1.84 g, 15.0 mmol) in 75 % yield. 1H NMR (300 MHz, CDC13)

5 3.66 (s-br, 2H), 3.74 (s, 3H), 6.21 (t, J = 2.4 Hz, 1H), 6.29 (dddd, J = 15.9, 8.4, 2.4, 0.9

Hz, 2H), 7.05 (t, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDC13) 5 54.95, 100.93, 103.79,

107.79, 129.99, 147.74, 160.63; IR (oil/NaCl) 3372 (broad), 3002, 2838, 1603, 1496,

1461, 1208, 1173, 1159, 1037, 739, 689 cm‘l.

In a separate reaction acetone was allowed into the reaction mixture during

quenching affording N—isopropyl-m-methoxyaniline. 1H NMR (300 MHz, CDC13) 5 1.18

(d, J = 6.0 Hz. 6H), 3.47 (s-br, 1H), 3.85 (p, J = 6.3 Hz, 1H), 3.74 (s, 3H), 6.13 (t, J = 2.1

Hz, 1H), 6.18 (dd, J= 8.1, 2.7 Hz, 1H), 6.23 (dd, J: 8.1, 2.7 Hz, 1H), 7.05 (t, J = 8.1 Hz,

1H); 13C NMR (75 MHz, CDC13) 5 22.88, 44.09, 54.89, 99.02, 101.83, 106.28, 129.85,

148.80, 160.75; IR (oil/NaCl) 3395 (broad), 2967, 2872, 2836, 1617, 1512, 1497, 1211,

830, 756, 689 cm‘l.

Alternate Method for the Formation of N-Tosylaniline (L54) from Aniline

and Tosyl Chloride. Aniline (2.50 g, 26.9 mmol) and tosyl chloride (5.65 g, 29.6 mmol)

were added to chlorobenzene (54 mL) and heated at reflux for 18 h. After cooling, the

solvent was removed under reduced pressure to give a solid. Recrystallization of the

solid from Et20/low boiling petroleum ether under aspirator vacuum gave N-tosylaniline

(4.40 g, 17.7 mmol) in 66% yield. Spectroscopic data was identical to that reported for

the LS4 obtained by the general N-alkylation procedure.

General Method for the Lewis Acid Catalyzed Rearrangement of N-Allyl-N-

alkylanilines. The aniline (0.5-2.0 mmol, 1.0 eq) and the catalyst (0.6—2.4 mmol, 1.2 eq)

were added to dry xylenes or toluene (0.5 M relative to the aniline) at -78 °C along with

an internal standard of decalin. The reaction was heated to the appropriate temperature

and allowed to react as described in the text. The reaction was then quenched at 0 °C by

addition of a 15% aqueous NaOH solution and the organics concentrated. The crude

products were isolated and purified by flash column chromatography (silica, 230-400

mesh; eluent, 5:95 Et20:10w boiling petroleum ether).

Formation of N-Methyl-o-allylaniline (L77) by Acid Catalyzed

Rearrangement of N-Allyl-N-methylaniline (L49). (45% yield): 1H NMR (300 MHz)

(CDC13) 5 2.83 (s, 3 H), 3.26 (bd, J = 6.1 Hz, 2H), 3.73 (bs, 1H), 5.08 (dq, J = 16.7, 1.8

Hz, 1H), 5.10 (dq, J = 10.4, 1.8 Hz, 1H), 5.93 (ddt, J = 16.7, 10.4, 6.1 Hz, 1 H), 6.63 (d, J

= 8.2 Hz, 1H), 6.70 (td, J = 7.4, 1.1 Hz, 1H), 7.03 (dd, J = 7.4, 1.1 Hz, 1H), 7.12 (td, J =

7.4, 1.6 Hz, 1H); 13C (75.5 MHz) (CDC13) 5 30.54, 36.21, 109.73, 115.97, 116.93,
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123.39, 127.59, 129.47, 135.95, 147.22; IR (oil/NaCl) 3436 (broad), 3075, 2978, 2894,

2815, 1634, 1605, 1514, 1466 cm’l.

Formation of o-Allyl-N -benzylaniline (L87) by Acid Catalyzed

Rearrangement of N-Allyl-N-benzylaniline (L50). 1H NMR (300 MHz, CDC13) 5

3.34 (bd, J = 6.3 Hz, 21-1), 4.10 (bs, 1H), 4.34 (s, 2H), 5.07 (dq, J = 16.8, 1.7 Hz, 1H),

5.11 (dq, J = 10.5, 1.7 Hz, 1H), 5.95 (ddt, J = 16.8, 10.5, 6.3 Hz, 1H), 6.62 (d, J = 7.4 Hz,

1H), 6.70 (td, J = 7.4, 0.9 Hz, 1H), 7.06 (dd, J = 7.4, 1.2 Hz, 1H), 7.12 (td, J = 7.4, 1.5

Hz, 1H), 7.22-7.37 (m, 5H); 13C NMR (75 MHz, CDC13) 5 36.50, 48.13, 110.69, 116.29,

117.34, 123.49, 127.12, 127.35, 127.68, 128.57, 129.78, 135.93, 139.41, 146.11; IR

(oil/NaCl) 3440 (broad), 3031, 2888, 2843, 1633, 1603, 1510 cm'l.

Formation of o-Allyl-N-methyl-p-methoxyaniline (L88) by Acid Catalyzed

Rearrangement of N-Allyl-N-methyl-p-methoxyaniline (L60). 1H NMR (300 MHz,

CDC13) 5 2.81 (s, 3H), 3.25 (dt, J = 6.0, 1.7 Hz, 2H), 3.37 (bs, 1H), 3.74 (s, 3H), 5.07

(dq, J = 17.1, 1.7 Hz, 1H), 5.12 (dq,J = 10.2, 1.7 Hz, 1H), 5.93 (ddt, J = 17.1, 10.2, 6.0

Hz, 11-1), 6.58 (d, J = 8.7 Hz, 1H), 6.70 (d, J = 3.0 Hz, 1H), 6.76 (dd, J = 8.7, 3.0 Hz, 1H);

13C NMR (75 MHz, CDC13) 5 31.37, 36.31, 55.70, 110.96, 112.02, 116.23, 116.50,

125.45, 135.76, 141.65, 151.81; IR (oil/NaCl) 3422 (broad), 2938, 2832, 2808, 1638,

1514, 1464 cm'l.

Formation of o-AIlyl-N-benzyl-p-methoxyaniline (L89) by Acid Catalyzed

Rearrangement of N-Allyl-N-benzyl-p-methoxyaniline (L62). 1H NMR (300 MHz,

CDC13) 5 3.29 (dt, J = 6.0, 1.5 Hz, 2H), 3.72 (s, 3H), 3.78 (bs, 1H), 4.28 (s, 2H), 5.06

(dq, J = 17.1, 1.5 Hz, 1H), 5.11 (dq,J = 10.5, 1.5 Hz, 1H), 5.94 (ddt, J = 17.1, 10.5, 6.0

Hz, 1H), 6.57 (d, J = 8.4 Hz, 1H), 6.67 (d, J = 3.0 Hz. 1H), 6.66-6.73 (m, 1H), 7.21-7.37

(m, 5H); 13C NMR (75 MHz, CDC13) 5 36.46, 48.89, 55.65, 111.94, 112.02, 116.39,

116.55, 125.50, 127.05, 127.39, 128.51, 135.69, 139.67, 140.34, 151.93; IR (oil/NaCl)

3430 (broad), 3063, 2936, 2832, 1636, 1509, 1466 cm'l.

Formation of N-Methyl-2-allyl-3-methoxyaniline (Minor Isomer, L90) and N-

Methyl-Z-allyl-S-methoxyaniline (Major Isomer, L91) by Acid Catalyzed

Rearrangement of N-Allyl-N-methyl-m-methoxyaniline (L67). Minor Isomer: 1H

NMR (300 MHz, CDC13) 5 2.84 (s, 3H), 3.38 (dt, J = 6.0, 1.9 Hz, 2H), 3.78 (bs, 1H),

3.80 (s, 3H), 5.02 (dq, J = 17.4, 1.8 Hz, 1H), 5.03 (dq, J = 9.3, 1.8 Hz, 1H), 5.88 (ddt, J =

17.4, 9.3, 6.0 Hz, 1H), 6.35 (d, J = 8.4 Hz, 1H), 6.38 (d, J = 8.4 Hz, 1H), 7.14 (t, J = 8.4

Hz, 1H); 13C NMR (75 MHz, CDC13) 5 27.90, 31.04, 55.78, 100.66, 103.68, 114.76,

125.90, 127.67, 136.05, 148.70, 157.60; IR (oil/NaCI) 3438 (broad), 3077, 2939, 2836,

2815, 1601, 1591, 1478 cm'l. Major Isomer: 1H NMR (300 MHz, CDC13) 5 2.82 (s,

3H), 3.21 (dt, J = 6.0, 1.8 Hz, 2H), 3.77 (bs, 1H), 3.79 (s, 3H), 5.05 (dq, J = 16.8, 1.8 Hz,
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1H), 5.08 (dq, J = 10.8, 1.8 Hz, 1H), 5.91 (ddt, J = 16.8, 10.8, 6.0 Hz, 1H), 6.19-6.27 (m,

2H), 6.93 (d, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDC13) 5 30.62, 35.69, 55.10, 97.19,

100.74, 115.79, 116.31, 130.17, 136.53, 148.51, 159.83; IR (oil/NaCl) 3438 (broad),

3077, 2938, 2834, 2809, 1617, 1520 cm'l.

Formation of N-Benzyl-Z-allyl-3-methoxyaniline (Minor Isomer, L92) and N-

Benzyl-Z-allyl-5-methoxyaniline (Major Isomer, L93) by Acid Catalyzed

Rearrangement of N-Allyl-N-benzyl-m-methoxyaniline (L69). Minor Isomer: 1H

NMR (300 MHz, CDC13) 5 3.42 (dt, J = 6.0, 1.8 Hz, 2H), 3.79 (s, 3H), 4.16 (bs, 1H),

4.34 (s, 2H), 5.01 (dq, J = 16.8, 1.8 Hz, 1H), 5.02 (dq, J = 11.0, 1.8 Hz, 1H), 5.89 (ddt, J

= 16.8, 11.0, 5.4 Hz, 1H), 6.32 (bd, J = 8.4 Hz, 1H), 6.37 (d, J = 8.4 Hz, 1H), 7.06 (t, J =

8.4 Hz, 1H), 7.21-7.36 (m, 5H); 13C NMR (75 MHz, CDC13) 5 28.02, 48.35, 55.77,

100.81, 104.50, 114.97, 127.06, 127.30, 127.65, 128.55, 128.62, 135.93, 139.61, 147.43,

157.90; IR (oil/NaCl) 3440 (broad), 2936, 2836, 1634, 1599, 1476 cm'l. Major Isomer:

1H NMR (300 MHz, CDC13) 5 3.25 (dt, J = 6.0, 1.8 Hz, 2H), 3.72 (s, 3H), 4.13 (bs, 1H),

4.31 (s, 2H), 5.05 (dq, J = 17.1, 1.8 Hz, 1H), 5.09 (dq, J = 10.5, 1.8 Hz, 1H), 5.93 (ddt, J

= 17.1, 10.5, 6.0 Hz, 1H), 6.19-6.27 (m, 2H), 6.95 (d, J = 8.1 Hz, 1H), 7.20-7.37 (m, 5H);

13C NMR (75 MHz, CDC13) 5 35.82, 48.12, 55.04, 97.96, 101.16, 115.95, 116.22,

127.15, 127.38, 128.57, 130.32, 136.41, 139.21, 147.22, 159.68; IR (oil/NaCl) 3438

(broad), 3063, 2834, 1617, 1586, 1520, 1466 cm'l.

Formation of N-Isobutyl-2-allyl-3-methoxyaniline (Minor Isomer, L94) and

N-Isobutyl-2-allyl-5-methoxyaniline (Major Isomer, L95) by Acid Catalyzed

Rearrangement of N-Allyl-N-Isobutyl-m-methoxyaniline (L72). Minor Isomer: 1H

NMR (300 MHz, CDC13) 5 0.97 (d, J = 6.6 Hz, 6H), 1.89 (nonet, J = 6.6 Hz, 1H), 2.92

(d, J = 6.6 Hz, 2H), 3.39 (dt, J = 5.7, 1.8 Hz, 2H), 3.79 (s, 3H), 3.83 (bs, 1H), 5.03 (dq, J

= 10.8, 1.8 Hz, 1H), 5.06 (dq, J = 16.8, 1.8 Hz, 1H), 5.88 (ddt, J = 16.8, 10.8, 5.7 Hz,

1H), 6.31 (d, J = 8.2 Hz, 1H), 6.33 (d, J = 8.2 Hz, 1H), 7.09 (t, J = 8.2 Hz, 1H); 13C

NMR (75 MHz, CDC13) 5 20.57, 28.00, 28.13, 51.89, 55.76, 100.17, 104.03, 110.84,

114.91, 127.58, 136.30, 147.90, 157.67; IR (oil/NaCl) 3430 (broad), 3076, 2959, 2870,

2836, 1635, 1601, 1476 cm‘l. Major Isomer: 1H NMR (300 MHz, CDC13) 5 0.98 (d, J =

6.7 Hz, 6H), 1.91 (nonet, J = 6.7 Hz, 1H), 2.91 (d, J = 6.7 Hz, 2H), 3.24 (dt, J = 6.3, 1.8

Hz, 2H), 3.79 (s, 3H), 3.83 (bs, 1H), 5.06—5.16 (m, 2H), 5.93 (ddt, J = 17.7, 9.6, 6.3 Hz,

1H), 6.17-6.24 (m, 2H), 6.94 (d, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDC13) 5 20.58,

27.84, 36.14, 51.59, 55.12, 97.42, 100.43, 115.88, 116.08, 130.33, 136.82, 147.74,

159.79; IR (oil/NaCl) 3432 (broad), 3079, 2957, 2870, 2834, 1617, 1588, 1520 cm’l.

Formation of N-Methyl-Z-(2-vinylpentane)-3-methoxyaniline (Minor Isomer,

L102), N-Methyl-Z-(Z-vinylpentane)-5-methoxyaniline (Major Isomer, L101) as well
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as N-Methyl-3-methoxy-4-(2-E-hexene)-aniline (E-Isomer, L103) by Acid Catalyzed

Rearrangement of N-trans-Z-Hexene-N-methyl-m-methoxyaniline (L100). Minor

Isomer: 1H NMR (300 MHz, CDC13) 5 0.87 (t, J = 7.2 Hz, 3H), 1.07-1.37 (m, 2H), 1.70-

1.89 (m, 2H), 2.77 (s, 3H), 3.77 (s, 3H), 3.98-4.17 (m, 2H), 5.07 (dt, J = 6.6, 2.4 Hz, 1H),

5.12 (d, J = 2.4 Hz, 1H), 6.11 (m, 1H), 6.30 (bd, J = 8.1 Hz, 2H) 6.37 (bd, J = 8.1 Hz,

1H), 7.10 (t, J = 8.1 Hz, III); 13C NMR (75 MHz, CDC13), 5 14.18, 21.11, 31.06, 32.49,

37.58, 55.78, 100.89, 104.45, 113.37, 114.28, 127.58, 141.64, 148.91, 158.10; IR

(oil/NaCl) 3426 (broad), 2919, 2848, 1588, 1476 cm'l. Major Isomer: 1H NMR (300

MHz, CDC13) 5 0.92 (t, J = 7.4, 3H), 1.21-1.48 (m, 2H), 1.62-1.81 (m, 2H), 2.82 (s, 3H),

3.15 (bq, J = 7.4 Hz, 1H), 3.79 (s, 3H), 3.87 (bs, 1H), 5.01 (dt, J = 11.7, 1.4 Hz, 1H), 5.06

(dt, J = 10.5, 1.4 Hz, 1H), 5.81(ddt, J = 17.7, 10.5, 7.4 Hz, 1H), 6.22 (d, J = 2.4 Hz, 1H),

6.28 (dd, J = 8.4, 2.4 Hz, 1H), 6.98 (d, J = 8.4 Hz, 1H); 13c NMR (75 MHz, CDC13) 8

14.09, 20.75, 30.80, 35.48, 43.19, 55.04, 97.49, 100.92, 114.13, 120.41, 127.59, 141.76,

148.28, 159.31; IR (oil/NaCl) 3438 (broad), 3077, 2959, 2930, 2872, 2836, 2807, 1615,

1586, 1463 cm'l. E-Isomer: 1H NMR (300 MHz, CDC13) 5 0.88 (t, J = 7.4 Hz, 3H),

1.37 (sext, J = 7.4 Hz, 2H), 1.97 (bq, J = 7.4 Hz, 2H), 2.82 (s, 3H), 3.20 (d, J = 7.4 Hz,

2H), 3.62 (bs, 1H), 3.79 (s, 3H), 5.43 (dtt, J = 15.0, 6.5, 1.4 Hz, 1H), 5.43 (dtt, J = 15.0,

6.5, 1.4 Hz, 1H), 6.13-6.20 (m, 2H), 6.94 (d, J = 7.8 Hz, 1H); 13C NMR (75 MHz,

CDC13) 5 13.69, 22.69, 31.03, 32.21, 34.66, 55.25, 96.26, 104.09, 118.56, 129.13,

130.07, 130.70, 149.03, 158.03; IR (oil/NaCl) 3413 (broad), 2957, 2930, 2872, 2836,

1618, 1516, 1464 cm'l.

Formation of N-Methyl-Z-(z-vinylpentane)-4-methoxyaniline (L99) by Acid

Catalyzed Rearrangement of N-Methyl-N-(trans-Z-hexene)-p-methoxyaniline (L97).

1H NMR (300 MHz, CDC13) 5 0.92 (t, J = 7.4 Hz, 3H), 1.22-1.48 (m, 2H), 1.62-1.81 (m,

2H), 2.80 (s, 3H), 3.26 (bq, J = 7.4 Hz, 2H), 3.47 (bs, 1H), 3.75 (s, 3H), 5.02 (dt, J =

17.1, 1.4 Hz, 1H), 5.06 (dt, J = 10.2, 1.4 Hz, 1H), 5.81 (ddd, J = 17.1, 10.2, 7.4 Hz, 1H),

6.57-6.66 (m, 1H), 6.71-6.76 (m, 2H); 13C NMR (75 MHz, CDC13) 5 14.03, 20.65, 31.54,

35.52, 43.50, 55.61, 111.10, 111.38, 114.24, 114.49, 129.87, 141.09, 141.35, 152.04; IR

(oil/NaCl) 3413 (m-broad), 3077, 2957, 2872, 2832, 2809, 1647, 1510, 1458 cm‘l‘.

Formation of l,2-Dimethyl-2,3-dihydroindole (L85) by Photochemical Ring

Closure of o-AllyI-N-methylaniline (L77). o-Allyl-N-methylaniline (0.12 g, 0.82 mmol)

and Argon degassed thiophene free benzene (41 mL) were placed in a pyrex tube and

subjected to a 450 Watt medium pressure Hg lamp. After 3.5 h the solvent was removed

under reduced pressure. The reaction had gone 50% to completion by G.C. The resulting

oil was separated by preparative TLC (silica) to give the desired product. 1H NMR (300

MHz, CDC13) 5 1.32 (d, J = 6.3 Hz, 3H), 1.71 (s, 3H), 2.59 (dd, J = 15.3, 10.5 Hz, 1H),
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3.08 (dd, J = 15.3, 8.1 Hz, 1H), 3.39 (qt, J = 2.4, 1.5 Hz, 1H), 6.45 (d, J = 7.8 Hz, 1H),

6.65 (td, J = 7.4, 0.9 Hz, 1H), 7.06 (m, 2H); 13C NMR (75 MHz, CDC13) 5 18.7, 33.7,

37.4, 62.8, 107.1, 117.8, 124.0, 127.3, 129.2; IR (oil/NaCl) 3073, 2921, 2815, 1605.

1586, 1514, 1466, 1312, 1264, 1065, 914, 748, 648 cm'l.

Formation of l,2-Dimethyl-2,3-dihydroindole (L85) by Hg(OAc)z Catalyzed

Ring Closure of o-Allyl-N-methylaniline (L77). o-Allyl-N-methylaniline (1.42 g, 9.66

mmol) was added to anhydrous methanol (48.3 mL) followed by addition of Hg(OAc)2

(3.69 g, 11.59 mol) at room temperature. After 1 h the reaction mixture was cooled to 0

°C and reduced by careful addition of NaBH4 (2 equiv, 0.5 M solution) in NaOH (2 N ).

After 20 h the reaction mixture was extracted repeatedly with Et20 and the organics

concentrated under reduced pressure. The crude oil was purified by flash column

chromatography (silica, 230-400 mesh; eluent - 1:99 EtzOzlow boiling petroleum ether).

The solvents were evaporated to give the desired product (0.14 g, 0.9 mmol) in 10%

yield.

Formation of 2,3-Dibromopropylbenzene (L106). To Mg turnings (15.29 g,

636.94 mmol) in dry Et20 (40.0 mL) was slowly added a solution of bromobenzene

(10.00 g, 63.69 mmol) in dry Et20 (23.7 mL). The Grignard reagent was allowed to form

over an hour at room temperature (the solution turned dark brown). The solution was

transfered via cannula to a dry flask. The temperature was lowered to 0°C and

allylbromide (9.35 g, 76.43 mmol) was added dropwise via syringe. The reaction was

allowed to warm to room temperature. After 14 h the reaction was quenched by addition

of water. The organics were collected and the aqueous layer washed with 4 portions of

ether (20.0 mL).

The organics were dried, collected and cooled to -78°C. To this mixture was

added Br2 (12.23 g, 76.43 mmol) dropwise. The solution was allowed to stirr for 1 h and

remained red. Solvent removal under reduced pressure gave an orange oil. The crude oil

was purified by flash column chromatography (silica, 230-400 mesh; eluent -5:95

Et20:low boiling petroleum ether). The solvents were evaporated to yield the desired

product as a clear oil (16.28 g, 92% yield); 1H NMR (300 MHz, CDC13) 5 3.13 (dd, J =

14.5, 8.3 Hz, 1 H), 3.51 (dd, J = 14.5, 4.8 Hz, 1 H), 3.63 (dd, J = 10.5, 8.9 Hz, 1 H), 3.85

(dd, J = 10.3, 4.2 Hz, 1 H), 4.37 (m, 1 H), 7.24-7.37 (m, 5 H); 13C NMR (75 MHz,

CDC13) 5 36.02, 42.00, 52.39, 127.18, 128.48, 129.48, 136.83; IR (oil/NaCl) 3106, 3031,

2938, 1497, 1431, 1252, 1219, 1142 cm'l.

Formation of 2,3-DibromopropyI-p-nitrobenzene (L107). To a mixture of

70% I-INO3 (26.6 mL) and 98% H2804 (33.7 mL) was added 2,3-Dibromopropylbenzene

(16.28 g, 58.58 mmol) dropwise at -15°C. The reaction was then allowed to warm to 0°C
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over 45 min. After an additional 15 min the reaction was cooled again to -15°C and

quenched by partitioning between water and ether. The organics were collected, dried

and the solvent removed under reduced pressure to give oils. The crude oils were

purified by flash column chromatography (silica, 230-400 mesh; eluent - Et20:low

boiling petroleum ether). The solvents were evaporated to give the desired pure product.

(13.66 g, 72% yield); 1H NMR (300 MHz, CDC13) 5 3.21 (dd, J = 14.6, 8.6 Hz, 1 H),

3.62 (t, J = 10.2 Hz, 1 H), 3.67 (dd, J = 14.6, 4.2 Hz, 1 H), 3.90 (dd. J = 10.7, 4.2 Hz, 1

H), 4.37 (m, 1 H), 7.42-7.51 (m, 2 H), 8.14-8.24 (m, 2 H); 13C NMR (75 MHz, CDC13) 5

35.31, 41.42, 50.74, 123.58, 130.38, 135.91, 144.13; IR (oil/NaCl) 3079, 2973, 2855,

1607, 1520, 1435, 1346, 1250 cm'l.

Formation ofp-Allylnitrobenzene (L108). To a solution of 2,3-dibromopropyl-

p-nitrobenzene (3.00 g, 9.28 mmol) in EtOH (92.8 mL) was added NaI (2.78 g, 18.58

mmol) as a single portion at room temperature. The reaction was heated at reflux for 1.5

h. NaI (2.78 g, 18.58 mmol) was again added in small portions. After 6 h total, the

reaction was allowed to cool to room temperature and stir for 14 h. The solvent was

removed under reduced pressure and the residue partitioned between CHC13 and aqueous

50% saturated sodium bicarbonate solution. The organics were collected, dried and the

solvent removed under reduced pressure to give an oil. The crude oil was purified by

flash column chromatography (silica, 230-400 mesh; eluent - low boiling petroleum

ether). The solvents were evaporated to yield the desired product as a clear oil (1.05 g,

6.43 mmol) in 69% yield. 1H NMR (300 MHz, CDC13) 5 3.49 (d, J = 6.6 Hz, 2 H), 5.12

(dq, J = 16.9, 1.6 Hz, 1 H), 5.16 (dq, J = 10.2, 1.6 Hz, 1 H), 5.94 (ddt, J = 16.9, 10.2, 6.6

Hz, 1 H), 7.32-7.37 (m, 2 H), 8.10-8.70 (m, 2 H); 13C NMR (75 MHz, CDC13) 5 39.86,

117.37, 121.28, 123.64, 129.35, 135.44, 147.77; IR (oil/NaCl) 3081, 2853, 1640, 1605,

1518, 1346 cm‘l.

Preparation ofp-Allylaniline (L109). To a solution ofp-allylnitrobenzene (0.55

g, 3.37 mmol) in benzene (20.0 mL) was added activated Fe (5.00 g, 89.28 mmol) and

water (2.0 g, 111.11 mmol). The reaction was brought to reflux. After 2 h a trace of HCl

was added to the reaction along with a several drops of water. After 12 h the reaction

was quenched by partitioning between water and EtzO. The organics were separated,

dried and the solvents removed under reduced pressure to yield an oil. The crude oil was

purified by flash column chromatography (silica, 230-400 mesh; eluent - Et20:low

boiling petroleum ether). The solvents were evaporated to yield the desired product as an

oil (0.43 g, 95% yield); 1H NMR (300 MHz, CDC13) 5 3.28 (d, J = 6.6 Hz, 2 H), 3.56 (s-

br, 2 H), 5.02 (dq, J = 10.3, 1.7 Hz, 1 H), 5.04 (dq, J = 17.1, 1.7 Hz, 1 H), 5.94 (ddt, J =

17.1, 10.3, 6.7 Hz, 1 H), 6.61-6.65 (m, 2 H), 6.95-7.00 (m, 2 H); 13C NMR (75 MHz,
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CDC13) 5 39.36, 115.06, 115.25, 129.34, 130.02, 138.18, 144.45; IR (oil/NaCl) 3436

(broad), 3355 (broad), 3218 (broad), 3077, 3004, 2897, 1624, 1516, 1435, 1273 cm'l.

Formation of N-MethyI-p-allylaniline (L104). The p-allylaniline (0.20 g, 1.50

mmol) and Mel (0.05 g, 0.38 mmol) were taken up in a 4:1 ethanol:water mixture (3.0

mL) along with Na2CO3 (0.02 g, 0.22 mmol). After stirring at room temperature for 14 h

the ethanol was removed under reduced pressure and the crude oil purified by flash

column chromatography (silica, 230-400 mesh; eluent - 5:95 Et20:low boiling petroleum

ether). The solvents were evaporated to give a clear colorless oil. (0.06 g, 37% yield); 1H

NMR (300 MHz, CDC13) 5 2.82 (s, 3 H), 3.28 (d, J = 6.9 Hz. 2 H), 3.60 (s-br, 1 H), 5.01

(dq, J = 10.2, 1.7 Hz, 1 H), 5.04 (dq, J = 16.8, 1.7, 1 H), 5.95 (ddt, J = 16.8, 10.2, 6.9, 1

H), 6.54-6.59 (m, 2 H), 6.99-7.03 (m, 2 H); 13C NMR (75 MHz, CDC13) 5 30.96, 39.37,

112.58, 114.93, 128.69, 129.29, 138.37, 147.69; IR (oil/NaCl) 3413 (broad), 2977, 2893,

2813, 1615, 1522, 1318, 1264, 1063 cm'l.
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CHAPTER II.

AZA-ANNULATION AS A ROUTE TO HYDROXYLATED ALKALOIDS:

THE TOTAL SYNTHESES OF

D-MANNONOLACTAM AND DEOXYMANNOJIRIMYCIN

Introduction.

Naturally occurring piperidine alkaloids exhibit a wide variety of biological

activities.1 Although found in a number of organisms, these alkaloids possess alike

stereochemical arrays similar to those found in simple sugars such as glucose (II-l), D-

mannose (II-2), and fucose (II-3) (Figure II-l). For example, deoxymannojirimycin (II-

4), with stereochemistry similar to 1L2, is an inhibitor of both bovine a-L—fucosidase and

mannosidase I for glycoprotein processing. D-mannonolactam (II-7) inhibits both a-D-

mannosidase and 01-D-glucosidase.2 Deoxynojirimycin (II-4), stereochemically similar to

II-l, has exhibited selective inhibition of a-glucosidases I, and II without effective

inhibition of a-mannosidase.3 The more lipophilic alkaloids, prosopinine (II-5) and

cassine (II-8) are also very biologically active.4 A convergent route to these alkaloids

would thus be beneficial.

While compounds IL6 and IL7 have been prepared from their sugar analogs,5 an

efficient and convergent synthesis of these compound types from simple organic molecules

has not been previously reported (Scheme II-l). Key to the preparation of any of the

aforementioned alkaloids is the construction of the piperidine ring of the type represented

by II-ll (Figure II-2). In II-ll, particular attention to the stereochemistry of C—4 relative

to GS is critical. Protected hydroxyl functionality at C-4 and C-6 must also be

incorporated. Further stereochemical features at C-2 and 03 must then be incorporated

efficiently and specifically relative to the first two. Adding the tether to C—1 could then be

executed if desired. It is the objective of this work to use the aza-annulation in the design

of a convergent route toward the preparation of these highly active compounds.
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Figure II-l. Hydroxylated Piperidine Alkaloids and Stereochemically Similar Sugars
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Scheme ILl. Preparation of IL6 and IL7 from Sugar Analogs

 

 

 

 

OH

OH

HO “OH

° , HO .“OH

OH '

0 v H02CHO ‘o”/0H

H

IL7 II-9

OH

OH

HO “OH

‘ , HO ‘“OH

OH '

N HOHfiI

I HO CHO

H

IL6 IL10

Figure II-2. Alkaloid Precursor Target

“‘0?

IkOP

0 t
P

I-llI
I
I

Results and Discussion.

The initial piperidine ring system was prepared via aza-annulation.5 Desired

substitution at 05 as well as at C-4 was incorporated at the onset, in the preparation of the

initial B-diketone, B—ketoester, or acetylenic ester. In the simplest instance, benzylamine

was added to acetoacetone to form the enamine which was annulated with acryloyl chloride

to give II-12 in 94% yield (Scheme II-2). Reduction of II-12 to II-13 was afforded in

81% yield using Pd/C and H2. Baeyer-Villiger oxidation of IL13 (epimerized to an

equilibrium 24:76 ratio of cis:trans isomeric products) yielded II-l4 in 45% yield.

Subsequent hydrolysis of II-14 provided IL15 in 89% yield. Of particular interest were

the development of predictable conditions for cis-hydrogenation of II-12 and development

of an efficient method for the oxidation of II-13 to IL14.
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Scheme II-2. Preparation of Initial Precursor Analog II-lS
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Examination of a variety of oxidation conditions had been initiated prior to

optimization of the hydrogenation conditions.7 A series of oxidations were attempted using

IL12, which was a mixture of isomers at the reduced double bond (trans:cis, 10:90).

Conditions and percent reaction mixture as product are given in Table II- 1.
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Table II-l. Baeyer-Villiger Oxidation Studies on cis II-l3

 

Entryaeo Conditions“ time (hours) % rxn. mix

as prod}?

17a MCPBA, NaOAc, CHC13, reflux 96 4

27b FezCO3, benzaldehyde, C6H6, 02, RT 96 1

37c H202, Aczo, NaOAc, 0°C to RT 120 0

47d- 7° MCPBA, NaHCO3, CH2C12, RT 120 8

57f MCPBA, CH2C12, RT 120 18

678 MCPBA (2.6 eq), CF3COOH, CH2C12, RT 120 35

77h MCPBA, glacial HOAC, CH2C12, RT 120 33

878 MCPBA (2.6 eq), CF3COOH, CH2C12, reflux 72 51

978 MCPBA (5.2 eq), CF3COOH, CH2C12, reflux 72 60

1078 MCPBA, H2804, HOAC, CH2C12, reflux 48 12

1178 t—BuOH, CF3COOH, CH2C12, RT 24 0

1278 t-BuOH, CH2C12, reflux 24 0

1378 MCPBA (10.4 eq), CF3COOH, CH2C12, reflux 24 34

a Starting material was a mixture of isomers with a cis:trans ratio of 90:10. b The percent reaction

mixture as product was determined by G. C. without an internal standard.
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Since none of these sets of conditions yielded satisfactory results, and since all

prepared IL13 had been consumed, more II-12 was reduced. Reduction of IL12 under

more dilute conditions resulted in a product isomer ratio of 24:76 cis:trans (Table IL3).

Again, a series of oxidations was attempted. These yielded greatly improved results, even

under similar conditions (Table II-2).

Table II-2. Baeyer-Villiger Oxidation Studies on trans Substrate II-l3

 

Entryfief) Conditions“ Time (hours) % rxn. as

prodb(iso)

178 MCPBA (5.2 eq), CF3COOH, CH2C12, reflux 24 86 (41%)

278 MCPBA (5.2 eq), CF3COOH, CH2C12, reflux 10 75 (45%)

378 MCPBA (2.6 eq), CF3COOH, CH2C12, reflux 7.5 66 (43%)

478 MCPBA (2.6 eq), CF3COOH, CH2C12, reflux 10 67 (20%)

578 MCPBA (5.2 eq), CF3COOH, CHC13, reflux 14 89 (18%)

678 MCPBA (5.2 eq), CF3COOH, CH2C12, reflux 24 52 (22%)

a Starting material was a mixture of isomers with a cis:trans ratio of 24:76.b The percent reaction mixture

as product was determined by G. C. without an internal standard.

Because it appeared that the primarily trans substrate yielded superior results, a

series of reduction conditions were examined to try to maximixe the portion of trans II-l3

formed (Table IL3). The greatest percentage trans achieved was 76%. This represented

the approximate thermodynamic product distribution, as exhibited by several equilibration

studies. Several other sets of oxidation conditions were then attempted but yielded inferior

results to those indicated in Table II-2 (Table II-4).
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Table IL3. Various Conditions Used in the Palladium Mediated Reduction of II-12

Entry 5 Pd : mmol reactant Molarity (substrate) II-l3 cis:trans ratio“

1 1.0: 1 0.25 61 :39

2 0.2: 1 0.50 83 : 17

3 0.1: 1 0.50 69:31

4 0.1 :1 0.10 24 :76

5 0.1 : 1 0.05 32:68

b The cis to trans product ratio was determined by 1H NMR.

Table II-4. Continued Baeyer-Villiger Oxidation Studies of II-l3 to II-l4

End-W“) Ratio Conditions Trrne % rxn. as

cis : trans (hours) proda(iso)
 

17g 28 : 72 MCPBA (5.2 eq), CF3COOH, CHzClz, RT 24 62 (41%)

278 54 : 46 . MCPBA (5.2 eq), CF3COOH, CH2C12, RT 24 63 (32%)

37i 24 : 76 MCPBA (5.2 eq), NazHPO4, CH2C12, RT 36 23

471' 24 : 76 MCPBA (5.2 eq), stOH, CH2C12, RT 84 88 (18%)

57k 24 : 76 MCPBA (5.2 eq), NaHCO3, CH2C12, RT 12 9

671 24 : 76 MCPBA (5.2 eq), Li2C03, CH2C12, RT 84 30

77i 24 : 76 MCPBA (5.2 eq). NazHPO4, CH2C12 84 16

871 53 : 47 MCPBA (5.2 eq), stOH, CH2C12, reflux 60 68

a The percent reaction mixture as product was determined by G. C. without an internal standard.

To further indicate the role substrate structure might have been responsible for the

relatively low oxidation yields, compound II-l6 was reduced to II- 17 (62% yield) and

then oxidized to II-18 (Scheme IL3). Yield of the oxidan'on was 67%.
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Scheme IL3. Oxidation of Achiral Substrate Surrogate
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Efficient base catalyzed equilibration of cis II-13 to trans IL13 yielded a product

mixture that was consistently 30% cis to 70 % trans (Figure IL3). Baeyer Villiger

oxidation yielded only trans II-14 as detectable by NMR. Confirmation of

stereochemistry was achieved by comparison to known compounds8 and by comparison of

the final products to purchased standards.

Figure IL3. Epimirization of Model Compound ILl3
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69% cis : 31% trans LHMDS. THF. ~78°C - RT. 12 hrs 28% cis : 72% trans

61% cis : 39% trans DBU. THF. -78°C - RT. 12 hrs 30% cis : 70% trans
 

Extension of this methodology toward the preparation of compounds of the type

indicated by structure II-ll was then executed. Initially, propargyl alcohol was

deprotonated and protected using benzyl bromide to afford II-18 in 90% yield.

Deprotonation of the alkyne using BuLi, followed by reaction with II-20, gave the alcohol

II-21. Oxidation of IL21 with PCC provided IL22 in 54% yield.9 Aza-annulation of

II-22 in the usual manner provided IL23 in 33% yield. Hydrogenation of II-23

provided II-24 in 67% yield (Scheme II-4).
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Scheme IL4. Preparation of Alkaloid Precursor IL24
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A more efficient route toward compounds of the type indicated by II-ll was

initiated by acylation of II-l9 with ethylchloroformate by action of BuLi to provide II-25

in 88% yield. Aza-annulation of II-25 provided II-26 in 35% yield using acryloyl

chloride and in 62% yield using freshly prepared acrylic anhydride. Reduction of II-26

afforded II-27 in 80% yield and in a cis to trans ratio of 98:2. To prepare IL28 for use in

the Baeyer-Villiger oxidation, 81 modified Grignard reaction was used. Epimerization at the

position or to the ketone of cis IL28 with DBU afforded IL28 in a cis to trans ratio of

17:83. Overall yield for the 2 steps was 61%. Oxidation of IL28 provided IL29 in 56%

yield. Subsequent hydrolysis gave II-30 in 85% yield. Protection of II-30 was executed

using benzyl bromide to provide IL31 in 84% yield (Scheme II-5).lo
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Scheme II-S. Preparation of Alkaloid Precursor IL31
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An alternative route to the preparation of IL31 could be accessed from tetronic acid

(Scheme IL6). Annulation of tetronic acid using benzylamine and acrylic anhydride

afforded IL32 in 71% yield. Reduction of IL32 provided II-33 in 83% yield. Use of

the modified Grignard procedure to open the lactone yielded IL34 in 27% yield.

Protection of the C-6 alcohol using benzyl bromide was executed in 71% yield providing

II-28 as a mixture of cis and trans isomers in the ratio of 20:80 respectively.

Scheme IL6. Alternate Route to Alkaloid Precursor Preparation
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This alternate route was significant in that it could possibly allow access to a variety

of natural products with stereochemistry incorporated at C—6 (Scheme H-7). Alkylation of

II-35 (prepared from the respective carboxylic acid) provided II-36 in 80% yield. The

tetronic acid derivative, IL37, was then prepared in 35% yield.11 Aza-annulation of II-

37 in the usual fashion using acryloyl chloride afforded II-38 in 29% yield. Reduction of

II-38 provided IL39 in 70% yield as a mixture of isomers in the ratio of 70:30 .



54

Scheme IL7. Use of Alternate Route to Introduce Chiral Center

0 (I) 0

mo =

pyridine (73%) 50%

 

 

O

O

II-35 IL36

LDA,

THF

(35%)

0 0

l) BnNHz, C5H6, 80°C

I O t 2) l 1 hi °d THF I Oacryoy c on e,

0 If (29%) H0

Bn

II-38 II-37

1 atrn H2, Pd/C. EIOH

(70%) o

O

0 i
Bn

II-39

As a synthetic equivalent to ILl 1, IL31 proved to be a versatile substrate for the

preparation of alkaloids. For example, the preparation of 1L5 from IL31 was executed in

29% overall yield.10 Preparation of IL6, and IL7 were then executed from IL31 as

outlined in Scheme II-8. Selenation of IL31 followed by NaIO4 oxidation provided II-

40 in 78% yield.12 Stereospecific cis-dihydroxylation of IL40 using OsO4 in NMO gave

IL41 in 64% yield.13 Attempted protection of IL41 with benzyl bromide using KOH

afforded II-42 as the sole product. Direct reduction of the diol using LiAlH4 provided II-

43 in near quantative yield. Reductive removal of the protecting groups from II-43 using

Pd/C, H2, and with a trace of acid afforded IL6 in 52% yield. 14 Preparation of IL7 from

IL41 was executed smoothly by Li/NH3 reduction in 44% yield.15 Yields for the

preparation of IL5, IL6, and IL7 from II-18 were 3% overall for each (Scheme II-8).

DQ-COSY spectra of IL6 and IL7 are shown in Figure II-4 and Figure II-5,

respectively.
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Scheme IL8. Preparation of IL6 and IL7 fom Alkaloid Precursor
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Conclusion.

Stereochemically complex hydroxylated piperidine alkaloids can be efficiently

accessed through use of the aza-annulation. The O4 and C—5 substituent pattern may be

incorporated at the onset by aza-annulation substrate manipulation. The stereochemistry at

these positions may then be controlled through choice of reduction conditions. Trans

stereochemistry at 04 relative to 05 may be efficiently incorporated to an extent of >98:2

through use of the Baeyer-Villiger oxidation. Subsequent incorporation of cis

stereochemistry at the C-2 and C-3 positions may then be accessed through use 0s04 cis

hydroxylation. Comparison of IL6 with a purchased standard of the same compound

showed that all four stereocenters were incorporated as initially predicted from asymmetric

starting materials.
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Figure IL4. DQ-COSY Spectra of IL6
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Figure II-S. DQ-COSY Spectra of IL7
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Experimental Section.

General Methods. All reactions were carried out using standard inert

atmosphere techniques to exclude moisture and oxygen, and reactions were performed

under an atmosphere of nitrogen. Benzene, toluene and ether were distilled from

sodium/benzophenone immediately prior to use. Xylenes and decalin were heated over

calcium hydride for a minimum of 12 h and then distilled prior to use. LiAlH4 (1 M in

THF) was obtained from Aldrich Chemical Co. Unless specified, concentration of

mixtures was performed using a Buchi rotary evaporator.

For reactions in which a Dean—Stark trap was used, the trap was filled with

molecular sieves to a level below that of returning solvent turbulence. These were changed

during reactions in which additional reagent was added after the reactions initiation.

Molecular sieves were activated by heating in a 150 °c oven for at least 24 h prior to use.

Formation of II-12. To 2,4-pentanedione (25.00 g, 250.00 mmol) in C5H5

(500.0 mL) was added benzylamine (47.50 g, 250.00 mmol) and a catalytic amount ofp-

TsOH at room temperature. The reaction was fitted with a Dean - Stark trap, filled with

molecular sieves to a level below that of returning solvent turbulence, and heated at reflux.

After 12 h the reaction was cooled to room temperature and the solvent removed under

reduced pressure. THF (500.0 mL) and acryloyl chloride (38.45 g, 425.00 mmol) were

then added and the reaction again heated at reflux. After 14 h the reaction was cooled to

room temperature and the solvent removed under reduced pressure. The reaction mixture

was then chromatographed (silica, 230—400 mesh; eluent - 90:10 Et20:petroleum ether).

The solvents were evaporated to give a clear, colorless oil (54 g, 94% yield); 1H NMR

(300 MHz, CDC13) 5 2.21 (s, 3 H), 2.24 (s, 3 H), 2.53-2.68 (m, 4 H), 5.00 (s, 2 H),

7.12 (bd, J = 2.0, 2 H), 7.16-7.34 (m, 3 H); 13C NMR (75 MHz, CDC13) 5 15.72,

21.81, 29.33, 30.84, 44.22, 116.95, 125.65, 126.67, 128.28, 137.08, 145.83, 170.11,

198.32; IR (oil/NaCl) 3031, 2969, 2843, 1669, 1590, 1383, 1275, 1186 cm'l.

Formation of II-l3. To IL12 (10.00 g, 56.50 mmol) in EtOH (565.0 mL)

was added Na2C03 (20.96 g, 197.74 mmol) and 10% Pd/C (5.65 g). The reaction vessel

was purged with N2 and then flushed with and maintained under an atmosphere of H2.

After stirring for 16 h, the reaction mixture was filtered through a fine scintered glass

funnel and the solvent removed under reduced pressure. The resulting crude oil was

purified by flash column chromatography (silica, 230-400 mesh; eluent - Et20). The

solvents were evaporated to give a clear, colorless oil (8.19. g, 81% yield, 90: 10 cis:trans).

1H NMR (300 MHz, CDC13) (cis isomer) 5 1.07 (d, J = 6.6 Hz, 3 H), 2.06 (s, 3 H),

1.92-2.17 (m, 4 H), 2.48 (ddd, J = 18.3, 10.4, 8.0 Hz, 1 H), 2.61 (ddd, J = 18.3, 7.4,

2.0 Hz, 1 H), 2.79 (dt, J = 12.6, 4.2 Hz, 1 H), 3.84 (m, l H), 3.96 (d, J = 15.2 Hz, 1
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H), 5.31 (d, J = 15.2 Hz, 1 H), 7.22-7.36 (m, 5 H); 13C NMR (75 MHz, CDC13) (cis

isomer) 5 14.52, 17.33, 28.08, 29.96, 47.74, 51.03, 51.14, 127.04, 127.36, 128.28.

136.97, 168.67, 206.25; IR (oil/NaCl) 2975, 1713, 1640, 1163 cm‘l; HRMS calcd for

C15H19N02 mlz 245.1416, found mlz 245.1415.

Isomerization of IL13. To IL13 cis (0.20 g, 1.12 mmol) in THF (2.24 mL)

was added DBU (0.09 g, 0.56 mol) at room temperature. After 16 h the reaction was

terminated by addition of an equal volume of water. The organics were seperated and the

solvent removed under reduced pressure. The resulting crude oil was purified by flash

column chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were

evaporated to give a clear, colorless oil (0.20 g, >99% yield, 72% trans); 1H NMR (300

MHz, CDC13) (trans isomer) 5 1.22 (d, J = 6.6 Hz, 1 H), 1.89 (s, 3 H), 1.91-2.12 (m, 3

H), 2.35-2.63 (m, 3 H), 3.82 (m, 1 H), 4.01 (d, J = 15.2 Hz, 1 H), 5.23 (d, J = 15.2 Hz,

1 H), 7.22-7.34 (m, 5 H); 13c NMR (75 MHz, CDC13) (trans isomer) 5 19.53, 19.86,

27.47, 29.39, 46.98, 51.14, 52.26, 126.93, 127.78, 128.10, 136.97, 168.87, 207.05; IR

(oil/NaCl) 2975, 1713, 1640, 1163 cm‘l.

Formation of II-l4. To IL13 (76% trans) (1.00 g, 5.60 mmol) in CH2C12

(11.2 mL) was added m-CPBA (5.00 g, 29.20 mmol) and CF3C00H (0.60 g, 5.60

mol) at room temperature. The reaction was heated at reflux. After 14 h, the reaction

was cooled to room temperature and the solvent removed under reduced pressure. The

resulting slurry was brought up in a minimum amount of Et20 and purified by flash

chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to

give a clear, colorless oil (4.5 g, 41% yield, 100% trans) (mp = 66-67 °C); 1H NMR (300

MHz, CDC13) 5 1.24 (d, J = 6.7 Hz, 3 H), 1.89 (s, 3 H), 1.97 (m, 1 H), 2.16 (dddd, J =

14.7, 11.4, 7.5, 2.7 Hz, 1 H), 2.51 (ddd, J = 18.3, 7.5, 2.1 Hz, 1 H), 2.66 (ddd, J =

18.3, 11.4, 7.5 Hz, 1 H), 3.46 (qt. J = 6.7, 2.0 Hz, 1 H), 3.80 (d, J = 15.3 Hz, 1 H),

4.88 (dt, J = 3.9, 2.1 Hz, 1 H), 5.46 (d, J = 15.3 Hz, 1 H), 7.207.37 (m, 5 H); 13C

NMR (75 MHz, CDC13) 5 17.80, 20.75, 21.03, 26.81, 47.18, 54.38, 70.07, 127.19,

127.72, 128.32, 136.95, 168.57, 169.89; IR (oil/NaCl) 2975, 2942, 1736, 1634, 1482,

1246, 1179 cm'l; HRMS calcd for C15H19N03 mlz 261.1365, found m/z 261.1363.

Formation of IL15. To II-14 (0.10 g, 0.56 mmol) in water (0.6 mL) was

added crushed NaOH (0.04 g, 1.12 mol) at room temperature. The reaction was heated

at approximately 50°C. After 12 h, the product was extracted from the reaction mixture

with 6 portions of CHC13 (1.0 mL each). The organics were combined, dried, and the

solvent removed under reduced pressure. the product was recrystallized from Et20zlow

boiling petroleum ether giving white crystals. (0.06 g, 89% yield) (mp = 110-113 °C); 1H

NMR (300 MHz, CDC13) 5 1.18 (d, J = 6.6 Hz, 3 H), 1.88 (m, 1 H), 1.95-2.12 (m, 2
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H), 2.42 (ddd, J = 18.0, 7.3, 2.8 Hz, 1 H), 2.71 (ddd, J = 18.0, 10.8, 7.3 Hz, 1 H),

3.34 (m, 1 H), 3.83 (dt, J = 4.8, 2.8 Hz, 1 H), 3.95 (d, J = 15.2 Hz, 1 H), 5.35 (d, J =

15.2 Hz, 1 H), 7.20-7.35 (m, 5 H); 13C NMR (75 MHz, CDC13) 5 18.37, 24.05, 26.92,

47.42, 57.96, 68.45, 127.23, 127.78, 128.56, 137.33, 169.42; IR (oil/NaCl) 3289,

3023, 2890, 1609, 1453, 1175, cm]; HRMS calcd for C13H17N02 mlz 219.1259, found

mlz 219.1245.

Formation of IL17. To II-16 (0.24 g, 1.05 mmol) in EtOH (10.5 mL) was

added Na2CO3 (0.39 g, 3.67 mmol) and 10% Pd/C (0.10 g). The reaction vessel was

purged with N2 and then flushed with and maintained under an atmosphere of H2. After

stirring for 16 h, the reaction mixture was filtered through a fine scintered glass funnel and

the solvent removed under reduced pressure. The resulting crude oil was purified by flash

column chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were

evaporated to give a clear, colorless oil (0.15 g, 62% yield); 1H NMR (300 MHz, CDC13)

5 1.79-1.94 (m, 2 H), 2.14 (s, 3 H), 2.49 (ddd, J = 16.8, 10.4, 6.4 Hz, 1 H), 2.59 (ddd,

J = 17.8, 6.4, 4.4 Hz, 1 H), 2.79 (tdd, J = 9.9, 5.3, 3.8 Hz, 1 H), 3.29 (ddd, J = 12.6,

5.3, 1.4 Hz, 1 H), 3.41 (dd, J = 12.3, 9.3 Hz, 1 H), 4.47 (d, J = 14.7 Hz, 1 H), 4.73 (d,

J = 14.7 Hz, 1 H), 7.22-7.36 (m, 5 H); 13C NMR (75 MHz, CDC13) 5 23.79, 28.01.

30.96, 46.58, 47.17, 50.07, 127.40, 128.05, 128.52, 136.70, 168.63, 207.21; IR

(oil/NaCl) 3032, 2932, 2876, 1713, 1642, 1495, 1455, 1262, 1167, cm'l.

Formation of IL18. To IL17 (0.10 g, 0.43 mmol) in CH2C12 (0.86 mL) was

added m-CPBA (0.39 g, 2.25 mmol) and CF3C00H (0.05 g, 0.43 mol) at room

temperature. The reaction was heated at reflux. After 14 h, the reaction was cooled to

room temperature and the solvent removed under reduced pressure. The resulting slurry

was brought up in a minimum amount of Et20 and purified by flash column

chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to

give a clear, colorless oil (0.07 g, yield = 67%); 1H NMR (300 MHz, CDC13) 5 2.01 (s, 3

H), 2.02-2.08 (m, 2 H), 2.52 (ddd, J = 17.9, 6.0, 5.3 Hz, 1 H), 2.67 (ddd, J = 17.9,

9.6, 7.1 Hz, 1 H), 3.26 (ddd, J = 13.2, 3.9, 1.3 Hz, 1 H), 3.43 (dd, J = 13.2, 3.9 Hz, 1

H), 4.49 (d, J = 14.7 Hz, 1 H), 4.71 (d, J = 14.7 Hz, 1 H), 5.12 (dq, J = 3.9, 3.6 Hz, 1

H), 7.21-7.36 (m, 5 H); 13C NMR (75 MHz, CDC13) 5 20.97, 25.49, 27.86, 49.80,

50.46, 66.17, 127.49, 127.99, 128.60, 136.56, 168.73, 170.18; IR (oil/NaCl) 3063,

2959, 2873, 1738, 1646, 1491, 1365, 1421, 1238, 1182, 1075 cm‘l.

Formation of 22. To II-19 (0.43 g, 2.95 mmol) in THF (8.56 mL) was added

BuLi (1.41 mL, 2.5 M) at -78 °C). After stirring for 10 min, IL20 (0.53 g, 3.53 mmol)

was added, and the reaction allowed to warm to room temperature. After 10 min at room

temperature, the reaction was quenched by addition of water. The reaction was extracted
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with EtOAc (5 X 10 mL) and the organics dried and concentrated. The resulting oil was

brought up in a minimum amount of Et20 and purified by flash chromatography (silica,

230-400 mesh; eluent - 1:1 petroleum ether:Et20). The solvents were evaporated to give

IL21 as a clear, colorless oil.(0.67 g, 77% yield).

To IL21 (0.43 g, 1.45 mmol) in CH2C12 (14.50 mL) was added PCC (0.63 g,

2.91 mol) at room temperature. After 14 h, the reaction was repeatedly extracted with

Et2O and the organics combined and concentrated. The resulting oil was brought up in a

minimum amount of Et20 and purified by flash column chromatography (silica, 230-400

mesh; eluent - 1:1 petroleum ether:Et20). The solvents were evaporated to give IL22 as a

clear, colorless oil.(0.23 g, 54% yield). 1H NMR (300 MHz, CDC13) 5 4.19 (s, 2 H),

4.28 (s, 2 H), 4.56 (s, 2 H), 4.61 (s, 2 H), 7.25-7.78 (m, 10 H); 13C NMR (75 MHz,

CDC13) 5 56.72, 56.75, 71.97, 73.24, 75.49, 83.12, 90.58, 127.80, 127.90, 127.92,

127.95, 128.33, 136.51, 136.77, 184.23; IR (oil/NaCl) 3065, 1694, 1455, 1352, 1211,

1173, 1028 cm‘l.

Formation of II-23. To IL22 (0.60 g, 2.04 mmol) in THF (4.0 mL) was

added BnNH2 (0.19 g, 2.04 mol) at room temperature. The reaction was heated at

reflux. After 12 h the reaction was cooled to room temperature and acryloyl chloride (0.31

g, 3.47 mmol) added. The reaction was again heated at reflux. After 14 h the reaction was

cooled to room temperature and the solvent removed under reduced pressure. The reaction

mixture was then chromatographed (silica, 230-400 mesh; eluent - 10:90 Et20:petroleum

ether). The solvents were evaporated to give a clear, colorless oil (0.30 g, 33% yield); 1H

NMR (300 MHz, CDC13) 5 2.48-2.61 (m, 4 H), 4.21 (s, 2 H), 4.31 (s, 2 H), 4.54 (s, 4

H), 5.08 (s, 2 H), 6.98 (dd, J = 7.5, 1.5 Hz, 2 H), 7.18-7.37 (m, 13 H); 13C NMR (75

MHz, CDC13) 5 21.53, 30.78, 44.47, 63.68, 72.72, 73.41, 74.46, 119.82, 126.08,

127.78, 127.91, 127.96, 128.04, 128.15, 128.43, 128.50, 128.65, 136.91, 137.59,

137.72, 144.55, 170.53, 198.97; IR (oil/NaCl) 3031, 1678, 1605, 1497, 1455, 1306,

1277, 1068 cm'l-

Formation of IL24.To IL23., (0.15 g, 0.34 mmol) in EtOH (3.4 mL) was

added Na2C03 (0.13 g, 1.19 mmol) and 10% Pd/C (0.034 g). The reaction vessel was

purged with N2 and then flushed with and maintained under an atmosphere of H2. After

stirring for 16 h, the reaction mixture was filtered through a fine scintered glass funnel and

the solvent removed under reduced pressure. The resulting crude oil was purified by flash

column chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were

evaporated to give a clear, colorless oil (0.10 g, 67% yield); 1H NMR (300 MHz, CDC13)

(isomer ratio 70:30) 5 (major isomer, diagnostic peaks) 3.12 (dt, J = 12.9, 3.9 Hz, 1 H),

3.88 (d, J = 16.2 Hz, 1 H), 4.00 (d, J = 16.2 Hz, 1 H), 5.25 (d, J = 15 Hz, 1 H), (minor
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isomer, diagnostic peaks) 3.26 (dt, J = 6.6, 4.8 Hz, 1 H), 3.63 (d, J = 16.8 Hz, 1 H),

3.81 (d, J =16.8 Hz, 1 H), 5.19 (d, J =15 Hz, 1 H), ; 13C NMR (75 MHz, CDC13) 5

17.54, 20.03, 29.85, 30.09, 44.08, 45.81, 48.17, 49.13, 55.15, 55.74, 67.64, 69.91,

73.03, 73.06, 73.16, 73.22, 73.77, 74.74, 127.30, 127.35, 127.54, 127.64, 127.69,

127.70, 127.73, 127.78, 127,85, 127.90, 128.16, 128.29, 128.34, 128.36, 128.43,

128.50, 136.81, 137.03, 137.08, 137.25, 137.33, 169.44, 170.21, 206.33, 207.68; IR

(oil/NaCl) 3031, 1717, 1645, 1453, 1100 cm'l.

Formation of IL25. To benzyl protected propargyl alcohol (1.20 g, 8.19

mmol) in THF (16.38 mL) was added BuLi (3.28 mL, 2.5 M in Hexane) at -78°C. After

10 min ethyl chloroformate (0.89 g, 8.19 mmol) was added dropwise. The reaction was

slowly warmed to 0°C (until a deep red color began to form) and was promptly quenched

by addition of water. The organics were separated and the solvent removed under reduced

pressure. The resulting crude oil was purified by flash column chromatography (silica,

230-400 mesh; eluent - petroleum ether). The solvents were evaporated to give a clear,

colorless oil (1.61 g, 91% yield); 1H NMR (300 MHz, CDC13) 5 1.29 (t, J = 7.2 Hz, 3

H), 4.22 (q, J = 7.2 Hz, 2 H), 4.25 (s, 2 H), 4.59 (s, 2 H), 7.22-7.40 (m, 5 H); 13c

NMR (75 MHz, CDC13) 5 13.78, 56.53, 61.90, 71.81, 78.07, 82.94, 127.87, 127.90.

128.29, 136.59, 152.87; IR (oil/NaCl) 3032, 2984, 2872, 2236, 1713, 1248 cm‘l.

Formation of IL26. To IL25 (1.61 g, 7.37 mmol) in THF (14.74 mL) was

added BnNH2 (0.70 g, 7.37 mol) at room temperature. The reaction was heated at

reflux. After 12 h the reaction was cooled to room temperature and acryloyl chloride (0.70

g, 7.74 mmol) added. The reaction was again heated at reflux. After 14 h the reaction was

cooled to room temperature and the solvent removed under reduced pressure. The reaction

mixture was then chromatographed (silica, 230-400 mesh; eluent - 10:90 Et20:petroleum

ether). The solvents were evaporated to give a white solid (1.61 g, 35% yield) (mp = 84 -

87 °C); 1H NMR (300 MHz, CDC13) 5 1.27 (t, J = 7.0 Hz, 3 H), 2.49-2.58 (m, 2 H),

2.62-2.71 (m, 2 H), 4.17 (q, J = 7.0 Hz, 2 H), 4.57 (s, 2 H), 4.60 (s, 2 H), 5.12 (s, 2

H), 6.97-7.03 (m, 2 H), 7.16-7.39 (m, 8 H); 13C NMR (75 MHz, CDC13) 5 14.16,

21.69, 30.82, 44.51, 60.76, 63.56, 72.65, 113.54, 126.06, 126.97, 127.93, 128.07,

128.42, 128.63, 137.61, 137.90, 146.08, 166.71, 170.92; IR (oil/NaCl) 2984, 1682,

1636, 1269, 1130 ch HRMS calcd for C23H25N04 mlz 379.1784, found m/z 379.1777.

Formation of IL27. To IL26 (2.50 g, 6.85 mmol) in EtOH (68.50 mL) was

added Na2C03 (2.54 g, 23.97 mmol) and 10% PdlC (0.69g). The reaction vessel was

purged with N2 and then flushed with and maintained under an atmosphere of H2. After

stirring for 16 h, the reaction mixture was filtered through a fine scintered glass funnel and

the solvent removed under reduced pressure. The resulting crude oil was purified by flash
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column chromatography (silica, 230-400 mesh; eluent - 70:30 Et20:petroleum ether). The

solvents were evaporated to give a clear, colorless oil (1.66 g, 66% yield, 90: 10 cis:trans).

1H NMR (300 MHz, CDC13) (cis isomer) 5 1.13 (t, J = 7.2 Hz, 3 H), 2.03 (m, 1 H), 2.21

(ddt, J = 9.9, 7.8, 12.9 Hz, 1 H), 2.49 (ddd, J = 18.3, 10.0, 8.3 Hz, 1 H), 2.59 (ddd, J

= 18.3, 7.8, 1.8 Hz, 1 H), 2.79 (dt, J = 15.0, 9.0 Hz, 1 H), 3.53 (d, J = 5.4 Hz, 2 H),

3.88-4.08 (m, 3 H), 4.15 (d, J = 15.2 Hz, 1 H), 4.37 (s, 2 H), 5.23 (d, J = 15.2 Hz, 1

H), 7.17-7.37 (m, 10 H); 13C NMR (75 MHz, CDC13) (cis isomer) 5 13.82, 19.18,

30.07, 42.40, 49.16, 56.17, 60.65, 68.62, 73.15, 127.19, 127.44, 127.59, 127.67,

128.19, 128.42, 137.22, 137.31, 169.56, 171.06; IR (oil/NaCl) 2959, 2870, 1734, 1645,

1173 cm'l; HRMS calcd for C23H27N04 mlz 381.1940, found mlz 381.1988.

Formation of II-28. To MeMgBr (2.27 mL, 3.0 M in THF) in C6H5 (19.1

mL) was added NEt3 (2.06 g, 20.44 mol) at 0°C. After 10 min H-27 (1.25 g, 3.41

mmol) in C6H5 (5.0 mL) was added with vigorous stirring. After 3 h at 0°C the reaction

was quenched by addition of an equal volume of 3 M aqueous HCl. The organics were

separated and the solvent removed under reduced pressure. The resulting crude oil was

purified by flash column chromatography (silica, 230-400 mesh; eluent - Et20). The

solvents were evaporated to give a clear, colorless oil (0.56 g, 61% yield); 1H NMR (300

MHz, CDC13) (cis isomer) 5 1.87 (m, 1 H), 2.02 (s, 3 H), 2.12 (m, 1 H), 2.32-2.64 (m,

2 H), 2.71 (dt, J = 13.2, 4.1 Hz, 1 H), 3.42 (dd, J = 9.9, 7.5 Hz, 1 H), 3.50 (dd, J =

9.9, 4.1 Hz, 1 H), 3.94 (m, 1 H), 4.05 (d, J = 15.0 Hz, 1 H), 4.30 (d, J = 1.8 Hz, 2 H),

5.28 (d, J = 15.0 Hz. 1 H), 7.16-7.36 (m, 10 H); 13C NMR (75 MHz, CDC13) (cis

isomer) 5 18.07, 28.30, 29.82, 48.85, 49.63, 55.82, 67.89, 72.90, 127.12, 127.34,

127.49, 128.03, 128.11, 128.29, 136.91, 137.04, 169.23, 205.36; IR (oil/NaCl) 3088,

2924, 1713, 1644, 1161, 1101 cm'l; HRMS calcd for C22H25N03 mlz 351.1835, found

mlz 351.1818.

Isomerization of trans IL28. To cis IL28 (0.2 g, 0.74 mmol) in THF (1.48

mL) was added DBU (0.06 g, 0.37 mol) at room temperature. After 16 h the reaction

was terminated by addition of an equal volume of water. The organics were separated and

the solvent removed under reduced pressure. The resulting crude oil was purified by flash

column chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were

evaporated to give a clear, colorless oil (0.20 g, >99% yield, 83% trans); 1H NMR (300

MHz, CDC13) (trans isomer) 5 1.89 (s, 3 H), 1.95 (m, 1 H), 2.04 (m, 1 H), 2.44 (dt, J =

17.7, 6.5 Hz, 1 H), 2.58 (ddd, J = 17.7, 7.5, 6.5 Hz, 1 H), 2.95 (dt. J = 6.5, 4.8 Hz, 1

H), 3.42-3.52 (m, 2 H), 3.94 (m, 1 H), 4.10 (d, J = 15.0 Hz, 1 H), 4.37 (d, J = 1.5 Hz,

2 H), 5.14 (d, J = 15.0 Hz, 1 H), 7.16-7.36 (m, 10 H); 13C NMR (75 MHz, CDC13)

(trans isomer) 5 19.93, 27.27, 29.58, 47.78, 47.98, 55.17, 69.36, 72.81, 127.01,
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127.30, 127.45, 127.53, 127.82, 128.12, 136.91, 137.15, 169.86, 207.06; IR (oil/NaCl)

3088, 2924, 1713, 1644, 1161, 1101 cm'l.

Formation of II-29. To IL28 (83% trans) (1.15 g, 4.24 mmol) in CH2C12

(8.48 mL) was added MCPBA (3.66 g, 21.22 mmol) and CF3C00H (4.24 g, 0.48 mol)

at room temperature. The reaction was heated at reflux. After 14 h, the reaction was

cooled to room temperature and the solvent removed under reduced pressure. The resulting

sltn'ry was brought up in a minimum amount of Et20 and purified by flash chromatography

(silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to give a clear,

colorless oil (0.60 g, 60% yield, 100% trans); 1H NMR (300 MHz, CDC13) 5 1.88 (s, 3

H), 1.94 (m, 1 H), 2.17 (dddd, J = 13.8, 10.8, 7.8, 3.0 Hz, 1 H), 2.51 (ddd, J = 18.3,

7.6, 2.7 Hz, 1 H), 2.63 (ddd, J = 18.3, 10.8, 7.6 Hz, 1 H), 3.45-3.60 (m, 3 H), 3.92 (d,

J = 15.3 Hz, 1 H), 4.43 (d, J = 12.0 Hz, 1 H), 4.50 (d, J = 12.0 Hz, 1 H), 5.16 (m, 1

H), 5.39 (d, J = 15.3 Hz, 1 H), 7.18-7.40 (m, 10 H); 13C NMR (75 MHz, CDC13) 5

20.86, 22.30, 27.00, 48.12, 58.52, 67.97, 68.74, 73.31, 127.37, 127.63, 127.92,

128.01, 128.44, 128.50, 136.91, 137.31, 169.72, 169.96; IR (oil/NaCl) 3063, 2934,

2869, 1738, 1647, 1240, 1181 cm'l; HRMS calcd for C22H25NO4 mlz 367.1784, found

mlz 367.1768.

Formation of IL30. To IL29 (0.30 g, 1.05 mmol) in water (1.05 mL) was

added crushed KOH (0.2 g, 0.52 mmol) at room temperature. The reaction was heated at

approximately 50°C. After 12 h, the product was extracted from the reaction mixture with

6 portions of CHC13 (2 mL each). The organics were combined and the solvent removed

under reduced pressure. The resulting crude oil was purified by flash column

chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to

give a clear, colorless oil (0.22 g, 85% yield); 1H NMR (300 MHz, CDC13) 5 1.81 (m, 1

H), 2.00 (dddd, J = 12.6, 9.9, 6.9, 3.0, 1 H), 2.37 (ddd, J = 18.3, 6.9, 4.8 Hz, 1 H),

2.64 (ddd, J = 16.8, 9.3, 6.9 Hz, 2 H), 3.39 (m, 1 H), 3.40 (s, 1 H), 3.51 (m, 1 H),

4.07 (d, J = 15.3 Hz, 1 H), 4.10 (bs, 1 H), 4.37 (d, J = 12.0 Hz, 1 H), 4.43 (d, J = 12

Hz, 1 H), 5.18 (d, J = 15.3 Hz, 1 H), 7.16 - 7.38 (m, 10 H); 13C NMR (75 MHz,

CDC13) 5 25.16, 27.37, 48.09, 62.13, 65.65, 69.42, 73.27, 127.15, 127.58, 127.71,

127.86, 128.45, 128.46, 137.23, 137.44, 170.28; IR (oil/NaCl) 3364 (broad), 3063,

2928, 1617, 1453, 1181, 1101 cm'13 HRMS calcd for C20H23N03 mlz 325.1678, found

m/z 325.1666.

Formation of IL31. To IL30 (0.50 g, 2.05 mmol) in Et20 (4.10 mL) was

added crushed KOH (0.23 g, 4.10 mmol) and molecular sieves (0.40 g) at room

temperanlre. After 5-10 min of stirring BnBr (0.39 g, 2.26 mmol) was added. After 3 h

the reaction was quenched by addition of excess water. The reaction mixture was extracted
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with 10 portions of Et20 (4 mL each), the organics combined and solvent removed under

reduced pressure. The resulting crude oil was purified by flash column chromatography

(silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to give a white solid

(0.57 g, 84% yield) (mp = 60 - 63 °C); 1H NMR (300 MHz, CDC13) 5 1.91-2.02 (m, 2

H), 2.40 (ddd, J = 18.0, 6.2, 3.9 Hz, 1 H), 2.69 (ddd, J = 18.0, 10.4, 8.5 Hz, 1 H),

3.39 (dd, J = 9.9, 7.2 Hz, 1 H), 3.52 (dd, J = 9.9, 3.9 Hz, 1 H), 3.65 (m, 1 H), 3.83

(dd, J = 6.2, 3.9 Hz, 1 H), 3.99 (d, J = 15.3 Hz, 1 H), 4.26 (d, J = 12.0 Hz, 1 H), 4.35

(d, J = 12.0 Hz, 1 H), 4.37 (d, J = 12.0 Hz, 1 H), 4.41 (d, J = 12.0 Hz, 1 H), 5.36 (d, J

= 15.3 Hz, 1 H), 7.14-7.36 (m, 15 H); 13C NMR (75 MHz, CDC13) 5 22.18, 27.22,

47.69, 58.37, 69.16, 69.77, 71.79, 73.03, 126.87, 127.07, 127.28, 127.37, 127.56,

127.65, 128.05, 128.21, 128.26, 137.06, 137.36, 137.85, 169.93; IR (oil/NaCl) 3088.

3030, 2867, 1642, 1453, 1096 cm‘l; HRMS calcd for C27H29N03 mlz 415.2148, found

mlz 415.2142.

Formation of IL32 Using Acryloyl Chloride. To tetronic acid (2.00 g,

20.00 mmol) in C6H5 (40.0 mL) was added benzylamine (1.95 g, 18.18 mmol) and a

catalytic amount ofp-TsOH at room temperature. The reaction was fitted with a Dean -

Stark trap and heated at reflux. After 12 h the reaction was cooled to room temperature and

the solvent removed under reduced pressure. THF (40.0 mL) and acryloyl chloride (2.80

g, 30.91 mmol) were then added. The reaction was again heated at reflux. After 14 h the

reaction was cooled to room temperature and the solvent removed under reduced pressure.

The reaction mixture was then chromatographed (silica, 230-400 mesh; eluent - Et20). The

solvents were evaporated to give a white solid (3.08 g, 70% yield) (mp = 121-124°C); 1H

NMR (300 MHz, CDC13) 5 2.58 (bt, J = 8.1 Hz, 2 H), 2.80 (bt, J = 8.1 Hz, 2 H), 4.65

(t, J = 2.0 Hz, 2 H), 4.78 (s, 2 H), 7.16-7.21 (m, 2 H), 7.24-7.36 (m, 3 H); 13C NMR

(75 MHz, CDC13) 5 15.54, 30.26, 45.58, 64.98, 102.21, 126.53, 127.77, 128.73,

135.25, 159.97, 169.18, 170.94; IR (solid/KBr) 3071, 2961, 2869, 1738, 1698, 1665,

1437, 1277, 1138 cm‘l; HRMS calcd for C14H13N03 m/z 243.0896, found m/z

243.0880.

Formation of IL32 Using Acrylic Anhydride. To tetronic acid (2.00 g,

20.00 mmol) in C5H5 (40.0 mL) was added benzylamine (1.95 g, 18.18 mmol) and a

catalytic amount ofp-TsOH at room temperatme. The reaction was fitted with a Dean -

Stark trap and heated at reflux. After 12 h the reaction was cooled to room temperature and

the solvent removed under reduced pressure. THF (40.0 mL) and acrylic anhydride (3.15

g, 30.91 mmol) (Acrylic anhydride was prepared immediately prior to use by adding NaH

(1.8 equiv) to acrylic acid (1.2 equiv) at -78°C and allowing the mixture to warm to room

temperantre followed by the addition of acryloyl chloride (1.0 equiv) and allowing the
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mixture to stir for 1 h. This mixture was transfered via cannula.) were then added. The

reaction was again heated at reflux. After 14 h the reaction was cooled to room temperauue

and the solvent removed under reduced pressure. The reaction mixture was then

chromatographed (silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to

give a white solid (3.13 g, 71% yield).

Formation of IL33. To H-32 (0.46 g, 1.96 mmol) in EtOH (30.0 mL) and

MeOH (15.0 mL) was added Na2CO3 (0.72 g, 6.86 mmol) and 10% Pd/C (0.40 g). The

reaction vessel was purged with N2 and then flushed with and maintained under an

atmosphere of H2. After stirring for 16 h, the reaction mixture was filtered through a fine

scintered glass funnel and the solvent removed under reduced pressure. The resulting

crude solid was purified by flash column chromatography (silica, 230-400 mesh; eluent -

Et20). The solvents were evaporated to give a white solid (0.38 g, 79% yield, >98:2

cis:trans). 1H NMR (300 MHz, CDC13) (cis isomer) 5 2.01 (m, 1 H), 2.30 (m, 1 H),

2.41 (m, 1 H), 2.52 (m, 1 H), 2.98 (m, 1 H), 4.18-4.30 (m, 4 H), 5.13 (d, J = 15.0 Hz,

1 H), 7.14-7.42 (m, 5 H); 13C NMR (75 MHz, CDC13) (cis isomer) 5 19.88, 29.68,

37.85, 47.94, 55.20, 71.23, 127.93 (2), 128.97, 136.15, 169.49, 176.09; IR (solid/KBr)

3071, 2961, 2862, 1738, 1698, 1665, 1437, 1277, 1196 cm'l.

Formation of IL34. To MeMgBr (1.77 mL, 3.0 M in THF) in C6H5 (3.0 mL)

was added NEt3 (1.61 g, 15.92 mol) at 0°C. After 10 min H-33 (0.65 g, 2.65 mmol) in

C5H5 (2.3 mL) was added with vigorous stirring. After 3 h at 0 °C the reaction was

quenched by addition of an equal volume of 3 M aqueous HCl. The organics were

separated and the solvent removed under reduced pressure. The resulting crude oil was

purified by flash column chromatography (silica, 230-400 mesh; eluent - 95:5

Et2O:Me0H). The solvents were evaporated to give a clear, colorless oil (0.17 g, 25%

yield, >98:2 cis:trans); 1H NMR (300 MHz, CDC13) (cis isomer) 5 1.90 (m, 1 H), 1.91

(s, 3 H), 2.10 (m, 1 H), 2.40 (dt, J = 17.7, 6.8 Hz, 1 H), 2.54 (dt, J = 17.7, 6.8 Hz, 1

H), 3.03 (dt, J = 6.6, 4.8 Hz, 1 H), 3.57 (dd, J = 11.6, 3.8 Hz, 2 H), 3.65 (dd, J = 11.4,

6.3 Hz, 1 H), 3.82 (m, 1 H), 3.92 (bs, 1 H), 4.08 (d, J = 15.0 Hz, 1 H), 5.19 (d, J =

15.0 Hz, 1 H), 7.21 (bd, J =-- 7.8 Hz, 2 H), 7.20-7.34 (m, 3 H); 13C NMR (75 MHz,

CDC13) (cis isomer) 5 20.11, 25.58, 29.86, 47.49, 48.03, 57.15, 61.87, 127.45, 127.91,

128.54, 136.91, 171.06, 207.88; IR (oil/NaCl) 3374, 3088, 2942, 1711, 1613, 1455,

1256, 1169 cm'l.

Formation of Preparation of Ethyl 2(S)-acetoxypropanoate (II-36).

To a solution of S-ethyl lactate (2.0 g, 16.96 mmol) in pyridine (14.75 mL), was added

acetic anhydride (1.88 g, 18.42 mol) at 0 °C. The reaction was allowed to stirr at room

temperature. After 12 h the reaction was poured into a mixture of crushed ice (100 mL)
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and HCl (‘7 mL). The mixture was extracted with Et20, and the ether extracts washed with

water followed by brine. The organics were dried, and the solvent removed under reduced

pressure to give a colorless oil. The crude oil was purified by flash column

chromatography (silica, 230-400 mesh; eluent - Et20:low boiling petroleum ether). The

solvents were evaporated to give the product pure as a clear oil (5.2 g, 44.44 mmol) in

80% yield. 1H NMR (300 MHz, CDC13) 5 1.27 (t, J = 7.2 Hz, 3H), 1.47 (d, J = 7.2 Hz,

3H), 2.11 (s, 3H), 4.19 (q, J = 7.2 Hz, 2H), 5.03 (q, J = 7.2 Hz, 1H); 13C NMR (75

MHz, CDC13) 5 13.66, 16.46, 20.14, 60.85, 68.29, 169.82, 170.38; IR (oil/NaCl) 2990,

2878, 1744. 1451, 1373, 1240, 1134, 1101, 1020, 735 cm'l.

Formation of 4-Hydroxy-5(S)-methyl-2-furanone((S)-y-

Methyltetronic Acid) (II-37). To a solution of lithium bis(trimethylsi1yl)amide (15

mmol, 1M in THF) in THF (40 mL) was added Ethyl 2(S)-acetoxypropanoate (II-36)

(1.00 g, 6.29 mmol) in THF (40 mL) at -78 °C. The reaction was kept at -78 °C for 1 h

and then poured into 2 M HCl (60 mL). The two layers were separated and the aqueous

layer washed with EtOAc. The combined organics were dried and the solvents removed

under reduced pressure. The oil was brought into CH2C12, dried and the solvent removed

to provide a solid. The solid was then recrystallized from EtOAc-low boiling petroleum

ether to yield the desired product pure (0.25 g, 2.2 mmol) in 35% yield. (mp. 108-111 °C);

1H NMR (300 MHz, CDC13) 5 1.54 (d, J = 7.2 Hz. 3H), 4.93 (q, J = 6.8 Hz, 1H), 5.09

(s, 1H), 11.92 (bs, 1H); 13C NMR (75 MHz, CDC13) 5 17.33, 77.32, 88.18, 178.13.

185.04; IR (oil/NaCl) 2942, 2708, 1709, 1599, 1279, 1238, 909 cm'l.

Formation of II-38. To IL37 (2.00 g, 20.00 mmol) in C6H5 (40.0 mL) was

added benzylamine (1.95 g, 18.18 mmol) and a catalytic amount of p-TsOH at room

temperauue. The reaction was fitted with a Dean - Stark trap and heated at reflux. After 12

h the reaction was cooled to room temperature and the solvent removed under reduced

pressure. THF (40.0 mL) and acryloyl chloride (2.80 g, 30.91 mmol) were then added.

The reaction was again heated at reflux. After 14 h the reaction was cooled to room

temperature and the solvent removed under reduced pressure. The reaction mixture was

then chromatographed (silica, 230—400 mesh; eluent - Et20). The solvents were evaporated

to give pure IL38 in 29% yield; 1H NMR (300 MHz, CDC13) 5 1.49 (d, J = 6.7 Hz, 3H),

2.51-2.71 (m, 2H), 2.72-2.91 (m, 2H), 4.50 (d, J = 16.2 Hz, 1H), 4.86 (qd, J = 6.7, 1.4

Hz, 1H), 5.25 (d, J = 16.2 Hz, 1H), 7.14 (d, J = 6.3 Hz. 2H), 7.27-7.39 (m, 3H); 130

NMR (75 MHz, CDC13) 5 15.78, 19.42, 30.85, 45.87, 73.19, 103.99, 126.25, 128.03,

129.11, 135.48, 142.26, 163.78, 169.98; IR (KBr) 2982, 2853, 1748, 1669, 1451,

1424, 1319, 1148, 1038, 773 cm'l.
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Formation of IL39. To IL38 (0.46 g, 1.96 mmol) in EtOH (30.0 mL) and

MeOH (15.0 mL) was added Na2C03 (0.72 g, 6.86 mmol) and 10% Pd/C (0.40 g). The

reaction vessel was purged with N2 and then flushed with and maintained under an

atmosphere of H2. After stirring for 16 h, the reaction mixture was filtered through a fine

scintered glass funnel and the solvent removed under reduced pressure. The resulting

crude solid was purified by flash column chromatography (silica, 230-400 mesh; eluent -

Et20). The solvents were evaporated to give pure IL39 in 70% yield. 1H NMR (300

MHz, CDC13) (diagnostic peaks for the two isomers are designated A and B) 5 (A) 1.31

(d, J = 6.6 Hz, 3H), 2.58 (m, 1H), 3.08 (m, 1H), 3.58 (d, J = 15.0 Hz, 1H), 4.58 (qd, J

= 6.6, 1.8 Hz, 1H), 4.01 (d, J = 15.0 Hz, 1H), 5.37 (d, J = 15.6 Hz, 1H), (B) 1.44 (d, J

= 6.9 Hz, 3H), 2.52 (m, 1H), 2.01 (m, 1H), 3.79 (dd, J = 8.7, 1.8 Hz, 1H), 4.28 (dd, J

= 9.9, 6.9 Hz, 2H), 5.67 (d, J = 15.0 Hz, 1H); 13C NMR (75 MHz, CDC13) 5 16.49,

20.04, 20.33, 21.80, 29.57, 30.60, 37.21, 38.69, 47.73, 49.06, 56.05, 60.54, 78.95,

80.41, 127.95, 128.92, 128.96, 135.97, 169.50, 170.82, 175.95, 176.05.

Formation of IL40. To IL31 (1.00 g, 2.41 mmol) in THF (16.1 mL) was

added BuLi (1.06 mL, 2.5 M in THF) at -78 °C. After 10 min, phenylselenium chloride

(0.51 g, 2.65 mmol) in THF (8.0 mL) was added and the reaction allowed to warm to 0

°C. After 3 min the reaction was quenched by addition of an equal volume of water. The

mixture was extracted with 4 portions of Et20 (10.0 mL) and the organics dried and

concentrated under reduced pressure. The residue was brought up in MeOH:THF:HOH

(16.0:8.0:1.0 mL) and NaIO4 (1.55 g, 7.23 mmol) added. After 14 h the reaction was

diluted with an equal volume of water and the mixture extracted with 10 portions of Et20

(10.0 mL). The organics were separated, dried, and the solvent removed under reduced

pressure. The resulting crude solid was purified by recrystallization from Et20:10w boiling

pet ether to give white crystals. (0.78 g, 78% yield) (mp = 98-99 °C); 1H NMR (300

MHz, CDC13) 5 3.34 (t, J = 9.2 Hz, 1 H), 3.48 (dd, J = 9.6, 5.0 Hz, 1 H), 3.84 (m, 1

H), 4.00 (d, J = 15.5 Hz, 1 H), 4.08 (dd, J = 5.9, 1.4 Hz, 1 H), 4.27 (d, J = 12.0 Hz, 1

H), 4.33 (d, J = 12.0 Hz, 1 H), 4.40 (d, J = 12.0 Hz, 1 H), 4.45 (d, J = 12.0 Hz, 1 H),

5.37 (d, J = 15.5 Hz, 1 H), 6.15 (d, J = 9.6 Hz, 1 H), 6.47 (ddd, J = 9.6, 5.9, 1.1 Hz, 1

H), 7.10-7.15 (m, 2 H), 7.19-7.38 (m, 13 H); 13C NMR (75 MHz, CDC13) 5 48.07,

57.40, 68.07, 68.60, 70.11, 73.24, 127.32, 127.52, 127.69, 127.75, 127.87, 128.04,

128.24, 128.29, 128.44, 128.51, 134.59, 136.91, 137.40, 137.52, 162.29; IR (oil/NaCl)

3088, 2870, 1669, 1611, 1455, 1262, 1146, 1092 cm'l.

Formation of IL41. To IL40 (0.10 g, 0.24 mmol) in t-BuOH (1.4 mL) was

added NMO (excess) and 0804 (0.96 mL, 0.05 M in t-BuOH) at room temperature. After

3 h the reaction was quenched by addition of excess Na2SO3. Solvent was removed under
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reduced pressure till the reaction color began to turn grey. The resulting mixture was

purified by repeated flash column chromatography (silica, 230-400 mesh; eluent - Et20 to

50:50 Et20:Et0H) till the resulting product fractions were clear and colorless. The solvents

were evaporated to give a white solid (0.07 g, 64% yield) (mp = 95-98 °C); 1H NMR (300

MHz, CDC13) 5 2.96 (d, J = 1.8 Hz, 1 H), 3.61-3.78 (m, 3 H), 3.84 (d, J = 1.2 Hz, 1

H), 3.97 (t, J = 3.1 Hz, 1 H), 4.32 (d, J = 15.6, 1 H), 4.37 (td, J = 3.6, 2.1 Hz, 1 H),

4.41 (s, 2 H), 4.42 (m, 1 H), 4.44 (d, J = 12.0 Hz, 1 H), 4.50 (d, J = 12.0 Hz, 1 H),

5.27 (d, J = 15.6 Hz, 1 H), 7.11-7.21 (m, 4 H), 7.21-7.39 (m, 11 H); 13C NMR (75

MHz, CDC13) 47.56, 58.98, 68.11, 68.85, 69.57, 71.48, 73.13, 75.21, 127.39, 127.55,

127.65, 127.74, 127.83, 128.23, 128.35, 128.41, 128.53, 136.83, 137.19, 137.43,

171.20 5 ; IR (oil/NaCl) 3409, 3088, 3031, 2869, 1645, 1455, 1250, 1074 cm‘l; HRMS

calcd for C27H29N05 mlz 447.2046, found mlz 447.2046.

Formation of IL7. To IL41 (0.06 g, 0.13 mmol) was added NH3 (3.9 mL)

and Li metal at -78°C, until the solution turned a persistent deep blue. After 3 h at reflux

the reaction was cooled to -78°C and quenched by the addition of NH4C1. The reaction

was then allowed to warm to room temperature allowing for NH3 removal. The reaction

was extracted with 10 portions of a solution of CHCl3zMe0H (2:1, 2.0 mL) and filtered

through cotton. Solvent removal under reduced pressure then under flat vacuum resulted in

a solid which was dissolved in a minimum amount of MeOH and purified by flash column

chromatography (silica, 230-400 mesh; eluent - 90:10 CHCl3zMe0H). The solvents were

evaporated to give a white solid (0.01 g, 44% yield) (mp = 163-168 °C); 1H NMR (300

MHz, CDC13) 5 3.23 (td, J = 6.3, 3.9 Hz, 1 H), 3.59 (dd, J = 11.9, 5.9 Hz, 1 H), 3.68

(dd, J = 11.7, 5.1 Hz, 1 H), 3.72 (t, J = 6.2 Hz, 1 H), 3.89 (dd, J = 5.7, 3.9 Hz, 1 H),

4.20 (d, J = 3.9 Hz, 1 H); 13C NMR (75 MHz, CDC13) 57.30, 61.11, 67.20, 68.14,

71.94, 173.17 5 ; IR (oil/NaCl) 3287, 3063, 2941, 2890, 2834, 1609, 1453, 1281, 1175,

1032 cm'l.

Formation of IL43. To IL41 (0.07 g, 0.16 mmol) in Et20 (1.6 mL) was

added excess LAH at room temperature. After 3 h the reaction was quenched at 0°C via

slow addition of 15% NaOH until all visible LAH had been consumed. The reaction was

filtered, dried and the solvent removed under reduced pressure. The resulting crude oil

was purified by flash column chromatography (silica, 230—400 mesh; eluent - Et20). The

solvents were evaporated to give a clear, colorless oil (0.07 g, >99% yield); 1H NMR

(300 MHz, CDC13) (cis isomer) 5 2.21 (dd, J = 12.2, 1.5 Hz, 1 H), 2.38 (dt, J = 8.7, 2.6

Hz, 1 H), 2.82 (s-broad, 2 H), 2.91 (dd, J = 12.2, 4.4 Hz, 1 H), 3.27 (d, J = 12.9 Hz, 1

H), 3.55 (dd, J = 8.4, 3.3 Hz, 1 H), 3.64 (t, J = 8.6 Hz, 1 H), 3.73 (m, 1 H), 3.76 (dd, J

= 10.4, 2.6 Hz, 1 H), 3.83 (dd, J = 10.4, 2.6 Hz, 1 H), 4.16 (d, J = 13.2 Hz, 1 H), 4.45
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(s, 1 H), 4.56 (d, J = 11.1 Hz, 2 H), 4.90 (d, J = 11.1 Hz, 1 H), 7.20-7.40 (m, 15 H);

13C NMR (75 MHz, CDC13) 5 54.71, 56.67, 64.76, 66.87, 68.10, 73.26, 74.61, 75.90,

78.42, 127.16, 127.65, 127.74, 127.79, 127.97, 127.99, 128.40, 128.94, 137.85.

138.52, 138.60; IR (oil/NaCl) 3422, 3063, 2923, 1495, 1453, 1098 cm-l; HRMS calcd

for C27H31N04 mlz 433.2253, found m/z 433.2253.

Formation of IL6. To IL43 (0.08 g, 0.18 mmol) in EtOH (1.8 mL) was

added 10% Pd/C (0.18 g) and cone HCl (1.8 mL). The reaction flask was purged with N2

and then flushed with and maintained under an atmosphere of H2 and allowed to stir at

room temperature. After 14 h the reaction mixture was filtered and the solvent removed

under reduced pressure. The crude solid was recrystallized from Me0H:Et20 to give a

white solid. (0.01 g, 33% yield) (mp = 184-186 °C); 1H NMR (300 MHz, CDC13) 5 3.00

(ddd, J = 9.9, 6.6, 3.0 Hz, 1 H), 3.10 (dd, J = 13.8, 1.3 Hz, 1 H), 3.27 (dd, J = 13.8,

3.0 Hz, 1 H), 3.55 (dd, J = 9.6, 3.0 Hz, 1 H), 3.70 (dd, J = 12.3, 6.0 Hz, 1 H), 3.74 (t,

J = 6.8 Hz, 1 H), 3.85 (dd, J = 12.3, 3.5 Hz, 1 H), 4.10 (m, 1 H).
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CHAPTER III

AZA-ANNULATION AS A ROUTE TOWARD

THE PREPARATION OF PEPTIDE MIMICS

Introduction.

There has recently been increased interest in the preparation of peptide mimics, as

these compounds have been used in the modification of an increasing number of biological

processes. Compounds such as A58365A (III-1) act as effective angiotension converting

enzyme (ACE) inhibitors, effective for the treatment of hypertension.1 L-696,229 (III-2),

another peptide mimic, constitutes one of the latest in HIV-reverse transcriptase inhibitors

(Figure III-1).2 Other peptide mimics have been implicated for use as potential anti-cancer

agents.3

Figure III-l. Several Important Peptide Mimics
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In the design of a peptide mimic, a known peptide possessing some function acts as

the target for the design. A peptide surrogate is then designed to mimic the original peptide

but differ from it significantly enough to disrupt normal enzyme function and elicit some

desired response. An example of this method of design was executed by Rapoport (Figure

III-2).4 In this work, several dipeptides were targeted and 5-membered ring analogs of

them prepared. In each instance, the first amino acid side chain was tethered into the ring.

Figure III-2. Examples of Peptide Surrogate Design

H H
I I H
N C0211 N C0211 I

HZN HZN N C0211
HZN

o o

0

5III-3 III- III-7
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a: r .. T “T2
O O O

III-4 III-6 III-8

Extremely important to peptide function is the peptides secondary structure. One

common structural unit is the B-turn. In natural peptides, the B-turn is four amino acid

units long. In B-tum mimics, the turn can be comprised of a variety of structural units.

Any structure that effectively mimics the topography of the targeted B-tum may be used.

An example of a conformationally restricted B-turn mimic is presented in Figure III-3.5
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Figure III-3. B-Tum Mimic

R‘ko

HII- H /

0 N ‘N/
‘H

RIN I'OV-‘R R .

a H ’H

a 7‘“    0 HR NH H 0 HR

III-9 III-10

(B-turn) (B-turn mimic)

Many conformationally restricted B-amino acids have also been prepared as peptide

mimics.6'8 Generally, these peptide surrogates are resistant to enzymatic cleavage as well

as fixed in geometry, making them effective probes of enzyme function. Incorporation of

conformationally restricted B-amino acid segments into linear bioactive peptides can give

information concerning the linear peptides active conformation.7 Further, conformationally

restricted B-amino acids may be highly biologically active without further modification.

An example of a piperidinone B-tum mimic is shown in Figure III-4.8 When

incorporated into short peptides, the B-amino acid adopts the conformation shown at the

right. Pyridinone B—amino acids and their derivatives, such as III-l, would exhibit

significantly altered external topography, thus potentially inhibiting enzyme function.

These pyridinone B—amino acids are also very stable.

Figure III-4. Piperidinone Peptide Mimic
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The objective of the current work was to examine ways to employ the aza-

annulation as a tool for accessing conformationally restricted 6-membered-ring peptide

mimics.6 The general strategy for approaching functionalized pyridinone systems is

indicated in Scheme III-1.

Scheme III-l. General Strategy for Functionalized Pyridinone Formation

0 Y

\ O\ Y

= i = \ 1

N

‘ .NcH3C N R2 H R2

H O

III-12 III-l3 III-l4

 

To this end, a variety of substrates were prepared and annulated, exploring the

scope and generality of the aza-annulation methodology toward peptide mimic formation.

The prepared piperidinone B-amino acid mimics were then oxidized yielding the

corresponding pyridinone B-amino acids.

Results and Discussion.

As precursors of pyridones substituted at the 04 position and especially the C-5

position, functionalized B—ketoesters, B—ketoamides, or acetylinic esters were prepared.

These reacted with benzylamine or the amine salt of phenyl glycine ethyl ester to provide

compounds with a structure similar to III-14.10 These were then annulated using the

mixed anhydride of 2-acetamidoacrylic acid, accessing structures similar to III-13.9 DDQ

oxidation of these compounds provided compounds similar to III-12.11 The amino acids

used as models for preparation of the B-amino acid analogs by aza-annulation were:

alanine (III-15), proline (III-16), aspartic acid methyl ester (III-l7), benzyl protected

serine (III-18), and phenylalanine (III-19). The aza-annulated derivative types are

represented by structures III-20 - III-24 (Figure III-5).

Initially, the B-ketoester III-25 was annulated. Reaction of III-25 with

benzylamine and 2-acetamidoacry1ic acid cleanly afforded III-27 in 91% yield. DDQ

oxidation provided III-28 in 73% yield (Scheme III-2). Annulation of enaminoester III-

29 with 2-acetamidoacry1ic acid provided III-30 in 77% yield. Oxidation of III-30 with

DDQ gave III-31 in 73% yield (Scheme III-3).
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Figure III-5. Aza-annulation B-Amino Acid Analogs
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Scheme III-2. Aza-annulation of B-ketoester III-25
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Several B-ketoamide substrates were smoothly prepared by reaction of diketene

with benzyl amine or the amine salt of glycine ethyl ester (Scheme III-4). Reaction of

diketene with benzyl amine, using NaHC03 as a base, provided III-33 in 81% yield while

reaction with the amine salt of glycine ethyl ester provided III-34 in 98% yield.

Scheme III-4. Preparation of B-keto amide substrates

Cl'+H3N/\C02Et

  

BnNH2,

NaHC03 NaHC03

C6H6 C6146

(81%) (98%)

i i
erh NVCOZEt

CH3
3

0 O

III-33 III-34

Aza-annulation of III-33 and III-34 were executed as described7 using benzyl

amine or the amine salt of phenylglycine ethylester (Scheme III-5 and III-6). Oxidation

provided the corresponding peptide analog types. Annulation of III-33 with benzyl amine

gave III-35 in 90% yield. Subsequent oxidation with DDQ afforded III-36 in 76% yield.

Similar reaction of III-33 with the amine salt of phenylglycine ethylester provided III-37

as a mixture of diastereomers in a ratio of 51:49 in 87% yield. DDQ oxidation gave III-38

in 55% yield. For the annulation substrate III-34, reaction with benzyl amine provided

III-39 in 95% yield. DDQ oxidation afforded III-40 in 78% yield. Annulation of III-

34 with the protected phenylglycine salt gave III-41 as a mixture of diastereomers in a

ratio of 51:49 in 86% yield. Oxidation of III-41 provided III-42 in 60% yield.
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Scheme III-5. Aza-annulation of B-ketoamide III-33
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Scheme III-6. Aza-annulation of B-ketoamide III-34
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To effect placement of functionality at the C-5 position, aza-annulation using

acetylenic esters was executed (Scheme III-7, III-8, and III-9). Annulation of III-43 with

benzyl amine gave III-48 in 71% yield. Subsequent DDQ oxidation gave III-45 in 71%

yield. Ethyl ester II-45 (prepared as described in chapter H) was annulated in 83% yield

providing III-46. DDQ oxidation of III-46 failed, giving recovery starting material.11

Substrate III-49 (prepared in similar fashon to II-25 in 94% yield) was annulated using

benzyl amine to provide III-50 in 61% yield. The stereochemical conformation about the

double bond was determined using NOE.12 The expected isomer comprised 8% of the

product mixture.

Scheme III-7. Aza-annulation of Acetylenic Ester III-43
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Scheme III-8. Aza-annulation of Acetylenic Ester II-45
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Scheme III-9. Aza-annulation of Acetylenic Ester III-49
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Hydrolysis of III-28 and III-31 prepared the substrates for acylation of the amine

or alkylation of the carboxylic acid. Treatment of III-28 with aqueous KOH cleanly

hydrolyzed the ester leaving the amide intact to provide III-51 in 83% yield. Hydrolysis

of III-31 under similar conditions provided III-49 in 82% yield. To deprotect the amine

of III-28, KOH in 30% H202 was used to give III-53 in 75% yield (Scheme III-10).

Scheme III-10. Hydrolysis of III-28 and III-31
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The versatility of compounds such as III-52 was demonstrated by alkylation of the

free carboxylic acid. Alkylation of III-52 with phenylglycine ethyl ester provided III-S4

in 78% yield (eq 18).

 

Ph YCOZEt

1) NaH, 2) 15102ch H

= CH3 (18)

3) phenylglycine O

ethylester i

(78%) H3C N Bn  III-52

Hydrogenation of III-50 under conditions of Pd/C, Na2C03, and H2 at one

atmosphere resulted in the formation of III-55 as a mixture of diastereomers in a ratio of

96:4 in 94% yield (eq 19). Attempted DDQ oxidation of III-50 failed.9

 

OEt0 Ph 0 OEt
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H3C til Bn (94%) H3C If Bn

H O H O
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Conclusion.

The aza-annulation constitutes a quick and efficient method of building up highly

functionalized 6-membered nitrogen heterocycles. Oxidation of these heterocycles provide

the corresponding functionalized pyridone ring. The aza-annulation methodology thus

constitutes a rapid and efficient route for the formation of peptide mimics with

functionalization possible at the C-2, C-4, and 05 positions. In the current work, the aza-

annulation methodology was used to prepare a series of extended, 6-membered ring amino

acid analogs. 14 These analogs constitute conformationally modified protein segments that

may be incorporated into peptide mimics.



86

Experimental Section.

General Methods. All reactions were carried out using standard inert

atmosphere techniques to exclude moisture and oxygen, and reactions were performed

under an atmosphere of nitrogen. Benzene, toluene and ether were distilled from

sodium/benzophenone immediately prior to use. Xylenes and decalin were heated over

calcium hydride for a minimum of 12 h and then distilled prior to use. LiAlH4 (1 M in

THF) was obtained from Aldrich Chemical Co. Unless specified, concentration of

mixtures was performed using a Buchi rotary evaporator.

Gas chromatographic (GC) analyses were carried out on one of two instruments.

For lower molecular weight compounds gas chromatographic analysis was carried out

isothermally on a Perkin-Elmer 8500 instrument using a 50 meter RSL-ZOO capillary

column (5% methylphenyl silicon) and an FID detector at 200 °C oven temperature, 220 °C

injector temperature, and 300 °C detector temperature. Helium gas pressure was set at 15

psi with a flow rate of 2 mL/min. For higher molecular weight compounds, gas

chromographic analysis was carried out on a Hewlett-Packard 5880A series gas

chromatograph fitted with a 300 meter silica capillary column and a flame ionization

detector. For these analysis injector and detector temperatures were set at 250 °C and the

column oven temperature was programmed: 40 °C, 2 min., 10 °C/min. ramp to 200 °C. All

reactions were monitored by GC and the reactions terminated either when the starting

material had been consumed or no further reaction appeared to continue. For reactions in

which a Dean-Stark trap was used, the trap was filled with molecular sieves to a level

below that of returning solvent turbulence. These were changed during reactions in which

additional reagent was added after the reactions initiation. Molecular sieves were activated

by heating in a 150 °C oven for at least 24 hours prior to use. NMR spectra were obtained

on a VXR-BOO spectrometer using CHC13 with 0.1% TMS as an internal standard 5 (0.00

ppm), CD3OD, Acetone-d5, or DMSO-d6, multiplicity (s = singlet, d = doublet, t = triplet,

q = quartet, quint = quintet, sept = septet), integration and coupling. Infrared spectra were

recorded on a Nicolet 42 FT—IR instrument.

General Method for the Formation of B-Ketoamides. Diketene (5.0-30.0

mmol, 1.0 equiv) and the amine or amine hydrocloride salt (1.0 equiv) were taken up in

benzene (0.5 M relative to the amine) along with an excess of NaHCO3 (2.0 equiv) at 0 °C.

After stirring at room temperature for 14 h, the reaction mixture was filtered and the solvent

removed under reduced pressure to yield the product as a solid. Recrystallization from

Et20/CHC13 yielded the product as white leaflets.
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III-34: (1.74 g, 9.35 mmol, 99% yield); mp 52-53 °C; 1H NMR (300 MHZ, CDC13) 5

1.28 (t, J = 7.1 HZ, 3 H), 2.28 (S, 3 H), 3.50 (S, 2 H), 4.04 (d, J = 5.4 HZ, 2 H), 4.20

(q, J = 7.2 Hz, 2 H), 7.61 (bs, l H); 13C NMR (75 MHZ, CDC13) 5 13.84, 30.36, 41.11,

49.63, 61.13, 166.16, 169.41, 203.54; IR (KBr) 3353, 2986, 1754, 1715, 1673, 1543,

1418, 1401, 1321, 1175 cm'l; HRMS for C3H13NO4 m/z 187.0845, found m/z

187.0844.

III-33: (3.59 g, 18.80 mmol, 81% yield); mp 100—102 °C; 1H NMR (300 MHz, CDC13)

5 2.24 (S, 3 H), 3.42 (s, 2 H), 4.44 (d, J = 6.0 HZ, 2 H), 7.25-7.40 (m, 6 H); 13C NMR

(75 MHZ, CDC13) 5 30.90, 43.46, 49.56, 127.42, 127.62, 128.62, 137.88, 165.38.

204.35; IR (KBr) 3249, 3085, 1715, 1640, 1443, 1410, 1190, 1163 cm'l; HRMS for

C11H13NO2 m/z 191.0146, found m/z 191.0982.

General Method for the Aza-Annulation of B—Ketoamides and B -

Ketoesters. A mixture of the primary amine or primary amine salt (0.5-5.0 mmol, 1.0

equiv) and the B-ketoamide (1.0 equiv) were taken up in benzene (0.5 M relative to the

amine) along with BF3-etherate (0.5 equiv) and fitted with a modified Dean-Stark trap

which passes returning solvent through molecular sieves. After the reaction had gone to

completion, as indicated by 1H NMR, the solvent was removed under reduced pressure

and the crude enamine brought up in THF (0.1 M relative to the enamine). The sodium salt

of 2-acetamidoacrylic acid (1.3 equiv) was added at -78 °C and the reaction allowed to stir

at rt for 14 h, or longer if 1H NMR suggested the reaction not complete. Sat. aq. NaHCO3

(excess) was added, and the mixture was extracted 4 times with EtOAc. The combined

organic fractions were dried over Na2803, filtered, and the solvent evaporated under

reduced pressure. The crude product was purified by flash column chromatography (silica,

230-400 mesh, eluent, Et20:EtOAc:MeOl-I)

III-27: (0.56 g, 1.70 mmol, 74% yield); mp 132-135 °C; 1H NMR (300 MHz, CDC13) 5

1.28 (t, J = 7.2 Hz, 3 H), 2.06 (s, 3 H), 2.27 (tq, J = 15.9, 2.6 Hz, 1 H), 2.37 (d, J =

2.1 Hz, 3 H), 3.40 (dd, J = 15.9, 6.3 Hz, 1 H), 4.17 (q, J = 7.2 Hz, 2 H), 4.55 (dt, J =

14.7, 6.0 Hz, 1 H), 4.78 (d, J = 16.1 Hz, 1 H), 5.22 (d, J = 16.1 Hz, 1 H), 6.61 (bd, J =

5.1 Hz, 1 H), 7.11 (d, J = 6.9 Hz, 2 H), 7.22-7.36 (m, 3 H); 13C NMR (75 MHz,

CDC13) 8 14.14, 16.11, 23.15, 27.69, 45.80, 48.96, 60.51, 109.12, 126.04, 127.41,

127.63, 128.83, 136.73, 147.35, 166.68, 170.12; IR (KBr) 3299, 2986, 1686, 1389,

1248, 1163 cm'l; HRMS for C18H22N2O4 m/z 330.1580, found m/z 330.1572.

III-30: (1.27 g, 4.77 mmol, 74% yield); mp 150-151 °C; 1H NMR (300 MHz, CDC13) 5

1.29 (t, J = 7.2 Hz, 3 H), 2.03 (quint, J = 7.3 Hz, 2 H), 2.07 (s, 3 H), 2.29 (tt, J = 15.6,

2.9 Hz, 1 H), 3.16 (td, J = 7.7, 2.1 Hz, 2 H), 3.40 (dd, J = 16.2, 7.5 Hz, 1 H), 3.68 (dt,
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J = 11.4, 7.3 Hz, 1 H), 3.79 (dt, J = 11.4, 7.2 Hz, 1 H), 4.19 (q, J = 7.2 Hz, 2 H), 4.54

(dt, J = 14.4, 7.2, 1 H), 6.39 (d, J = 5.7 Hz, 1 H); 13C NMR (75 MHz, CDC13) 5 14.33,

21.59, 23.17, 27.99, 31.20, 46.17, 49.60, 60.15, 100.82, 152.30, 166.41, 167.89,

170.23; IR (KBr) 3281, 2984, 2849, 1690, 1642, 1545, 1399, 1248, 1173, 1109 cm'l;

HRMS for C13H13N204 m/z 266.1267, found m/z 266.1260.

III-39: (1.06 g, 2.74 mmol, 95% yield); mp 71-74 °C; 1H NMR (300 MHz, CDC13) 5

1.25 (t, J = 7.1 Hz, 3 H), 2.00 (s, 3 H), 2.16 (d, J = 2.2 Hz, 3 H), 2.46 (btd, J = 15.3,

2.2 Hz, 1 H), 2.96 (dd, J = 15.3, 6.5 Hz, 1 H), 3.95 (dd, J = 18.1, 5.6 Hz, 1 H), 4.04

(dd, J = 18.1, 5.6 Hz, 1 H), 4.14 (q, J = 7.2 Hz, 2 H), 4.59 (dt, J = 15.3, 6.5 Hz, 1 H),

4.67 (d, J = 16.7 Hz, 1 H), 5.13 (d, J = 16.7 Hz, 1 H), 6.91 (t,J = 5.6 Hz, 1 H), 7.05-

7.13 (m, 3 H), 7.19—7.34 (m, 3 H); 13C NMR (75 MHz, CDC13) 5 13.84, 15.79, 22.78,

28.31, 41.18, 45.42, 48.74, 61.09, 111.95, 125.82, 127.12, 128.58, 136.78, 139.74,

168.09, 169.34, 169.69, 170.25; IR (KBr) 3285, 2984, 1744, 1657, 1584, 1543, 1319,

1190 cm‘l; HRMS for C20H25N305 m/z 387.1794, found m/z 387.1789.

III-35: (0.78 g, 2.06 mmol, 90% yield); mp 82-85 °C; 1H NMR (300 MHz, CDC13) 5

1.92 (s, 3 H), 2.07 (d, J = 2.3 Hz, 3 H), 2.41 (btd, J = 15.3, 2.3 Hz, 1 H), 2.93 (dd, J =

15.5, 6.4 Hz, 1 H), 4.35 (dd, J = 14.7, 5.5 Hz, 1 H), 4.43 (dd, J = 14.7, 5.5 Hz, 1 H),

4.54 (dt, J = 15.0, 6.4 Hz, 1 H), 4.63 (d, J = 16.4 Hz, 1 H), 5.05 (d, J = 16.4 Hz, 1 H),

6.80 (bt, J = 5.7 Hz, 1 H), 6.98 (bd, J = 6.3 Hz, 1 H), 7.07 (d, J = 6.6 Hz, 2 H), 7.16-

7.30 (m, 8 H); 13C NMR (75 MHz, CDC13) 5 15.87, 22.79, 28.51, 43.44, 45.45, 48.78,

112.45, 125.86, 127.15, 127.57, 128.39, 128.61, 136.82, 138.02, 139.12, 167.80,

169.27, 170.21; IR (KBr) 3289, 3002, 1734, 1659, 1584, 1543, 1321, 1248 cm'l;

HRMS for C23H25N3O3 m/z 391.1896, found mlz 391.1895.

III-41: (mixed diastereomers, ratio 49:51); (0.52 g, 1.13 mmol, 86% yield); mp 77-80 °C;

1H NMR (300 MHz, CDC13, characteristic peaks) 5 (major isomer) 2.03 (s, 3 H), 2.12 (d,

J = 1.5 Hz, 3 H), 2.45 (btq, J = 9.0, 1.5 Hz, 1 H), 2.77 (ddd, J = 7.8, 3.3, 1.5 Hz, 1 H),

5.62 (s, 1 H), 6.17 (bt, J = 2.9 Hz, 1 H), (minor isomer) 2.02 (s, 3 H), 2.24 (d, J = 1.5

Hz, 3 H), 2.33 (btq, J = 9.0, 1.5 Hz, 1 H), 3.10 (ddd, J = 9.0, 3.3, 1.5 Hz, 1 H), 5.68

(s, 1 H), 6.13 (bt, J = 2.9 Hz, 1 H); 13C NMR (75 MHz, CDC13) 5 13.97, 16.29, 16.56,

22.75, 22.98, 28.16, 28.26, 41.35, 41.42, 46.44, 49.04, 59.71, 59.91, 60.78, 61.32,

61.80, 62.35, 100.38, 113.15, 113.52, 167.73, 127.71, 127.77, 127.99, 128.04,

128.09, 128.20, 128.34, 133.26, 134.22, 134.44, 139.46, 139.49, 140.42, 167.92,

168.04, 168.47, 169.04, 169.30, 169.35, 169.40, 169.74, 169.79, 170.22, 170.30,

171.05; IR (KBr) 3277, 2986, 1744, 1655, 1541, 1204 cm‘l; HRMS for C23H29N3O7

m/z 459.2006, found m/z 459.2011.
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III-37: (mixed diastereomers, ratio 49:51); (0.36 g, 0.80 mmol, 87% yield); mp 83-85 °C;

1H NMR (300 MHz, CDC13, characteristic peaks) 5 (major isomer) 2.01 (s, 3 H), 2.22 (d,

J = 1.2 Hz, 3 H), 2.30 (bdt, J = 9.2, 1.5 Hz, 1 H), 5.67 (s, 1 H), 5.92 (m, 1 H), (minor

isomer) 2.02 (s, 3 H), 2.10 (d, J = 1.2 Hz, 3 H), 2.43 (btd, J = 9.2, 1.5 Hz, 1 H), 5.59

(s, 1 H), 5.95 (m, 1 H); 13C NMR (75 MHz, CDC13) 5 13.87, 16.22, 16.50, 20.86,

22.78, 28.17, 28.33, 40.42, 43.46, 46.47, 48.94, 59.82, 61.67, 111.05, 113.61,

114.01, 117.30, 126.02, 127.06, 127.17, 127.50, 127.55, 127.71, 127.95, 128.21,

128.37, 128.41, 128.52, 134.26, 134.42, 137.88, 137.95, 138.52, 139.39, 167.46,

167.64, 168.02, 168.43, 169.22, 169.61, 170.13, 170.18; IR (KBr) 3297, 3007, 1742,

1651, 1532, 1217 cm'l; HRMS for C26H29N305 m/z 463.2107, found m/z 463.2150.

General Method for the Formation of Acetylenic Esters. To benzyl

protected propargyl alcohol (10-50 mmol, 1.0 equiv) in THF (0.5 M relative to the alcohol)

was added BuLi (1.0 equiv, 2.5 M in Hexane) at -78 °C. After 10 min ethyl chloroformate

(1.5 equiv) was added dropwise. The reaction was slowly warmed to 0 °C (only until a

deep red color began to form for the case of II-25, after which time it was promptly

quenched) and then to rt. After 14 h, the reaction was quenched by addition of water. The

organics were separated and the solvent removed under reduced pressure. The resulting

crude oil was purified by flash column chromatography (silica, 230-400 mesh; eluent -

petroleum ether). The solvents were evaporated to give a clear, colorless oil.

II-ZS: (1.61 g, 7.45 mmol, 91% yield); 1H NMR (300 MHz, CDC13) 5 1.29 (t, J = 7.2

Hz, 3 H), 4.22 (q, J = 7.2 Hz, 2 H), 4.25 (s, 2 H), 4.59 (s, 2 H), 7.22-7.40 (m, 5 H);

13C NMR (75 MHz, CDC13) 5 13.78, 56.53, 61.90, 71.81, 78.07, 82.94, 127.87,

127.90, 128.29, 136.59, 152.87; IR (oil/NaCl) 3032, 2984, 2872, 2236, 1713, 1248 cm‘

1

III-49: (3.06 g, 16.28 mmol, 94% yield); 1H NMR (300 MHz, CDC13) 5 1.30 (t, J =

7.1 Hz, 3 H), 3.73 (s, 2 H), 4.23 (q, I = 7.1 Hz, 2 H), 7.25-7.40 (m, 5 H); 13C NMR

(75 MHz, CDC13) 5 14.00, 24.97, 61.87, 74.84, 86.20, 127.16, 127.99, 128.69,

134.07, 153.67; IR(oil/NaCl) 2984,2238, 1709, 1255 cm'l.

General Method for the Aza-Annulation of Acetylenic Esters. A

mixture of the primary amine (0.5-5.0 mmol, 1.0 equiv) and the acetylenic ester (1.0

equiv) were taken up in THF (0.5 M relative to the amine) along with BF3-etherate (0.5

equiv) and allowed to heat at rt. After the reaction had gone to completion, as indicated by

1H NMR, the solvent was removed under reduced pressure and the crude enamine brought

up in THF (0.1 M relative to the enamine). The sodium salt of 2-acetamidoacrylic acid (1.3

equiv) was added at -78 °C and the reaction allowed to stir at rt for 14 h, or longer if 1H
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NMR suggested the reaction not complete. Sat. aq. NaHCO3 (excess) was added, and the

mixture was extracted 4 times with EtOAc. The combined organic fractions were dried

over Na28O3, filtered, and the solvent evaporated under reduced pressure. The crude

product was purified by flash column chromatography (silica 230-400 mesh, eluent,

Et20:EtOAc:MeOH)

III-44: (3.60 g, 10.00 mmol, 71% yield); mp 151-154 °C; 1H NMR (300 MHz, CDC13)

5 2.05 (s, 3 H), 2.34 (dd, J = 16.3, 15.6 Hz, 1 H), 3.42 (dd, J = 16.3, 7.0 Hz, 1 H),

3.67 (s, 3 H), 3.73 (s, 3 H), 4.63 (ddd, J = 15.6, 7.0, 5.6 Hz, 1 H), 4.65 (d, J = 15.6

Hz, 1 H), 4.94 (d, J = 15.6 Hz, 1 H), 6.51 (bd, J = 5.6 Hz, 1 H), 7.16-7.22 (m, 2 H),

7.25-7.36 (m, 3 H); 13C NMR (75 MHz, CDC13) 5 23.07, 26.41, 47.81, 48.43, 52.24,

52.90, 108.95, 127.13, 127.79, 128.56, 135.77, 141.88, 163.32, 165.05, 169.21,

170.14; IR (KBr) 3306, 2953, 1742, 1705, 1634, 1534, 1437, 1248 cm'l; HRMS for

C13H20N2O6 m/z 360.1322, found m/z 360.1308.

III-46: (3.32 g, 7.61 mmol, 83% yield); mp 97-99 °C; 1H NMR (300 MHz, CDC13) 5

1.26 (t, J = 7.2 Hz, 3 H), 2.03 (s, 3 H), 2.29 (td, J = 16.0, 2.0 Hz, 1 H), 3.39 (dd, J =

16.0, 6.6 Hz, 1 H), 4.16 (q, J = 7.2 Hz, 2 H), 4.31 (dd, J = 12.9, 2.0 Hz, 1 H), 4.45

(dt, J = 15.0, 6.0 Hz, 1 H), 4.54 (d, J = 12.0 Hz, 1 H), 4.60 (d, J = 12.0 Hz, 1 H), 4.80

(d, J = 16.5 Hz, 1 H), 5.00 (d, J = 12.9 Hz, 1 H), 5.41 (d, J = 16.5 Hz, 1 H), 6.73 (bd,

J = 5.7 Hz, 1 H), 6.98-7.02 (m, 2 H), 7.17-7.38 (m, 8 H); 13C NMR (300 MHz, CDC13)

5 13.97, 22.99, 28.00, 45.62, 48.50, 60.90, 63.07, 72.50, 112.97, 125.91, 127.16,

127.87, 128.32, 128.64, 137.12, 137.39, 145.35, 165.91, 170.07; IR (KBr) 3310,

3011, 2936, 1673, 1632, 1497, 1392, 1372, 1217 cm]; HRMS for C25H23N205 m/z

436.1998, found m/z 436.2064.

III-50: (mixed isomers, ratio 92:8); (2.64 g, 6.5 mmol, 61% yield); 1H NMR (300 MHz,

CDC13) 5 1.14 (t, J = 7.1 Hz, 3 H), 1.79 (ddd, J = 13.1, 11.1, 6.6, 1 H), 2.03 (s, 3 H),

2.80 (ddd, J = 13.1, 9.4, 7.0 Hz, 1 H), 3.85-4.87 (m, 3 H), 4.47 (dt, J = 11.1, 6.3 Hz,

1 H), 4.77 (d, J = 15.4 Hz, 1 H), 5.23 (d, J = 15.4 Hz, 1 H), 6.46 (s, 1 H), 6.84 (d, J =

5.8 Hz, 1 H), 7.13-7.38 (m, 5 H); 13C NMR (300 MHz, CDC13) 5 13.84, 23.00, 29.05,

40.78, 48.71, 51.43, 61.38, 121.37, 127.32, 127.47, 128.40, 128.51, 128.90, 134.38,

135.82, 137.00, 169.53, 170.00, 171.91; IR (KBr) 3330, 2982, 1734, 1671, 1496,

1410, 1244, 1184 cm'l.

General Method for the DDQ Oxidation of Aza-Annulation Products.

A mixture of the aza-annulation product (0.5-50.0 mmol, 1.0 equiv) and DDQ (1.5 equiv)

were taken up in tolune (0.1 M with respect to the aza-annulation product). After heating at

reflux for 14 h the solvent was removed under reduced pressure and the crude product was
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purified by flash column chromatography (silica, 230-400 mesh, eluent, Et20: EtOAc) or

recrystallized (CHCl3zEtOAc). For compounds derived from B-ketoamides, the oxidation

was repeated to give the indicated yields.

III-28: (0.029 g, 0.088 mmol, 58% yield); mp 176-178 °C; 1H NMR (300 MHz, CDC13)

5 1.37 (t, J = 7.1 Hz, 3 H), 2.19 (s, 3 H), 2.68 (s, 3 H), 4.30 (q, J = 7.1 Hz, 2 H), 5.47

(s, 2 H), 7.09 (d, J = 6.7 Hz, 2 H), 7.26-7.35 (m, 3 H), 8.30 (bs, 1 H), 8.91 (s, 1 H);

13C NMR (75 MHz, CDC13) 5 14.19, 16.91, 24.63, 48.33, 61.15, 110.44, 122.64,

125.77, 126.05, 127.64, 128.94, 135.22, 145.30, 158.40, 165.88, 169.02; IR (KBr)

3308, 2982, 1713, 1638, 1516, 1192 cm'l; HRMS for C13H20N204 m/z 328.1423,

found m/z 328.1411.

III-31: (0.039 g, 0.150 mmol, 78% yield); mp 225-226 °C; 1H NMR (300 MHz, CDC13)

5 1.33 (t, J = 7.1 Hz, 3 H), 2.18 (s, 3 H), 2.21 (quint, J = 7.7 Hz, 2 H), 3.50 (t, J = 7.7

Hz, 2 H), 4.16 (t, J = 7.7 Hz, 2 H), 4.28 (q, J = 7.1 Hz, 2 H), 8.14 (bs, 1 H), 8.85 (s, 1

H); 13C NMR (75 MHz, CDC13) 5 14.31, 20.99, 24.63, 33.04, 49.43, 60.78, 106.11,

122.55, 126.13, 149.57 156.83, 164.86, 168.80; IR (KBr) 3297, 2982, 2936, 1715,

1684, 1636, 1532, 1196, 1100 cm‘l; HRMS for C13H16N204 m/z 264.1110, found m/z

264.1108.

III-40: (0.31 g, 0.15 mmol, 80% yield); mp = 177-180 °C; 1H NMR (300 MHz,

Acetone-d6) 5 1.21 (t, J = 7.1 Hz, 3 H), 2.11 (s, 3 H), 2.48 (s, 3 H), 4.10 (d, J = 6.0 Hz,

2 H), 4.13 (q, J = 7.1 Hz, 2 H), 5.54 (s, 2 H), 7.14-7.17 (m, 2 H), 7.24-7.56 (m, 3 H),

8.01 (t, J = 6.0 Hz, 1 H), 8.54 (s, 1 H), 9.04 (s, 1 H); 13C NMR (75 MHz, Acetone-d5) 8

14.42, 17.22, 24.38, 42.21, 48.85, 61.47, 108.55, 122.56, 127.30, 129.21, 129.52,

129.62, 137.19, 145.59, 158.65, 168.80, 170.10, 170.28; IR (KBr) 3277, 3032, 1748,

1671, 1644, 1512, 1210, 1003 cm‘l; HRMS for C20H23N3O5 m/z 385.1638, found m/z

385.1623.

III-36: (0.21 g, 0.56 mmol, 76% yield); mp 180-181 °C; 1H NMR (300 MHz, Acetone-

d5) 5 2.10 (s, 3 H), 2.42 (s, 3 H), 4.55 (d, J = 6.0 Hz, 2 H), 5.51 (s, 2 H), 7.12-7.16

(m, 2 H), 7.19-7.56 (m, 8 H), 8.18 (t, J = 6.0 Hz, 1 H), 8.54 (s, 1 H), 8.96 (s, 1 H); 13C

NMR (75 MHz, Acetone-d6) 5 17.28, 24.36, 44.20, 48.79, 108.50, 122.42, 127.30,

127.83, 128.13, 128.45, 129.21, 129.51, 129.60, 136.99, 137.25, 145.43, 158.59.

168.47, 169.97; IR (KRr) 3299, 3067, 3034, 2880, 1705, 1634, 1507, 1476, 1248, 1003

cm‘l; HRMS for C23H23N3O3 m/z 389.1739, found mlz 389.1762.

III-42: (0.32 g, 0.70 mmol, 60% yield); mp = 204-205 °C; 1H NMR (300 MHz,

CDC13) 5 1.24 (t, J = 7.2 Hz, 3 H), 1.28 (t, J = 7.2 Hz, 3 H), 2.17 (s, 3 H), 2.49 (s, 3

H), 4.13-4.29 (m, 6 H), 6.14 (s, 1 H), 6.55 (bs, 1 H), 7.26-7.48 (m, 5 H), 8.32 (s, 1

H), 8.55 (s, 1 H); 13C NMR (75 MHz, CDC13) 5 14.08, 17.53, 24.54, 41.88, 61.74,
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62.17, 62.65, 112.68, 115.71, 121.15, 126.60, 128.08, 128.59, 128.92, 132.86,

134.72, 140.19, 157.78, 167.40, 167.67, 169.65; IR (KBr) 3314, 2986, 1744, 1645,

1524, 1217, 1082, 1003 cm'l; HRMS for C23H27N307 mlz 457.1849, found mlz

457.1853.

III-38: (0.16 g, 0.35 mmol, 55% yield); mp = 155-156 °C; 1H NMR (300 MHz, CDC13)

5 1.24 (t, J = 7.2 HZ, 3 H), 2.18 (S, 3 H), 2.50 (S, 3 H), 4.26 (q, J = 7.2 HZ, 2 H), 4.57

(dd, J = 5.6, 1.7 HZ, 2 H), 6.12 (S, l H), 6.19 (m, 1 H), 7.19-7.43 (m, 10 H), 8.27 (S, 1

H), 8.53 (s, 1 H); 13C NMR (75 MHz, CDC13) 8 14.10, 17.52, 24.67, 44.28, 62.11,

62.69, 116.21, 120.69, 126.86, 127.73, 127.85, 128.15, 128.54, 128.62, 128.85,

133.01, 137.69, 139.77, 140.51, 167.20, 167.38, 169.27; IR (KBr) 3280, 2960, 2920,

1736, 1647, 1516, 1455, 1217 cm‘l; HRMS for C26H27N305 m/z 461.1951, found m/z

461.1901.

III-45: (0.21 g, 0.59 mmol, 71% yield); mp = 128-129 °C; 1H NMR (300 HZ, CDC13) 5

2.19 (S, 3 H), 3.79 (S, 3 H), 3.85 (S, 3 H), 5.26 (S, 2 H), 7.19-7.32 (m, 5 H), 8.34 (bs,

1 H), 8.84 (S, 1 H); 13C NMR (75 MHZ, CDC13) 5 24.67, 50.44, 52.62, 53.41, 109.06,

120.06, 127.36, 128.04, 128.61, 128.83, 134.77, 138.14, 157.02, 163.12, 164.18,

169.23; IR (KBr) 3374, 3021, 2955, 1728, 1691, 1645, 1516, 1437, 1215 cm‘l.

General Method for the Hydrolysis of Esters and Amides. A mixture of

the oxidation product (0.5-2.0 mmol, 1.0 equiv) and KOH (20.0 equiv) were taken up in

H20 (for hydrolysis of esters) or 30% H202 (for hydrolysis of amides) (0.1 M with

respect to the oxidation product). After 14 to 38 h, the reaction was extracted with CHC13,

filtered, neutralizated with HCl, and the carboxcylic acid collected by filtration or the

amines collected by solvent removal under reduced pressure followed by extraction with

MeOH or acetone. The products were then recrystallized (MeOH:CHCl3 or MeOH:Et20).

III-51: (0.48 g, 2.03 mmol, 61% yield); mp >260 °C; 1H NMR (300 MHz, Acetone-d5)

5 2.07 (s, 3 H), 2.70 (s, 3 H), 5.55 (s, 2 H), 7.17 (d, J = 6.9 Hz, 1 H), 7.26-7.35 (m, 4

H), 8.98 (s, 1 H); 13C NMR (75 MHz, Acetone) 5 17.09, 24.32, 48.52, 106.25, 123.00,

127.10, 128.14, 129.62, 130.55, 133.29, 137.24, 158.84, 167.42, 171.53; IR (KBr)

3277, 3031, 1692, 1622, 1603, 1553, 1387, 1190 cm'l.

III-52: (0.061 g, 0.314 mmol, 82% yield); 1H NMR (300 MHz, DMSO-d5) 5 2.03

(quint, J = 7.6 Hz, 2 H), 3.25 (t, J = 7.6 Hz, 2 H), 3.95 (t, J = 7.6 Hz, 2 H), 6.91 (s, 1

H); 13C NMR (75 MHz, DMSO-d6) 5 21.09, 32.45, 48.73, 111.03, 128.51, 129.14,

135.41, 143.12, 156.81; IR (KBr) 3364, 1698, 1615, 1536, 1117 cm].

III-53: (0.047 g, 0.183 mmol, 61% yield); mp 205-206 °C; 1H NMR (300 MHz,

DMSO-d5) 5 2.46 (s, 3 H), 5.46 (s, 2 H), 7.07-7.54 (m, 5 H), 8.02 (s, 1 H); 13C NMR
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(75 MHz, DMSO-d6) 5 16.83, 30.74, 115.41, 127.05, 128.34, 129.37, 129.86, 133.98,

135.86, 137.69, 160.60, 169.74; IR (KBr) 2928, 1709, 1640, 1549, 1455, 1256, 1024

cm'l.

Formation of III-54: To a solution of II-52 (0.20 g, 0.848 mmol) in THF (8.48 mL)

was added NaH (0.92 g, 0.848 mol) at -78 °C. To the reaction was added Et02CCl

(0.081 mL, 0.848 mmol) followed by phenylglycine ethyl ester (0.183 g, 0.848 mmol).

The reaction was allowed to warm to room temperature and stirr for 2 hr. Sat. aq.

NaHCO3 (excess) was added, and the mixture was extracted 4 times with EtOAc. The

combined organic fractions were dried over Na28O3, filtered, and the solvent evaporated

under reduced pressure. The crude product was purified by flash column chromatography

(silica, 230-400 mesh, eluent, Et2OzEtOAczMeOH). (0.29 g, 0.66 mmol, 78% yield); mp

209-210 °C; 1H NMR (300 MHz, CDC13) 5 1.22 (t, J = 7.1 Hz, 3 H), 2.17 (s, 3 H), 2.42

(s, 3 H), 4.17 (dq, J = 10.7, 7.1 Hz, 1 H), 4.25 (dq, J = 10.7, 7.1 Hz, 1 H), 5.38 (s, 2

H), 5.63 (d, J = 7.1 Hz, 1 H), 6.98 (d, J = 7.1 Hz, 1 H), 7.09 (d, J = 6.5 Hz, 2 H),

7.25-7.44 (m, 8 H), 8.37 (s, 1 H), 8.55 (s, 1 H); 13C NMR (75 MHz, CDC13) 5 13.90,

16.88, 24.43, 48.53, 57.22, 61.99, 126.20, 126.31, 127.33, 127.63, 128.49, 128.57,

128.84, 128.96, 135.02, 135.89, 140.32, 157.95, 166.84, 169.61, 170.58; IR (KBr)

3324, 3019, 1736, 1636, 1514, 1217 cm'l.

Formation of III-55. To III-50 (0.24 g, 1.05 mmol) in EtOH (10.5 mL) was

added Na2C03 (0.39 g, 3.67 mmol) and 10% Pd/C (0.10 g). The reaction vessel was

purged with N2 and then flushed with and maintained under an atmosphere of H2. After

stirring for 16 h, the reaction mixture was filtered through a fine scintered glass funnel and

the solvent removed under reduced pressure. The resulting crude oil was purified by flash

column chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were

evaporated to give a white solid which was recrystallized fron EtOAc (mixture of

diastereomers, ratio 96:4), (0.23 g, 0.99 mmol, 94% yield). mp 202-205 °C; 1H NMR

(300 MHz, CDC13) (major diastereomer) 5 1.16 (t, J = 7.2 Hz, 3 H), 2.00 (s, 3 H), 2.32

(q, J = 13.7 Hz, 1 H), 2.55 (m, 1 H), 2.93 (dt, J = 13.7, 4.4 Hz, 1 H), 3.21 (dd, J =

13.7, 7.4 Hz, 1 H), 3.29 (d, J = 15.2 Hz, 1 H), 3.90 (dq, J = 10.8, 7.1 Hz, 1 H), 4.01

(dq, J = 10.8, 7.1 Hz, 1 H), 4.07 (m, 2 H), 5.24 (d, J = 15.2 Hz, 1 H), 7.00 (dd, J =

7.5, 1.9 Hz, 2 H), 7.12 (d, J = 6.4 Hz, 1 H), 7.21-7.34 (m, 8 H); 13C NMR (75 MHz,

CDC13) (major diastereomer) 5 13.92, 22.87, 25.69, 37.30, 42.80, 49.65, 50.81, 58.76,

60.95, 126.77, 127.37, 127.47, 128.51, 128.57, 129.34, 136.80, 138.09, 169.14,

170.45, 170.52; IR (solid/NaCl) 3297, 3067, 3009, 1732, 1642, 1541, 1455, 1217 cm'l.
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NOE studies on III-50 indicated that the stereochemistry of the double bond of the

major isomer was E (NOE enhancements between the vinyl proton and N-benzyl

protons were 3.3% and 1.6% when the vinyl proton was irradiated. NOE

enhancement between the vinyl proton and the benzylidine protons was 9.7% when

the vinyl proton was irradiated).

DDQ oxidation of III-50 under optimum conditions (see reference 8 and text)

provided a mixture of products consisting of III-50 (20%), the analog of III-50

with the double bond isomerized into the ring (80%), and possibly a u'ace of the fully

oxidized analog of III-50. The composition of the reaction mixture was determined

by 1H NMR. Characteristic peaks of the double bond isomerized product were: 2.49

(td, J = 15.9, 3.0 Hz, 1 H), 3.55 (dd, J = 15.9, 6.3 Hz, 1 H), 4.63 (dt, J = 15.1,

6.3 Hz, 1 H).

Compounds III-27, III-28, III-30, III-35, III-36, III-37, III-39, III-40,

III-41, III-44, III-45, III-46, III-54, and III-55 were submitted for biological

testing.  
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Lewis Acid-Promoted 3-Aza-Cope Rearrangement of

N-Alkyl-N-allylanilines

ImG.BeholzandJohnR.Stille‘

DsparMo/ChaaisayJfiehiganState Unimity,£¢stlnnsing,uidn'genm

WWAJM (Raisedflesunen‘ptfleea‘uedlm 18.1%.?)

Lewis acid reagents at Ill-140 'C. Systematic studies of this rsactim

mpufomedwaamineammbaofnufionmhblmnmhneoneenmfiomtheuoichbmeuy

dtbeLewhaddwiththembsmtgtheoptimumtemperatnrefor gandthetypeo!rearrangemen

Lewis acid reagent. Ofthe many Lewis acids investigated. ZnCl: (140 'C) and moan (111 'C)

methemmtgenenflynmfidmgmflfmpmofingtbeamafica-m-Copenamngemmt

W‘rthrespecttombsbatevariatiomthepresenceofamethoaysuhstituentparatotheN-allylgroup

slowedtbereaetionslightly, whileametasuhstimentaeeeleratedtherateofmfilrearrangement

andproducedmoderatesiteselectivityontheammats‘ering. Misadd-promotedrearrangement

ofmumymmeflimflymhsfimudanylmdetyrendudinflfilwuopicmmngementm

thel-hexen-3-y1suhstimentonthearomaticring.OveralLbotthlgandthO-Bhwereshown

aaa-CopereamngementofN-alkyl-N-aflylanilines(«the

moffamingamrbon-mrbmhondbetmauwndaryalkylmhsfimtandmamade

toeficientlyaeeeleratetheregiospeeificfil—

n’ng.

Introduction

The aromatic 3—aaa-Cope rearrangement ofN-allyl-

anilinesuhstrates 1 anthasbeenofinterestforsame

timeasaroutetotheformationon-substiurtedaniline

andindoleproduets.buttheutilityofthisreactioahas

lrssrrgr'satlylimited(e111).1 Theseverseendits’cnstzw-

. I x

u u a:

¢ —L.. '3' l. M (‘1

tza'css v 8

arm

coup. have restricted the utility of this reaction and

presented an enormom challenge to synthetic organic

chemists.a Appmachestoovereomingtheseharrieuhave

toassedarormdonessm-ontheme-ehargeaeeeleration

ofthereamngementproeessbyreactionofN-allylaniline

substrateswithelectrophilicreagentsthroughgeneration

ofa quaternary intermediate

Theelectrophilesourcesmasteommonlymedfareharge

acceleration of the aromatic 3-aaa-Cope rearrangement

havebeenBremtedaddgwhiehtypicallypromotere-

t at temperatures of 140-150 'C. Polyphos-

phmicacidhasbeemusedtopmmote charge-accelerated

m-Copemrrangemennhutefl'eefivemeofthisreagmt

mlimitedtotheN-crotylderivatives (R3- Me)dl'

(”Fannie-Ithatmdudeadismmiead

 

(”fl-3263793!1958-5095804W0

andz.‘ NethermvtcnsomeeafiClandI-lfio.m

studiedmoremvelyandhavesho'ngreaterveraa-

tflityinpromofingthislafilsigmabopicreamngemmt.

'I'heuseot‘HCltopromotetberearrangementofltel

wasaehievedbytreatmentoflwitheitherHCPm

PhNHrl-ICI.‘ Similarly,thetreatmentof2vith HClalao

gavez-allylanilinederivatives.“ tofhoth

landzwaspmmoudefleetivelywitthfigsoo" A

drawbacktothemeofsu'ongproticacidshasheentha

tendencyofthesereagentstoproduceformatimofindole

andindolineproduetsfrodehusredua’ngtheoverall

efl'ectivaseaaofthisreaction.“" Generationofthe

analogmquaternaryammonitnnsaltst‘I-alkyl)

producedsimilarchargeaeeeleraficnot‘thearomaticm

CoperearrangementatllO'C;however,signifimnt

amOtmts of substrate deallylation usually counted.“

TheuseofLewisaddsforehargeaeeelerationofthe

3-aaa-Cope rearrangement appears to be aW

altsrnativetothemeofproticaeids. Asearlyas1957.‘

ZnClgwaafmmdtopromotethetl-amformationofltoa.

and subsequent examples have produced 37-7896 yislb

d3.“ TreatmentwithEtgo-BFgwasalaoaneflectin

methodolpromota‘ng [3,3]rearnngementdlat140
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'C,“J'andthemeolEt¢O-BF.wastheonlyeaampleof

aLewis acid-promoted 3-asa-Cope rearrangementon!“

Other catalysts, such as AlClg, FeClg, SnCh. and 'I‘iCL,

wereleaseffectiveatpromotingthercaflangementofl.m

AstrikingfeatureofstudiesoftheLewisaeid-promoted

rsarrangementofsuhstratethasbeentbevaryingsncceas

reportedforverysimilarsubsu-atee. Typially,tbeorigin

ofthesedifierencesisasensitivityofthissystemtoone

or many of the reaction conditions.

Ourremntinvestigationsintbeareaofthealiphatic

Sana-Cope management have led to the development

dpl’otmruandLewisaddnChMtedW

mentofN-alkyl-N—allylenaminesattemperattnesranging

from 40 to 110 °C. Organoaluminum compleaes were

partieularlyeficientandversatileinpromotingthe3—m-

Copereanangementandarecentreportofanaromatie

Claiaenrearrangementacceleratedbyan '

resgentprovidedadditionaloptimismfortbeahilityof

organoaluminum complexes to promote the aromatic

3—ssa-Cope rearrangement.” Herein, we report the sys-

tematic investigation of the aromatic 3-ua-Cope rear-

Besults andDiscussisn

Aninvestigationofantnnberofreactionvariahlsswas

performedbysmdyingtheefiectoftherelativeamormt

of!awisadd,concentntionofthereaction,reactiontime.

andthetemperatureatwhichrearrangementwouldoccur.

'I'henature ofthe nitrogen ”spectator” substituentonthe

N-allylaniline substrate, as well substitution on the

aromaticringandtheallylgrwpmereusedtoprobetbe

features ofthis reaction.

Studieswereinitiatedbymonitoringthereanangement

d4a(eq2)inthepresenceofvaryingamotmteofAlC1.,

acatalystthatwasefl'ectivefortbereamngementofl.

“w

o;-

3 55* i?" 8??
The3-aaa-Coperearrangementof4agave5ainallcaaes,

buttberelativeamormtofAlChwasaiticaltothe

selectivityofthe reaction (Table 1). Treatmentof4a with

1.5equivofbewisacidproducedrapiddisappearanceof

starfingmteriaLlowmwnuofkandfurtherde-

structionofSaovertime.“ Withtheuseofl.2equiv,tbe

rmcfionwudowedmameftdmmandoptimalgenerafion

(1M6uge.C.:Gill.E.W.;MJ.A.J.Om-.Sce.0hem

l 74.

(11)Cooh.G.EL:Stille.J.RJ. Og.Chera.1991,56.557&

Cooh.G.R.;B¢ta.N.S.;Stilh.J.RJ.Om.Cheule57.461.

(12) EsmkmucYamamfiTm

“22th Mmem‘«.2:
wwmpnfim-ummmm
Mm

R)

 

 

 

 

 

BehohandStills

Table]. MdthsAmoaasetSflhsathsI-Aaa-Ospa

m: 4a

yidd'tfi)

time producttauatim‘

equiv. (11) 4a 5a 4a 7a 9a

1.5 2 12 38 0 o 0

4 o 22 0 o o

8 o 9 o o 0

1.2 4 50 49 0 o 0

8 8 88 0 o 2

24 6 71 0 o 3

0.75 4 28 68 1 o 0

s 16 70 6 0 0

24 11 23 32 5 o

48 9 4 87 9 1

mmwmmuuuumhmmo'o.

‘Vahwtmmdmwmtrd

10.'chationofnogreaterthan 1% aawmeherved.

mun. man-monamuthe

i-Aaa-CepslsanaamefhPMby Blanket

 

 

 

 

yieldNfi)

(Mk) 4a in Ca 1a h

3.0 1 7 19 35 5

2.0 16 37 18 15 7

1.0 19 51 4 6 5

0.75 fl 52 4 6 4

0.5 23 53 4 4 3

0..” D 27 2 0 0

'Rsarrangemenrswerernnatrennamxylsnsstlw'mforldh.

Iaeachcaselcuerreactiontimsspsoducsdlnweryiahh.‘Vahm

reprmmtxyisldsmdetsrminadbyGCanabiMIQ¢Pormatim

ofnogreatsrthan 1% 8a wasobserved.

ofSawasobserved. Problemaaasociatedwithsubquent

[3,31rearrangementtotheparapositionwerenoten-

countered. Whenleasthanastoichiometricamountcf

MCI; was used, significant quantities of byproducts.

mnlflngbomcydizafionofimwereproducedduringthe

time necessary to drive the rearrangement to >955

completion Examination clotber Lewis acids showed

similarpatterns,andineachcase,1.2equivo{Lewisacid

wastheoptimum amount ofreagent

Anotherhwisacidreportedtopromotetherearrange-

mentof1,ZnCl¢,showedagreatersensitivitytoward

reactionccnditionsandwasusedtoprobetheefleetof

mbstrateccncenn'ationontheproductdistributionfl'able

ll). Accelerationofthereanangementwichanat
ccncentratiomgreaterthan 1.0Mresultedinthegener-

ationofsubstantialquanfifiesoffiaand‘lamndreaetion

ccncentrationsfromOétolflMwerefotmdtobeoptimal.

Forallsubsequent rearrangementsdescribed,reaetions

wereperformedatMMofaubstr-atewithlleqmvoflhe

Once general reaction conditions were established, a

smey of Lewis acids revealed that AlCh, ZnClg, and

Etgo-BFawerethemoetefl’ective reagents forpromoting

[M1mmmentof4ato5at’l‘ablefl.1‘reaunent
oflawithfiChongBrgproducedccnsumptionofh.

butinbotbeasm,6a(10-l2%)and7a (2%)wereformed

concunentlyunderthesereactionconditions. Alkylalu-

minum complexes, including the methylaluminmn bis-

(4—bromo-2,6-di-tert-butylphenoxide) reagentused forthe

aromtieClaisenrearrangement.produceddisappointing

resultsbyslowcomumptionofhpresmnablytometh-
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condm product {urination

rasgant‘ temp (‘0 time (h) la: yield (S)

MOB 140 8 88

m 140 13 53

Ergo-BF. 111 44 79

Ego-3P3 140 34 49

not. 140 16 46

“(an 140 w 38

(NOW 140 72 28

m 10 4 34

m 140 24 22

MIC}. 140 44 16

'Raarrangemsntawarerunoasllct’hwithmeqmvdhw'n

acidat refluxintobssnetul'Qarxyh-amaw'QJValuss

repressmGCmyialdsdiaud14).-'Ar0-4—hcmr>2.8-di-m-

butylphmnly.

TablsIV. “Add-M2”

Wol4aad18
 

 

and yield (S)

substrate (1.2 equiv) (6nd») isolatsd‘ (00‘

4a AlCh 8 88 (88)

74:0. 16 45 (52)

We 48 53 (79)

4D A“ 2 15 (35)

2nd. 24 15 M)

3608?. 24 13m

1“ has 16 58 (fl)

860-37. 72 56 (61)

145 ZnCh 24 53 (57)

3.0-BF: 48 35 (4”

'WmmuflduwithUeqniVJIawis

acidstreflnaintoluenetlu“amourrylenmdw'am

andZnCldJOIerallisclatedyialdsofland 1L‘Rafsrancs 14.

ylated and oligomeric products. without genera6on of

significant amounts of 5a-8a. In general, these trends

were opposite those observed for the aliphatic 3-ara-Cope

reanangementinwhichtheorganoaluminumspadcswere

thematefficientraagmmandthemetalhalidestypically

used for Freidel-Crafts alkylation produced very poor

"stilts.” Thetemperature atwhichthearoma6c 3-aaa-

Cope rearrangement occurred was also critical to the

successoftbereac6m. 'l‘heuseofdecalinum'Qresultad

intheformationofcaand'laasthamaiorproductsin

pooryieldandtheuseoftoluene (111 °C)didnotprovide

ahighenoughtemperatureatrefluxtopromoteconveraion

aflatoproducta. Interestingly,theuseofEth-BF.was

theoneexcep6on.andrearrangementintolueneatreflux

was more efficient than reaction in xylene.

The three optimum catalysts, AlCh, anIg. and

Etgo-BFgwereeachusedinthesmdieaofsubstrate

variability. Undartheop6mumccndi6cnsforrearrange-

ment.5awasisolatedfromthereac60nmixturein45—

68% yieldtTahleIV). Thereactionofllewisaeidswith

4b,havinganN-henzylgroupinsteadofanN-methyl

mbstituentproducadmuchpoorerremlts. Underaimilar

reac60ncondi6ons.a35% yieidwasthebestthatcould

beohtainadfromanyofthecatalystswith4h. The

disappearance of 4b without forma6on of the desired

moductswassuspectadtoresultfromreactionofnucleo-

philas at the benzylic posi6on and concomitant displace-

mantofaquatemrynitrogenduringthevigorousreaction

conditions. Treatment of the analogous allyl acetamide

and sulfonamide suhs6-ates with these Lewis acids did

notrearltinlafilraarrangementproducts.

98

J. Org. Chem. Vol. 58. No. 19, 1993 son

 

 

 

Table V. LewisAcid-WSWIceman-sat

m coeds" product(«mafia (%)

nibstrate (1.2 equiv) (time (N) 18:14. yield' (60‘

12a ZnCl; 8 64:3 70 (77)

Ergo-BF. 48 88:34 98 (98)

at 2:101; 24 71:29 57 (84)

3.0-BF. 48 72:28 88 (47)

12c Zoo. 8 73:27 8as)

war. 24 72:28 at (O)

‘Rearnngemantawererunullofuwithlzeqnivoflaw‘n

addatrefluxintoluene(111‘C,B¢0-BFgorxylenm(140'C.ZnCl.).

‘Ra6osdltl4weredeterminsdhyGCanalya'uofthecndeructiu

m Formbsuntmbanderatioswereccnfirmadbyiflm

W‘Overalliaolatadyieflmthemixnneofflandu.

‘Rataance 14.

Rearrangement of substrates containing a methoxy

subs6tuentonthearomatieringprovidedmefulinaight

intothenatrneofthisbewisacid—promotedtranaformam

(aqs3and4.TablesIVandV). Themostno6ceahle

(3)

37%-.836 «4
1213 14

 

2‘39.
a...fi

l
l

   

differenceobservedwiththeaesuhstrataswasthatAlCl.

producedrapiddisappearanceoffland 12,withoutthe

generation of any of the typical [3,3] rearrangement

products.” Duetotheslightdeactivationattheposi6on

metatothemethoxy substituent, substrate lOrearranged

moreslowlythantheanalogous unsubs6tutad substrate

4. However,eventhoughthembs6tuentdeac6vatadthe

posi6cnatwhiehcsrbon—arbcnbondformationocctmed,

standardcondi60nsfortherearrangementpromotedwith

ZnClgandEth-BPalcdtocomparahleorhigherisolatsd

yields of 11.

Rearrangement of substrate 12, having a methoxy

suhs6tuentrnetatotheallylaminesubs6ment,introducsd

repoaelac6vitywasonlymoderate,rangingfrom64z36to

73:27 for 13:14, and the product ra6o showed little
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Table V1. Competitive Lewis Acid-Promoted 2-Aaa-Cepe

Renew

 

 

 

e! 4e and 1h

"I a", product formatitm‘ (i)

mt (time th» 18a + Na 5a (13a + 14a):5a

W3 2 24 15 5238

4 33 22 flNO

6 49 N 5238

8 55 33 6:37

ZnClg 0.5 17 7 71:”

1.0 S 10 78:22

1.5 47 15 76:24

2.0 55 18 75:25

'RoarrangsmantewareanfiMolhwitleequivdIawi

acidstrofluaintohsmetllh‘c,magnum-nose.ZnCla)

withueqnivdlaw'nacid. RetiasworedeterminadbyGCamlya'n

clthe crude reaction m'nlture (ref 14)

occurinshorterfimeperiodgbuthigherproductyields

resultedduetotheincreaeadrateofthetranaforma6on

of 126) 13and 14 relative tothecompe66ve forma6on

olbyproducts. Aswasobeervedinthereac60nof10,AlCh

resulted in consumption of 12 without producing 12 or

14.15 Comparisonofrelativeraactionrateswasobeerved

bythedirectcompe6tionof1.0equivaachof4aand12a

prmnotedbylfiequivofbewisacid. Resultsfromthis

studyahowedthatformationoflhandlhwasappma-

imatelyléthnesfasterthanthatofSawhanpromotod

byEth-BFaandroughly3.0£asterintheproeenceol7aCk

(Table VD.“

Afinalsetofsubstrateswaaaaaminedinorderto

determinetheregioeelec6vityofthenarrangementwith

an tmsymmetrical allylic subs6tuent, enhance regiose-

lectivereactiononthearoma6cring,andestahlisha

poten6alroutetoamathoay-substitutedvariatyofnat-

urallyoccurringalhaloids. Thesembstrateswereprepared

with an unsymmetrical N-(m-2-hexen-l-yl) substituent

ontheaniline(eq5). RearrangementoflSwichnClgat

“05—-mm

6.33:3: a“: 1
1
r
-

140 'C or ago-BF; at 111 ’Cproduced 14m 50% and

79% isolated yields. Compared to the

amicgmnrearrangementoflhtheuseonnClgwas

similar,whilethereac6onpromotedbyEt40-BF3wasfar

moseeficiant. lnbothreacticm,only[3,3]rearrangement

wasevidentfromanalysisofthereac60nproducts;carbon—

carbonbondforma6onresul6ngfroml131rearrangement

ofthesubstratethroughanonconcertedpathwaywasnot

observed. Most importantly, these reagents effmiently

promoted the regiospecific 3-aaa-Cope rearrangement of

N-alkyl-N-allylanilinesandproducadcarbon-carbonbond

forma6onbetweenanaroma6cringandasecondaryalkyl

substituent.

The rearrangement of the corresponding substrate

havingamethoaysubs6tuentmetatotheamine,17,

producedremltssimilartothoseobeervadfortheraar-

rangement of 12a and 15a (eq 6). As was observed for

(IQMvahIQillmtmtstheprmsI-ceoflhsuneral'troadbutthe

acumdthmenhseshsomewhatlimitedbythedifleriuefiasnd.

otthmeroactsmn.
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”Dam-cm: 6
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$

11

8

12a,amixtmeofregioisomerswasobtained. Inthecaee

of 17, however. slightly increased product selec6vi6es of

75:25and83:17 for 18:19 were obtained forrearrangement

with Eth-BF; and ZnClg, respec6vely. However, in

contrast to previous rearrangement with the N-allyl

substituents. further [3.3] Coperearrangementof 18 and]

or 19 in the presence of 211C]: produced 20, which could

beseparated from 18and 19 in 11% isolated yield. This

product appeared to result from two sequen6al [3.3]

rearrangements giving onlythe (D-Z-hexen-l-ylaroma6c

substituent. Becauseofthediflerentratesatwhichfl

Wm”

wasgeneratedfrom18versus18,theregioeelectivityra6o

based on the direct obesrva6on ofproduct distribution

mightnotdirectlyreflacttheacmalselec6vityofthe

relativereac60nrates. Thesimilaritiasinstructureoffl,

18,andl9totheindolealkaloirlsnsuchasatz'ricineOKl

-X'-lI,X’-0Me).‘7reeerpinine(X1=OMe,X’=-X‘

IIH),"’ot:hropposinine(X1"X’sBIOMQX’ 11),”and

mm1=x==rtxuIIIOMe)”ares6'iking

andprovidesomeintriguingpoesihilitiesforfutureap-

plicationot‘thismethodology.

Summary

Systematic studies of the aroma6c 3-an-Cope rear-

rangementhavebeenusadtoeaamineanmnbarofreadm

variables,andresultshaveshownthatreac60ncondi6ons

havingasubstrateconcen6ationof05Mand6-ea6nent

withllequivoflewisacidwereop6mtnnforohtaining

thedadradproduct. Ofthemanylawisacidsinvesfigated.

211013 (140 ’C) and war. (111 ’C) were the most

generallysuccesshrlreagentsforpromotingthea-aas-Cope

rearrangement. Thepreeencaofamethoxysubstituent

paratotheN-allylgroupslowedthereactionslightly,while

a meta substituent greatly accelerated the rate of rear-

rangementtotheposi6onorthoorparatothemetboay

group. Inthiscase,siteselectivityonthearoma6cring

was moderate. Rearrangement of an metrically

substitutedallylmoietyresultedinregioaelactivelwl

rearrangement to produce a l-hexen-a-yl substituent on

thearoma6cring. OveralLbochnClgandEth-Bfiwere

demonstrated to efficiently accelerate the regiospecific

Sana-Cope rearrangement of N-alkyl-N-allylanilines for

"£7;dem.114.; WinterfoldtlTotrdsedmaLott.

1”(.181';";ul1.‘l‘.;..Olslia.M.;‘l'adinslii.‘l‘.:mammal

unmanmumrummmtsnw.

 

 



3-Aaa-Cops Maegan-st of N-Alkyl-N-allylanilinas

thepurposeolformingacarbcn-carbonbondbetweena

secondaryalkylsubstimantandanaromaticring.

ExperimentalSactlon

Generallethods. Allroac60nsworecarriedcntpsr5crming

techniqusstoaclndemoisnireand

from

me. Xylenesanddecalinworeheatadovercalcimnhydridefm

aminimmnol12handthsndie611edpriortouse. Petroleum

ethar(35—Q°Cboiliurange)wmueedwithouthn'tharpuri-

fiction. UAll-LQMinMwasobtainedhomAldr-ieh

ChemicalCo. 1-Bmo-2-heaene‘andallsecnndary

were prepared by literature methods." Compound 8a w.

preparodthrouhanmdspendentroute.’

Forreac60minwhichaDean-Starh6apwasueed.the6ap

wmfillsdwith4-Amolaaslarsisvestoalevelbelowthetd‘

roactiosninwhichadditionalreqentwasaddeddmutheccmae

dthereaction mmmmwmn

a150°Covenforatlemt24hpriortonea Unla- ‘

ccncentrationolmixturosaherworhupwasperformedminga

Buchirotaryevapcratcr.

General Hothod for the NAllylatioa of Secondary

Anilines." Theam‘linet2.0-50.0mmal.1.0eqniv)andthealhyl

homideoralhylehloride(1.2-4.0oquiv)weretahannpina4:1

BOB/HgOmixtureMMrelan'vetotheaniline)alongwith

NqCO.(0.8oquiv). Aflerstirringatrccmtemperatmefcu

LtheEtOliwasremovedundarroducedprommeandthecr-ude

venom.

N-Allyl-N-methylaniline (4a): 91% yield; hp 107-110 'C,

<L5mmflgzill (300MHz.CDChH2.78(s.3lD.3.78(dt.JI

5.0. 1.7 “1.211). 5.05 (dq,J I 17.0. 1.73:. lH).5.07 (411.41 I

10.4. 1.7 Ha. m). 5.73 (ddt. J I 17.0. 10.4. 5.0 Hi. 13).EM

(m. 3H), 7.11-7.19 (m. 211): no (75.5 “Ht.CDClg) 5 37.57. 54.”.

112.16. 115.70. 116.17, 128.82. men. 149.81; IR (OWN-Cl) sass.

$27.2”.2897. 2815. 1844. 1589. lmrkmcalcdfor

CnHuN mlz 147.106.661.11 ml: 147.1010.

MAllyl-N-hanaylanlllne (4h): 85% yield: 'H NMR (300

MCDCUJBfi-ul (m. 210.443ts.21'l).5.10(dq.JI 10.5.

1.8 11:. 110,512 (dq. J - 17.4, 1.8 Hz. 111). 5.78 (ddt, J - 17.4.

10.5. 4.8 Hz. IH). 6.59568 (III. 3“), [W724 (m. 711); W:NMR

(75 Ill-is. CDCI.) l 52.81. 53.75. 112.24. 118.08. 118.43. 13.41.

M12840. 128.98. 133.52. 13876.rummacnnmm

m. 1599. 1509 an“: HRMS calcd for O'HuN mlz 2231”:

found We 223.1382.

N-Allyl-N-metlul-4-methexyanfliae (18a): 88% yield; hp

M'C.<4mml~ig; 1HNMR(m0m-Ia.CDCU4283 6.31-1),

3.72 (a. 310.34!) (dtJ- 5.3. 1.7 Hz. ”0.5-14814.1'10-5. L7

Ht. 1H).5.16 (dq,J I 17.4. 1.7 Hz. 111). 5.82 (ddt.J I 17.4, 10.5,

5.3112. 110887-873 (m,217),8.77-8.84 (m,2H);”CNMR(75

Mlle. CDCU 5 38.54, 55.55. 58.44, 114.54. 114.59. 118.28, 134.20.

144.38, 151.84: [B (oil/NaCl) 3077, 29%. 2832. 2&9, 1842, 1518

cm": HRMS calcd for CuliisNO ml: 177.1154. found mlz

177.1148.

N-Allyl-Khensyl-4-metheayanilhe (105): 75% yield: hp

mimeammmmmmsanm

3K).8.92(dt.JI5.1,18h2li).448(l.2m,5.18(dq,JI 10.2.

 

szfieWMWMMth-e

(21.).Preparedhom2-hensn-1-olbytromsamtwithwithNBS/PPhs (a)

WJ..MS¢¢1982.837. armxmunrm

28)Componnd8awmprsparod&cm allylbsaaensbythe (allowing

"4” (a) Br..-78°C(92%):" (511010.. 11,80.0°C(72%):"(e)

NaLEtOHtGBS)?‘ ((1)1!th (95$)¥’(e)NeLNa.OO.(37%)P

(24)Robtcn.J. K.; Yatm.l(.J..Ass.Chas.Sar 1989.91, 146.

(25)Rcbertaon.G. R.GgaauSmhostiley: New Yorklflz;

WWI.Lgafl. -

kww. J.Ans. am8oc.lfll.71.$2J.

MSBWQLJ“mmuruenrm3
8

100

J. on. Chem, Vol. as. No. 19, 1990 sass

1.888.120.517(Q.JI 17.2.1.8H2.ll'D.5£7(ddt.JI 17.2.

10.2. 5.1 Hz. 1H). 6.64-6.71 (It. 211).6.74“(m. 23). 7.16-7.33

(m.58);“CNMR(75MHI-.CDC1;)553.78.54.82.55.68. 114.35.

114.83. 115.33. 15.71, 1”. 128.48. 134.17. 139.25, 143.81,

151.53:IR(oil/NoCl) mmmrsrza-umnsau

for CanNO mlz 253.1488. found 253.1453.

N-Allyl-Nmothyl-S—methoayaamno (12a): 68% yield; hp

83-87°C,<4mmflg;‘HNMR(mm-Ia.CDCU5291 (n33).

3.76 ($310.3.88(dt.JI 5.1.1.8111. 211).5.13(dq.J- 103. 1.8

Rs. 111). 514 (de= 17.1, 13 Hz, 1H). 5.82 (dch- 17.1, 10.8.

5.1 Hz. 1H), 6.22-8.29 (m, 211),W(n. 13). 7.07-7.15 (m.

1.11); I’Clilhllit‘l5Mlir..CDCh)537.5.54.95.515.16.98.90. 101.09.

“5.50. 116.01. 129.66. 133.66. 150.79. 1%.“; IR (Oil/N801) 3045.

mammareos. 1503a“:1'IR.MScalcdforCul-1ul~l0

Ml: 177.1154. (and ml: 177.1156.

MAIlyl-N—bsaxle-methenaniline (12h): 83% yield; hp

13)-137°C.<4mmHg;‘HNMR(300Ml-h.CDChH3.88(s.

unusual- 4.8. 1.861.210.4aote2rn.5.16(dq..r- 10.5.

1.8 Ht. 111). 5.170114], J I 17.1. 1.8 Hz. 111). 5.85 (ddt, J I 17.1,

10.5.4332. 110.822—835(m.31-l).6.32(ddd.J-8.4,2.1,0.8

Hz, 1H). 7.13 (t,J I 8.4 HI. 1H). 7.17-7.31 (m. 511'); no NMR

mmrgcomsmsaasfimsssr.101.19.1“116.21.

13.46, 15.71, 123.48, 129.71, 133.50, 138.77. 15025.1% IR

(oil/NaCl) m5. 393, 2836. 1812. 1501. 1453 cnr‘: HRMS calcd

{m CnHaNO ml: 253.1488. fosmd mlz 253.1485.

N-Allyl-N-iaehntyl-tmethoxyanfliadfle): NS yield;bp

ss-ss*c.<4 lHMtWDfliaCDCUIMth-

8.831.810.2mele11. 111).3.(B(d.JI 7.21-1:211).

shamanism (dt.J- 4.8, 18mm.aos(dq.7- res, r.s

Ba. 110.5101de - 11.1. 1.811;. 11-1).5.78(ddt.JI 18.8. 11.1.

4.5 Hz. 13). 5.10-6.32 (m. 311). 7.04-7.11 (m. 11!); ”C NMR (75

mmrmnmmmmmmroom.

1&39. 115.82. 129.51. 133.82. 149.98. 160.58: IR (oil/Nam) 2955.

2870, ”38, 1811, 1576, 1499 cm"; HRMS alcd forW0

ml: 219.1824, found mlz 219.1834.

K((B)-2-Boaea-1-y1)-Mmethyl-4-uthexyanlliao (15):

73% yield: ‘HMMMHACDCUGMGJI 74112.38),

1.5(aut.JI7.4Ha.21-I), 1.98(q,JI7.41!r.2H).2.78(s.3H).

370(33H).373(bd.J=5.4Hs.2m.5.43(dfl-.JI 15.3.5.7.

1.1 Hz. in). 5.58 (dtt. J I 15.3. 5.7. 1.1 Ht. 111). 8.87-6.73 (III.

2H).8.78-6.82(m.21'0;"CNMR(75hfl'1a.CDCU813.46.22.8.

34.22. 38.21, 55.41, 55.78, 114.41. 114.81. 125.88. 132.91, 144.55.

151.60: IR (oil/NeCl) 2957. 2932. 2872. $32. 18%), 1582. 1484

cm"; HRMS calcd for W140 mlz 219.1824, found We

219.1818.

M((D-2-Beasa-1-yl)-Mmethyl4—methoxyaniflno (17):

nsmtnmmmmsmmJ-umm.

meI'MHsJH).1.98(q,JI7.4HI.2m.235(a.310.

3.743.331.1181(“J'5.4.0-9H1.2!I).5.42(m.1m.5.55(n.

13). 6.21-6.23011. 2H). 6.31-6.3 (III. 13). 7.09 (td.J I 8.0. 0.7

Hng);"CNMR(75Ml-h.CDCh)513.48.22.29,34.m,37.57.

54.41. 54m, $.91. 100.97. “5.58. 125.18, 129.55.132.63, 150.38,

1% IR (oillNaCl) 2959, 2872. 28%, 1M, 1503, 1456 car‘;

HRMS calcd tor CuHaNO mlz 219.1824, found mlz 219.143.

General Method for the Lewis Acid-Promoted Bear-

rancarneatof MAllyl-Malkylanilinea. The aniline (0.5-2.0

mmol, 1.0 aquiv)andthecatalyst(0.6-2.4mmd.1.2equiv)wsro

addodtodryrylenesmtolueneméhlrolafiototheaniline)

at-78‘Calcmwithanintmmlstandardofdecalin. Theroaction

washeatedtotheappropriatetempcauneandallowedtoroact

asdeea'ibedintbetct. Thereac6onwastbenquenchedat0

°beadditionat'a15%aqueousNaOHsoluticn.andtheer-ganie

hacticns were combined, separated. dried over MgSO. and

concentrated. 'l'heerudoproductswersisolatodandpmifiedhy

flmhcnlumnchromatouaphy(silica.m-4(Klmmh;eluent.5t95

Etggl/‘petroletnnethen. Yieldsfortheearoac6onsarepsovided

m

18me(5a): ‘11 NMRGIDMHLCDCU

52.83(o.3l‘l).3.26(bd.JI5.131.211).3.73(II.IH).5.N(&I.

J- 18.7, 1.8 Hz. 1H), 510 (dq, J - 10.4, rs Ha, 1H), 5.93 (ddt,

JI 16.7,10.4,6.1Ha,1H).6.63(d.JI8.21k. 110,870(td.J

I 7.4, 1.1 Hz. 1H), 7.03 (dd.J 8 7.4, 1.1 Hr. 111), 7.12 (td.J I

7.4, 1.6111. 1H);“C (755501;.CDCLH30.54,38.21,108.78.

115.97, 118.93. 123.39. 127.59. 129.47, 135.95. 147.22; IR (oil!
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Ala-Annulation as a Route To Hydroxylated Alkaloid Lipi .

The Synthesis of (i)-Prosopinine.

Gregory R. Cook. Lars G. Beholz. and John R. Stille‘

Department of Chemistry. Michigan State University. East Lansing. MI 48824-1322

Abstract: The toral synthesis of (t)-prosopinine is described. Aza-annulation was used to generate the

six-membercd nitrogen heterocycle. stereochemical control was achieved through the use of the 5olac1am

template. and homologation of the lactam introduced the alkyl chain substituent on the piperidine ring.

Prosopinine (l) and prosophylline (3) are naturally occurring alkaloids isolated from the leaves of the

African mimosa Prosopis africana Taub. These intriguing molecules possess a variety of antibiOtic and

anesthetic properties due to the blend of physiologically important strucmral features.1 The polar head group of

this class of lipids consists of a piperidine ring with similarities to the alkaloid deoxynorjirimycin (5). a potent

a—glucosidase inhibitor with demonstrated antitumor activity and inhibition of syncytia formation in HIV-1.2

Each of these compounds. in turn. have hydroxyl functionality with the same stereochemistry found at C-4 and

C-6 of glucose (6). The tail portion of naturally occurring 1 and 3 produces a striking resemblance to the

membrane lipid sphingosine (7). Previous synthetic efforts directed toward the preparation of Prosopis

alkaloids have resulted in the synthesis of desoxoprosopinine (2).3 prosophylline (3).4 and

desoxoprosophylline (4.3.30.3.

0H

1: x = O OH H00. 10” HO. OH

x 2: x = H.H "' ' " m

Me “‘e N CH N OH HO O OH

H H

Our approach to the synthesis of prosopinine involved five phases. Of initial importance was the

construction of the six-membered nitrogen heterocycle, which involved the synthesis of the corresponding 5-

lactam with the use of recently developed aza-annulation methodology.s Once prepared. this versatile 5-lactam

intermediate served as a framework for the introduction of the correct relative stereochemistry of the -OH and

-CH20R substituents. The third phase of the synthesis addressed the homologation necessary for the

stereochemically controlled transformation of the lactam carbonyl to the alkyl chain substituent. The

preparation of the tail portion. and subsequent Wittig coupling of this fragment with the hydroxylated

piperidine head group. completed the synthesis.
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The first facet of this synthesis. the construCtion of the sthomembered nitrogen heterocycle. was

accomplist through aza-annulation methodology for the formation of 10 (Scheme 1). Deprotonation and

ethoxycarboxylation of 8 generated 9. the substrate required for the two step annulation procedure. Conjugate

addition of BnNH2 to 9 produced the corresponding B—enamino ester intermediate. which led to the formation

of 10 when treated with acrylic anhydride. Analogous use of acryloyl chloride was less effective for the

transformation of 9 to 10 (35%).

Scheme 1. Synthesis and Use of The 5-Lactam Template for The Formation of 14.
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The Harem template provided a means through which the relative stereochemistry of the ring

substituents could be controlled in the next stage of this synthesis. Catalytic hydrogenation of 10 was

performed in the presence of Na2C03, which prevented the deprotection of the hydroxyl group. to

stereoselectively give the reduced 8-lactam 11.6 Transformation of 11 to 12 was accomplished through the

use of MeMgBr/NEt3.7 and base catalyzed epimerization at the position a to the ketone produced an

equilibrium 83:17 transzcis ratio of 12. The subsequent Baeyer-Villiger oxidation produced only the trans

isomer 13 under these conditions. with efficiency of the reaction directly proportional to the original transzcis

ratio of 12.8 Hydrolysis of the acetyl group. followed by benzyl protection of the resultant hydroxyl group.

gave 14.

Scheme 11. Homologation of The Lactam Carbonyl.
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The next segment of this synthesis centered around the homologation of the lactam carbonyl in a

stereoselective manner that would accommodate subsequent elaboration of the molecule (Scheme [1).

Conversion of 14 to the thiolactam 15.9 followed by alkylation and Eschenmoser contraction.lo gave the

vinylogous carbarnate 16. Hydride reduction selectively prodmd 17. with the stereochemical configuration

of 1 rather than 3. and LiAlH4 reduction of the ester functionality gave 18.

Preparation of the phosphonium salt 24. required for Wittig coupling with the aldehyde derived from 18.

is illustrated in Scheme III. Monobromination of 19 produced 20.” which was oxidiud to the corresponding

aldehyde. 21. Addition of EtMgBr. followed by oxidation gave 22. which was subsequently protected as

dioxolane 23. Treatment with PPh3 resulted in generation of the corresponding phosphonium salt 24.

Scheme 111. Synthetic Preparation of the Aliphatic Wittig Reagent.
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Extension of the aliphatic chain was performed by Swern oxidation of 18 to 25. followed by Wittig

olefination to give 26 as an 85:l5 mixture ofcis and trans isomeric albenes. respectively. The synthesis of

prosopinine was completed by deprOtection of the carbonyl followed by hydrogenation of the alkene with

concomitant removal of the benzyl protecting groups to give 1 in 3% overall yield from 8.12

Sdterne IV. Wittig Homologation to Attach the Aliphatic Chain.
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Construction of Hydroxylated Alkaloids (:h)-Mnnnonolactam,

(an-Deoxymannojirimycin, and (:1:)-Prosopinine through

Axe-Annulation

GregoryRCooh.LarsG.Beholz.andJohnRStille°

mmqm.ummum.mm.umm-im

Micki-71.1.1.

Themalafiondd—namhombwylmbmwithaayhudaivafimpmvidauw

andconvenientroutafortbsregiosalectivecnnstructionoN-lactsms. Thistwo-ste ring-form“

mmvdvsdmithlmdthsbmylmthmuhdthusmdmtknormm

dfimwmmgfwbymwimaaybfichhidsmsayhemhydfida

Conudhdbythfigidhamwmkofthamtumedhummucdueuondrmgmhummwa

amomplhhedwithhighrdafiusmheufity.1hewbmfihmcuomflty.whicbmm

todirecttha .intyoftheurmnuhfimmwuthanmmmsdinmapm

hydrouylsubtiussntthroughflaeyu-Villiguoxidation. Theresultantl-laetamproductwasmsd

asavaluableintsrmadiataintbssynthesisofthrssnamralproducts.

thisb-lactamgavethsnaturally occurring

ycimwhflssynthsahotthaalhloidttl-prosopinmewuaecumpl’mhsdthmsghdsoaymannojirim

homdogatianolthalaetammbonyl.

Introduction

Hydmaylatsdpipsridinsalkaloidsarefotmdfrsqmntly

mhvmgsm‘andthswidenngeofpotentphysi-

ologicaleffsasstamsfromtheirahilitytomimicearbo-

hydratesuhstratsainavarietyofensymaticprocsmm.2

Withthepivotalrolcthatcarbohydrstesplayinhiologial

procemmnschascsllrecognitionanddifl‘srsntiatimthsas

alkaloids have become important synthetic targets.a

Impormnt struetin-e-activity relationships for these mole

eculsseenteraroundthastereocbsmicalconfigurationof

hydroxylfimetionalitywhicharedtothenitrogen. Due

totheprominanceofo-glucoseflhndn—mannose (31in

biological processes. many alkaloids mimic the C-4 and

C-6 structural fauna of these carbohydrates (Chart 1).

Polyhydroxylated piperidine alkaloidsahibitselective

inhibitiouofanumberofbiologicallyimportantpathways.

including the binding and processing of glycoproteins.‘

For example. compound 4 has been shown to inhibit a-L-

fucosidase. a-D-mannosidase. and a-D-glucosidase activ-

ity.‘while the analogous lactam 5 inhibited both n-D-
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dorivetivessuehesN-butyl-z and N-docyloz show pro-

nouncedentivirelactivitythroughinhibitionofsyneyu'e

formetioninHIVd.”

Netunlly cocoa-in heterocyclic amines with lag

diphafieeppondegusuchathoh'osopisaendflend

Coesioelkelm'ds(12.13.15.end19).haveehoboon

reported.1 Thasecompoimdsersfoundthroughouttha

worldendheveroceivsdinaeaaingattentionmmsdicinal

egontsduetnthsveriotyofphermacologimlproportim

thoyeahibit.” ThaProsopi'selkaloids7end9ers

partinrlsrlyintriguinghscamstheyconteinahlendof

physiologicallyimportantstructuralfeatures.n Atua

and of the molsctils is the polar head group with e

configtnstioncl’bydronylsubstitusntssimilertotht

foimdinZendkwhiloelipophilicteilportionrossmhlm

thtofthsmombrenslipidsphingoeinsm. Similar

mixuirosofalkylchain‘tail'andcerbobydrats‘hsad"

su'ucturelfoanirsserofotmdinponerosidinssAendB.

whichdisplaypotentATPmo-activetingpmportiuend

BAYR1W5.whichshowspccmiasforimmunisationd

potisnmfithdet‘octivoT-lympbocytsssuchmpationts

withAlDS.u lneachcfthssomolecules.theelkylchein

sorvosto(1)fecilitatetranaferecromlsmbrenes.(2)

enchortheactivocompoundintbemembrenowiththe

polarportionpiouuding.cr(3linteraetwiththebydro-

phobicportioncfthseneymostowhichthosocompotmds

bind.

Owenproachtothscmrstructimrofsovedhydroxylatsd

piperidinesutiliasdthsua-ennulationreactionforof-

ficisnt construction of nitrogen heterocycle 18 from

B-enamino carbonyl derivative 19 (Scheme 1).” The

heterocyclewesthsnusodesefremoworktocontroltho

reletivostoreochomiscyofthoC-4andC-5ringsubstitu-
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Scheme 2. Bosoroeyelo Formation through

Casi-sets men-manner
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(fl) HCI. (iii) HIGH. ”so 0“).

entsinthogeneretionoffl.“ Frcmthisvoroeta'lo

intermod'mto.thsnsttnellyoccurringalkeloids(t)-men~

nonolectam (9). (”deoxymannojirimycin (4). and (t)-

prosopininei‘hworem

Isaaltsend Discussion

Method Development. The use of batons and mter

fimctionelity es electron-withdrawing subotituenm was

fotmdtosignificentlyonhancetheefl'icienqendsoloctivity

ofthe see-annulation reaction (Scheme 1; Y I Me. OEt).n

However. several key consternation were required to

adapt this methodology to the synthesis of hydroxylated

alkaloids. Ofinitielimportencewestbsnsedfuradditionel

methods of enamine preparation that were compatible

withthesubaequsntere—ennuletionreaction. Inconjunc-

tionwiththesesuidies.eze-ennulstionwuexploredesa

routetolSinwhichR at Me.follmdbysubsoqusnt

stereosolective introduction of the C-5 substituent. In

addition. methods for conversion of the C-4 carbonyl

substituenttoehydroxylgroupendhomologetionoftha

resulting lactam carbonyl were required.

Oneepproaehtothedesireds-lectemproductsinvolvod

thecombineucnofthreefregmenmenscstylenicsstsr.

aprimeryaminendenecrylateden'vativa. toproducs

thedesiredheterocycles1$cheme 2). Conjugotoeddition

A variety of reagents. which included MaCuCNLig. Mo:-

CuCNLingl-‘rOEtg. MuCuBrLig. and MoCu-Bl-‘g. were

employed for possible introduction ofe methylsubstituent

 

(131e1Poulvennn.K.;Stills. .1. RJ. Org. Chem. 1992.57. 3319. (h)

Patilvannan.K.:Schweer.B.:Stills.J.RToanhcdronwt.1993.34.

213(c)Psulvennan.K.:Stilla.J. RTTetrahedronLettl1993.34. “73.

)PMKSflkJWRJOm 1994.39m19131ol

K.;Stills.J.tr.R7'ssrahedr-snl.e ”3.34.9

(141crcontimsitthscm'bohydretanuhsrh'syI-w-msdin

thine-unipswhsamtothspyridsam.



MSC: jo940171k BATCH: 5091:22 USER:

108

eap69 PAGE: 3

DIV: @xyldr/dataZ/CLS_pi/GBP_jo/JOB_i12/D1V_jo940171k DATE: 04/22/94

0

HydroeylatadAlhaloidsthrowhAra-Annulation
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Ht. we.MK ('75): (9)amWCPBA (Ci).

fitotheester.butconjugetsedditiontothsvinylogous

carhamate21wasnotoliaervad.u

lnordertoexploremodificationofthecarhoryleuh-

stituentatC-4. 21wmreducedthroughcatalyu'cbydro-

Attemptaatoxidativedecarborylationwiththsmeof

established methods were not awful for selective

introductionofthsC-4hydroxy1duetotheformetionof

compluproduamixtures.“ However.aeimilaroxidetive

procedureforintroductionofeneminogroupresultedin

partialsuccem. TreatmentofflwithDPPA/N'Etgin

t-BuOH. followed by hydrolysis of the intermediate tert-

butylcarhamete. provided amine 24 in low yield." Op-

timmation of this transformation was not pursued.

Relatedstudieswereperformedwiththecorresponding

methylketonederivetivefl (Scheme 3). Hydrolysisofzs

prodwed the corresponding aldehyde. which was con~

densed with BnNH2and treated with acryloyl chloride to

given. Thslowyieldohtainedforthisthree-stepprocese

resulted from self-condensation of the intermediate al-

dehyde. As fotmd for 21. conjugate addition of nuclei»

philes to vinylogotn imide 26 did not proceed under

established conditions.“ BaeyerVilliger oxidation of 27

to29generatedverypromisingreaultefortheintroduction

of an oxygen substituent at 04." However. the inability

to introduce substituenn at the position 8 to the ester or

ketonegroup required that the C-5 substituent be in place

prior to era-annulation.

Aspreviomlyreported.“29wescondenssdwitthNH¢

and treated with acryloyl chloride to produce the cor-
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responding era-annulation product 30. and catalytic

hydrogenationgenereted31ase10:90mixtureoftrens

and cis isomers (Scheme 4)." In order toecsessalheloids

12and19.evarietyofconditionswereined toaffectthe

desired Baeyer-Villiger oxidation of cis-31.” However.

32 was the only acetate derivative generated under these

conditions Epimerization of3 1 . by treatmentwithDBU.

generated an equilibrium ratio of trans/cis bomeric

products (76:24). and oxidation ofthis predominantlytrens

substrate mixture resulted in the formation of32 in 45%

yield. When compared to the successful oxidation of27.

steric constraints imposed by the cis methyl substituent

prevented efficient Baeyer-Villiger oxidation of cit-31.

while irons-31 westrensformedtothecorrespondingester.

Hydrolysisoftheaceteteresultedindeprotectionoftbe

hydroxyl group to generate 33.

The final stage of method development focused on

homologation ofthelactamcarbonyl.whichwas necemary

inordertoappend lipophilictailsegmentsto theelkaloid

portion of these molecules. Initial studies of lactam

carbonyl homologation were performed with 22 (Scheme

5). Lawesson'a reagent provided an extremely efficient

method fortbetr'ensfonnetionof22tothiolactam3tand

subsequent S-methylation generated the

imidateaalt3s.” Treatmentof35withecarhonnucleo-

phile. to generate the intermediate iminium epeciea.

 

.JlfihsaddimofN-m ‘ ‘ ' "

prevented removelofthsbenrylprotecnonofhydrmlgromi.

whsnprmsnt.wButhW;PmLAJ.Org.Cheei.lflt.50.2439.

(b)Karmierceah.P.;Helqu‘nt.P...JCbgCAera.11fl9.54.3~.
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G013
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V

are

“lemurs-d“ mum'smmsnmm

moose-.mmmmr

followedbyNeBH.reduction.wesi
nedmesn-etegyfor

homologationofthissystsm. WithtbsusaofPngBr,

thareactionconditionsresultedin
formstionofflastha

only reaction product. in contrmt. the addition of an

acatylidefollovedhytrsatmentw
ithNeBl-Lgeveflas

e63:37ratioofdiastereomersin45% yiald.withthebalanos

ofthosuhsti-ete«:oiivertsrltoat.a Unfortunately.“

aionofth’nmsthodologytothsho
mologetionofthsmathyl-

nibstituted derivetive39awesnoteffective
.

Analternativerouteforcerhonyl
homologationofm

wmexploredthroughthsEschenm
osercontractioanulfide

extrueioriprocedure."3 Thiolactemformationofflband

alkylation with ethyl bromoacetate generaud the cor-

reapondingthioimidateaaltandsuhe
cquentcontrection/

sulfideextrusionproducedtheco
rrespondingvinylogous

carbemste39(Scheme 6). Homologation of 39athrough

thissequenceprovidedaneff'ic
ientandettrectiveroute

to39asasing1eieomer. Onthebasisofstericconsu'eints.

thisisomerwesdesignetedesthecor
respondingEalkene

isomer. Reduction with NaBHgCN transformed 39 to a

mixttireofdiastereomers40and41
.ineretioof92:8.

mantsof40 (8.0% enhancement) andll (5.6% enhance-

ment) were established through NMR NOE techniques

oneachisomerbyirradiationoftheH
endMesuhstitutnts

e to the nitrogen (Scheme 6).

ApplicationstoAlkaloid Synthes
is. Withthsmodel

studiescompleteforhothconstructi
onandelaborationof

17.twoseparateapproachestol7we
reexploredinwhich

 

(fl) sin.S:So'pths.K.:RnasKrhhna.K
.V.:lloy.R-:Siuh.3.:An-d.

N. Tam 1992. 48. 435.

(21) e) Tahhats. 11.: Tahhmhi. K.; Wane. 8.43.: Yammahi. T. J.
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Sehems‘l. Synthesisofhtermediats 17‘
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man)

‘Raflandcnditio‘ wmwimmmxm

mmmmrqmmfienmmmsrcmn);

(dlanadlde/Qmwfl(mfimdimwu(s)

DBU(99%.3mbem49):(f)CPm-CPBA(99$1:UKOH.

“so (95%): (h) KOH. BnBr (94%).

diflerentsubstretmformaminaformetionweremsdm

anhydrideresultsdinaea—annulationtogenerateuin

62% yieldforthatwo-stapproceas.whilsthsuseofeayloyl

chloride produced lam favorable results for this trans-

formation (35% yield). Catalytic hydrogenation of 44in

thepresanceofNegCO,stereoeehctivelygenerated45

without deprotection of the hydroxyl gimp." and treat-

mentwith NEtafollowedbyMeMgBrgevethecor-

respondingmethylketone(49)ase2:98ratiooftranalcis

products.” Base-catalyzed epimerization changed the

trans/cis ratio to 72:28. and Baeyer-Villiger oxidation

underoptimiredconditionsgaveflaeeeinglsdiestere-

omer. Deprotectionofthesecondsryhydroaylgroup.
:1" lbyl l . '1 lthad‘ lin l'

Analternativerouteto17involvedcondensationof

BnNszithtetronicecidumtoformtharequired

a-enamino ester intermediate (Scheme 8). Subsequent

ere-annulation with ecrylicanhydride (71%) or acryloyl

ehlon'de(70%)resultedinformetionofthecorresponding

6-lactani49. Catalytic hydrogenation generatedthecis-

fmedhicyclicsystemflmndconversionofthslactoneto

methylketonefl (2998. trenslcis)wesperfomed under

theeameconditionsusedforthetrensformationofato

49. Benzylstionofthehydroxylgroupunderbaeic

conditionsresultedinformationofanequilihriummixtim

 

‘giudmmnoismrhrmm. 1994.35.

inimmdamuylmmuw
additioaoanNflginanattsmpttoaccuabyemaedirectrema.

gansrerededetrnaefbothpu’blsd-en-inohstensregio'nomam

WMkYMTJms 1‘977.



 

MSC: io940171k BATCH: 1061122

0

HWWWAn-Aflm

I Sch-at Ceavereisaef49te49-

N£O;@OL@

-m—p.
amen mean
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' THRS‘C (71%): (b) let-dHanIC.NarmaEtOHm

(93%): (:1 Nil. MeMgBr (27%): (d) KOH. Hair (715).

Soho-s9. SynthsslsefM“)

“y.

‘YOE‘L-‘fil. 235.»

Humans-dead“ (a) (i) LDA. (ii) PhSeCl. (iii) NaiO.

(79% ): (b)0e0.. N990 (6451:“) Li/NHHMR): (d) (i) LiAlH. (ii)

MK. 1120 (>305): (e) 1 one of 11.. Po/c. HeOH (525).

of 49 (”.20. trans/cis). Although methods for a more

emeienttrensformationofsotoflwersnotfullypurened.

thissyntheticschemeprovidedanalternativerouteto“.

and ultimately to 17.

(truannonolectam (5) and (¢)-Deoxymannoiirl-

myein(4). Theeonvereionoffltothetatrahydroxylated

derivatives4end5wesaccomplishsdbyintroductionof

the cis hydroxyl eubstitusnts through OsO. dihydroxyl—

etion(Schems9). Treatmantoftbsenionofflwith

PhSeCLfollovedbyperiodataoxidstionandelimination

ofeebniceddproducadtheofi-unsaturatcdspeciessz.”

Dihydrosylationgevefl.whichwmussdforthesyntheses

ofboth4and5.” Removelofthebenxylprotectinggroups

from53generetad9in44% yieldafterrecrystallieation.’

Stepwisereductionofthslactamcarbonylfollowedby

deprotectionwithcatalytichydrogenationgave4in5296

Mandwhiteaystallinematerialwesobtainedin33%

yieldafterrecryetallization.” OverelLthesynthesesof4

and5werebothaehievedin3% overellyieldfrom42.

(tyProsopinine. Two representative Prosopis alke-

loids.7end9.isolatadfromtheleavesoftheAfrican

 

(271e)Clive.D. LJ. Tetrahedron 1979.34.1049.(b)lleitlaH.J. Aer.

Chemflm1fl9.12.22.

(231e1N‘nbiyuaa.S.Yna-ama.S:Haasgawa.K.:Sahoda.M.H-ah.

'KTerreAedronLett. 1991. 32.6753(b)6uillsrm.G.: Varhadm.9£:

Auvin.S.;LsGdit.F. TetrahedroaLett. 1'1”. 535.

(291haphynmlhtafor mmwiththmsreportsd:

G. W.JJ.;.andamN G.; Winy..DR.TetraAedrenlU9.45..319

(30)hsphyeicaldatafor9werammwrththoasraported:’

G...;WJ lie-“NMR wmwnkrmisssam

usm
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huts-dad“ (allow-en'smmiltfhni)

m.(6111331551915)-

mimoeaProsopisofriconoTaub.“diflarulyinths

starsocham'ntryofthecarbonetwhichthsalkylchain

andtheheterocyclsaraconneetod. Althowhthasynthms

of7hasnotbeanrsMeynthaticefforhhavaresulted

urine

duringformationof49end41. stareochemiceloontrolwes

efimctionofthereagentinsdforreductionoftheiminiinn

ion gemretsd from 39 (Scheme 6).

Homologetion of the lactam mrbonyl of 17 was parb

formedinthesamsmannerdescribedforflficbsmefl.“

PametionofthethiohchmfdlowedbythaEachmar

contractioNndfrdsestrmionprocedumgaveuingood

overall yield (Scheme 10)!3 Hydride rsductionof56

eelsctivelyprodmedflina>90z10retioofthstwopomihls

diastereomers. with the etareochemistry of the major

producteimilartothatof‘l.1ncontresttothsresults

woduct selectivity was obtained (67:33. 57159). and

salectiveformationofss. theintermediaterelatedin

structureto9.wasnoteocomplished.
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.m-dnmditisu (a)(i)1.iAlH..(ii)NaOH(97%):(b)

DMSO.(COC1)..Nlte:(c)99.PPh..n-Bul.i(565 frufl):(d) (i)

HQHsO.(ii)3mdeanIC.HGm%).
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We: —" ——

.../W “E??-

“MadammMMmsnmmm.

(£110..mmmmsnuttmoHOCl'lfl'erH.H.604

(Scheme 11) Purtherrsductionoffl generated”. which

weathenpartiallyoxidixedtothecorrespondingeldehyde

60. Chainextensionof90withtheylideformsdfrom65

(Scheme 12)geve61asa15:85mixmraoftrans/cisalhane

isomers on the alkyl appendage. Deprotection of the

carbonyl. followedbyreductionofthealkeneanddebeno

zylationduringhydrogenation.gave7in3% overallyiald

from 42.“

Summary. The eta-annulation of 6-enaniino ketone

andestersubstrateswith eitheracryloyl chloride oracrylic

anhydride has profided an efficient and convenient route

for the regiosalective construction of l-lactams. This

annulation procedure was performedin tandem with two

different methods for enamine generation. through con-

jugete addition of BnNH; to an end-acetylenic ester or by

condensation of BM: with a Botato ester or ketone to

form thedesired l-Iacum. Onceestahlished.the6-lactam

frameworkwesusedtocontrolthestereochemical prefer-

enceofsubstituentsonthering.andthecarbonyl

functionality was transformed into a protected hydroxyl

substituent. Prom 0-m 17. the naturally occurring

e-mannoeidase inhibitors (:H-mannonolactam and (t).

deoxymannojirimycin were prepared. In addition. ho-

mologetionofthelactsmcerbonylofflalsoprovidede

route to the alkaloid (dd-prosopinine.

ExperimentalSeetien

Ganesslletheds. Allreactionsweremrrisdoutbyper-

forming standard inert atmosphere techniques to exclude

monumandoxygmandrsactionsweramrrisdoutundsran

etmosphareofeithernitrogenor agon‘Atsotr-opicremovelof

H.0wesemntsdbythameof3-or4-Amolecularsieves.‘1n

eachcass. diastereomericproductratiosweradeterminedby‘H

 

(341hsphyrimlmdmectraldatafor7werecem'uantwiththoes
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Coohetal.

Panatiansfll. BnNH¢(10.72g.1(l)mmol)wesaddsdto

esolntionoffl(9.41g.100mmol)in8t¢0(100ml.)at0’C.After

thssolirtionwmwermsdtortthsmixtmewmstirredforuh.

‘1'hamixtmswesthanooncantretadendd-olvedinTHPmm

4.71(a.2H).7.19-7.35(U.GH):"CM(7&5HHI.CDG.)

9193.30.7.49.9.51.5.1M127£.m.8.1m1$.4.m4.

ruimm1mmmmrst

1649.1439.1377.184.1254.1194.1121.729 Mark

1 E r

purified (4w

pefinlemnetharlEhOHogive29Ml7gumr-win235

yhld: mp72-75’C(frompscolsumather/Et.0):‘HNMRm

mCDCUHJMsJH).2.55-2.66(D.4H).4.76(s.2H).7.15

(s.1H).7.20-7.33(m.5H):"CNhIR05.5hGIx.CDCl.)419.9.

24.7.m49.9. 119.4. 127.5. 128.0. 129.9. 13.2. 140.3. 1&3. 194-8

mm:»w.mmmm.mmem. 104.

imimtmiiummmmurcufluNOa-w

229.1103. found ml: 229.ms

General lashed ferths HydragenatlenefIna-ideaA

mixtrnaofenamids(1equiv).Na.CO.(3.0equiv)."end 10% Pd

oncarbon(0.1g/mmolenamids)inEtOH(0.05-0.2h9)wmstirred

ImderanetmospheraofH; (1-3atm) for 16-49h. Thssolids

were removed by filtration. the mixture wm cone-om and

ths crude product was purified by chromatography.

22: 5.23g.21.66mmol.99% yield: ‘HNMR($0MH:.CDCU

41.98(ddt.JI6.0. 13.5.9.61'11. 1 H).2.12 (111.111). 145(004.

JI6.3.9.6.17.9H2.1 H).2.59(ddd.JI5.2.6.3.17.9Ht. 1H).

276(dddd.JI3.9.5.9.9.9. 12.4Hx. 1 H).3.36(ddd.JI 1.1.

53.12.4118. 1H).3.42(dd.J' 8.5. 12.4HLI H).3.63(9.3H).

4.50 (d. J I 14.7 1'12. 1 H). 4.67 (d.J '14.7 1'18. 1 H). 7.3-7.3

(L5H): ”CNMRU‘..5M1‘1ACDCU423.9.&6.3&9.47.9.

50.0. 52.0. 127.4. 13.0. 128.5. 136.6. 168.8. 172.4: IR (neat) ants.

m. 3030. 2953. 2875. 1736. 1642. 1495. 1454. 1437. 1381. 1356.

1332. 134. 1204. 1171. 1013. 727. 700 cm“: HRMS aid for

CuHI‘INo: ml: 247.1209. found nil: 247.1%.

27: 0.15g.0.65mmol.62% M‘HNMRMMHL

l 1.79-1.94 (m. 2 H). 2.14 (s. 3 H). 2.49 (ddd. J I 16.6. 10.4. 6.4

H11 H).2.59(ddd.J-17.9.6.4.4.4 Ht. 1 H).2.79(tdd.JI

93.5.2.3.9fln1 H).3.29(ddd.JI 12.6.5.3. 1.4Hx. 1H).3.41

(dd.J- 12.39.3111. 1 H).4.47(d.JI14.7 Ha. 1 H). 4.73 (d.

JI 14.7Hs.1H).7.22-7.$(m.5H):“CNMR(75hfl-lx.CDCh)

l 23.79. 29.01. 30.96. 46.59. 47.17. 50.07. 127.40. 129.05. 129.52.

136.70. 169.63. 207.21: 111(oi1/NaCl) 3032. 2932. 2976. 1713. 1642.

1495. 1455. 1262. 1167. cm“: HRMS calcd for Gui-1.11110. III/2

231.1259. fotmd ml: 232.1251.

31: 8.19 g. 33.4 mmol. 91% yield. 90:10 (cis/trans): 'H NMR

MWCDCLcisisomerHlflfldJIwi-lxal-Ihm

(I. 3 H). 1.92-2.17 (m. 4 H). 2.48 (ddd. J I 18.3. 10.4. 9.0 Hz. 1

H). 2.611ddd.J I 18.3. 7.4. 2.0 Hz. 1 H). 179(ko I 12.5. 4.2

HniH).3.84(rn.1H).3.96(d.J- 152111.111).5.31 (dn/I

 

(35)ormmedatsiledgenerelexperrmsntalproosdtnmfrufro-thms

1992.57 “Lesa: CootG.RMN S;Stills.J. llJ. Org. Gem.
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