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ABSTRACT

New Synthetic Methods

A. Lithiation of Methoxypyridines and N-Methylindoles

Directed by ox-Amino Alkoxides

B. Synthetic Methods using N-Acyliminium Ions and

1-Acylpyridinium Salts

by

Michael 0. Killpack, Doctor of Philosophy

Utah State University, 1990

Major Professor: Dr. Daniel L. Comins

Department: Chemistry and Biochemistry

Directed lithiation-alkylation of several methoxypyridinecarboxaldehydes was

achieved in a one-pot reaction via a-amino alkoxide intermediates. The a-

amino alkoxides were prepared by the addition of methoxypyridine-

carboxaldehydes to certain lithiated secondary amines at cold temperatures.

Several examples are cited where the regioselectivity of alkylation was

changed by simply varying the lithiated amine used to form the a-amino
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alkoxide. Interestingly, there were no cases found where the (z-amino

alkoxides directed lithiation into the 2-position on the pyridine ring. Directed

N-methyl lithiation-alkylation by cc-amino alkoxides on 1-methylindole-2-

carboxaldehyde was accomplished using a C-3 blocking group strategy.

Preparation of 3-chloro-l-methylindole-2-carboxaldehyde was achieved in high

yields. The subsequent metalation, alkylation with various electrophliles, and

removal of the chloro blocking group makes the overall procedure an attractive

method for preparation of useful N-substituted indoles. Substituted pyridines

were prepared by anodic oxidation of 1-acyldihydropyridines. Yields were

moderate to good, and this methodology gives an alternative to chemical

oxidations. The addition of triphenylsilylmagnesium bromide to 1-acyl salts of

4-methoxypyridines gave optically active 1-acyl-2,3-dihydro-4-pyridones in high

yields. Preparation of (-)-1 -((1 R,2S,5R)-8-phenylmenthoxy)-(S)-2-triphenylsilyl-

2,3-dihydro-4-pyridone was achieved in 82% yield and 96% diastereomeric

excess. This unique molecule was further studied by subjecting it to

stereoselective addition and reduction reactions. Chiral 1-acyl-a-methoxy-

pyrrolidines, -2-pyrrolidinones, and -2-piperidones were prepared in good yield.

They were treated with Lewis acids in the presence of nucleophiles in an

attempt to form optically active pyrrolidines, pyrrolidinones, and piperidones.

These reactions gave low diastereomeric excess or low product yields.

(153 pages)



INTRODUCTION

Nitrogen heterocycles have been widely studied and used in the synthesis

of numerous alkaloids. Their importance as precursors to many biologically

active compounds has focused a tremendous amount of attention on

developing methods to functionalize these systems. In this study we

investigated novel synthetic methods for regio- and/or stereoselective carbon-

carbon bond formation on the pyridine, indole, pyrrolidine, pyrrolidinone, and

piperidone ring systems. In part A we report the regioselective metalation of

several methoxypyridinecarboxaldehydes and 1-methylindole-2-carbox-

aldehydes using4-amino alkoxides as both a protecting and directing group.

In part B we report the use of N-acyliminium ions and 1-acylpyridinium ions for

the preparation of substituted pyridines and the asymmetric synthesis of

dihydropyridones, pyrrolidines, pyrrolidinones, and piperidones. ,f
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PART A. LITHIATION OF METHOXYPYRIDINES AND

N-METHYLINDOLES DIRECTED BY

a-AMINO ALKOXIDES
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I. INTRODUCTION

Heteroatom-facilitated lithiation is recognized as an important synthetic tool

for the elaboration of aromatic systems.1 The ability to direct lithiation in a

regioselective manner, the accessability of inexpensive organolithium reagents,

and the high reactivity of the newly formed organolithium species make directed

metalation synthetically attractive and have motivated continued research and

development of various ortho directing groups. The purpose of this study was to

investigate the alkylation of 1-methyl-2-indole-carboxaldehyde and several

isomeric methoxypyridinecarboxaldehydes by using lithiated secondary amines

to form a-amino alkoxide directing groups in situ. The a-amino alkoxides

were investigated as both protecting groups for the electrophilic aldehydes and

as regioselective directors for metalation using various alkyllithium bases. This

methodology has the advantage of being a one-pot reaction, and by varying the

amine component of the a-amino alkoxide, one may change the position of

metalation on the aromatic compound. The lithiation-alkylation of

methoxypyridinecarboxaldehydes using a-amino alkoxides is the first reported

study of carbonyl-derived directing groups prepared from

pyridinecarboxaldehydes. The methodology developed provides a new

synthetic route to substituted alkoxypyridines, which are valuable precursors to

pyridones and pyridinols2 as well as dihydropyridones.3 Our primary interest in

1-methyl-2-indolecarboxaldehyde was to develop a novel methodology for N-
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methyl lithiation, thus enabling various substituents to be added to the methyl

group of the 1 -methylindole ring system.
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II. REVIEW OF THE LITERATURE

Numerous examples of ortho-metalations have been reported, and several

reviews are available. 1 A variety of heteroatom directing groups have been

employed and include CONR 2 ,4 CONHR,4 oxazolines,5 pivaloylamino, 6

OCONEt 2,7 0R,80CH2OR,9 halogen,lO and SO2NR2.11

a-Amino Alkoxides as Protecting and Directing Groups for

Alkylation of Aromatic Aldehydes Via Directed Lithiation. In the past,

metalation of aromatic aldehydes has had the disadvantage of requiring

multiple steps. First, the electrophilic aldehydes were protected as either

acetals,12 oxathiolanes,13 or imidazolidines.14 Subsequently, metalation and

LiO H NR 2  LiO H

LiNR 2  3 n-BuLi

PhH, 800C 
Li

R

1. E/

CHO 2. H30+

R
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alkylation were carried out followed by removal of the protecting group.

Comins and Brown15 demonstrated that the addition of aromatic aldehydes to

lithiated secondary amines formed a-amino alkoxides in situ, which are

effective protecting groups for lithiation even under such vigorous conditions as

excess n-BuLi in refluxing benzene. A major advantage of the a-amino

alkoxide protecting group is its ease of removal. As shown above, aqueous

acidic workup provides ring substituted aldehydes via a one-pot procedure.

Another advantage of this methodology is the directing ability of the a-amino

alkoxide, which is primarily due to the chelating properties of the amine

component and not to strong inductive effects. This allows one to vary the

regioselectivity of metalation by simply changing the lithiated amine used to

form the a-amino alkoxide. Of the lithiated amines studied, the two which have

demonstrated the greatest difference in chelating ability are N,N,N'-

trimethylethylenediamine (2) and N-methylpiperazine (1). For example,

Comins and Brown found that 3-methoxybenzaldehyde gave 4-substituted

product 3 when lithiated amine 1 was used and the 2-alkylated product 4 when

lithiated amine 2 was used to form the a-amino alkoxide.15
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N LCHO

CHO 2. 3 sec-BuLi OMe

3. CH31; H3OM

OMe

. ' §tLi Me

2. 3 n-BuLi
OMe

4
3. CH 3 1; H3O+

The use of a-amino alkoxides as in situ protecting and directing groups

also works well for five-membered heterocyclic aromatic aldehydes16 such as

1. 1,

2. 3n-BuU/ Me CHO

TMEDA Me
CHO 880/NN./~CHO3. cH3I; H208%

Me

1. 2 CHO

2. 3 n-BuLi Et 6
74%

3. CH31; H20

thiophene-, furan-, pyrrole-, and indolecarboxaldehydes. These reaction also
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demonstrate the versatility of changing the amine component to affect the

regioselectivity of the reaction. Of particular interest to our study is the novel N-

methyl alkylation of N-methyl-2-pyrrolecarboxaldehyde to give 6.

Lithiation of Substituted Pyridines. Susceptibility to nucleophilic

attack has made directed metalation of the pyridine ring system difficult.lb The

first reported lithiation of a substituted pyridine was in 1969 by Cook and

Wakefield17 of 2,3,5,6-tetra-chloropyrdine. Since that time several others have

successfully lithiated the pyridine ring using ortho-directing groups. Meyers

and Gabel5 utilized oxazolines to direct lithiation of 4-(2-oxazolinyl)pyridine into

the 3 position. Katritzky, Rahimi-Rastgoo, and Ponskshe18 used a carbonyl-

derivea ortho-directing group, CONHR, to direct metalation into the 3 position of

2-aminocarbonylpyridines. Miah and Snieckus 7 reported directed metalation

of 2-, 3-, and 4-pyridyl diethylcarbamates with sec-BuLi /TMEDA at -780C.

Lithiation occurred at C-3 as expected for both 2- and 4-pyridyl

diethylcarbamates and at C-4 for 3-pyridylcarbamate.

Recently, the lithiation of the three isomeric methoxypyridines were

reported in two independent studies, one by Comins and LaMunyon8c and the

other by Queguiner and coworkers.8d Both groups found strong alkyl lithium

bases too nucleophilic to affect lithiation, and both found that LDA was not

basic enough to give complete deprotonation of the methoxypyridines.

However, when an electrophile was used which reacted with the lithiated
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+ LDA + I -

N OMe OMe

/ Me3SiCl

~~TMS

+ LiCI

N OMe

83%

methoxypyridines and not with LDA, the reaction went to completion in high

yield as shown in the above reaction scheme. Both studies suggest ways to

achieve full lithiation of the methoxypyridines so that a variety of electrophiles

may be used. The best results were obtained by Comins and LaMunyon.8c

They found mesityllithiuml9 greatly reduced nucleophilic side reactions but was

still basic enough to lithiate methoxypyridines. Both resear6h groups reported

the 3 position was lithiated on 2- and 4-methoxypyridine, and 3-

methoxypyridine (8) directed lithiation to C-2. Interestingly, Winkle and

Ronald2O reported 3-(methoxymethoxy)pyridine (7) directed lithiation to the 4

position rather than C-2 (see scheme below).
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N 7O RLi

OMe OMe

NNaL RU
8

Lithiation of N-Substituted Indoles. Even with excess alkyl lithium,

only deprotonation of the nitrogen atom on N-unsubstituted indoles has been

achieved.lb It has been reported that lithiation occurs at the a position on N-

alkylindoles;21 however, it should be noted that rates are slow and THF/TMEDA

is usually required for improved results. Lithiation of the a-position has also

been achieved by protecting the nitrogen with methoxymethyl 22  or

arylsulfonyl23 protecting groups. These protecting groups have the advantage

of possible removal, and their inherent heteroatom directing influence improve

rates and yields over their alkyl counter parts. The utility of lithiation of indoles

has been used as the initial step in the synthesis of several indole alkaloids and

related compounds.24
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Several useful results have been reported for the directed lithiation of N-

methyl and N-(methoxymethyl)indolcarboxaldehydes using cc-amino alkoxide

chemistry.16 Lithiation-alkylation at the a-position of 1-methyl-3-indole-

carboxaldehyde and 1-(methoxymethyl)-3-indolecarboxaldehyde was

accomplished in good yield. The analogous reaction occurred at the P-position

of 1-methyl-2-indolecarboxaldehyde when lithiated N-methylpiperizide was

used to form the a-amino alkoxide. However, when 1-methyl-2-

indolecarboxaldehyde was lithiatied using N,N,N'-trimethylethylenediamine

and n-BuLi, an undesirable mixture of N-methyl- and 1-lithiation occurred.
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11111. RESULTS AND DISCUSSION

Synthesis of Methoxypyridinecarboxaldehydes. The first three

methoxypyridinecarboxaldehydes studied were prepared in two steps from

dibromopyridine precursors. Nucleophilic substitution of bromide by sodium

methoxide on 2,6-dibromopyridine in methanol gave 6-bromo-2-

methoxypynidine in good yield. Treatment with n-BuLi at -781C affected

NaOMe '11t1. n-BuLi, -780C

I2 I DMF I9
Br""N Br MeO0 N a ,. Br MeO N a ,,CHO

73% 78%

Br NaOMe Br 1. n-BuLi, -780C CHO

I I 2. DMF I iii 10
N Br N OMe MeO N

92% 84%

Br Br MeO Br MeO CHO

NaOMe, A 1 . 1-ui 1010
N N oN".

78% 2. DMF 73%

lithium-halogen exchange, and subsequent formylation with dimethylformamide
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(DMF) gave 6-methoxy-2-pyridinecarboxaldehyde (9). Using analogous

procedures, 6-methoxy-3-pyridinecarboxaldedhyde (10) was prepared starting

from 2,5-dibromopyridine. Nucleophilic substitution of bromide by sodium

methoxide on 3,5-dibromopyridine required more vigorous (sodium methoxide

in DMF at 63-680C) conditions to give 5-bromo-3-methoxypyridine, and the

subsequent lithium-halogen exchange required colder temperatures (-100°C)

to reduce side reactions. Formylation with DMF gave 5-methoxy-3-

pyridinecarboxaldehyde (11). Lithiation of 2-, 3-, and 4-methoxypyridines

using mesityllithium as the base followed by formylation with DMF gave

OMe
CHO OMe CHO

NI C HO C>OMe

12 13 14

2-methoxy-3-pyridinecarboxaldehyde (14), 3-methoxy-2-pyridinecarbox-

aldehyde (13), and 4-methoxy-3-pyridinecarboxaldehyde (12), respectively.8c

Regioselective Alkylation of Methoxypyridinecarbox-

aldehydes. Preparation of a-amino alkoxides was accomplished by the

addition methoxypyridinecarboxaldehydes to lithiated N-methylpiperazide

(LNMP) or lithium N,N,N'-trimethylethylenediamine (LTMDA) at -780C in THF.
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After 15 min the a-amino alkoxides were completely formed and the alkyllithium

reagent was added. Since both the methoxy and a-amino alkoxide groups are

effective ortho directors, a possibility existed that lithiation could occur at more

than one site on the ring. For example, a-amino alkoxide 15, prepared from

pyridinecarboxaldehyde 9, has two sites, C-3 and C-5, where ortho metalation

Metalation

NR2

MeO OLi

MeO N' NP 2  N

15 OLi 16

might occur, and a-amino alkoxide 16 has three sites, C-1, C-4, and C-6, next

to directing groups. Based on previous studies,15,16 we believed high

regioselectivity at more than one site might be achieved by varying the amine

component of the a-amino alkoxide. This turned out to be the case with

methoxypyridinecarboxaldehyde 9. When treated with LTMDA followed by
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metalation with n-BuLi and methylation with methyl iodide, 9 gave trisubstituted

pyridines 17 and 18 in 77% yield. The TMEDA-like directing ability of the a-

amino alkoxide accounts for the 96 : 4 ratio of isomers. Reaction of 9 with

LNMP, t-BuLi, and methyl iodide gave a 3:97 ratio of 17 and 18 in 70% yield.

The reversal of regioselectivity demonstrates the large difference in chelating

ability between the two (x-amino alkoxides. To further demonstrate

1. LTMDA Me me

9 I
2. 2 n-BuLi MeO N CHO MeO N CHO-780C, 0.5 h

-42 0C, 0.5h 17 77% 18

3. Mel; H20 ratio 96: 4

1. LNMP M
9 "-

2. 1.5 t-BuLi in
-780C, 1.25 h MeO N CHO MeO N CHO
-42 0C, 15 min 17 70% 18

3. Mel; H20 ratio 3 : 97

the utility of cc-amino alkoxides in funtionalizing the pyridine ring, both 17 and
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18 were alkylated using LTMDA as the amine component of the a-amino

alkoxide. As shown below, 18 gave the tetra substituted product, while

1. LTMDA Me Me

1 8 2. 2 n-BuLi
-42 0C, 1 h MeO N CHO
-230C, 0.5 h

19 67%
3. Mel ; H20

1. LTMDA k Et
17 "I + 19

2. 2 n-BuLl
-780C, 0.5 h MeO CHO
-420C, 0.5 h

3. Mel; H20 20 76%

ratio 94 : 6

alkylation of 17 gave a mixture of 20 and 19. The large ratio of 20 to 19

demonstrates the ability of a-amino alkoxides to direct lateral metalation as

well as ring lithiation.

We next studied methoxypyridinecarboxaldehyde 10 using LTMDA and

n-BuLi . The possibility existed that the a-amino alkoxide formed from the

addition of 10 to LTMDA might direct metalation to either C-2 or C-4. As shown
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below, we found a high ratio of 21 vs 22 and lithiation-metalation was not

observed at C-2. We found metalation-alkylation of 10, using LNMP, t-BuLi,

and methyl iodide, gave primarily the C-5 alkylated product 21 with an overall

yield of 70%.

Me

1. LTMDA 
%kCHO me CHO

2. 2 n-BuLi M-e

-420C, 3 h MeO N MeOI N""

3. Mel; H20 21 65% 22

ratio 97: 3

Me

1. LNMP CHO Me CHO

10 -- +
2. 2 t-BuLi/TMEDA N MeOKr

-780C, 0.5h MeO

-42-C,2h 21 70% 22

3. Mel; H20 ratio 7 93

When we investigated the lithiation-methylation of methoxypyridinecarbox-

aldehyde 11 using LTMDA to form the a-amino alkoxide, we were disappointed
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in the selectivity for lithiation-alkylation ortho to the protected aldehyde

functionality. The best result was achieved using n-BuLi at -780C. This gave

a 70:30 ratio of the C-4 to C-6 methylated product as shown below. Again, we

Me

1. LTMDA MeO CHO MeO , CHO

2. 2 n-BuLi
-780C, 0.5 h
-420C, 0.5h 23 76% 24

3. Mel ; H20 ratio 70 : 30

1. LNMP MeO CHO

2. 2 MESLi Me N
-420C, 1 h
0°C, 40 min 24

3. Mel ; H20 79%

were unable to detect any C-2 alkylated product. When 11 was treated with

LNMP, mesityllithium, and methyl iodide, 24 was isolated as the sole product in

79% yield.

Methylation of methoxypyridinecarboxaldehyde 12 using LTMDA, n-BuLi,

and methyl iodide gave 25 as the sole product in 82% yield. In an analogous
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reaction, 13 was lithiated-methylated using LNMP and MESLi to give 26 as the

only isolated product. The last methoxypyridinecarboxaldehyde we

investigated proved to be of particular interest. We found that 14 gave

substituted pyridine 27 when either lithiated amine, LTMDA or LNMP, was

Me

1. LTMDA -CHO
12 "I

2. 2 n- BuLi OMe
-420C, 1.5 h
-23C, 0.5 h 25

3. Mel ; H20 82%

Me

1. LNMP OMe
13

2. 2 MESLi N CHO
-230C, 2 h
0°C, 1 h 26

3. Mel ; H20 67%

OMe

1. LNMP Me CHO

14
2. 1.5 MESLi

-230C, 4 h

3. Mel ; H20 27

82%
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used as the amine component of the a-amino alkoxide, and regardless of

reaction conditions. Surprisingly, we were unable to detect any C-2 substituted

product. This is the only case where C-2 was the only ortho position available

to the a-amino alkoxide for directed metalation. All other examples either had

the option to direct to C-4, or C-2 was already substituted. The highest yield for

methylation at C-5, 82%, was achieved using LNMP, MESLi, and methyl

iodide.

N-Methyl Lithiation of N-Methylindoles. In a previous study16 we

were surprised to find that 1-methyl-2-pyrrolecarboxaldehyde was lithiated at

the N-methyl position. The only reported directed lithiation of 2-substituted N-

methylpyrroles was using the oxazoline directing group and it directed lithiation

to the 5 position. 25  We attempted to utilize this novel reaction on 1-

methylindole-2-carboxaldehyde, but lithiation-methylation of the a-amino

alkoxide prepared from LTMDA gave a 2 to 1 mixture of 1-ethylindole-2-

carboxaldehyde vs 1,3-dimethylindole-2-carboxaldehyde. We were unable to

improve the ratio of N-methyl lithiation, but when the a-amino alkoxide was

prepared from LNMP, lithiation occurred solely at C-3. To develop a potentially

useful method for N-methyl lithiation we decided to try a strategy of blocking C-3

prior to metalation. Our first attempt at this strategy was to add a trimethylsilyl

group at C-3. We prepared the 3-trimethylsilylindole 28 by the
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N 0

3 TMSCI
N OUi N CHO
I I

Me Me 28
1 LNMP

2. 3 n-BuLi 

1

N CHOI
Me

B r2,

Br 1. LTMDA M

2. n-BuLi
CHO N CHO

I 3. TMSCl I
Me Me 28

90% 33%

addition of TMSCI to the lithium anion, prepared from 1-methyl-2-

indolecarboxaldehyde by either direct lithiation using the a-amino alkoxide

protecting group with excess n-BuLi or by bromination at C-3 followed by

addition of LTMDA and lithium halogen exchange with n-BuLi. Treatment of 28

with LTMDA, excess n-BuLi, and methyl iodide gave N-methyl substituted
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product 29 in 62% yield. This reaction demonstrated our strategy to block C-3

was effective, but the low yields achieved in preparing 28 made the TMS group

unattractive as a blocking group.

QTMS 1. LTMDA

2. 3 n-BuLi

N CHO N CHO
1 3. CH 31; H20 I

Me 28 Et 29

62%

Since aryl chlorides are not susceptible to lithium-halogen exchange,la we

next studied the possibility of using a chloro group to block C-3. Our first

attempts at chlorination of N-methylindole with N-chlorosuccinimide gave a

mixture of products with poor yields (25-65%), and purification required both

chromatography and distillation. However, by utilizing silica gel as a proton

source and changing solvents from CH 2CI2 to THF, the yield was improved to

84% and purification was accomplished by a simple Kugelrohr distillation. The

inductive effect and directing ability of the 3-chloro group drastically increased

the rate and ease by which C-2 was lithiated with n-BuLi. Fomylation of the

resulting anion with DMF gave the target aldehyde (30) in 92% yield. Reaction
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of 30 with lithiated N,N,N'-trimethylethylenediamine formed a-amino alkoxide

NCS, THF 
/

N SiO 2  N
I I
CH3  CH 3

84%

n-BuLi

2. DMF

gyC

CHO
N

CH3  30

31. Lithiation with n-BuLi followed by reaction with electrophiles gave N-

substituted indoles 32 as listed in Table I.
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CI CI

CHO 2. -BukiK i

1. EN

C1 2 H20 f 31
¢CHO

E 32

To further demonstrate the utility of the 3-chloro protecting group, we

treated 30 with 10% Pd/C, EtOH, triethylamine, and formic acid. As shown

below, the chloro group was cleanly removed in 81% yield.26

10% Pd/C, EtOH N

CHO TEA, HCO 2H N Clo
I I

30 CH3  CH3

81%
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Table 1. Reactions of Dianion 31 with Electrophiles

Entry Electrophile a Product Yield, % mp,0C

a Mel 94 58-59.5
~CHO

b MeSSMe 85 95-97

:N 'CHOI
sc-

c PhCHO 84 130.5-132.5

07N2 CHO

d PhSeSePH a 73 119.5-120.5

I
CH2S*Ph

e EtOAc b 55 152.5-154

I II

f Ac2O c 43 152.5-154

QN 00 H0
I II

Brd 75 30-31

QN(mI
C+2 HcI,-CI42

a Unless indicated, the electrophile was added at -780C and the mixture was allowed to come to
room temperature. bThe dianion was added to neat EtOAc (50 ml). c Inverse addition and 30
mmol of Ao2O were used. d A large excess of electrophile (18 mmol) was used.
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IV. SUMMARY AND CONCLUSIONS

In this study we report the utility of using cc-amino alkoxides in directed

lithiation reactions of several methoxypyridinecarboxaldehydes and 3-chloro-1-

methylindole-2-carboxaldehyde. The convenience of in situ protection and

one-pot procedure makes the use of these reactions synthetically attractive.

We found several examples where regioselectivity was altered by simply

changing the lithiated amine used to form the a-amino alkoxide. This study

also suggests that the a-amino alkoxides, formed from LTMDA with C-3

substituted pyridinecarboxaldehydes, may direct lithiation to C-4 but not C-2.

An advantage of this selectivity is that one may predict the regioselectivity for

lithiation of C-3 pyridinecarboxaldehydes, but the obvious disadvantage is the

inaccessibility of substitution at C-2 ortho to the aldehyde functionality. As

discussed earlier, the C-3 methoxy or ethoxy group directs lithiation to C-2,8

while the C-3 chelating groups5 ,7,18,20 direct metalation to C-4. A possible

rationale for this selectivity could involve the angle of intramolecular attack. In

the pyridine ring the bond lengths of the C-N bonds are shorter than the C-C

bonds. This distorts the C-4, C-3, H-3 bond angle to 121.360, while the C-2, C-

3, H-3 bond angle is 120.110.27 These small distortions may affect the angle of

intramolecular attack as 33 and 34 depict.28
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Bu

H OUON

He MeN N  \ "
MC N H B u MeC H

Less favorable More favorable
33 34

Directed N-methyl lithiation-alkylation by a-amino alkoxides on 1-methyl-

indole-2-carboxaldehyde was accomplished using a C-3 protecting group

strategy. Preparation of 3-chloro-l-methylindole-2-carboxaldehyde was

achieved in high yields. The subsequent metalation-alkylation with various

electrophiles and the removal of the chloro protecting group, makes the overall

procedure an attractive method for preparation of useful N-substituted indoles.
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V. Experimental Section

All reactions were performed in oven dried glassware under a N2

atmosphere. Tetrahydrofuran (THF) was dried by distillation from sodium

benzophenone ketyl prior to use. N,N,N'-Trimethylethylenediamine,

N-methylpiperazine, and dimethylformamide (DMF) were distilled from calcium

hydride and stored over 3 A molecular sieves under N2. Other solvents and

reagents from commercial sources were generally stored over 3 A molecular

sieves and used without further purification. The n-butyllithium used in this

study was purchased (Alfa Products) as a 2 M solution in hexane. Melting

points were determined with a Thomas-Hoover capillary melting point

apparatus and are uncorrected. NMR spectra were recordel on a Varian

XL-300 or an IBM AF 80 spectrometer. Radial preparative-layer

chromatography (radial PLC) was carried out by using a chromalotron (Harris

Associates, Palo Alto, CA). Elemental analysis were carried out by M-H-W

Laboratories, Phoenix, AZ. Infrared spectra were recorded on a Perkin-Elmer

model 7500 spectrometer. Gas-liquid chromatography (GC) was performed on

a Hewlett Packard Model 5880A gas chromatograph equipped with a 30 m 0.25

mm FSOT column packed with OV-101. The 2,4-dinitrophenylhydrazones

were prepared by using a modified method published by Behforouz.29

4-Methoxy-3-pyridinecarboxaldehyde and 2-methoxy-3-pyridinecarbox-

aldehyde were prepared by literature procedure.8c
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6-Bromo-2-methoxypyridine. 6-Bromo-2-methoxypyridine was

prepared by a variation of the literature procedure. 30 To a stirred solution of

2,6-dibromopyridine (17.42 g,74 mmol) in anhydrous MeOH (50 mL) was added

NaOMe (28.6 mL of 25% NaOMe in MeOH, 125 mmol). The mixture was

refluxed for 25 h, then poured into cold 5% NaHCO 3 (50 mL). The mixture was

extracted with ether (3x30 mL) and the organic layers were concentrated.

Ether (50 mL) was added to the remaining liquid and the mixture was washed

with brine (40 mL).The organic layer was dried (K2CO 3) and concentrated, and

the residue was Kugelrohr distilled (85-95OC/15 mmHg) to give 10.11 g (73%)

of 6-bromo-2-methoxypyridine as a clear liquid: IR (neat) 2953, 1596, 1582,

1558, 1472, 1413, 1298, 1022, 857 cm-1; 1H NMR (80 MHz, CDCL 3) 5 3.89 (s,3

H), 6.63 (d, 1 H, J=8 Hz), 6.99 (d, 1 H, J=8 Hz), 7.37 (t, 1 H, J=8 Hz); 13C NMR

(20 MHz, CDCI 3) 8 54.3, 109.5, 120.3, 138.8, 140.5, 163.9.30

6-Methoxy-2-pyridinecarboxaldehyde (9). To a stirred solution of

6-bromo-2-methoxypyridine (1.01 g, 5.40 mmol) in THF (20 mL) at -780C was

added n-BuLi (5.61 mmol). After 1 h, DMF (0.472 g, 6.00 mmol) was added

and the mixture was allowed to stir for 30 min at -780C. The cold mixture was

poured directly into a stirred aqueous solution of 5% NaHCO 3 (50 mL) and

extracted with ether (3x25 mL). The combined organic layers were washed with

brine and dried (K2CO 3). The mixture was filtered and concentrated. The

crude product was purified by radial PLC (silica gel, 5% EtOAc/hexanes)
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Kugelrohr distillation (bp 99-105°C/20 mmHg (lit3l bp 103-104OC/20 mmHg)) to

give 5-Bromo-2-methoxypyridine 574 mg (78%) of 2 as an oil: IR (neat) 2955,

2829, 1719, 1704, 1600, 1474, 1333, 1276 cm-1; 1H NMR (300 MHz, CDCI 3 )

4.03 (s, 3 H), 6.98 (d, 1 H, J=8.4 Hz), 7.57 (d,1 H, J=7.2 Hz), 7.74 (dd, 1 H,

J=8.4, 7.2 Hz), 89.97(s, 1 H); 13C NMR (75 MHz, CDCI 3) 8 53.15, 115.01,

115.92,138.71,150.08,164.02, 192.50; DNP mp 216-219 0C.

5-Bromo-2-methoxypyridine. 5-Bromo-2-methoxypyridine was

prepared by a variation of the literature procedure.30 To a stirred solution of

2,5-dibromopyridine (10.94 g, 46 mmol) in anhydrous MeOH (25 mL) was

added NaOMe (50 mL of 25% NaOMe in MeOH, 210 mmol). The mixture was

refluxed for 7 h, then the solution was poured into cold stirred 5% NaHCO 3 (75

mL). The mixture was extracted with ether (4x30 mL) and washed with brine

(3x30 mL). The organic layer was dried (MgSO4), filtered, and concentrated.

The crude product was purified by Kugelrohr distillation (65-70OC/3.5 mmHg) to

give 7.96 g (92%) of a clear liquid: IR (neat) 2984, 2946, 1572, 1451, 1339,

1293, 1262, 1009, 799 cm-1; 1H NMR (80 MHz, CDCI3) 83.88 (s, 3 H), 6.59 (d, 1

H, J=8.8 Hz), 7.56 (d, 1 H, J=8.8 Hz), 8.18 (s, 1 H); 13C NMR (20 MHz, CDCI3)

853.76, 111.79, 112.69, 141.00, 147.70, 163.10.

6-Methoxy-3-pyridinecarboxaldehyde (10). To a stirred solution

of 5-bromo-2-methoxypyridine (1.63 g, 8.69 mmol) in THF (25 mL) at -780C was

added n-BuLi (9.10 mmol). After 1 h, DMF (1.27 g, 17.4 mmol) was added and
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stirring was continued for 30 min at -780C. The cold mixture was poured directly

into a stirred aqueous solution of 5% NaHCO3 (50 mL) and extracted with ether

(3x25 mL). The combined organic layers were washed with brine and dried

(K2CO3). The mixture was filtered and concentrated to give a yellow solid (1.212

g). The crude product was recrystallized from hexanes to give 1.00 g (84%) of

10 as a light yellow solid: mp 50.5-51.50C; IR (neat) 2993, 2952, 2837, 1696,

1605, 1568, 1495, 1363, 1291, 1222, 1016, 838 cm- 1; 1H NMR (300 MHz,

CDC13) 8 4.04 (s, 3 H), 6.85 (d, 1 H, J=9 Hz), 8.07 (d, 1 H, J-9 Hz), 8.64 (s, 1 H),

9.96 (s, 1 H); 13C NMR (75 MHz, CDC13) 854.07, 111.84, 126.50, 137.20,

152.63, 167.47, 189.26; Our data are in agreement with reported spectra.32

5-Bromo-3-methoxypyridine. Sodium methoxide in MeOH (20.5 mL,

95 mmol) was stirred under reduced pressure (15 mmHg) at 650C for 30 min.

The remaining solid was placed under a N2 atmosphere and dissolved in DMF

(60 mL). Solid 3,5-dibromopyridine (15 g, 63 mmol) was added and the

mixture was stirred at 63-680C. After 4 h, additional NaOMe/MeOH solution (7

mL, 32 mmol) was added. The reaction mixture was allowed to stir at 63-680C

for 12 h, then poured into H20 (80 mL) and extracted with ether (6x20 mL). The

combined organic layers were washed with b.rine (50 mL) and dried (MgSO4).

The mixture was filtered and concentrated to give a yellow solid. The crude

product was purified by radial PLC (silica gel, 10% EtOAc/hexanes) followed by

recrystallization (hexanes) to give 8.78 g (78%) of 5-bromo-3-methoxypyridine
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as a light yellow solid. The residue from the mother liquid was purified by radial

PLC (silica gel, 5% EtOAc/hexanes)to give an additional 1.27 g (11 %) of

product: IR (neat) 3045,3010, 2940, 1577, 1557, 1457, 1418, 1313, 1266, 1009,

858 cm- 1; 1H NMR (300 MHz, CDCI3) 83.86 (s, 3 H), 7.36 (s, 1 H), 8.25 (s, 1 H),

8.29 (s, 1 H); 13C NMR (75 MHz, CDC13) 8 55.45, 120.02, 122.78, 142.46,

135.85, 155.64; mp 34-350C. Anal. Calcd for C6 H6BrNO: C, 38.33; H, 3.22; N,

7.45. Found: C, 38.18; H, 3.26; N, 7.28.

5-Methoxy-3-pyridinecarboxaldehyde (11). To a stirred solution

of 5-bromo-3-methoxypyn'dine (4.09 g, 22.9 mmol) in THF (100 mL) at -1000C

was added n-BuLi (25.2 mmol) over 10 min. The solution was allowed to stir

for an additional 20 min at -1000C, and then DMF (2.3 mL, 29.8 mmol) was

added. The mixture was stirred for 30 min, allowing the temperature to slowly

warm to -600C. The cold mixture was then poured directly into brine (100 mL)

and extracted with ether (3x40 mL). The combined organic layers were dried

(K2C0 3 ), filtered, and concentrated. The crude product was purified by radial

PLC (silica gel, 10% EtOAc/hexanes) to give 2.19 g (73%) of 11 as a light

yellow solid: IR (neat) 2943, 2844, 1708, 1693, 1588, 1473, 1428, 1321, 1282,

1253,1175 cm-1; 1H NMR (300 MHz, CDCl 3) 8 3.93 (s, 3 H), 7.62 (s, 1 H), 8.56

(s, 1 H), 8.67 (s, 1 H), 10.11 (s, 1 H); 13C NMR (75 MHz, CDCI 3) 8 55.59,

116.16, 131.86, 144.86, 144.53, 156.00, 199.51; mp 33-340 C (hexanes/CCl4).

Anal. Calcd for C7H7NO2: C, 61.51; H, 5.15; N, 10.21. Found: C, 67.17; H, 5.22;
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N, 10.35.

General Procedure for Methylation of Methoxypyridine-

carboxaldehydes. To a stirred solution of the secondary amine

(N,N,N'-trimethylethylenediamine or N-Methylpiperazine)(2.4 mmol) in 10 mL of

THF was added n-BuLi (2.2 mmol) at -780C. After 15 min, the appropriate

methoxypyridinecarboxaldehyde (2 mmol) was added and the mixture was

stirred at -780C for 15 min. The indicated base was added and stirred at the

indicated temperatures and times. Methyl iodide (10 mmol) was added at -781C

and the mixture was allowed to come to room temperature (30 min). The

solution was poured into vigorously stirred cold brine (25 mL) and extracted

with ether (3x25 mL). The organic extracts were dried (K2CO 3 ) and

concentrated. The crude products were purified by radial PLC (EtOAc/

hexanes).

Spectral Data. 6-Methoxy-3-methyl-2-pyridinecarbox-

aldehyde (17). IR (neat) 2945, 2820, 1711, 1606, 1483, 1341,1272, 796cm-

1; 1H NMR (80 MHZ, CDCI3) 2.55 (s, 3 H), 3.99 (s, 3 H), 6.83 (d, 1 H, J=8.4 Hz),

7.47 (d, 1 H, 8.4 Hz), 10.06 (s, 1 H); 13C NMR (20 MHz, CDC13) 18.03, 53.87,

115.57, 129.14, 143.28, 146.92, 162.79, 195.38; mp 52.5-540C. Anal. Calcd for

C8H9N02: C, 63.57; H, 6.00; N, 9.27. Found: C, 63.53; H, 6.08; N, 9.12.

6-Methoxy-5-methyl-2-yridinecarboxaldehyde (18). IR (KBr)

3011, 2955, 2841, 1695, 15S7, 1463, 1277, 1243, 1027 cm-1; 1H NMR (300

MHz, CDCI3) 8 2.28 (s,3 H), 4.05 (s,3 H), 7.49 (d, 1 H, J=7.2 Hz), 7.54 (d, 1 H,
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J=7.2 Hz), 9.94 (s, 1 H); 13C NMR (20 MHz, CDC13) 5 16.50, 53.83, 116.04,

127.65, 138.96, 148.82, 162.96, 193.06; DNP mp 222-2240C. Anal. Calcd for

CsHgNO 2: C, 63.57; H, 6.00; N, 9.27. Found: C, 63.21; H, 5.83; N, 9.12.

3.5-Dimethyl-6-methoxv-2-pyridinecarboxaldehyde (19). IR

(KBr)2961, 2924, 2832, 1696, 1561, 1478, 1416, 1356, 1277, 1117 cm-1; 1H

NMR (80 MHz, CDCI3) 5 2.21 (s, 3 H), 2.50 (s, 3 H), 4.00 (s, 3 H), 7.23 (s, 1 H),

10.01 (s, 1 H); 13C NMR (20 MHz, CDC13) 816.09,17.74, 53.66,126.38,129.17,

142.76, 144.76, 160.84, 194.92; mp 84.5-85.50C (hexanes). Anal. Calcd for

C9Hll NO2 : C, 65.44; H, 6.71; N, 8.48. Found: C, 65.21; H, 6.79; N, 8.35.

3-Ethyl-6-methoxy-2-pyridinecarboxaldehyde (20). IR (neat)

2975, 1711, 1603, 1482, 1337, 1271, 1030 cm-1; 1H NMR (80 MHz, CDCI3) 5

1.19 (t, 3 H, J=-7.5 Hz), 3.01 (q, 3 H, J=7.5 Hz), 3.99 (s, 3 H), 6.86 (d, 1 H, J=8.4

Hz), 7.53 (d, 1 H, J=8.4 Hz), 10.06 (s, 1 H); 13C NMR (20 MHz, CDC13) 8 15.58,

24.24, 53.86, 115.84, 135.54, 141.85, 146.50, 162.70, 195.12; DNP mp

180-1840C. Anal Calcd for CgHjNO2 .- C, 65.44; H, 6.71; N, 8.48. Found: C,

65.45; H, 6.66; N, 8.57.

6-Methoxy-4-methyl-3-pyrldlnecarboxaldehyde (21). IR (KBr)

3026, 1695, 1613, 1554, 1446, 1362, 1255, 1147 cm-1; 'H NMR (300 MHz,

CDC13) 2.61 (s, 3 H), 4.01 (s, 3 H), 6.60 (s, 1 H), 8.51 (s, 1 H), 10.07 (s, 1 H);

13C NMR (75 MHz, CDCI 3) 19.85, 53.85, 112.90, 125.38, 151.42, 155.25,
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166.60, 190.58; mp 91-920C (hexanes). Anal. Calcd for C8HgNO 2: C, 63.57; H,

6.00; N, 9.27. Found: C, 63.31; H, 6.02; N, 9.13.

6-Methoxy-5-methyl-3-pyridinecarboxaldehyde (22). IR (neat)

2989, 2953, 1694, 1605, 1484, 1408, 1381, 1268, 1141, 1016 cm-1. 1H NMR

(300 MHz, CDCI 3) 8 2.24 (s, 3 H), 4.06 (s, 3 H), 7.88 (s, 1 H), 8.47 (s, 1 H), 9.93

(s, 1 H); 13C NMR (75 MHz, CDCI 3 ) 815.79, 54.30,122.10,126.73, 136.35,

150.39, 166.19, 189.81; mp 56-56.51C (hexanes). Anal. Calcd for C8 H9 NO2:

C, 63.57; H, 6.00; N, 9.27. Found: C, 63.69; H, 5.94; N, 9.30.

5-Methoxy-4-methyl-3-pyridinecarboxaldehyde (23). IR (KBr)

2960, 1692, 1585,1489, 1422,1294, 1270, 1011, 909, 713 cm-1; 1H NMR (300

MHz, CDCI3) 8 2.56 (s, 3 H), 3.98 (s, 3 H), 8.37 (s, 1 H), 8.62 (s, 1 H), 10.33 (s, 1

H); 13 C NMR (75 MHz, CDCI3) 10.51, 56.50, 129.85, 136.45, 137.57, 146.04,

154.18, 191.82; mp 70.5-71.50C. Anal. Calcd for C8 HsNO 2: C, 63.57; H, 6.00;

N, 9.27. Found: C, 63.66; H, 6.06; N, 9.27.

5-Methox-6-mthl-3-pyridinecarboxaldehvde (24A, IR (KBr)

2978, 2860, 1689, 1595, 1392, 1152 cm-1; 1H NMR (300 MHz, CDCI3) 8 2.57 (s,

3 H), 3.91 (s, 3 H), 7.51 (s, 1 H), 8.52 (s, 1 H), 10.05 (s, 1 H); 13C NMR (80 MHz,

CDC13) 20.10, 55.40, 112.32, 130.81, 144.56, 154.27, 156.30, 190.58; mp

75.5-76.5°C (hexanes). Anal. Calcd for C8 HqNO 2: C, 63.57; H, 6.00; N, 9.27.

Found: C, 63.38; H, 6.02; N, 9.19.

3-Methoxy-4-methvl-2-pyridinecarboxaldehyde(26). IR (neat)
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2933, 2832, 1715, 1585, 1561, 1473, 1263, 1224, 1002 cm- 1; 1 H NMR (300

MHz, CDCI 3) 852.30 (s, 3 H), 3.84 (s, 3 H), 7.28 (d, 1 H, J=4.8 Hz), 8.35 (d, 1 H,

J=4.8 Hz), 10.15 (s, 1 H); 13C NMR (75 MHz, CDCI 3) 5 15.19, 62.34, 130.09,

142.80, 144.78, 145.24, 157.33, 191.04; mp 42.5-440C (hexanes). Anal. Calcd

for C8Hg NO2: C, 63.57; H, 6.00; N, 9.27. Found: C, 63.76; H, 6.00; N, 9.18.

4-Methoxy-5-methyl-3-pyridinecarboxaldehyde (27). IR (KBr)

2897, 1703, 1678, 1574, 1480, 1404, 1269, 1228, 1153, 996, 821 cm-1; 1H

NMR (300 MHz, C~DC3) 5 2.34 (s, 3 H), 4.01 (s, 3 H), 8.57 (s, 1 H), 8.83 (s, 1 H),

10.38 (s, 1 H); 13C NMR (75 MHz, CDCI 3) 8 13.09-, 62.61, 123.84, 126.88,

150.32, 157.09, 166.77, 189.07; mp 64.5-660C (hexanes). Anal. Calcd for

C8H9NO2: C, 63.57; H, 6.00; N, 9.27. Found: C, 63.51; H, 6.04; N, 9.29.

2-Methoxy-4-methvl-3-12ridinecarboxaldehvde (25). IR (neat)

2988, 2953, 2869, 1686, 1590, 1564, 1476, 1377, 1302, 1083 cm..1; I1H NMR

(300 MHz, 00013) 5 2.59 (s, 3 H), 4.04 (s, 3 H), 6.77 (d, 1 H, J=5.1 Hz), 8.16 (d,

1 H, J=5.1 Hz), 10.54 (s, 1 H); 130 NMR (75 MHz, C0013) 8 20.79, 53.84,

117.16, 120.87, 150.79, 152.42, 165.78, 191.47; mp 29.5-300C (hexanes).

Anal. Calcd for C8HgN0 2: C, 63.57; H, 6.00; N, 9.27. Found: 0, 63.68; H, 5.89;

N, 9.15.

3-Chloro-1-methyllndole. We used a modified method rpnorted for

the preparation of 3-chloro-1 -methylpyrrole. 33 To a 50 mL flask was added
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1.75 g silica gel (60 A pore size, 35-70 A particle size), 1 -methylindole (1.01 g,

7.70 mmol), and THF (20 mL). The mixture was cooled to 0°C and

N-chlorosuccinimide (1.05 g, 7.8 mmol) was added slowly. The solution was

allowed to come to room temperature and, after stirring for 0.5 h, filtered through

a fritted funnel into a stirred aqueous solution of saturated sodium thiosulfate

(20 mL) and H20 (20 mL). The aqueous layer was extracted with ether (2x30

mL) and the combined organic layers were washed with brine (30 mL), dried

(MgSO4, and concentrated. The light yellow crude product was purified by

bulb to bulb distillation (110-1251C/ 2 mmHg) to give 1.073 g (84%) of 3-chloro-

1-methylindole as a clear colorless oil: bp 920C/0.5 mmHg; IR (neat) 3122,

3056, 2937,1486,1466,1362,1325,1241, 1110,968 cm-1; 1H NMR (300 MHz,

CDCL 3) 5 3.76 (s, 3 H), 7.02 (s, 1 H), 7.15-7.35 (m, 3 H), 7.62 (d, 1 H, J=8.1 Hz);

13C NMR (75 MHz, CDCl 3) 32.87, 104.28, 109.44, 118.28, 119.83, 122.53,

125.18, 125.65, 135.75; Anal. Calcd for CgH 8CIN: C, 65.26; H, 4.87; N, 8.46.

Found: C, 65.18; H, 5.00; N, 8.68.

3-Chloro-l-methylindole-2-carboxaldehyde (30). To a stirred

solution of 3-chloro-l-methylindole (10.34 g, 62.5 mmol) in THF (100 mL) at

-420C was added n-BuLi (65.6 mmol). After 1 h DMF (5.47 g, 5.80 mL, 74.8

mmol) was added and the mixture was stirred for an additional 20 min. The ice

bath was removed and 50 mL of H20 was added. The solution was placed in a

separatory funnel and the aqueous layer was extracted with ether (3 x 40 mL).

The combined organic layers were washed with brine, dried, and concentrated
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to give 12.55 g of a yellow solid. The crude product was recrystallized

(hexanes) to give 8.14 g of product. The mother liquor was Kugelrohr distilled

(125-140C/ 2 mmHg) followed by recrystallization to give an additional 2.95 g

of 30 as a white solid. Total yield was 11.09 g (92%): mp 88-891C; IR (KBr)

3316, 2826, 1669, 1614, 1511, 1472, 1399, 1351, 1334, 1189, 887 cm-1; 1H

NMR (300 MHz, CDCl3) 8 3.99 (s, 3 H), 7.20 (t, 1 H, J=6.9 Hz) 7.30 (d, 1 H,

J=8.4 Hz), 7.43 (t, 1 H, J=6.9 Hz), 7.68 (d, 1 H, J=8.1 Hz), 10.11 (s, 1 H); 13C

NMR (75 MHz, CDCL 3) 31.65, 110.35, 119.04, 120.36, 121.35, 124.08, 127.96,

128.90, 138.49, 181.08; Anal. calcd for CloH8CINO: C,62.03; H, 4.16; N, 7.23.

Found: C, 62.23; H, 4.38; N, 7.23.

1-Methylindole-2-carboxaldehyde. 3-Chloro-l-methylindole-

2-carboxaldehyde (0.290 g, 1.5 mmol) and 10% Pd/C (0.040 g, 0.038 mmol)

were placed in a 25-mL three-neck flask fitted with a condenser :,nd flushed

with N2. After 15 min, EtOH (10 mL), triethylamine (2.1 mL, 15qfnol), and 96%

acetic acid (0.45 mL, 12 mmol) were added and the solution was refluxed for

7.5 h. The mixture was filtered and concentrated. The concentrate was

dissolved in ether (50 mL), washed with water (20 mL) and then brine (20 mL).

The organic layer was dried (MgSO4) and concentrated to give 0.220 g of a

yellow solid. The crude product was purified by radial PLC (10%

EtOAc/hexanes) to give 0.193 g (81%) of product as a white solid: mp 84-850C,

(hexanes)(lit. 34 mp 84-85 0C); 1 H NMR (300 MHz, CDC13 4.06 (s, 3 H),

7.15-7.80 (m, 5 H), 9.86 (s, 1 H).
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General procedure for the metalation and addition of

electrophiles to 3-chloro-l-methylindole-2-carboxaldehyde (30). To

a solution of N,N,N-trimethylethylenediamine (0.23 mL, 1.8 mmol) in THF (10

mL) at -421C was added n-BuLl (1.7 mmol). After 15 min, 2.90 g of

3-chloro-l-methyl-indole-2-carboxaldehyde (1.5 mmol) was added, and the

mixture Was stirred for 15 min at -420C followed by the addition of n-BuLi (4.5

mmol). After stirring the solution for 3 h at -420C, the reaction flask was sealed

and placed in a freezer (-200C) for 15 h. The reaction mixture was cooled to

-780C and the electrophile was added. The mixture was then allowed to warm

to room temperature (for quantity of electrophile and length of time stirred at

room temperature see Table I). The solution was poured into cold, stirring H20

(30 mL). The aqueous layer was extracted with ether (3 x 20 mL). The

combined organic layers were washed with brine (30 mL), dried (MgSO 4), and

concentrated to give the crude products which were purified by radial PLC

(silica gel, 10-30% EtOAC/hexanes).

Spectral Data for Table 1. 3-Chloro-1 -ethylIndole-2-carbox-

aldehyde. IR (KBr) 3067, 1667, 1615, 1509, 1354, 1338, 1236, 1178 cm--; 'H

NMR (300 MHz, CDCI 3) 8 1.37 (t, 3 H, J=7.2 Hz), 4.59 (q, 2 H, J=7.2 Hz),

7.20-7.29 (m, 1 H), 7.38-7.50 (m, 2 H), 7.75 (d, 1 H, J=8.1 Hz), 10.18 (s, 1 H);

13C N!" -5 MHz, CDCI 3) 8 15.46, 39.84, 110.39, 119.41, 120.54, 121.34,

124.30, 127.97, 128.28, 137.58,180.8; mp 58.0-59.50C (hexanes). Anal. Calcd
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for C11 H1OCINO: C, 63.62; H, 4.85; N, 6.75. Found: C, 63.67; H, 4.81; N, 6.81.

3-Chloro-l-(methylthiomethyl)-indole-2-carboxaldehyde. IR

(KBr) 2914, 1658, 1611, 1512, 1456, 1428, 1335, 1283, 1253, 924 cm-1; 1H

NMR (300 MHz, CDCI3) 5 2.06 (s, 3 H), 5.73 (s, 2 H), 7.20-7.35 (m, 1 H),

7.44-7.56 (m, 2 H), 7.75 (d, 1 H, J=8.4 Hz), 10.16 (s, 1 H); 13C NMR (75 MHz,

CDCI 3) 514.47, 47.17, 111.39, 120.78, 121.19, 122.12, 124.81, 128.40,

128.55, 138.03, 180.98; mp 95.0-97.50C (hexanes). Anal. Calcd for

C11 H1oCINOS: C, 55.12; H, 4.20; N, 5.84. Found: C, 55.12; H, 4.35; N, 5.88.

3-Chloro-!-(2-phenyl-2-ethanol)-indole-2-carboxaldehyde. IR

(KBr) 3419(b), 3035, 1645, 1614, 1511, 1461, 1408, 1354, 1335, 1308, 1173,

915 cm-1; IH NMR (300 MHz, CDC 3) 82.75-2.80 (m, 1 H), 4.51 (dd, 1 H, J=1 4.4

Hz, J=9.0 Hz), 4.68 (dd, 1 H, J=1 4.4 Hz, J=3.3 Hz), 5.00-5.08 (m, 1 H), 7.10-7.70

(in, 8 H), 7.70 (d, 1 H, J=8.1 Hz) 10.09 (s, 1 H); 13C NMR (75 MHz, CDCl 3)

52.40, 74.20, 111.37, 120.39, 120.73, 121.65, 124.15, 125.72, 128.01, 128.35,

128.54, 128.82, 139.08, 141.14, 181.48; mp 130.5-132.50C (EtOAc/hexanes).

Anal. Calcd for C17H14 CIN0 2: C, 68.12; H, 4.71; N, 4.67. Found: C, 68.17; H,

4.73; N, 4.70.

3-Chloro-1 -(methylselenylphenyl)-i ndole-2-carboxaldehyde.

IR (CH 2Cl 2) 3049, 1670, 1516, 1456, 1405, 1170 cm- 1; 1 H NMR (300 MHz,

CDCI3) 8 5.96 (s, 2 H), 6.93 (d, 1 H, J=8.4 Hz), 7.01-7.36 (m, 7 H), 7.67 (d, 1 H,
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J=7.5 Hz), 9.96 (s, 1 H); 13C (75 MHz, CDC13) 841.76, 111.19, 120.42, 120.93,

121.94, 124.54, 127.38, 127.91, 127.93, 128.60, 128.81, 136.52, 137.69,

180.53; mp 119.5-120.50 C (hexanes). Anal. Calcd for C16H12CINOSe: C,

55.11; H, 3.47; N, 4.02. Found: C, 54.92; H, 3.71; N, 3.84.

3-Chloro-1 -(methylmethylketone)-indole-2-carboxaldehyde

IR (KBr) 3063, 1729, 1662, 1615, 1514, 1424, 1373, 1356, 914 cm-1; 1H NMR

(300 MHz, CDCI3 ) 8 2.25 (s, 3 H), 5.28, (s, 2 H), 7.15-7.29 (m, 2 H), 7.42-7.49

(m, 1 H), 7.76 (d, 1 H, J=8.4 Hz), 10.09 (s, 1 H); 13C NMR (75 MHz, CDCI3) 5

26.85, 53.87, 109.76, 120.36, 120.73, 121.89, 124.38, 128.56, 138.37, 181.09,

201.72; mp 152.5-154.0OC (EtOAc/hexanes). Anal. Calcd for C12H10lCIN0 2: C,

61.16; H, 4.28; N, 5.94. Found: C, 61.18; H, 4.32; N, 5.85.

2-Chloro-1 -(3-butene)-indole-2-carboxaldehyde. IR (neat)

3065, 1668, 1615, 1511, 1465, 1411, 1353, 1336, 1174 cm-1; 1H NMR (300

MHz, CDCI3 ) 8 2.24 (m, 2 H), 4.52-4.63 (m, 2 H), 4.80-5.08 (m, 2 H), 5.72-5.86

(m, 1 H), 7.20-7.50 (m, 3 H), 7.74 (d, 1 H, J=8.1 Hz), 10.18 (s, 1 H); 13C (75

MHz, CDCI3) 834.64, 44.21, 110.64, 117.38, 119.47, 120.40, 121.31, 124.12,

127.89, 128.39, 134.15, 137.86, 180.71; mp 30-310C (EtOAc/hexanes). Anal.

Calcd for C13 H,2 NOCI: C, 66.81; H, 5.18; N, 5.99. Found: C, 66.68; H, 5.36; N,

5.94.
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PART B. SYNTHETIC METHODS USING N-ACYLIMINIUM IONS

AND

1-ACYLPYRIDINIUM SALTS
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I. INTRODUCTION

The preparation of substituted pyridines, pyrrolidines, and piperidines via

highly reactive N-acyliminium ions and 1-acylpyridinium salts is an important

area of research.l- 3  Excellent regioselectivity and high yields for carbon-

carbon bond formation makes these reactions synthetically useful and widely

studied. Since direct addition of nucleophiles to the pyridine ring is often

unachievable or gives a mixture of products, preparation of substituted

pyridines via 1-acylpyridinium salts has been an attractive synthetic route. 3-4

Several techniques to prepare 1-acyldihydropyridines in high yields and

excellent regioselectivity have been developed4 and the oxidation back to

pyridines has generally been accomplished using elemental sulfur or

o-chloronil. In an effort to improve the yields and convenience of these

reactions, we investigated the anodic oxidation of dihydropyridines as an

alternative to sulfur or o-chloronil oxidation. In addition to preparation of

pyridines, 1-acyldihydropyridines have been utilized for the synthesis of

several alkaloids.4j.9-12 In an effort to expand the use of this methodology to

encompass asymmetric synthesis, we treated chiral 1-acyl-4-methoxypyridinium

salts with triphenylsilylmagnesium bromide to give optically active 1-acyl-2-

triphenylsilyl-2,3-dihydropyridones in good yield. The ability to further

elaborate these novel molecules was investigated. We applied similar
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methodology to chiral 1-acyl-cz-methoxy -pyrrolidines, -pyrrolidinones, and

piperidones. Our strategy was to prepare optically active pyrrolidines,

pyrrolidinones, and piperidones via 1 -acyliminium ion intermediates.



48

II. REVIEW OF THE LITERATURE

The use of 1-acyliminium ion intermediates is an important method for

regioselective carbon-carbon bond formation and several reviews are

available.1 -3 Almost all 1-acyliminium ion intermediates are generated in situ

and are highly reactive towards nucleophiles. The method by which

nucleophiles are added to 1-acyliminium ions is reaction dependent.

Examples of intramolecular nucleophilic attack, addition of nucleophiles to

preformed 1-acyliminium ions, and the reverse addition of nucleophiles prior to

the formation of the 1-acyliminium ion intermediates are well known.'- 3

Preparation of Substituted Pyridines by Oxidation of 1-Acyl-

dihydropyridines. The ability to add a substituent regioselectively to the

pyridine ring presents special challenges to the synthetic chemist. One

versatile and powerful method which has been developed for the preparation of

substituted pyridines is nucleophilic substitution via 1-acylpyridinium salts.

Several techniques have been reported for regioselective substitution at either

the 2- or 4-position on the pyridine ring of 1-acylpyridinium salts. 2,4 The

Scheme I

1. ROCOCI [0]

2. R'MgCl R"2

I
C0U2R
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general methodology (Scheme I) requires preparation of the substituted

1-acyldihydropyridines and subsequent oxidation to give the substituted

pyridine. Preparation of the substituted dihydropyridines is accomplished by

first generating in situ a 1-acylpyridinium salt by reaction of pyridines with alkyl

chloroformates. The addition of nucleophiles to the highly electrophilic

1-acylpyridinium salt is rapid and is usually carried out at cold temperatures.

The second step, which involves oxidation of the substituted dihydropyridines,

is of particular interest to this study. The most widely used oxidizing agents

have been elemental sulfur in refluxing decalin4 or o-chloranil;4 however, silver

nitrate and oxygen have also been used. 5 The preparation of dihydropyridines

from 1-acylpyridinium salts is generally reported in good to high yields (50-99),

whereas, the oxidation step is known to reduce the overall two step yield by

greater than 25%.4.5

Anodic Oxidation of Amines and N-Acylamines. Anodic

oxidation of amines and N-acylamines is well known and Shono has proposed

a general mechanism (Scheme 11).3 The oxidation is initiated by the direct

removal of one electron from the lone pair electrons of nitrogen. 6 The

Scheme II

-e . H*, -e +

(n- Pr)3N - (n- Pr)3N - (n- Pr)2N=CH-C 2H5
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formation of the cation radical has been observed by ESR in the oxidation of 1,4-

diazabicyclo[2.2.2]octane.7 The loss of a proton and the removal of a second

electron gives a highly reactive iminium ion. These iminium ions react readily

with mild nucleophiles such as alcohols as shown in Scheme 111.8

Scheme III

4 ) -2e, -H+ 47 ROH ( >TOR

MeOA 0  MeO'K 0  MeO"K 0

Preparation of Dihydropyridones. In recent years 2,3-

dihydropyridones have been utilized as synthetic intermediates for the

synthesis of several alkaloids.9-12,14 In spite of the importance of these key

intermediates there have only been a few methods reported for their

preparation.

The first reported methods for the preparation of 2,3-dihydropyridones

were condensation reactions of Schiff bases with 3-diketones or partial

reduction of pyridones.13

Danishefsky and Kerwin reported the preparation of dihydropyridones via

a Lewis acid cyclocondensation between imines with siloxydienes.14 This

methodology has recently been expanded by Kunz and Pfrengle using tetra-O-
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pivaloyl-p-galactopyranosylamine derivatives.12  Chiral imines 1 were

prepared from substituted aldehydes and tetra-O-pivaloyl-3-

galactopyranosylamine (Scheme IV). The Lewis acid catalyzed reaction of 1

with Danishefsky's diene gave diastereomers 2 and 3. Stereoselectivity is

somewhat dependent on R and diastereomeric excess varied between 38 and

96%. The diasteriomers were separated by flash chromatography to give two

Scheme IV

PivO OPiv vOSiMe 3

PivO- N R N  + MeO /

PivO I
1 H 1. ZnCl2 *Et2 O

\ 2. NH4CI/H20

OPiv Oi
PivO PivO OPiv

PivO PivO 0

PivO PivO
2 PH 3 /R

2 3
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enantiomerically pure isomers. Utilizing this methodology as the key step,

enatiomerically pure (S)-conine and (S)-anabasine were prepared in 6 steps. 12

Another method for the preparation of 1-acyl-2,3-dihydropyridones which

has received considerable attention in recent years is the addition of

nucleophiles to 1-acyl-4-methoxypyridinium salts.9 -11 The methodology gives 2-

substituted 1 -acyl-2,3-dihydro-4-pyridones in a one-pot procedure (Scheme V).

Addition of 4-methoxypyridine to an alkyl chloroformate gives 1-acyl-4-methoxy-

Scheme V

OMe 0 OMe 0

KR ______I_ * 1. MgC
CI" 2. H3O+  N R'

4LROi O R .. Ozi O

4

6
5

pyridinium salts 5, which upon addition of a Grignard reagent and acidic

workup gives substituted 1-acyl-2,3-dihydropyridones 6 in high yields. Using

this approach (±)-lasubine 1110 was prepared in four steps and the synthesis of

(±)-myrtine11 was achieved in five steps. To expand this methodology to

include asymmetric synthesis, Comins and coworkers have recently explored
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the use. of chiral chloroformates ((-)-menthyl chloroformate or (-)-8-

phenylmenthyl chloroformate) to prepare optically active pyridinium salts,

which, when treated with alkyl Grignards followed by acidic workup, give

optically active 2-substituted 1-acyl-2,3-dihydropyridones in moderate to high

diastereomeric excess (34-94%).15

Carbon-Carbon Bond Formation at the a-Position of Piperidine

and Pyrrolidine Rings Utilizing N-Acyliminium Ions. Carbon-carbon

bond formation at the a-position of pyrrolidine and piperidine by means of N-

acyliminium ions has received considerable attention.l. 3 The preparation of N-

acyliminium ions has been accomplished by several methods. One important

method for generating acyliminium ions has been developed by Shono and

coworkers (Scheme VI).3,16 The key step involves the anodic

Scheme VI

-2e (CH)n

ne 
Lewis Acid R

I CH3 OHI I
CO2 CH 3  CO 2 CH 3  CO 2CH 3

7 8 9
n=1,2

oxidation of carbamates 7 in methanol to give a-methoxylated product 8.
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Treatment with Lewis acids catalyze the formation of 1-acyl-iminium ions which

react with nucleophiles to give the desired a-substituted products 9. Shono

and coworkers have utilized this chemistry to prepare several optically active

piperidine and pyrrolidine alkaloids from amino acids (Scheme VII).17.18 The

key step was the anodic preparation of optically active compounds 10 from a-

amino acids. Addition of Lewis acid to 10 catalyzed the formation of an

acyliminium ion and the nucleophile (R-) was diastereoselectively introduced

into the a-position by the influence of the substituent on the a'-position. The

Scheme VII

NHCO 2CH3 1. -2e, CH 3OH-(CH2)n

CH302CN IN -C a _. a__,
H (cH2)nV' CO 2 CH3 2. H2SO4  CH 3 02C N Me

10

R', Lewis Acid

n=1,2 H o C H2)n

CH30/eCH2)n

3 2 I
CO 2 CH3

diastereomers were separated by chromatography and were further elaborated

to give optically active (+)-N-methylconine (96% pure), 17 (+)-hygroline (43%
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pure), 17 and (+)-N- methylpseudoconhydrydrine (90% pure).18 It should be

noted that the optical purity was much higher for substituted piperidines than the

pyrrolidine analogues.

Wanner and coworkers have utilized a different approach to the synthesis

of optically active a-substituted piperidines and pyrrolidines (Scheme VIII).19

They initially prepared enamides 11 followed by the addition of acid to

Scheme VIII

H2), HCI/TICI 4  H2)

N No N

O0 , R* TMASO O R*
11--

12

/---(CH2)n (CH2)n

H Rk n=1,2
N N '

13 14

qenerate acyliminium ion 12. Nucleophilic attack by silylenol ethers gave
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substituted products 13 and 14 in high yield and varying diastereomeric

excess (30-88%). Again, the diastereomers were separated by chromato-

graphy. The best results were obtained when R* was a champhor derivative.

This methodology has been employed in the synthesis of 1-substituted

terahydroisoquinolines including the alkaloid (-)-homolaudanosine.19

Polniaszek, Belmont, Alverez, and Kaufman have recently reported

another method for the stereoselective nucleophilic addition of allylsilanes to

chiral acyliminium ions. 20 ,21 Their procedure is based on the multistep

Scheme IX

(CH 2), Lewis Acid (CH 2)n  (CH 2)n

O~~~~OH ~~TMS zk OT,
H *Ar HAr Ar

15 16 17

C 1CI CI CI

Ar= Ph, In=l
CI CI

Cl
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synthesis of chiral hydroxy lactams 15 from succinic or glutaric anhydride

(Scheme IX). Addition of Lewis acid followed by the allylation with

allyltrimethylsilane gave allyl substituted lactams 16 and 17 in high yields.

Stereoselectivity ranged from poor to moderate. The best results were

achieved (92% overall yield and 66% de) when Ar was phenyl and tin

tetrachloride was used as the Lewis acid.20
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III. RESULTS AND DISCUSSION

Anodic Oxidation of 1-Acyldihydropyridines. Preparation of 4-

substituted 1-acyl-1,4-dihydropyridines for this study was accomplished by the

copper-catalyzed regioselective addition of Grignard reagents to 1-acyl-

pyridinium salts. 4a Using similar methodology, substituted 1-acyl-1,2-

dihydropyridines were prepared by addition of Grignard reagents to 4-

substituted 1-acylpyridiniu m salts.4a,22

The oxidation of 1-acyldihydropyridines to substituted pyridines has been

achieved in varying yields using a variety of oxidizing agents.4,5 Frequently the

crude products are contaminated with by-products derived from the oxidizing

agents, causing purification problems. In an attempt to improve this two-step

synthetic procedure for the preparation of substituted pyridines, we decided to

explore the anodic oxidation of 1-acyldihydropyridines. Based on Shono's

mechanism for the anodic oxidation of amines and 1-acylamines (Scheme II),

we believed the anodic oxidation of 1-acyldihydropyridines would give the

aromatic 1-acylpyridinium salt 18 as shown in Scheme X. The possibility exits

that nucleophilic attack might occur on either the pyridine ring (path a) to give

2-methoxylated 1-acyldihydropyridine 19 or at the N-acyl carbonyl (path b) to

give the desired substituted pyridine 20.
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Scheme X

~ -2e, -H+ MeOH, NaOMe

R N pat a OMe R N OMe

R'O* R'/'O R0 0k-
2e, -H* 18 19

path b
MeOH, NaOMe (

MeO- 18 20

We first investigated anodic oxidation of 1-acyl-1,4-dihydropyridines 21 in

Scheme XI

R4  R4

- 2e, -H+  R3

R1 N R2  MeOH, NaOMe N R2

210
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methanol using sodium methoxide as an electrolyte and nucleophile (Tabl, II).

As shown in entries 1-3, the anodic oxidation of 1,4-dihydropyridines gave

yields of substituted pyridines (path b) comparable to reported literature values.

Entry 5 represents the highest reported two-step yield for the preparation of a

substituted pyridine via a 1-acyldihydropyridine intermediate. Oxidation of 4-

alkyl-3-halo-1,4-dihydropyridines has been carried out in moderate to good

yields but required o-chloranil.4b,4d We had hoped anodic oxidation would be

Table II. Oxidation of 1-Acyl-1,4-dihydropyridines

entrya R1  R2 R3 R4  oxidation overall literature
yield (%) yield (%)b yield (%)c

1. Et H H Ph 65 47 62

2. Et H H n- Bu 79 52 62

3. Ph H H n- Bu 60 59 62

4. Et Me H n-Bu 60 49 --

5. Et H Me Ph 90 89 67

6. Ph H Cl Ph -- 24 55

a Reactions were run on a 10-12 mmol scale. The 1 -acyl-1,2-dihydropyridines
were prepared by literature procedure and were used without purification.
Oxidation was achieved using 0.40 amps with a voltage reading between 18-22
V. Six F/Mol of electricity was passed through the solution. b The overall yield
was obtained for the two-step preparation. c Entries 1,2,3, and 5 were
obtained from reference 4a and entry 6 was reported in reference 4d.
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an alternative to oxidation with o-chloranil procedure but found the yields too

low to be useful (entry 6).

We next oxidized 1-acyl-1,2-dihydropyridines 22 using the same

Scheme Xll

R4  R4

-2e, -H+  R

N R2 MeOH, NaOMe N R2

R22

Table Ill. Oxidation of 1-Acyl-1,2-dihydropyridines

entrya R1  R2 R3  R4 oxidation overall literature

yield (%) yield (%)b yield (%)

1. Et Ph H Me 38 36

2. Et n-Bu H Me 31 30

a Reactions were run on a 10-12 mmol scale. The 1 -acyl-1,2-dihydropyridines
were prepared by literature procedure and were used without purification.
Oxidation was achieved using 0.40 amps with a voltage reading between 18-22
V. Six F/Mol of electricity was passed through the solution. b The overallyield
was obtained for the two-step preparation.
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anodic oxidation technique (Scheme XII). These reaction mixtures turned dark

brown and were only moderately successful as can be seen in Table Ill.

Literature oxidation values were unavailable for comparisons.

Preparation of Optically Active 1-Acyl-2-triphenylsilyl-2,3-

dihydro-4-pyridones. The importance of 1 -acyl-2,3-dihydro-4-pyridones

as synthetic intermediates was discussed earlier. To further develop the utility

of these heterocycles in synthesis, we set out to add a large, removable group

to the 2-position of a 1-acyl-2,3-dihydro-4-pyridone via asymmetric synthesis.

This molecule could then be further functionalized for use in alkaloid synthesis.

Our strategy was to prepare 1-acyl-2-triphenylsilyl-2,3-dihydro-4-pyridones 27

and 28 via chirat 1-acylpyridinium salts formed from (-)-menthyl chloroformate

or (-)-8-phenylmenthyl chloroformate, and 4-methoxypyridine or 4-methoxy-3-

(trialkylsilyl)pyridines (25b,25c) (Scheme XII). We felt the addition of a

"triphenylsilyl anion to 26 would give a high diastereomeric ratio of either 27 or

28. Results of this study are listed in Table IV. Using a literature procedure, we

first prepared triphenylsilyllithium23 and added it to the acyl salt prepared from 4-

methoxypyridine and (-)-menthyl chloroformate (24) (entry 1). Based on 1H

NMR, it appeared that the silyllithium anion attacked the acyl carbonyl rather

than an a-carbon on the pyridine ring, and we were unable to detect any of the
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Scheme XIII

R2 0 OMe

R1 25R=Ph

23 1. Ph3SiM 26

a. RR=H
b. R2=TMS 0 2. H3OI 0
c. R1 TIPS R

R2  N."SiPh3  
6 SiPh3

27 28

desired 2-substituted product. Next, we tried the same reaction except we

formed a softer nucleophile formed by transmetalation of triphenylsilyllithium

with magnesium bromide (entry 2). The yield was reasonable but

diastereoselectivity was poor.
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Table IV. Preparation of 1-Acyl-2-triphenylsilyl-2,3-

dihydropyridones

entrya M RI R2 solvent diastereomer ratiob yield %

27 ;28

1 Li H H THF -- --

2 MgBr H H THF 56 : 42 63

3 MgBr TMS H THF 63 : 37 65

4 MgBr TIPS H THF 73: 27 68

5 MgBr TMS Ph THF 93:7 62

6 MgBr TIPS Ph THF 58 : 42 65

7 MgBr TMS Ph Toluene/THF 98: 2 73

8 MgBr Bu3Sn Ph Toluene/THF 92 : 8c 40

9 MgBr H Ph Toluene/THF 98 : 2 88

a All reactions were performed on a 1 mmol scale. b Ratio was determined by
HPLC analysis of the crude product. c Acidic workup removed the Bu3Sn
group to give the same diastereomeric products as entry 9.

Diastereoselectivity was improved when the reaction was carried out on

the chiral 1-acyl salts formed from 4-methoxy-3-(trialkylsilyl)pyridines and (-)

menthyl chloroformate (entries 3 and 4). Surprisingly, when (-)-8-

phenylmenthyl chloroformate (25) was reacted with 4-methoxy-3-

(triisopropylsilyl)pyridine followed by treatment with triphenylsilylmagnesium
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bromide (entry 6), diastereoselectivity was reduced. This is in sharp contrast

with the analogous reactions using alkyl or aryl Grignard reagents.15 Reactions

carried out on the chiral 1-acyl salt formed from 4-methoxypyridine or 4-methoxy-

3-(trimethylsilyl)pyridine and (-)-8-phenylmenthyl chloroformate in toluene gave

the best results (entries 7 and 9).

We were unable to isolate the minor diastereomer from entry 9, so a 50:50

mixture was prepared as shown in Scheme XIV. Racemic 29 was prepared

from benzyl chloroformate, 4-methoxypyridine, and triphenylsilylmagnesium

bromide in 61% yield. Hydrogenation of 29 gave racemic 30 which was

deprotonated with n- BuLi and treated with (-)-8-phenylmenthyl chloroformate to

give a 54:46 mixture of diastereomers 31 and 32 in 52% yield. The HPLC

data, spectral data, and elemental analysis confirmed our previous results listed

in entrys 8 and 9 of Table IV.

Single crystal X-ray structure analysis of the major diastereomer from entry

9 revealed 31, which has the S-configuration at the newly formed stereogenic

center, to be the correct structural assignment (see Appendix A). To determine

the correct structural assignment of the major diastereomer of entry 7 (33) we

removed the C-5 trimethylsilyl group with HBr/HOAc in methylene chloride. The

resulting product gave spectral data matching that of 31. The S-configuration

has been tentatively assigned for the newly formed stereogenic centers of the

major diastereomers for entries 2-6.
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Scheme XIV
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Ratio 54:46



67

0 0

TMS 6 eq HBr/HOAc

CH2CI2/ rt, 6 h
Ph N ""'SiPh, Ph ""f/Siph,

0 99%

33 3 P

We also explored the use of a tributyltin anion as a nucleophile

for addition to acyl salt 34. When tributyltinmagnesium bromide, prepared

from cyclohexylmagnesium bromide and tributyltinhydride,24 was added to 34,

we were unable to detect any of the expected 2-substituted product. However,

a small amount of reduced product 35 was isolated. Tributyltin hydride has

been used to reduce N-acylquinolinium salts25 and widely studied as a

reducing agent for alkyl, vinyl, and aryl halides.26 With this in mind, 1-acyl-4-

methoxypyridinium salt 34 was treated with tributyltinhydiide. The reaction

gave reduced product 35 in 87% yield. Previously reported reductions of 1-

acylpyridines using sodium borohydride ranged from 35 to 56% yield. 27.4
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OMe 0

1. Bu 3SnH

Ni+tCi 2. H30 +

0/ 1 -'0 0

34 35
87%

Reactivity of (-)-l-((1R,2S,5R)-8-Phenyl menthoxycarbonyl)-5-

trimethylsilyl-(S)-2-t riphenylsilyl-2,3-dihydro-4- pyridone (33) and

(-)-1 -((1 R,2S,5R)-8-Phenyl menthoxycarbonyl)-(S)-2-tri phenylsilyl-

2,3-dihydro-4-pyridone (31). To investigate the utility of the newly formed

chiral 1-acyl-2,3-dihydropyridones 31 and 33, we first isolated them in

isomerically pure form by recrystallization.

Conjugate addition was accomplished by the addition of 31 to a solution

containing copper bromide and methyl Grignard. Only one Isomer was isolated

in 78% yield along with 10% starting material. We attempted to eleminate

starting material by use of longer reaction times and lower temperatures, but we

were unsuccessful. A probable cause for the remaining starting material is the
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o 0

h1.CuBr Me2S CPh" /SiPh 3  on. *"/Si Ph3

Ph

Z-0 2. MeMgBr 0
76%

'I31 i:36 76

formation of an enolate anion. We attempted to transform 36 into a known

structure by protecting the ketone as a dimethyl ketal followed by the anodic

oxidation of the triphenylsilyl group. The formation of the ketal was achieved in

98% yield by using p-toluenesulfonic acid in methanol, but the anodic oxidation

was unsuccessful. To date we have been unable to make a positive

stereochemical assignment for 36; however, the 1H NMR indicates coupling

constants for a trans product (the C-6 protcn had an gauche coupling constant

of 6.6 Hz and the C-2 proton had an axial-axial coupling constant of 13.6 Hz).

We tentatively assigned the newly formed stereogenic center as the S-

configuration. To verify these results, crystals of 36 have been submitted for

single crystal X-ray structure analysis.

To expand the reactions available to functionalize 31 we next reduced the

z-03 unsaturated carbonyl to allylic alcohol 37. This was accomplished by

forming a complex with CeCI3 in refluxing ethanol/methanol followed by

treatment with sodium borohydride.28 The reaction was very clean and the
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resulting product was used without further purification. Only one diastereomer

was isolated and it was tentatively assigned as the cis isomer.

OH

1. CeC12* 7 H20

31 0__ N____"//_SiPh 3
2. 1.5 NaBH 4  Ph o::O37

37

98 %

This is reasonable since steric interactions of the large triphenylsilyl group

should block axial attack, causing the hydride to be delivered into the equatorial

position to give 37. The trans diastereomer was prepared by the formation of

an acyliminium ion on treatment of 37 with BF3 .OEt2 in toluene for 30 min,
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OH OH

P1. BF 3 "OEt2/toluenePh ."'/SiPh3  "/SiPh 3

2. H2 0 Ph 3

99%

followed by the direct addition of water. Again, the stereoselectivity may be

rationalized by the steric blocking effect of the triphenylsilyl group which forces

equatorial attack by the nucleophile (H 20). Evidence to support our structural

assignment is based on 1H NMR data and molecular modeling studies. The

molecular modeling studies were accomplished on a Macintosh II computer

using PC Model software from Serena Software (Appendix B). The results

obtained indicate a larger coupling constant should exist between an equatorial

proton at C-4, rather than an axial proton, and the C-5 vinyl proton. By 1H NMR

data (see Appendix C) the coupling constant between the C-4 and C-5 protons

was determined to be 3.6 Hz for 37 and 2.4 Hz for the trans isomer.

We next attempted to protect the alcohol 37 by deprotonation and the

addition of iodomethane. The reaction was unsuccessful and no methoxylated

product was detected. However, preparation of 4-methoxytetrahydropyridine

38 was achieved by treatment of 37 with pyridinium p-toluenesulfonate in

methanol for one hour at room temperature. This gave a mixture of the desired

product and the elimination product 39. Radial preparative-layer chomato-
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graphy was used to isolate both products, but the net yield of 38 was a

OMe

Ph""siPhP 
""siPh

00

/ 1r38 
39

yridinium p-toluenesulfonate 63%

1 h, rt
37

Pyridinium p-toluenesulfonate

16 h, rt OMe OMe

r0 
0

38 40
I

64%

disappointing 40%. By using the same reaction conditions, but letting the

reaction mixture stir over night (16 hours) at room temperature, both the

methoxy tetrahydropyridine 38 and dimethoxy piperidine 40 were isolated in a



73

64% combined yield with a ratio of 1 to 2. The products were separated by

chromatography and fully characterized. Additionally, by 1H NMR we could only

detect one diastereomer of each. We tentatively assigned all methoxy groups

a trans configuration in relationship to the triphenylsilyl group.

The addition of Lewis acids to 37, 38, or 40 forms acyliminium ion 41.

Addition of nucleophiles to this highly reactive intermediate gives one of three

products as depicted in Scheme XV. The nucleophile can react by means of a

1,4-addition to give product 42, it can add to the a-carbon to give the 6-

substituted product 43, or the nucleophile can act as a Bronsted-Lowry base to

give the deprotonated product 39. This is the first reported synthesis of a chiral

1,2-dihydropyridine. In this study we investigated the addition of several

nucleophiles to 1-acyliminium ion 41 prepared from 37, 38, and 40 (Table V).

It should be noted that only one diastereomer of each product was isolated. At

cold temperatures, allyltrimethylsilane gave a mixture of both 1,4- and 1,2-

addition products as shown in entries 1 and 2. However, high regioselectivity

was achieved by using allyltrimethylsilane when the reaction was carried out at

temperatures above -42 0C as shown in entries 3 and 4. The use of

allyltributyltin as the nucleophile gave only the 1,2-addition product in high yield

(entry 5). Grignard reagents acted primarily as bases to give deprotonated

product 39. The best result of 1,2-addition was achieved by the addition of

Grignard reagents at warmer temperatures (-231C, entry 6). Similar results

were found using trialkylaluminum nucleophiles (entries 7 and 8). At -230C a
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Nu
Nu" .,'ih

1,4-addition Ni0//SiPh3

R O 42

(0O/,SiPhS Nuh
R 1,2 -addition NuN "|SiPh

41R 0 43

Nu"

Ph
base RCO /Sih 3

39

good ratio of 1,2-addition to elimination product was achieved, but by lowering

the temperature to -420C elimination was the favored reaction.

We next attempted to reduce 44, the product from 1,2-addition of

allyltrimethylsilane to 41. As shown below, the terminal alkene was easily

reduced under one atm of hydrogen by a catalytic amount of palladium on

carbon. However, reduction of the C4-C5 double bond of tetrahydropyridine
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45 turned out to be very difficult. Even after 16 hours under 40 psi of hydrogen

gas and excess Pd/C, the reaction only went to 50% completion and it looked

like, by 'H NMR, that epimerization was taking place at the C-2 carbon.

0H 2, MeOH, 1 Atm
ti4i

" SiPh, Pd/C N SiPh,

Ph 0 hPh 0 / Sih

'~ 86%
44 45

We also investigated the reactivity of 33 by following the same procedures

used for the conjugate addition of copper reagents and reduction by

CeCl 3/NaBH 4 as applied to 31. As shown below 33 was recovered

quantitatively and there was no isolated product.

0 CuBrMe 2S No Rxn

TMS Ne . MeMgBr

Ph N "'lSi Ph 3

O/kO \ CeC3/NaBH 4  No Rxn
~33
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Asymmetric Synthesis of 2-Alkylpyrrolidines by Addition of

Nucleophiles to Chiral N-Acyliminium Ions. Based on the high

diastereoselectivity found from the addition of Grignard reagents to 1-acyl-4-

methoxypyridinium salts to give 2-alkyl-2,3-dihydro-4-pyridones,15 we decided

to investigate the use of similar procedures for the preparation of chiral 2-

substituted pyrrolidines. Our strategy for accomplishing the desired

asymmetric synthesis was to first prepare chiral 1 -acyl-2-methoxypyrrolidines

Scheme XV.

Lewis Acid Nu-

N OMe N N Nu

I I+  I
CO 2 R* CO 2 R* CO2R*

46 47 48

46, which would be treated with a Lewis acid to give acyliminium ion

intermediates 47. We envisioned that nucleophiles would be diastereo-

selectively introduced into the a-position by the influence of the 1-acyl chiral

auxiliary (Scheme XV).

We first prepared chiral 1-acylpyrrolidines by treating pyrrolidine (49) with

(-)-menthyl chloroformate or (-)-8-phenylmenthyl chloroformate under basic

conditions to give 50a and 50b in high yields (91% and 85%). Next we used

Shono's 8 methodology for anodic oxidation of carbamates on 50a Nhich gave
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51a in 95% yield. However. when we attempted the anodic oxidation of 50b

we were unable to achieve satisfactory results. The best result for anodic

oxidation of 50b gave a 50:50 mixture of starting material to a-methoxy

carbamate 51b. Unfortunately, we were unable to cleanly separate the starting

material from the product.

NaOH/H 20 -'2e, MeOH

Q R*OCOCI/CH2CI2  NMe
I I I

H CO 2R* CO 2 R*

49 50 51

a. R*= (-)-menthyl
b. R*= (-)-8-phenylmenthyl

We developed a better procedure for the preparation of 51 b by treatment

Ph

OK

Ph OMe i---- o N) OMe

52 51 b

of 2-methoxy-l-(phenoxycarbonyl)pyrrolidine (52) with the potassium salt of
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(-)-8-phenylmenthol as shown above.

The results of our study on the addition of nucleophiles to 51 via

acyliminium ions is outlined in Table VI. Treatment of 51 with Lewis Acids

2. Lewis Acid
C0 2R* C02R*

53 54

a. R*= (-)-menthyl

b. R*= (-)-8-phenylmenthyl

Table VI. Addition of Allyltrimethylsilane to Chiral N-Acyliminium

Ions

entrya pyrrolidine Lewis acid solvent diastereomeric yieldd
excess %

1. 51a BF3OEt2  CH 2Cl 2  0b 91

2. 51 b BF3OEt 2  CH 2CI 2  4b 74

3. 51 b SnCI 4  CH2C 2  8b 53

4. 51 b BF3OEt 2  toluene 8c --

5. 51 b SnCl 4  toluene 30c 55

a All reaction were run on a 0.5-2 mmol scale. Addition of allyltrimethylsilane
and Lewis acids were carried out at -780C and allowed to warm to room
temperature before workup. b The de was determined by HPLC and 1H NMR.
c The de was determined by 1H NMR. d Purified yields by radial PLC.
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readily formed acyliminium ions; however, the only successful nucleophile was

allyltrimethylsilane. The use of Grignard reagents led to very low yields and

poor results. As can be seen by entry 1, the desired product was isolated in

excellent yield, but there was no diastereoselectivity. Changing the chiral

auxiliary to (-)-8-phenylmenthyl introduced a small diastereomeric excess. The

best result was achieved by the addition of allyltrimethylsilane to the

acyliminium ion formed from the treatment of 51b with SnCl 4 in toluene (entry

5). To confirm our results we prepared a 50:50 mixture of 53 and 54 as

depicted below. Due to low yields and only moderate diastereoselectivity, we

decided to investigate other routes for the asymmetric synthesis of pyrrolidines.

Ph

OK

PHO' O P 0
0

55 50:50 mixture of
53b and 54b

Addition of Nucleophiles to Chiral Acyliminium Ions Derived

From 1 -Acyl-2-pyrrolidinone and 1-Acyl-2-piperidone. To further

investigate the effect of 1-acyl chiral auxiliaries on acyliminium ion reactions,
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we developed a strategy for the addition of nucleophiles to chiral 1 -acyliminium

ions derived from 1 -acyl-2-pyrrolidinone and 1 -acyl-2-piperidone. Scheme XVI

shows how the chelation of a Lewis acid to both the ring carbonyl and the

acylcarbonyl (56) might lock the chiral auxiliary into a fixed position. The chiral

auxiliary could then influence the diastereoselectivity of the nucleophilic

reaction.

Scheme XVI

(CH2)n Nu" (CH2)n

NN NR + \ R
Otto Lew is Acid O 0

0 0

56 57

To generate the acyliminium ion we first needed to prepare methoxylated

T -(CH2)n  1. n- BLi, 78C0 (4 )n

MeO N -0 2. R*OCOCI MeO N
I I
H C0 2 R*

58 59

a. n=1, R*= (-)-menthyl
b. n=1, R*= (-)-8-phenylmenthyl
c. n=2, R*= (-)-menthyl
d. n=2, R*= (-)-8-phenylmenthyl
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1-acyl-2-pyrrolidinones and 1-acyl-2-piperidones. This was accomplished by

using literature procedures for the preparation of x-methoxylated lactams 5 8

from 2-pyrrolidinone and 6-valerolactam. 3 Deprotonation of 58 by n-BuLl

followed by the addition of the appropriate chlorofomate gave 59 a-d in good

yields (69-74%).

We attempted to prepare c-substituted products via nucleophilic addition

to acyliminium ions prepared from 59 a-d. The results of treating 59 with

Scheme XVIl

1.MS (CH2)n

59 __ 0

2. Lewis Acid C02R*

60

a. n=1, R*= (-)-menthyl
b. n=1, R*= (-)-8-phenylmenthyl
c. n=2, R*= (-)-menthyl
d. n=2, R*= (-)-8-phenylmenthyl

several Lewis acids in the presence of allyltrimethylsilane are outlined in Table

VII. As can be seen by the poor results, we were unable to find suitable

reaction conditions to trigger the formation of the iminium ion. As discussed

earlier, our initial strategy was to use Lewis acids to chelate with both the acyl

and ring carbonyls. It appears that a strong chelation does occur with Lewis
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acids which have more than one binding site available (SnC 4 and TiCl 4). The

strong interactions between the chelating Lewis acid and the carbonyl oxygens

reduce the electron density on the nitrogen which greatly inhibits the formation

of acyliminium ions.

Table VII. Reactions of Lewis Acids with 59.

entrya pyrridinone/ Lewis acid rxn time temp reaction completionb

piperidone hours 0C %

1. 59a BF3OEt 2  1 rt 30

2. 59a BF3OEt 2  20 rt 100c

3. 59a SnC 4  0.5 rt 30

4. 59a TiCl 4  0.5 -78 --d

4. 59b BF3OEt2  15 rt 100c

5. 59b TiCI4  16 -20 --d

6. 59b SnCI4  18 -20 --d

7. 59c BF3OEt2  16 0 30

8. 59c. TiCI4  2 rt --d

9. 59d BF3OEt2  16 rt 100c

a All reactions were run on a 1 mmol scale. Addition of allyltrimethylsilane (6
mmol) and Lewis acids (3 mmol) were carried out at .-78 0C and allowed to warm
to listed temperature. b The yield was determined by 1 H NMR. c Although
starting material was absent, the reactions were messy and isolated yields were
low (less than 40%). d Over 90% recovery of starting material was obtained.
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To confirm our results we prepared 50:50 mixtures of the expected products

60. Deprotonation of 61 by n-BuLi followed by the addition of the appropriate

chiorofomnate gave 60 as a 50:50 mixture of diastereomers.

(CH2)n 1. n-BuLi -(H)

H 2. chiral
61chioroformate 602R

a. n=1, R*= (-)-menthyl
b. n=1, R*= (-)-8-phenylmenthyl
c. n=2, R*= (-)-menthyl
d. n=2, R*= (-)-8-phenylmenthyl
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IV. SUMMARY AND CONCLUSIONS

The anodic oxidation of 1 -acyldihydropyridines to pyridines is feasible and

synthetically useful. In this study we found examples which gave moderate to

excellent yields. The major advantages of this procedure are the lack of by-

products, as compared to the oxidation with sulfur and o-chloranil, and the use

of inexpensive and non-toxic reagents. It is apparent from the low yields for

the oxidation of chloro-substituted 1-acyl-1,4-dihydropyridines and substitituted

1-acyl-2,3-dihydropyridines that the utility of this procedure is substrate

dependent.

The addition of triphenylsilylrmagnesium bromide to (-)-4-methoxy-1-

((1R,2S,5S)-8-phenylmenthoxy)pyridinium salt gave (-)-1-((1R,2S,5R)-8-

phenylmenthoxy)-(S)-2-triphenylsilyl-4-pyridone in 88% yield and 96% de.

The utility of this interesting compound was investigated by studying the

stereoselective copper mediated addition of methylmagnesium chloride and the

stereoselective reduction of the ring carbonyl by CeCI3/NaBH 4. We also

broadened the range of nucleophiles which could be added to the piperidine

ring structure by forming acyliminium ions by treatment of the reduced 4-

hydroxy products with Lewis acids. The highly reactive acyliminium ions

proved to be excellent electrophiles for stereoselective addition of

allyltrimethylsilyl nucleophiles. It should be noted that additional studies are

required before (-)-l-((1R,2S,5R)-8-phenylmenthoxy)-(S)-2-triphenylsilyl-4-
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pyridone can be utilized effectively in natural product synthesis. Reaction

conditions for the removal of the triphenylsilyl group and the removal and

recovery of the (-)-8-phenylmenthyl chiral auxiliary needs investigation.

Our strategy for the addition of nucleophiles to chiral N-acyliminium ions

derived from chiral a-methoxy N-acylpyrrolidines, N-acylpyrrolidinones, and N-

acylpiperidones proved to be a disappointment. Studies for the preparation of

chiral 2-methoxy-l-acylpyrrolidines gave excellent results. Also, good yields

were achieved for the addition of allyltrimethylsilane to acyliminium ions from 2-

methoxy-1-acylpyrrolidines, but these reactions gave such low

diastereoselectivity further studies on the project were abandoned. We used a

similar strategy on chiral 1-acyl-c-methoxy-2-pyrrolidinones and -2-

piperidones. We had hoped chelation between the acyl and ring carbonyls with

Lewis acids would improve diastereoselectivity. Preparation of chiral 1 -acyl-c-

methoxypyrroidinones and 1-acyl-o-methoxypiperidones was achieved in

good yield, but subsequent addition of Lewis acids to trigger iminium ion

formation proved unsuccessful. It appears that the our strategy for chelation of

Lewis acids to the ring and acyl carbonyls not only locks the chiral auxiliary into

a more rigid position, but it sufficiently reduces nitrogen electron density so that

iminium ions are no longer easily formed or stabilized.
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V. EXPERIMENTAL SECTION

All reactions were performed in oven-dried glassware under a N2

atmosphere. Tetrahydrofuran (THF) was dried by distillation from

sodium/benzophenone ketyl prior to use. Pyridine and substituted pyridines

were distilled from calcium hydride and stored over 4 A molecular sieves under

N2. Other solvents and reagents from commercial sources were generally

stored over 3 A molecular sieves and used without further purification. The

alkyl Grignards used in this study were purchased (Aldrich Chemical Co.) as a 2

M or 3 M solution in ether or THF. Melting points were determined with a

Thomas-Hoover capillary melting point apparatus and are uncorrected. NMR

spectra were recorded on a Varian XL-300 spectrometer. Radial

preparative-layer chromatography (Radial PLC) was carried out by using a

chromatotron (Harris Associates, Palo Alto, CA). Infrared spectra were recorded

on a Perkin-Elmer model 7500 spectrometer. The 1,4-dihydropyridines,4a4d (+

8-phenylmenthol,29 and 5-methoxy-2-pyrrolidone8 were prepared using

literature procedures.

2-n-Butyl-4-methyl-1 -(ethoxycarbonyl)-1,2-dihydropyridine.

General Procedure for the Preparation of 1,2-Dihydropyridines.

2-n-Butyl-4-methyl-1,2-dihydropyridine was prepared by a variation of literature

procedures. 4a,4d A solution of 4-methylpyridine (0.96 g, 10.3 mmol) in THF (25

mL) was cooled to -78"C and n-butylmagnesium chloride (10.27 mmol, 5.12

mL) in THF was added followed by the dropwise addition of ethyl chloroformate
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(0.98 mL, 10.3 mmol). The ice bath was removed and the solution was allowed

to warm to room temperature. After 0.5 h, ether (40 mL) was added and the

solution was washed successively with 10% HCI (40 mL), H20 (20 mL), and

brine (20 mL). The organic layer was dried (MgSO4) and concentrated under

reduced pressure to give 2.20 g (96%) of product as an oil. The crude product

was oxidized by electrolysis without further purification.

4-n-Butylpyridine. General Procedure for the Oxidation of

Dihydropyridines by Anodic Oxidation. A solution of crude 4-n-

butyl-l-(phenoxycarbonyl)-1,4-dihydropyridine (3.16 g, 12.3 mmol) in methanol

(80 mL) was placed in an electrolysis cell8 equipped with carbon electrodes

and a magnetic stirrer. Sodium methoxide (4.35 M/MeOH) was added dropwise

as an electrolyte until a constant current (0.4 A) could be maintained with a

voltage reading between 18 V and 22 V. The cell was cooled with an external

water bath (180C) while 6 F/mol of electricity was passed through the solution

with stirring. The solvent was removed under reduced pressure at room

temperature and ether was added (40 mL). The solution was extracted with

10% HCL (3x20 mL) and the organic layer was discarded. To the aqueous

layer was added CH2CI2 (50 mL) and the mixture was cooled to 00C. The

mixture was made basic with 25% NaOH and extracted with CH2CI2 (2x20 mL).

The combined organic extracts were washed with brine (20 mL), dried (K2C0 3 ),

and concentrated. The crude product was purified by radial PLC (30%

EtOAc/hexane, 1% MeOH) to give 0.981 g (59%) of 4-n-butylpyridine as a clear
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yellow oil: IR (neat) 2958, 2932, 2872, 1713, 1603, 1466, 1416, 1071 cm-1; 1H

NMR (300 MHz, CDC13) 8 0.93 (t, 3 H, J=7.4 Hz), 1.22-1.42 (m, 2 H), 1.55-1.71

(m, 2 H), 2.60 (t, 2 H, J=7.8 Hz), 7.10 (d, 2 H, J=4.5 Hz), 8.48 (d, 2 H, J=4.5 Hz);

13C NMR (75 MHz, CDCl3 ) 8 13.58, 21.99, 32.16, 34.66, 123.64, 149.32,

151.44. Picrate mp 112-113.50C (lit.' picrate mp 112.8-113.80C).

Spectral Data. 4-Phenvlpvridine. IR (0H2 Cl2) 3037, 2978, 1484,

1411, 831 cm-1; 1H NMR (300 MHz, CDCI3 ) 8 7.40-7.55 (m, 5 H), 7.65 (d, 2 H,

J=4.5 Hz), 8.67 (d, 2 H, J=4.5 Hz); 130 NMR (75 MHz, CDC13) 8 121.41, 126.78,

128.87, 128.92, 137.88, 148.08, 150.05; mp 73-740C (hexanes) (lit.2 mp

73-740C).

3-Methyl-4-phenvlpyridlne. IR (neat) 3028, 1708, 1591, 1479,

1444,1405, 771, 703 cm-1; 'H NMR (300 MHz, CDCI 3) 82.29 (s, 3 H), 7.15 (d, 1

H, J=5.0 Hz), 7.25-7.50 (in, 5 H), 8.47 (d, 1 H, 5.0 Hz), 8.51 (s, 1 H); 13C NMR

(75 MHz, CDCL 3) 8 17.09, 123.83, 127.81, 128.29, 128.39, 130.43, 138.91,

147.23, 148.98, 151.16. Picrate mp 162-1630C (lit.2 picrate mp 162-1630C).

2-Methyl-4-phenylpyridine. IR (neat) 3061, 3030, 1606, 1598,

1548, 1106, 1077, 763 cm-1; 1H NMR (300 MHz, CDC13) 8 2.63 (s, 3 H), 7.32 (d,

1 H, J=-5.4 Hz). 7.35-7.52 (m, 4 H), 7.63 (d, 2 H, J=7.5 Hz), 8.54 (d, 1 H, 5.4 Hz);

13C NMR (75 MHz, CDC13) 824.44, 118.76, 121.09, 126.88, 128.79, 128.92,

138.29, 148.59, 149.43, 158.71. Picrate mp 218-2200C (lit.2 picrate mp
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219-2200C).

3-Chloro-4-phenylpyridIne. IR (neat) 3056, 1581, 1489, 1397,

1106, 771 cm-1; 'H NMR (300 MHz, CDCI3) 87.24 (d, 1 H, J=4.8 Hz), 7.32-7.55

(m, 5 H), 8.49 (d, 1 H, J=4.8 Hz), 8.66 (s, 1 H); 13C (75 MHz, CDCI 3 ) 6 125.11,

128.21, 128.66, 128.70, 130.12, 136.25, 147.29, 147.63, 149.90. Mp 35-370C

(lit.3 mp 35-370C). Picrate mp 160-161.5 0C.

2-n-Butyl-4-methylpyridine. IR (neat) 2958, 2931, 1606, 1563,

1456, 1378, 821 cm-1; 1H NMR (300 MHz, CDC13) 8 0.94 (t, 2 H, J=7.5 Hz),

1.33-1.42 (m, 2 H), 1.66-1.80 (m, 2 H), 2.28 (s, 3 H), 2.73 (t, 2 H, J=-7.8 Hz), 6.88

(d, 1 H, J=4.8 Hz), 6.94 (s, 1 H), 8.36 (d, 1 H, J=4.8 Hz); 13C NMR (75 MHz,

CDC13) 6 13.43, 20.35, 22.02, 31.59, 37.48, 121.30, 122.98, 146.53, 148.38,

161.66. Picrate mp 94-950C (lit.4 picrate mp 98.6-99.00 C).

4-Methyl-2-phenMlyridine. IR (neat) 3059, 1605, 1559, 1447, 776,

736 cm-1; 1H NMR (300 MHz, CDC13) 6 2.36 (s, 3 H), 7.01 (d, 1 H, J=5.1 Hz),

7.33-7.48 (m, 3 H), 7.51 (s, 1 H), 7.97 (d, 2 H, J=6.9 Hz), 8.53 (d, 1 H, J=5.1 Hz);

'3C NMR (75 MHz, CDCI3) 621.08, 121.36, 123.00, 126.79, 128.55, 128.67,

139.40, 147.57, 149.29, 157.20. Picrate mp 185-1870C (lit.5 mp 186-1870C).

Preparation of Triphenylsilylmagneslum Chloride. Freshly cut

lithium metal (8 mtol, .05 g) (excess lithium may be added to reduce the

reaction time) was placed in a 25-mL flask under N2 and washed with hexanes

(10 mL). THF (10 mL) was added followed by the addition of
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chlorotriphenylsilane (1.5 mmol, 0,442 g). The solution was stirred for 4-12 h at

room temperature (the solution first forms a white precipitate then a brown milky

mixture and finally a homogeneous, dark black solution of triphenylsilyllithium).

When prepared on a more concentrated scale it may take as long as 2 days for

the reaction to turn black.23 In a separate 50-mL flask containing THF (10

mL) and magnesium turnings (4 mmol, 0.10 g) was added 1,2-dibromoethane

(0.16 mL, 2.5 mmol), and the mixture was refluxed for 3 h. The heating mantle

was removed and the black solution of triphenylsilyllithium was transfered by

syringe into the solution of MgBr 2/THF at room temperature forming a purpie

solution. The mixture was stirred for 30 min at room temperature and added

directly to the 1 -acylpyridinium salts via a syringe.

Preparation of (-)-8-Phenylmenthyl Chloroformate. This

procedure was developed by Comins and O'Connor but the experimental

procedure is unpublished. To a 250-mL flask containing (-)-8-phenylmenthol

(7.00 g, 30.1 mmol), quinoline (11 mL, 93 mmol), and toluene (120 mL) at 00C

was added phosgene (32 mL of a 1.93 M solution in toluene, 62 mmol), and

the mixture was stirred for 30 min at 00C. The solution turned yellow and a

yellow precipitate formed. The mixture was stirred overnight at. room

temperature after which the precipitate was removed by vacuum filtration

through a fritted funnel, and the solvent was removed under reduced pressure.

Ether (100 mL) was added to the concentrate and the solution was washed with

10% aqueous HCI (2x40 mL). The aqueous layers were then extracted with

Et20 (2x30 mL) and the combined organic layers were washed with brine, dried
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(MgSO4), and concentrated to give 10.7 g of product as a red oil. The product

was used without further purification.

Preparation of (-)-1 -((1 R,2S,5R)-8-PIenylmenthoxycarbonyl)-

(S)-2-triphenylsilyl-2,3-dihydro-4-pyridone (31). General Procedure

for the Preparation of Chiral 2-Triphenylsilyl-2,3-dihydropyridones.

To a 100-mL flask equiped with a mechanical stirrer was added (-)-8-

phenylmenthyl chloformate (2.19 g, 7.44 mmol), toluene (40 mL), and 4-

methoxypyridine (0.89 mL, 8.2 mmol) at -23 0C. After 15 min, the solution was

cooled to -850C (Et2 0/C0 2) and Ph3SiMgCI (prepared from 3.30 g of Ph9 SiCI,

11.1 mmol) was added dropwise over 15 min. The mixture was stirred for an

additional 30 min at -850C and the cooling bath was removed. The rmixture

was allowed to come to room temperature over 30 min followed by the addition

of a saturated aqueous solution of oxalic acid (40 mL). The mixture was stirred

at room temperature for 5 min, and then extracted with Et2 0 (2x50 mL). The

combined organic layers were washed with H20 (2x30 mL) and brine (30 mL).

The solution was dried, concentrated, and checked by HPLC (10%

EtOAc/hexanes) for diasteriomeric excess (96%). The crude product was

purified by radial PLC (5-30% EtOAc/hexanes) to give 4.03 g (88%) of a white

foam. The product was further purified by recrystallization from 5%

EtOAc/hexanes to give clear colorless crystals (mp 163.5-164.50C): IR (neat)

2959, 2922, 1712, 1672, 1595, 1429, 1362, 1260, 1107 cm-1; 1H NMR (300

MHz, CDCl3 ) 8 0.40-2.10 (m, 17 H), 2.61 (d, 1 H, J=17.1 Hz), 2.83 (dd, 1 H,
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J=8.4 Hz, J=17.1 Hz), 4.53 (dt, 1 H, J=4.5 Hz, J=10.5 Hz), 4.74 (d, 1 H, J=8.4

Hz), 5.02 (d, 1 H, J= 8.1 Hz), 6.43 (d, 1 H, J=8.1 Hz), 7.00-7.55 (in, 20 H); 130

NMR (75 MHz, CDCL 3 ) 21.58, 22.12, 26.05, 29.96, 29.96, 30.98, 34.27, 37.49,

39.03, 41.06, 43.41, 50.47, 77.37, 107.00, 124.69, 125.25, 127.89, 129.95,

131.56, 136.26, 142.84, 150.75, 151.81, 191.82; mp 163.5-164.500

(EtOAc/hexanes). Anal. Catod for C4oH43NO 3 Si: C, 78.26; H, 7.06; N, 2.28.

Found: 0, 78.40; H, 6.98; N, 2.30. [01]20 -60.00 (c=1, CH 2CI 2).

Spectral Data. (-- (1R.2S.5R)-8-Phenylmenthoxycarbonyl-

(R)-2-triphenyIsilyl-2.3-dihydro-4-Dvridone (32). IR (neat) 3049,

2958, 1709, 1672, 1601, 1427, 1321, 1261, 1190, 1107 cm-1; 'H NMR (300

MHz, 000)3) 8 0.20-2.20 (in, 17 H), 2.26 (d, 1 H, J=1 7.4 Hz), 2.64 (dd, 1 H,

J=8.4 Hz, J=1 7.4 Hz), 3.70 ( d, 1 H, J=8.4 Hz), 4.68 (dt, 1 h, J=4.5 Hz, J=1O.5

Hz), 4.98 (d, 1 H, J=8.1 Hz), 6.95-7.70 (in, 20 H), 7.81 (d, 1 H, J=8.1 Hz); 130

NMR (75 Mhz, 00013) 821.55, 22.13, 26.27, 30.52, 30.52, 30.97, 34.12, 38.16,

39.26, 39.76, 42.69, 50.05, 78.02, 108.48, 125.03, 128.00, 128.26, 130.14,

131.35, 136.42, 143.21, 152.06, 152.47,1c)2.35. Anal. Calcd for C40H43N0 3Si:

0, 78.26; H, 7.06; N, 2.28. Found: C, 78.16; H, 7.21; N, 2.29. [aC] 20 ..18.70 (W=,

CH2CI2).

1 -((-)-Menthoxvcarbonyl)-(S)-2-triphenyi silyl-2.3-d ihyd ro-4-

pyridone. IR (neat) 2956, 1717, 1673, 1599, 1337, 1312, 1260, 1194 cm-1.

1 H NMR (300 MHz, 00013) 560.40-2.00 (in, 18 H), 2.71 (d, 1 H, J=1 7.1 Hz), 3.01



94

(dd, 1 H, J=8.4 Hz, J=17.1 Hz), 4.41 (dt, 1 H, J=3.6 Hz, J=10.5 Hz), 5.09 (d, 1 H,

J=5.09 Hz), 5.29 (d, 1 H, J=7.8 Hz) 7.00-7.80 (m, 16 H); 13C NMR (75 MHz,

CDC13) 8 16.44, 20.61, 21.85, 23.33, 26.30, 31.16, 31.99, 37.79, 40.57, 43.73,

46.80, 77.89, 107.80, 128.02, 130.11, 136.36, 142.85, 192.08. Analysis was

performed on a mixture of both (R) and (S) isomers (56:42 ratio by HPLC).

Anal. Calcd for C34H39NO3Si: C, 75.94; H, 7.31; N, 2.60. Found: C, 75.97; H,

7.47; N, 2.69.

(-)-1 -((1 R.2S.5Rn-Mentho xvcarbonyl)-(Rn-2-triphenylsily!-2.3-

dlhydro-4-pyridone. IR (neat) 2957, 2870, 1718, 1673, 1601, 1429, 1329,

1317, 1263, 1242, 1192 cm-'. 'H NMR (300 MHz, CDCI3) 5 0.40-2.10 ( m, 18

H), 2.70 (d, 1 H, J=17.4 Hz), 3.00 (dd, 1 H, J=8.7 Hz, J=17.4 Hz), 4.42 (dt, 1 H,

J=4.2 Hz, J=10.5 Hz), 4.9-5.3 (m, 2 H), 7.2-8.0 (m, 16 H); 13C NMR ( 75 MHz,

CDC13) 8 16.46, 20.83, 21.78, 23.40, 26.68, 31.00, 33.88, 37.84, 39.00, 41.80,

43.95, 46.92, 77.96, 108.50, 128.03, 130.13, 133.55, 136.32, 143.52, 192.07.

(--1 -((1 R.2S.5R)-Menthoxycarbonyl)-5-trimethylsilyl-(S)-2-

trlphenylsllyl-2.3-dlhydro-4-pyrldone. IR (neat) 2954, 2870, 1718, 1658,

1574, 1429, 1300, 1255, 1109 cm-1. 1H NMR (300 MHz, CDC13) 50.03 (s, 9 H),

0.60-2.40 (m, 17 H), 2.95 (d, 1 H, J=16.8 Hz), 3.20 (dd, 1 H, J=8.7 Hz, J=16.8

Hz), 4.5-4.8 (m, 1 H), 5.20-5.50 (m, 1H), 7.5-8.1 (m, 16 H); 13C NMR (75 MHz,

CDC13) 8 -1.7, 16.6, 20.8, 21.8, 23.5, 26.6, 31.1, 33.9, 38.4, 40.5, 44.0, 46.9,

77.8, 127.9, 130.0, 131.6, 136.4, 147.5, 194.8. Anal. Calcd for C 37H47NO3Si2:



95

C, 72.86; H, 7.76; N 2.30. Found: C, 73.04; H, 7.82; N, 2.36.

(-)-l -((1 R.2S.5R)-Menthoxycarbonyl)-5-triisopropylsilyl-(S.R)-

2-triphenylsilyt-2.3-dihvdro-4-p2yridone. IR (neat) 2958, 2866, 1718,

1661, 1567, 1462, 1370, 1333, 1303, 1258, 1110 cm-1. 1 H NMR (300 MHz,

CDC13) 8 0.40-2.20 (in, 39 H), 2.8-3.1 (in, 2 H), 4.2-4.5 (in, I H), 5.0-5.2 (m,1

H), 7.0-8.1 (in, 16 H); 13 C (300 MHz, CDC13 ) 8 11.12, 16.49, 18.76, 20.94,

21.81, 23.25, 26.40, 31.06, 33.89, 38.14, 41.00, 43.92, 46.91, 77.60, 111.00,

127.93, 130.01, 131.48, 136.43, 148.50, 152.25, 194.87. Anal. Calcd for

C43H59 NO3Si2: C, 74.37; H, 8.56; N, 2.02. Found: C, 74.41; H, 8.59; N, 1.91.

(--1-(1R.2S.5R)-8-Phenylmenthoxycarbonyfl-5-trimethylsilyl-

(SI-2-triohenyi-silyi-2.3-dihydro-4-pyridone. IR (neat) 2953, 1710,

1656, 1571, 1362, 1305, 1256, 1109 cm-1. ' H NMR (300 MHz, C~DC3) 8 0.02

(s, 9 H), 0.40-2.00 (in, 17 H), 2.61 (d, 1 H, J=1 6.8 Hz), 2.79 (dd, 1 H, J=8.4 Hz,

J=1 6.8 Hz), 4.58 (dt, 1 H, J-64.5 Hz, J=1 0.5 Hz), 4.98 (d, 1 H, J=7.8 Hz), 6.70 (s,

1 H), 6.90-7.90 (mn, 20 H); 13C (75 MHz, CDC13) 8 -1.64, 14.10, 21.60, 22.31,

22.61, 26.10, 29.71, 31.02, 31.54, 34.17, 38.14, 39.12, 41.20, 43.82, 50.77,

76.89, 114.50, 124.73, 125.25, 127.87, 129.92, 131.56, 134.96, 136.37, 147.26,

150.96, 151.77, 194.69. Anal. Calcd for C43H51 NO 3Si2 : C, 75.28; H, 7.49; N,

2.04. Found: C, 75.33; H, 7.44; N, 1.89. [(X]20 -48.90 (c=1, CH2CI2).

(-)1-(1R.2S.5R)-8-Phenylmenthoxycarbonyfl-5-trlmethylslly -

(RI-2-triphenylsillyl-2.3-dihydro-4-p2yri done, IR (neat) 2956, 2924, 1713,
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1656, 1575, 1457, 1386, 1324, 1300, 1256, 1227, 1109 cm-1. 1H NMR (300

MHz, CDCl 3) 8 -0.80 (s, 9 H), 0.50 -2.15 (m, 17 H), 2.25 (d, 1 H, J=16.8 Hz),

2.60 (dd, 1 H, J=8.4 Hz, J=1 6.8 Hz), 3.65 (d, 1 H, 8.4 Hz), 4.70 (dt, 1 H, J= 4.5

Hz, J=10.5 Hz), 7.05-7.65 (m, 20 H), 7.78 (s, 1 H); 13C NMR (75 MHz, CDC13) 8 -

1.59, 21.58, 22.41, 26.37, 29.70, 30.33, 31.05, 34.14, 38.88, 39.33, 39.74,

42.98, 49.94, 78.05, 116.93, 125.09, 128.01, 128.31, 130.04, 131.58, 136.52,

148.02, 152.48, 195.41; M+, found 685.3407, C4 3H5 1NO 3Si 2 requires

685.3407.

(-)-1-((1 R.2S.5R)-8-Phenylmenthoxycarbonyl)-5-triisopropyl-

silvl-(S)-2-triDhenvlsilvl-2.3.-dihydro-4-1vridone. IR (neat) 2949,

2865, 1713, 1660, 1563, 1361, 1304, 1258, 1110 cm-1. 1H NMR (300 MHz,

CDCI3) 8 0.40-2.40 (m, 38 H), 2.78 (d, 1 H, J=1 6.5 Hz), 2.93 (dd, 1 H, J=8.1 Hz,

J=16.5 Hz), 4.57 (dt, 1 H, J=4.2 Hz, J=10.5 Hz), 5.03 (d, 1 H, J=8.1 Hz), 7.00-

7.60 (m, 21 H); 13C NMR (75 MHz, CDCl3) 8 11.32, 18.88, 21.61,25.89, 26.73,

27.42, 31.09, 34.14, 38.01, 39.83, 41.33, 44.05, 50.96, 72.91. Anal. Calcd for

C49 H63 NO 3Si 2: C, 76.41; H, 8.24; N, 1.82. Found: C, 76.27; H, 8.21; N, 1.78.

(-)-1-((1 R.2S.5R)-8-Phenylmenthoxycarbonyl)-5-triisopropyl-

silvl-(R)-2-trlphenylsilvl-2.3.-dihydro-4-Ryridone. IR (neat) 2949,

2865, 1713, 1660, 1571, 1385, 1298, 1259, 1227, 1109 cm-1 . 'H NMR (300

MHz, CDC 3) 8 0.60-2.20 (m, 38 H), 2.34 (d, 1 H, J=15.6 MHz), 2.66 (dd, 1 H,

J=8.4 Hz, J=15.3 Hz), 3.80 (d, 1 H, J=8.4 Hz), 4.74 (dt, 1 H, J=4.8 Hz, J=10.5
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Hz), 7.00-7.40 (m, 20 H), 7.85 (s, 1 H); 13C NMR (75 MHz, CDCl3) 8 11.09,

14.08, 18.75, 21.51, 22.57, 26.33, 30.08, 31.03, 31.54, 34.09, 38.30, 39.34,

40.01, 42.43, 50.21, 77.92, 111.20, 125.16, 127.94, 130.02, 131.48, 136.52,

149.24, 152.15, 195.20. Anal Calc. for C49H63NO3Si 2: C, 76.41; H, 8.24; N,

1.82. Found : C, 76.55; H, 8.06; N, 1.65.

(-)-.1-((1 R.2S.5R)-8-Phenylmenthoxycarbonyl)-5-triisooro pyi-

silyl-(S)-2-triphenylsilyl-2.3.-dihydro-4-pyridone. IR (neat) 2949,

2865, 1713, 1660, 1563, 1361, 1304, 1258, 1110 cm-1. 1 H NMR (300 MHz,

CDCl3) 8 0.40-2.40 (m, 38 H), 2.78 (d, 1 H, 16.5 Hz), 2.90 (dd, 1 H, J=8.1 Hz,

J=1 6.5 Hz), 4.58 (dt, 1 H, J=4.2 Hz, J=1 0.5 Hz), 5.03 (d, 1 H, J=8.1 Hz), 7.05-

7.60 (m, 21 H); 13C (75 MHz, CDCI 3 ) 8 11.32, 18.88, 21.61, 25.89, 26.73,

27.42, 31.09, 31.24, 38.01, 39.83, 41.33, 44.05, 50.96, 54.15, 72.91, 110.08,

125.35, 127.91, 129.97, 131.66, 136.53, 148.36, 150.51, 151.10, 194.84. Anal.

Calcd for C49H63NO3Si 2: C, 76.41; H, 8.24; N, 182. Found: C, 76.27; H, 8.21;

N, 1.78.

1 -(Benzyloxycarbonyl)-2-triphenylsilyl-2,3-dihyd ro-4-pyridone

(29). This compound was prepared on a 5.3 mmol scale from 4 as described

for the preparation of 31 from 4. Purification by 'radial PLC (5-30%

EtOAC/hexanes) gave 29 in 61% yield. IR (neat) 3068, 3051, 1720, 1670,

1599, 1427,1386, 1319,1261 cm-1 . 1H NMR (300 MHz, CDCI3) 8 2.70 (d, 1 H,

J=17.4 Hz), 3.01 (dd, 1 H, J=8.7 Hz, J=17.4 Hz), 4.78-4.92 (m, 1 H), 5.08 (d, 1
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H, J=5.08), 7.05-7.60 (m, 20 H); 13C NMR (75 MHz, CDCl 3) 8 37.56, 44.16,

68.91, 108.64, 128.01, 128.59, 128.68, 130.19, 131.19, 136.29, 142.73, 192.04.

mp 111.5-113OC (EtOAc/hexanes). Anal. Calcd for C3jH 27NO3Si: C, 76.04; H,

5.56; N, 2.86. Found: C, 76.14; H, 5.66; N, 2.89.

Preparation of a 50:50 Mixture of (31) and (32). To a 25-mL

flask containing MeOH (15 mL), dihydropyridone 32 (0.334 g, 0.68 mmol), and

10% palladium on carbon (0.205 g) was attached a balloon containing H2 and

the solution was stirred under a H2 atmosphere at room temperature for 7 h.

The mixture was filtered through a pad of celite and concentrated to give 0.210

g (96%) of 30 as an oil. In another 25-mL flask, a solution of 0.130 g of crude

30 in THF (8 mL) and cooled to -78 0C followed by the dropwise addition of

n-BuLi (0.40 mmol). After 5 min, (-)-8-phenylmenthyl chlorofomate (0.120 g in

5 mL THF, 0.40 mmol) was slowly added and the solution was allowed to come

to ruom temperature over 30 min. Water (40 mL) was added and the mixture

was extracted with Et20 (40 mL). The organic layer was washed with brine,

dried (MgSO 4), and concentrated to give a viscous yellow oil. The crude

product was analyzed by HPLC (5% EtOAc/hexanes) and found to contain a

54:46 ratio of diastereomers. The crude product was purified by preparative

radial chromatography to give 0.120 g (52%) of 31 and 32 as a foam.

Preparation of (-)-1-((1 R,2S,5R)-Menthoxycarbonyl)-2,3-

dihydro-4-pyridone (35). 4-Methoxypyridine (0.055 g, 0.5 mmol) and

tributyltinhydride (0.17 mL, 0.6 mmol) were added to THF (8 mL) and cooled to
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00C. (-)-Menthyl chloroformate (0.11 mL, 0.5 mmol) was added dropwise and

the mixture was stirred for 5 min at 00C and 0.5 h at room temperature.

Saturated aqueous oxalic acid was added and stirred for 5 min followed by

extraction with ether (2x30 mL). The combined organic layers were washed

with H20 (30 mL) and brine (30 mL), then dried (MgSO 4) and concentrated

under reduced pressure. The crude product was purified by radial PLC (30%

EtOAc/ hexanes) to give 0.122 g (87%) of 35 as a clear viscous oil. IR (neat)

2959, 2870, 1724, 1675, 1605, 1422, 1386, 1304, 1213, 1181, 1124 cm-1.1H

NMR (300 MHz, CDC13) 8 0.70-2..18 (m, 18 H), 2.57 (t, 1 H, J=7.8 Hz), 4.03 (t, 1

H, J=7.8 Hz), 4.72 (dt, 1 H, J=4.5 Hz, J=10.8 Hz), 5.33 (d, 1 H, J=8.4 Hz), 7.86

(d, 1 H, J=8.4 Hz); 13C NMR (75 MHz, CDC13) 5 16.35, 20.61, 21.83, 23.36,

26.34, 31.28, 33.95, 35.55, 40.89, 4231, 47.04, 77.93, 107.07, 143.51,152.15,

193.29; mp 78.5-80.51C (hexanes). Anal. Calcd for C 16 H25 NO 3 : C, 68.79; H,

9.02; N, 5.01. Found: C, 68.85; H, 8.96, N, 4.84.

Preparation of (+)-(S)-2-Methyl-1-((1R,2S,5R)-8-phenyl-

menthoxycarbonyl)-(S)-6-triphenylsilyl-4-oxopiperidine (36). To a

50-mL flask containing 31 (0.613 g, 1.00 mrol) was added CuBr.Me 2S (0.615

g, 3.0 mmol) and THF (20 mL). The heterogeneous mixture was cooled to -

780C and BF 3.OEt 2 (0.42 mL, 3 mmol) was added. After stirring for 5 min,

MeMgCI (1.00 mL. 3.0 mmol) was added dropwise. The solution turned brown

then a golden yellow. The solution was stirred for 4 h at -780C and poured

directly into an aqueous solution of 20% NH4OH/NH 4CI (50:50)(50 mL) and



10 C

Et20 (50 mL). The organic layer was washed with H20 (30 mL) and brine (30

mL). The mixture was dried (K2CO 3 ) and concentrated under reduced

pressure to give 0.710 g of a viscous foam as a crude product. Purification by

radial PLC (5-30% EtOAc/hexanes) gave 0.476 g (76%) of 36 and 0.062 g

(10%) of starting material (31). IR (neat) 2955, 2922, 1709, 1655, 1570, 1305,

1255,1109 cm-l. 1H NMR (300 MHz, CDCI 3 ) 80.80-1.68 (m, 20 H), 2.19 (d, 1 H,

J=14.4 Hz), 2.47 (dd, 1 H, J=6.6 Hz, J=14.4 Hz), 2.54 (d, 1H, J=1 4.4 Hz), 2.76

(dd, 1 H, J= 13.2 Hz, J=14.4 Hz), 3.73 (d, 1 H, J=13.2 Hz), 4.10-4.24 (m, 1 H),

4.60 (dt, 1 H, J=4.2 Hz, J=10.8 Hz), 7.10-7.70 (m, 20 H); 13C NMR (75 MHz,

CDC 3) 8 13.99, 19.29, 21.72, 22.24, 26.25, 26.34, 26.55, 30.96, 34.01, 34.40,

39.58, 40.14, 42.22, 43.10, 47.09, 49.38, 50.37, 76.17, 124.91, 125.24, 127.51,

128.85, 135.83, 136.19, 151.68, 154.68, 207.81. mp 164-1650C. Anal. Calcd

for C4jH 47NO3Si: C, 78.18; H, 7.52; N, 2.22. Found: C, 78.20; H, 7.61; N,

2.16. [a]2o+52.9 ° (c=1, CH 2CI2 ).

Preparation of (-)-4,4-Dimethoxy-2-methyl-l-((1R,2S,5R)-8-

phenylmenthoxycarbonyl)-(S)-6-triphenylsilylpiperidine. To MeOH

(10 mL) in a 25-mL flask was added 3 A powdered seives (0.30 g), 36 (0.095 g,

0.15 mmol), and p-toluenesulfonic acid (0.06 g). The mixture was stirred at

room temperature for 2.5 h and poured into a solution of 5% aqueous NaHCO 3

(20 mL). The solution was extracted with CH 20 2 (2x40 mL) and the combined

extracts were dried (K2 00 3 ), filtered through a pad of silica gel, and con-

centrated to give 0.100 g (98%) of product as a white solid. The product was
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sent for analysis without further purification. IR (neat) 2957, 2920, 1678, 1429,

1303, 1278, 1112 cm- 1; 1H NMR (300 MHz, CDCI3) 8 0.60-2.00 (m, 23 H), 2.16

(d, 1 H, J=13.8 Hz), 2.61 (s, 3 H), 3.13 (s, 3 H), 3.35 (d, 1 H, J=12.9 Hz), 4.38-

4.55 (m, 2 H), 7.10-7.70 (m, 20 H); 13C (75 MHz, CDCI 3) 818.48, 21.82, 23.45,

27.03, 30.02, 30.98, 33.71, 34.47, 37.28, 37.40, 40.25, 42.53, 47.10, 47.46,

50.62, 75.65, 99.29, 125.11, 125.59, 127.46, 127.88, 128.58, 135.95, 137.30,

151.24, 154.54. Anal. Calcd for C43H52NO4Si: C, 76.52; H, 7.77; N, 2.08.

Found: C, 76.51; H, 7.73; N, 2.02.

Preparation of (+)-(R)-4-Hydroxy-l-((1R,2S,5R)-8-phenyl-

menthoxycarbonyl)-(S)-2-triphenylslyl-1,2,3,4-tetrahydropyridine

(37). In a 25-mL flask was placed 31 (0.495 g, mmol), EtOH (10 mL), and

CeCI3.7 H20 (3.3 mL of a 0.3 molar solution in MeOH). The mixture was

refluxed until the starting material was completely dissolved. After cooling to

0°C, NaBH 4 (3 eq, 0.110 g) was slowly added over a 5 min period. The

solution was stirred for an additional 30 min at 0°C and 30 min at room

temperature. The solvent was removed under reduced pressure and to the

residue was added CH2I1 2 (50 mL), H20 (40 mL), and 10% aqueous HCl (10

mL). The aqueous layer was extracted with CH2CI2 (40 mL) and the combined

organic layers were washed with brine, dried (MgSO4), and concentrated to

give 0.486 g (98%) of 37 as a white foam. By NMR only one diastereomer

was detected and no further purification was required for elemental analysis.

IR (neat) 2955, 2920,1691, 1649,1427,1390, 1109 cm-1; 1H NMR (300 MHz,



102

CDCl3) 8 0.40-2.25 (m, 19 H), 3.95 (s, 1 H), 4.35-4.05 (m, 2 H), 4.59 (dd, 1 H,

J=3.6 Hz, J=8.4 Hz), 5.90 (d, 1 H, J=-8.4 Hz), 7.00-7.64 (m, 20 H); 13C NMR (75

Mhz, CDCI3) 8 21.58, 25.08, 26.41, 27.79, 30.85, 33.58, 34.38, 39.43, 40.01,

41.08, 50.40, 62.35, 76.13, 108.66, 124.96, 127.50, 127.77, 129.21, 134.61,

136.34, 151.48, 151.91. Anal. Calcd for C4oH45NO 3Si: C,78.01; H, 7.36; N,

2.27. Found: C, 78.11; H, 7.42; N, 1.99. [ac] 20+7.10 (c=1, CH 2CI 2 ).

Preparation of (-)-(S)-4-Hydroxy-1 -((1 R,2S,5R)-8-phenyl-

menthoxycarbonyl)-(S)-2-triphenylsilyl-1,2,3,4-tetrahydropyridine.

To a solution of 37 (.109 g, 0.18 mmol) in toluene (3 mL) at -230C was added

BF3.OEt (0.05 mL, 0.36 mmol). After stirring for 5 min, H2 0 (20 mL) was added

and the mixture was allowed to come to room temperature over 15 min. The

solution was extracted with Et20 (40 mL) and the organic layer was washed

with brine, dried (MgSO4), and concentrated under reduced pressure to give

0.108 g (99%) of (-)-(S)-4-Hydroxy-1 -((1 R,2S,5R)-8-phenylmenthoxycarbonyl)-

(S)-2-triphenysilyl-1,2,3,4-tetrahydropyridine as an viscous oil. The product

was used without further purification. A small sample was recrystallized

(hexanes) for elemental analysis. IR (Neat) 2957, 2920, 1693, 1647, 1427,

1390, 1109 cm-1; 1H NMR (300 Mhz, CDCI 3) 8 0.20-1.82 (m, 19 H), 2.83 (s, 1

H), 4.01 (dd, 1 H, J=2.4 Hz, J=8.1 Hz), 4.17-4.25 (m, 1 H), 4.76 (dt, 1 H, J=4.2

Hz, J=10.5 Hz), 5.87 (d, 1 H, J=8.1 Hz), 7.00-7.60 (m, 20 H); 13C NMR (75 MHz,

CDCI3) 8 21.64, 26.23, 26.67, 26.89, 30.12, 30.94, 34.43, 39.74, 40.58, 41.31,
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50.65, 65.72, 76.12, 106.91, 125.24, 126.99, 127.70, 127.97, 129.34, 134.36,

136.23, 151.36, 151.83; mp 149-150.51C (hexanes). Anal. Calcd for

C4aH45NO 3Si: C, 78.01; H, 7.36; N, 2.27. Found: C, 78.07; H, 7.38; N, 2.28.

[a]20 -155.50 (c=1, CH2CI2).

Preparation of (-)-4,6-Dimethoxy-1 -((1 R,2S,5R)-8-phenyt-

menth oxycarbonyl)-(S)-2-tri phe nyl si lyl pipe rid! ne (40). To a solution

of 37 (0.484 g, 0.79 mmol) in MeOH (10 ml-) was added pynidinium p-tosylate

(0.30 g) and the solution was stirred for 16 h at room temperature. Methylene

chloride (60 ml-) and saturated aqueous NaHCO3 (30 ml-) were added to the

solution. The organic layer was washed with brine, dried (K2C0 3), and

concentrated under reduced pressure. The crude product was purified by

radial PLC to give 0.210 g (40%) of 40 as a viscous oil and an additional 0. 120

g (24%) of (-)-4-methoxy-1-((1 R,2S,5R)-8-phenylmenthol-carbonyl)-(S)-2-

triphenylsilyl-1 ,2,3,4-tetrahydropyndine (38). IR (neat) 1682, 1456, 1410, 1325,

1263, 1101 cm-1. ' H NMR (300 MHz, ODC13) 8 0.64-2.35 (in, 20 H), 2.50 (s, 3

H), 2.74 (s, 3 H)-, 2.80-3.00 (mn, 1 H), 3.23 (d, 1 H, J=-28.8 Hz), 4.29 (s, 1 H), 4.75

(dt, 1 H, J6-4.2 Hz, J =1 0.5 Hz),.5.31 (d, 1 H, J=7.2 Hz), 7.00-7.70 (M, 20 H); 13C

NMR (75 MHz, CDC13) 5 21.78, 24.67, 26.60, 28.47, 31.21, 32.22, 34.55, 37.19,

38.06, 39.43, 42.02, 49.94, 55.18, 55.79, 69.73, 76.45, 82.59, 124.85, 127.29,

127.57, 128.06, 129.21, 134.41, 136.27, -152.04, 154.17; mp 209-2110C

(EtOAc/hexanes). Anal. Calcd for C42H5, NO4Si: C, 76.21; H, 7.77; N, 2.12.

Found: C, 76.07; H, 7.75; N, 1.99. [cc]20 .67.10 (c=1, CH2CI2).
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Preparation of (-)-(R)-4-Methoxy-l-((1R,2S,5R)8-phenyl-

menthoxycarbonyl)-(S)-2-triphenylsilyi-1,2,3,4-tetrahydropyridine

(38). To a solution of 37 (1.13 g) in MeOH (20 mL) was added pyridinium p-

toluenesulfonate (0.35 g) and the solution was stirred for 1 h at room

temperature. MeOH was removed under reduced pressure and the remaining

thick oil was dissolved in CH 20 2 (50 mL) and passed through a pad of silica

gel. The solvent was removed under reduced pressure and the crude product

was purified by radial PLC to give 0.400 g (34%) of 38 as a white foam. IR

(neat) 2957, 2920, 1693, 1651, 1427, 1388, 1330, 1109, 1080 cm-1. 1H NMR

(300 MHz, CDCI3) 8 0.20-1.95 (m, 18 H), 2.25-2.40 (m, 1 H), 2.90 (s, 3 H), 2.93-

3.06 (m, 1 H), 4.45 (dt, 1 H, J=4.5 Hz, J=-10.8 Hz), 4.53 (d, 1 H, J=-8.4 Hz), 4.62-

4.67 (m, 1 H), 5.97 (d, 1 H, J=8.4 Hz), 7.05-7.70 (m, 20 H); 13C NMR (75 MHz,

CDC13) 8 14.11, 21.63, 22.63, 25.69, 26.54, 27.24, 29.03, 30.92, 31.56, 34.46,

39.56, 41.10, 50.70, 55.46, 70.21, 75.96, 105.63, 125.10, 125.23, 126.64,

127.79, 127.96, 129.57, 133.39, 136.36, 151.53, 151.68. Anal. Calcd for

C41 H47NO3Si: C, 78.18; H, 7.52; N, 2.22. Found: C, 78.29; H, 7.62; N, 2.20.

[a]20 -95.40 (c=1, CH 2Cl 2).

Preparation of (-)-l -((1 R,2S,5R)-8-phenylmenthoxycarbonyl)-

(S)-2-trlphenylsilyl-1,2,-dlhydropyridine (39). To a 25-mL flask

containing 37 (0.234 g, 0.38 mtol) in toluene (10 mL) at -780C was added

BF3.OEt2 (0.10 ml, 0.76 mol). The solution was stirred at -780C for 1.5 h
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followed by the addition of allylmagnesiumchloride (0.57 mL, 1.14 mmol). After

15 min, the mixture was poured into a flask containing cold H20 (40 mL) and the

mixture was extracted with Et20 (2x30 mL). The combined organic layers were

washed with brine (30 mL), dried (MgSO 4), and concentrated under reduced

pressure to give a thick yellow oil. The crude product was purified by radial

PLC (5-30% EtOAc/hexanes) to give 0.185 g (82%) of 39 as a viscous foam.

IR (neat) 2955, 2920, 1693, 1427, 1325, 1265, 1111 cm-'. 1H NMR (300 MHz,

CDCI3) 8 0.48-1.90 (m, 17 H), 4.52 (dt, 1 H, J=-4.2 Hz, J=10.5 Hz), 4.72-4.80 (m,

1 H), 5.52-5.66 (m, 3 H), 7.96 (d, 1 H, J=7.5 Hz), 7.00-7.72 (m, 20 H); 13H NMR

(75 MHz, CDCI 3) 8 21.74, 26.13, 26.84, 27.08, 31.13, 34.51, 39.77, 41.77,

47.04, 50.76, 76.20, 108.72, 120.70, 122.00, 125.13, 126.06, 127.62, 127.88,

129.55, 132.58, 136.47, 151.24, 151.55. Anal. Calcd. for C4oH43NO 2Si: C,

80.36; H, 7.25; N, 2.34. Found: C, 80.12; H, 7.30; N, 2.20.

Preparation of (-)-2-Allyl-1-((1 R,2S,5R)-8-phenylmenthyl-

carbonyl)-(S)-6-triphenylsilyl-1,2,5,6-tetrahydropyridine (44). To 37

(0.470 g, 0.760 mmol) and allyl-trimethylsilane (0.48 mL, 3.0 mmol) in CH 2CI2 (8

mL) at -42 0C was added BF3.OEt (0.18 mL, 1.5 mmol) and the solution was

allowed to come to room temperature over 30 min. Water (30 mL) was added

and the mixture was extracted with CH2CI2 (40 mL). The organic layer was

washed with brine, dried (MgSO4, and concentrated under reduced pressure to

give 0.512 g of a viscous foam as the crude product. Purification by radial PLC

(5% EtOAc/hexanes) gave 0.364 g (74%) of 44 as a white solid. IR (neat)
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2920, 2881,1678, 1427, 1410, 1309, 1107 cm- 1. 1H NMR (CDCl3 )5 0.80-2.10

(m, 17 H), 2.30 (dd, 1 H, J=6.0 Hz, J=-1 7.4 Hz), 2.45-2.50 (m, 2 H), 4.51 (d, 1 H,

J=1 7.4 Hz), 4.76-4.88 (m, 2 H), 5.08 (d, 1 H, J=7.8 Hz), 5.16 (d, 1 H), J=7.8 Hz),

5.20-5.40 (m, 1 H), 5.42-5.56 (m, 1 H), 6.84-7.53 (m, 20 H); 13C NMR (75 MHz,

CDCI 3) 8 22.00, 22.55, 25.87, 26.42, 29.95, 31.30, 34.67, 38.00, 39.31, 42.42,

49.93, 50.97, 75.23, 116.69, 122.96, 124.86, 126.72, 127.65, 127.95, 129.46,

134.14, 135.18, 136.44, 152.63; mp 158.5-159.50 C. Anal. Calcd for

C43H5 lNO 2Si: C, 80.70; H, 7.72; N, 2.19. Found: C, 80.59; H, 7.74; N, 2.10.

[a]20 -15.70 (c=1, CH 2CI2 ).

Preparation of (-)-1 -((1 R,2S,5R)-8-Phenylmenthoxycarbonyl)-

2-propyl-(S)-6-triphenylsilyl-1,2,5,6-tetrahydropyridine (45). To a

25-mL flask containing MeOH (10 mL) was added 44 (0.150 g, 0.23 mmol)

and 10% palladium on carbon (0.050 g, 0.05 mmol). The mixture was stirred

under one atm of H2 for 2 h, then filtered through a pad of celite and

concetrated. The crude product was purified by radial PLC (5-30%

EtOAc/hexanes) to give 0.129 g (86%) of 45 as a colorless foam. IR (neat)

2955, 2924, 1672, 1427,1411,1307, 1107 cm-1 . 1H NMR (300 MHz, CDC 3)a

0.50-2.08 (m, 24 H), 2.27 (dd, 1 H, J=6.3 Hz, J=17.4 Hz), 2.42-2.70 (m, 2 H),

4.83 (dt, 1 H, J=4.2 Hz, J=10.8 Hz), 5.13 (d, 1 H, J=10.2 Hz), 5.21 (d, 1H, J=8.1

Hz), 5.42-5.51 (m, 1 H), 6.90-7.70 (mi, 20 H); 13C NMR (75 MHz, CDCI 3 ) 8

13.80, 19.21, 21.96, 23.14, 25.88, 26.48, 29.34, 31.27, 34.63, 36.94, 37.73,
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39.34, 42.34, 50.01, 50.86, 75.21, 122.72, 124.76, 124.89, 127.53, 127.87,

129.29, 134.33, 136.34, 152.44, 155.06. Anal. Calcd for C43 H5 INO 2Si: C,

80.45; H, 8.02; N, 2.18. Found: C, 80.18; H, 8.02; N, 2.12.

Preparation of (-)-1 -((1 R,2S,5R)-menthoxycarbonyl)-

pyrrolidine (50a). To a solution of pyrrolidine (5.70 mL, 4.86 g, 68 mmol),

CH 2CI2 (100 mL), and 1 N aqueous NaOH (100 mL) at 00C was added (-)-

menthyl chloroformate (9.80 mL, 45.7 mmol). The mixture was stirred for 10

min at 00C and at room temperature for 1 h. The mixture was placed in a

separatory funnel and the organic layer was removed. The aqueous layer was

extracted with CH 2Cl2 (40 mL) and the combined organic layers were washed

with brine, dried (MgSO 4), and concentrated. The crude product was distilled

(115-1171C, 3 mmHg) to give 10.54 g (91%) of 50a as a thick clear oil. IR

(neat) 2958, 2931, 1685, 1423, 1271, 1260, 1180, 1106 cm-i. 1H NMR (300

MHz, CDCl3 ) 8 0.70-2.18 (m, 22 H), 3.32 (d, 2 H, J=6 Hz), 3.38 (d, 2 H, J=6.3

Hz), 4.56 (dt, 1 H, J=5 Hz, J=10.5 Hz); 13C NMR (75 MHz, CDCl3 ) .5 16.45,

20.73, 21.96, 23.47, 24.83, 25.59, 26.19, 31.23, 34.27, 41.69, 45.50, 45.88,

47.27, 74.32, 154.87; mp 40-410C (hexanes). Anal. Calcd for C15H27 NO 2: C,

71.10; H, 10.74; N, 5.52. Found: C, 71.30; H, 10.69; N, 5.60.

Preparation of 1-(Phenoxycarbonyl)pyrrolidine. This compound

was prepared on a 78.4 mmol scale from 49 as described for the preparation of

50a from 49. Purification was accomplished by Kugelrohr distillation (bp 135-

140°C 1.5 mmHg) to give 14.52 g (97%) of 1-(Phenoxycarbonyl)pyrrolidine as a
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clear colorless oil. IR (CH 2CI 2) 2981, 2957, 2883, 1717, 1595, 1493, 1402,

1213, 1194, 1163, 1056 cm-1. 1H NMR (300 MHz, CDCI3 ) 81.85-2.05 (m, 4 H),

3.48 (d, 2 H, J=6.6 Hz), 3.56 (d, 2 H, J=6.6 Hz), 7.05-7.40 (in, 5 H); 13C NMR

(75 MHz, CDC13) 8 24.81, 25.64, 46.17, 46.27, 121.60, 124.87, 129.01, 151.28,

152.98; mp 72.5-73.51C (hexanes). Anal. Calcd for C11H13 NO2: C, 69.09; H,

6.85; N, 7.32. Found: C, 69.20; H, 6.91; N, 7.48.

Preparation of (-)-1-((1R,2S,5R)-8-Phenylmenthoxycarbonyl)-

pyrrolidine (50b). This compound was prepared on a 30.1 mmol scale from

49 as described for the preparation of 50a from 49. Purification was

accomplished by Kugelrohr distillation (bp 135-140OC/1.5 mmHg) to give 9.75 g

(98%) of 50b as a clear colorless oil. IR (neat) 2953, 2921, 1696, 1600, 1495,

1413, 1390, 1371, 1345, 1178, 1127, 1103 cm-1. 1H NMR (300 MHz, CDC13)8

0.80-2.05 (m, 21 H), 2.16-2.28 (m, 1 H), 2.76-2.88 (m, 1 H), 3.16-3.34 (m, 1 H),

4.78 (dt, 1 H, J=4.5 Hz, J=10.5 Hz), 7.05-7.35 (m, 5 H); '3C NMR (300 MHz,

CDC13) 8 21.75, 24.54, 24.71, 25.36, 26.53, 28.16, 31.21, 34.54, 39.57, 42.68,

44.58, 45.69, 50.84, 74.09124.52, 125.25, 127.56, 152.23, 153.92. Anal. Calcd

forC 21 H31N0 2: C, 72.70; H, 7.41; N, 6.15. Found: C, 72.62; H, 7.41; N, 6.15.

Preparation of 1-(-)-1-((1R,2S,5R)-Menthoxycarbonyl)-2-

methoxypyrrolidine (51a). Methanol (70 mL) and 50a (10.40 g, 41.0

mmol) were placed in an electrolysis cell equipped with carbon electrodes and

a magnetic stirrer. Tetraethylammonium p-toluenesulfonate (- 0.5 g) was
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added slowly as an electrolite until a constant current (0.30 A) could be

maintained with a voltage reading between 18 and 22 V. The cell was cooled

with an external water bath (1 81C) while 2.4 F/mol of electricity was passed

through the solution. The solvent was removed under reduced pressure and

Et20 (100 mL) was added and the orgasnic solution was washed with H20 (50

mL). The aqueous layer was extracted with Et20 (2x20 mL) and the combined

organic layers were washed with brine (30 mL), dried (MgSO 4), filtered through

a pad of silica, and concentrated to give 11.06 g (95%) of 51 a as a thick oil.

The product was used without furth, cr purification. IR (neat) 2954, 2871, 1703,

1401,1319,1181,1086 cm-1. 1H NMR (300 MHz, CDCl3) 5.070-2.20 (m, 22 H),

3.20-3.55 (m, 5 H), 4.50-4.72 (m, 1 H), 7.00-7.30 (m, 1 H). Anai. Calcd for

C16H29NO3: C, 67.81; H, 10.31; N, 4.94. Found: C, 67.64; H, 10.10; N, 5.01.

Preparation of 2-Methoxy-l-(phenoxycarbonyl)pyrrolidine

(52). Methanol (60 mL) and 1-phenoxjcarbonyl)pyrrolidine (12.00 g, 62.7

mmol) were placed in an electrolysis cell8 equipped with carbon electrodes and

a magnetic stirrer. Tetraethylammonium p-toluenesulfonate (- 0.4 g) was

added slowly as an electrolite until a constant current (0.30 A) could be

maintained with a voltage reading between 18 and 23 V. The cell was cooled

with an external water bath (180C) while 2.4 F/mol of electricity was passed

through the solution. The solvent was removed under reduced pressure and

CH 2CI2 (70 mL) and brine (50 mL) were added. The aqueous layer was

extracted with CH 2CI2 (2x30 mL) and the combined organic layers were dried
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(MgSO4, filtered through a pad of silica, and concentrated to give 13.202 g

(95%) of 52 as a viscous oil. The product used without further purification. IR

(neat) 2981, 2942, 2896, 1728, 1594, 1386, 1211, 1180 cm-1. !:I NMR (300

MHz, CDC 3) 8 1.80-2.22 (m, 4 H), 3.44 (m, 3 H), 3.40-3.60 (m, 2 H), 5.28 (d, 0.6

H, J=4.8 Hz), 5.34 (d, 0.4 H, J=4.5 Hz), 7.05-7.40 (m, 5 H); 13C NMR (75 MHz,

CDCl3) 8 21.50, 22.55, 31.91, 32.46, 45.83, 45.99, 55.42, 56.16, 88.74, 89.23,

121.36, 121.50, 125.13, 129.02, 150.90, 152.87, 154.06. Anal. Calcd for

C1 2 Hl 5 NO 2: C, 65.14; H, 6.83; N, 6.33. Found: C, 65.19; H, 6.77; N, 6.32.

Preparation of 2-Methoxy-(-)-l-((1R,2S,5R)-8-phenylmenthoxy-

carbonyl)pyrrolidine (51b). To (-)-8-phenylmenthol (0.63 g, 2.71 mmol)

in THF (40 mL) at -420C was added potassium t-butoxide (0.28 g, 2.5 mmol).

The solution was warmed to room temperature over 30 min and then recooled

to -420C followed by the addition of 52 (0.35mL, 0.39 g, 1.8 mmol). After

stirring at room temperature for 23 h, H20 (30 mL) was added and the solution

was extracted with Et20 (3x30 mL). The combined organic layers were washed

with brine (30 mL), dried (MgSO4), and concentrated under reduced pressure to

give 0.98 g of a clear oil. The crude product was purified by radial PLC (0-5%

EtOAc/hexanes) to give 0.413 g (67%) of 51b as a clear colorless oil. IR (neat)

2952, 2920, 1701, 1600, 1456, 1327, 1097, 1086 cm-1. iH NMR (300 MHz,

CDCl3) 8 0.75-2.18 (m, 21 H), 2.80 (m, 1 H), 3.32 (s, 3 H), 3.35-3.60 (m, 1 H),

4.82 (dt, 1 H, J=4.5 Hz, J=1 0.8 Hz), 5.08 (d, 1 H, J=-4.5 Hz), 7.20-7.35 (m, 5 H);
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13C NMR (75 MHz, CDCl3) 8 21.76, 22.01, 23.64, 26.46, 29.07, 31.28, 31.73,

34.52, 39.52, 42.42, 44.19, 50.59, 55.83, 74.63, 88.76, 124.59, 125.24, 127.63,

152.45, 154.82. Anal. Calcd for C22H33 NO 3 : C, 76.55; H, 9.48; N, 4.25.

Found: C, 76.67; H, 9.58; N, 4.22.

Preparation of 2-Allyl-(-)-1-((1 R,2S,5R)-menthoxycarbonyl)-

pyrrolidine (53a/54a). To 51a (0.505 g, 1.78 mmol) and allyltrimethylsilane

(0.57 mL, 3.59 mmol) in CH 2CI2 (10 mL) at -780C was added BF3.EtO 2 (0.32

mL, 2.57 mmol). After stirring for 30 min at -780C, the solution was allowed to

come to room temperature for 1.5 h and poured into brine (30 mL). The

mixture was extracted with CH2CI2 (3x30 mL) and the combined organic

extracts were dried (MgSO 4) and concentrated to give 4.95 g of a yellow oil.

The crude product was analyzed by HPLC (5% EtOAc/hexanes) and showed no

diastereomeric excess. The product was purified by Kugelrohr distillation (bp

132-1360C, 1.0 mmHg) to give 0.473 g (90%) of 53a/54a as a clear colorless

oil. IR (neat) 2955, 2871, 1698, 1455, 1407, 1372, 1319 cm-1. 'H NMR (300

MHz, CDC13 ) 8 0.72-2.25 (m, 23 H), 2.30-2.62 (m, 1 H), 3.25-3.50 (m, 2 H), 2.75-

3.98 (m, 1 H), 4.48-4.65 (m, 1 H), 5.00-5.18 (m, 2 H), 5.65-5.85 (m, 1 H). Anal.

Calcd for C18H31 NO2 : C, 73.67; H, 10.65; N, 4.77. Found: C, 73.53; H, 10.47;

N, 4.89.

Preparation of 2-Allyl-l-(phenoxycarbonyl)-pyrrolidine (55).

To 52 (1.00 g, 4.50 mmol) and allyltrimethylsilane (2.0 mL, 12.5 mmol) in

CH2CI2 (10 mL) at -780C, was added SnCI4 (0.70 mL, 5.85 mmol). After stirring
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for 10 min at -780C the solution was allowed to come to room temperature for 0.5

h and poured into H20 (30 mL). The mixture was extracted with CH 20I 2 (3x30

mL) and the combined organic extracts were washed with brine, dried (MgSO4),

and concentrated to give 0.95 g of a yellow oil as the crude product. The

product was purified by radial PLC to give 0.473 g (53%) of 55 as a clear

colorless oil. IR (neat) 2981, 2942, 2896, 1728, 1594, 1386, 1211, 1180 cm-'.

1H NMR (300 MHz, CDCI3) 8 1.75-2.10 (m, 4 H), 2.15-2.35 (m, 1H), 2.50-2.70

(m, 1 H), 3.40-3.65 (m, 2 H), 3.89-4.18 (m, 1H), 5.00-5.18 (m, 1H), 5.70-5.18(m,

1 H), 7.05-7.45 (m, 5H). 13C NMR (75 MHz, CDCI3 ) 8 22.55, 23.41, 28.95,

29.79, 37.47, 38.73, 46.71, 56.83, 57.30, 117.20, 121.43, 121.73, 124.74,

128.88, 134.42, 151.09, 152.69. Anal. Calcd for C14H17 NO2: C, 65.19; H, 6.83;

N, 6.33. Found: C, 65.19; H, 6.77; N, 6.32.

Preparation of 2-Allyl-(-)-l-((1 R,2S,5R)-8-phenylmenthoxy-

carbonyl)pyrrolidine (53b/54b). To 51b (0.400 g, 1.15 mmol) and

allyltrimethylsilane (0.37 mL, 2.27 mmol) in CH 2CI2 (20 mL) at -780C was added

SnCI 4 (0.18 mL, 1.50 mmol). After stirring for 1 h at -78°C, the solution was

allowed to come to room temperature for 0.5 h and poured into brine (30 mL).

The mixture was extracted with CH 2CI2 (3x30 mL) and the combined organic

layers were dried (MgSO 4) and concentrated to give 4.95 g of a yellow oil. The

crude product was analyzed by HPLC (5% EtOAC/hexanes) and showed 8%

diastereomeric excess. The product was purified by radial PLC to give 0.139 g

of one diastereomer and 0.85 g of a second diasteriomer for a combined yeild
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of 53%. Diastereomer 1. 1H NMR (300 MHz, CDCl 3 ) 8 0.70-2.20 (m, 22 H),

2.40-2.60 (m, 1 H), 2.70-2.90 (m, 1 H), 3.25-3.90 (m, 1 H), 4.80 (dt, 1 H, J=4.5

Hz, J=1 0.5 Hz), 5.00-5.15 (m, 2 H), 5.60-5.81 (m, 1 H), 7.03-7.32 (m, 5 H). 13C

NMR (75 MHz, CDCI3) 8 16.66, 21.81, 22.05, 23.24, 24.30, 26.59, 28.51, 29.03,

31.31, 34.34, 34.61, 38.02, 39.63, 42.67, 45.17, 50.77, 56.93, 74.09, 117.00,

124.62, 125.31, 127.68, 135.19, 152.44, 153.83. [o] 2 0+9.9 0(c=1, CH 2CL2 ).

Diastereomer 2. 1H NMR (300 MHz, CDCl3) 8 0.70-2.60 (m, 24 H), 3.20-3.85

(m, 1 H), 3.70-3.85 (m, 1 H), 4.60-5.15 (m, 3 H), 5.45-5.85 (m, 1 H), 7.00-7.40

(m, 5 H); 13C NMR (75 MHz, CDC13) 8 21.79, 22.71, 23.07, 23.31, 24.79, 26.39,

26.62, 28.05, 28.93, 29.40, 31.25,34.64, 38.18, 38.60, 39.39, 39.59, 42.32,

42.71, 45.43, 46.34, 50.81, 50.92, 54.83, 56.79, 74.22, 116.66, 116.82, 124.49,

125.15,127.68,135.28, 152.36,152.74,153.77. [a]2 0-29.3 0(c=1, CH 2CI2).

Preparation of a 50:50 Mixture of 53b and 53a. To a solution of

(-)-8-phenylmenthol (0.60 g, 2.42 mmol) in THF (10 mL) at -420C was added

potassium t-butoxide (0.27 g, 2.42 mmol). After stirring for 30 min the solution

was transfered via a cannula into a flask containing 55 (0.400 g, 1.73 mmol) in

THF (10 mL) at -42 0C. Thq mixture was allowed to warm and stir at room

temperature for 19 h followed by the addition of H20 (20 mL). The aqueous

layer was extracted with ether (2x30 mL) and the combined organic layers were

washed with brine, dried (MgSO 4), and concentrated to give 0.80 g of a crude

product. The crude product was anaylized by HPLC (5% EtOAC/hexanes) to
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verify the 50:50 mixture of diastereomers. Purification by preparative radial

chromatography (5-20% EtOAc/hexanes) gave 0.459 g of 53b/54b as a

mixture of diastereomers. IR (neat) 2952, 2920, 1701, 1600, 1456, 1327, 1097,

1086 cm-1. Anal. Calcd for C24H35NO2 : C,°78.01; H, 9.55; N, 3.79. Found:

C, 78.31; H, 9.28; N, 3.86.

Preparation of 5-Methoxy-(-)-1 -((1 R,2S,51R)-menthoxy-

carbonyl)-2-pyrrolidinone (59a). To 5-methoxy-2-pyrrolidinone (1.85 g,

16.0 mmol) at -78 0C was added n -BuLi (6.80 mL, 16 mmol) and the solution

was allowed to stir for 10 min followed by the dropwise addition of (-)-menthyl

chloroformate (3.44 mL, 16 mmol). The mixture was stirred at -780C for 30 min,

allowed to warm to room temperature, filtered through a pad of silica, and

concentrated to give 5.11 g of a yellow liquid. The crude product was purified

by Kugelrohr distillation (1 80-190OC/1.2 mmHg) to give 3.28 g (69%) of 59a as

a clear liquid. IR (neat) 2953, 2871, 1794, 1762, 1719, 1353, 1293, 1204,

1088, 1035 cm-1. 1H NMR (300 MHz, CDC 3) 5 0.70-2.20 (m, 19 H), 2.30-2.50

(m, 1 H), 2.70-2.80 (m, 1 H), 3.42 (s, 3 H), 4.77 (dt, 1 H, J=4.5 Hz, J=10.5 Hz),

5.41-5.45 (m, 1 H); 13C NMR (75 MHz, CDCl3) 5 15.85, 16.18, 20.67, 20.79,

21.87, 22.91, 23.25, 25.09, 25.58, 25.81, 26.12, 30.45, 30.31, 33.97, 40.55,

40.63, 46.90, 55.87, 56.32, 77.12, 77.21, 151.06, 173.50. Anal. Calcd for

C16H27NO 3: C, 64.62; H, 9.15; N, 4.71. Found: C, 64.80; H, 9.40; N, 4.73.

Preparation of 5-Methoxy-(-)-I -((1 R,2S,5R)-8-phenyl-

menthoxycarbonyl)-2-pyrrolidInone (59b). This compound was
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prepared on a 3.32 mmol scale from 58b as described for the preparation of

59a from 58a. Purification was accomplished by radial PLC (5-30%

EtOAc/hexanes) to give 0.768 g (74%) of 59b as a viscous oil. Diastereo-

isomers were separated by radial PLC (5-30% EtOAc/hexanes). Diastereo-

isomer 1: IR (neat) 2960, 2925, 2871, 1792, 1782, 1713, 1497, 1373, 1348,

1294, 1205,1088 cm-1. 1H NMR (300 MHz, CDCI 3) 8 0.70-2.35 (m, 20 H), 2.50-

2.65 (m, 1 H), 3.38 (m, 3 H), 4.96 (t, 1 H, J=4.8 Hz, J=1 0.5 Hz), 5.20-5.26 (m, 1

H), 7.05-7.35 (m, 5 H); 13C NMR (75 MHz, CDCI 3) 8 21.57, 25.23, 25.85,

26.56, 27.00, 30.32, 31.24, 34.06, 39.70, 41.51, 50.06, 56.13, 76.84, 88.93,

124.68, 125.44, 127.57, 150.70, 151.33, 172.10. Diastereoisomer 2: IR (neat)

2963, 2252, 1790, 1714, 1600, 1445, 1317, 1263, 1087, 1018 cm- 1; 'H NMR

(300 MHz, CDCI3) 8 0.80-2.35 (m, 20 H), 2.50-2.65 (in, 1 H), 3.13 (t, 3 H), 3.71

(dd, 1 H, J=3.3 Hz, J=4.5 Hz), 4.93 (dt, 1 H, J=4.5 Hz, J=10.8 Hz), 7.10-7.38 (m,

5 H); 13C NMR (75 MHz, CDCI 3) 8 21.70, 21.84, 24.99, 26.15, 30.07, 30.45,

31.19, 34.39, 39.27, 41.43, 50.48, 56.02, 76.28, 88.15, 124.65, 125.23, 127.92,

149.24, 152.67, 174.07.

Preparation of 1-((-)-l-((1R,2S,5R)-Menthoxycarbonyl)-6-

methoxy-2-piperidone (59c). This compound was prepared on a 4.41

mmol scale from 58c as described for the preparation of 59a from 58a.

Purification was accomplished by radial PLC (5-30% EtOAc/hexanes) to give

0.970 g (74%) of 59c as a viscous oil. IR (neat) 2956, 2871, 1776, 1718,



116

1204,1170,1080 cm-1. 1H NMR (300 MHz, CDC 3) 5 0.70-2.20 (m, 22 H), 2.40-

2.50 (m, 1 H) 2.60-2.75 (m, 1 H), 3.37 (s, 3 H), 4.75 (dt, 1 H, J=4.2 Hz, J=1 0.8

Hz), 5.50 (d, 1 H, J=1.5 Hz); Anal. Calcd for C 17H28 NO 4 : C, 65.57; H, 9.38; N,

4.50. Found: C, 65.39; H, 27; N, 4.31.

Preparation of 6-Methoxy-(-)-1 -((1 R,2S,5R)-8-phenyl-

menthoxycarbonyl)-2-piperidone (59d). This compound was prepared

on a 8.60 mmol scale from 58d as described for the preparation of 59a from

58a. Purification was accomplished by radial PLC (20% EtOAc/hexanes) to

give 0.768 g (73%) of 59d as a viscous oil. IR (neat)2953, 1772, 1713, 1393,

1357, 1278, 1204, 1138 cm-1 . 1H NMR (300 MHz, CDCI 3) 5 0.80-2.50 (m, 25

H), 3.33 (s, 3H), 4.88 ( dt, 1 H, J=4.5 Hz, J=1 0.8 Hz), 5.29 (s, 1H), 7.10-7.35 (m,

5 H). 13C NMR (75 MHz, CDC13) 5 16.47, 21.70, 25.27, 26.56, 27.59, 31.34,

34.01, 34.29, 39.68, 41.25, 517, 55.88, 77.42, 85.06, 124.86, 125.46, 127.72,

151.27, 154.37, 171.72. Anal. Calcd for C 23 H35 NO 4: C, 70.37; H, 8.86; N,

3.73. Found: C, 70.10; H, 8.63; N, 3.80.

Preparation of a 50:50 mixture of 60b. To a solution of 5-allyl-2-

pyrrolidinone (0.164 g, 1.31 mmol) in THF (10 mL) was added n-BuLi (0.49 mL,

1.6 mmol) at -780C. After 15 min, (-)-8-phenylmenthyl chloroformate was

added and the mixture was allowed to warm to room temperature for 30 min.

The solution was filtered through a pad of silica, and concentrated under

reduced pressure to give a viscous yellow oil. The crude product was purified

by radial PLC (5-20% EtOAC/hexanes) to give 0.175 g of one diastereoisomer
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and 0.188 g of the other diastereomer with an overall yield of 87%. HPLC (5%

EtOAc/hexanes) of the crude product indicated a 49:51 ratio of

diastereoisomers. IR (neat) 2956, 2870, 1782, 1752, 1708, 1299, 1284, 1235

cm-1; 1H NMR for 51 (300 MHz, CDCI 3 ) 8 0.80-2.55 (m, 23 H), 4.00-4.11 (m, 1

H), 4.96 (dt, 1 H, J=4.5 Hz, J=10.5 Hz), 5.06-5.17 (m, 2H), 5.65-6.80 (m, 1H),

7.10-7.45 (m, 5 H); 'H NMR for 52 (300 MHz, CDCl 3 ) 8 0.80-2.50 (m, 23 H),

2.70-2.80 (m, 1 H), 4.85-5.70 (m, 3 H), 5.50-5.70 (m, 1 H), 7.05-7.45 (m, 5 H).
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Table. Crystal Data for C40H43NO3Si

formula C4OH4 3NO3 Si

mol wt, g mol- 1  613.88

crystal size, mm 0.55 x 0.44 x 0.43

X (Moka), A 0.71069

a,A 10.516 (4)

b, A 14.693 (5)

c, A 22.582 (8)

a, deg 90

0, deg 90

y, deg 90

v, A3 3489

space group P2 12121

Z 4

Dcalc, gcm "3  1.17

F (000), e- 1312

temp, K 298

scan type

scan range 20 + dispension
scan speed, deg min-1  variable between 4 and 29.3

28 range, deg 3 5 20 _ 55

background stationary on each side of a

peak forl/2 of scan time

octants measured hkL
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standards 2 measured after every 48

reflections

no. measured 4501

no. used, NO 3182 with -Fa Z! 4 a T)

sec. extinction coeff 3.2 x 10-6

., cm-1  1.00 cm-1

Ra 0.0491

RW" 0.0674

goodness of fit, Sc 1.3

max shift/a 0.5

no. variables, NV 41 5

difference peak excursion, eA-3 +0.25, -0.18

a R = -(IIFo0 - IF c II)/Z IFol

b Rw = [.w(IIFoI - IFcII)2 /w IF01 2]1/2,

c S = [w(IFoI-IFcI)2 /(NO-NV)] 1/2
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Table 2. 3and longths (A) and Bond angles ( 0

S±-C(G) 1.887(4) S±-C(12) 1.875(4)
S!-CIS) 1.881(4) SI-C(19) 1.926(4)
C(1)-C(2) 1.394(5) C(1)-Ct6) 1.401(5)
C(2)-C(3) i.393(6) CC3)-C(4) 1.360(7)
C(4)-C(5) 1.381(6) C(5)-C(6) 1.389(5)
C(7)-C(83 1.387(6) C(7&)-C(12) 1.387(5)
C(S)-C(q) 1.363(63 C(9)-C(1O) 1.368(7)
C(i0)-C(11) 1.383(6) C(11)-C(12) 1.397(6)
C(13)-C(14) 1.410(6) C(13)-C(I8) 1.390(6)
C(14)-C(ia) 1.385(10) C(13)-C,116) 1.356(10)
C(16)-C(17) 1.365(8) C(17)-CCL8) 1.383(7)
C(19)-C(20) 1.529(6) C(19)-N i.479(4)
C(20)-C(21) 1.503(6) C(21)-O(1) 1.221(6)
C(21)-C(22) i.450(7) C(22)-C(23) 1.346(5)
C(23)-N 1.368(5) X-C(24) 1.380(4)
C(24)-0(2) 1.208(5) C(24)-0(3) 1.326(4)
0(3)-C(23) 1.461(4) C(253-C(26) 1.534(5)
C(25)-C(30) 1.502(5) C(26)-C(27) 1.533(5)
C(26'3-Ct32! 1.563(5) C(27)-C(28) 1.511(5)
C(28)-C(29) 1.521(6) C(29)-C(30) i.517(6)
C(29)-C(31) 1.532(6) C(32)-C(33) 1516
C(32)-C(34) 1.542(6) C(32)-C(40) 1.533(5)
C(35)-C(36) 1.367(7) C(33)-C(40) 1.392(6)
C(36)-C(37) 1.379(8) C(37)-C(38) 1.348(8)
C(38)-C(39) 1.381(7) C139)-C(40) 1.388(6)

CC6)-Si-C(12) 109.1(2) C(s)-s±-Cli8) 112.0(2)
C( '12)-Si-C(18) 109.4(2) C(6)-SI-C(19) !09.7(2)
C(12)-SI-C(19) 103.8(2) C(18)-S±-C(19) 110.6(2)
C(2)-C(l)-C(6) 121.9(4) C(l)-C(2)-C(3) 119.0(4)
C(2'3-C(3)-C(4) 120.0(4) C43)-CI4)-C(5) 120.4(4)
C(4)-C(3)-C(6) 122.2(4) S±-C(6)-Ct1) -120.7(3)
S±-C(6)-C(5) 122.9(3) C(1)-C(6)-C(S) 116.4(3)
C(8)-C(7)-C(12) 121.9(4) C(7)-C(8)-C(9) 120.1(4)
C(S)-C(9)-C(10) 120.1(4) C(9)-C(10)-C(11) 119.5(4)
C(10)-C(11)-C(12) 122.3(4) SI-C(12)-C(7) 122.4(3)
31-C(12)-C(11) 121.6(3) C(7)-C(12)-C(11) 116.0(4)
C(14)-C(13)-C(18) 121.0(5) C(13)-C(14)-C( 15) 119.3(5)
C(14)-C(15)-C(16) 119.6(6) C( 15)-C( 16)-C( 17) 120.9(6)
C(16)-C(17)-C(18) 122.4(5) SI-C(18)-C(13) 122.3(3)
S±-C(18)-C(17) 120.8(3) C(13)-C(18)-C(17) 116.9(4)
SI-C(I9)-C(20) 113.8(2) s1-C(19)-N 113.6(2)
C(20)-C(I9)-f 108.6(3) C(19)-C(20)-C(21) 113.4(3)
C(20)-C(21)-0( 1) 121.8(4) C(20)-C(21)-C(22) 115.5(4)
0( 1)-C(2!)-C(22) 122.4(4) C(21)-C(22)-C(23) 121.0(4)
C(221-C(231-N 122.8(4) C(19)-N-C(23) :18.7(3)
C(19)-N-C(24) 118.5(3) C(23)-N-C(24) 122.5(3)
N-C(24)-0(2) 123.3(3) N-C(24)-0(3) 110.1(3)
0(2)-C(24)-0(3) 126.5(3) C(24)-0(3)-C(25) 120.3(3)
0( 3)-C( 25)-C(26) 107.4(3) 0(3)-C(25)-C(30) 106.4(3)
C( 26)-C(25)-C(30) 114.9(3) C( 25)-C( 26)-C( 27) 108.1(3)
CC 25)-C(26)-CC32) 114.0(3) C(27)-C( 26)-C(32) 113.5(3)
CC 26)-C(27)-C(28) 113.9(3) C( 27)-C( 28)-C( 29) 111.0(3)
C(28)-C(29)-C(30) 108.2(3) C(29)-C( 29)-C( 31) 112.4(4)
C(30)-C( 29)-C(31) 112.2(3) C( 23)-C(30)-C( 29) 113.8(3)
C(26)-C(32)-C(33) 109.5(3) C( 26)-CC 32)-C(34) 110.2(3)
C(33)-C(32)-C( 34) 108.2(3) C( 26)-C( 32 )-C( 40) 111.3(3)
0(33) -C( 32)-C( 40) 106.4(3) C( 34)-C( 32)-C( 40) 111.1(3)
C(36)-C(35)-C(40) 122.3(4) C(35)-C(36)-C(37) 120.0(5)
C( 36)-CC37)-C( 38) 119.1(5) C(37)-C( 36)-C(39) 121.2(5)
C(3g)-C(39)-C(40) 121.3(5) C(32)-C(40)-C(38) 120.0(4)
0(32 )-C(40-)-C(32) 123.8(4) C(33)-C( 40)-C(39) 116.1(4)
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ab-e 1. A:o=C coordinates ..-C' and isozrom

7-er~a para=erers .

M y z

$. 435C;:: 48 ) :O948 i: 43::

C: .l 3091(4) 5826(3) :1863(2; 50(l;

0:2; 2973(4: 6480(31 :2307(2) 61:"

0:3; 4026(5) 7009(3) 12454(2) 69(2,

:.4; 654(4"0 6874(3) 12173(2) 65(1)

C05; 5265(4) 6212(3) 11742(2) 57(:)
C;6: 4244(4) 5675(2 11568(1i) 44
C(7) 2919(4) 3598(3) 11682(2) 56(11

C:8: 2052(4) 2908(3) 11796(2) 64(1)
^19) 1506(4) 2445(3) 11338(2) 66(2)

1851:5: 2633(3: 1076721 69t2)

0:11; 2706(4) 3327(3; 10656(2) 63('W

C,12: 3247(4) 3647(3; 11110)2* 49(1;

C(13) 7031(4) 4934(41 !0709(2) 69(2)

C(I4) 8266(41 4578(5) 10637(2) 95(2:

C115) 8461(6) 3651(5) 10704(2) -11(3)

C(16) 7464(6) 3103:5) 10838(2) 101(3)
C17) 6273(5) 3453(3) :0914(2) 74(2)

C(i81 6013(3) 4371:3) 1085012) 54(1)

CI19) 3743(3) 5356(3 :0224:2 44(t)

C20) 2763(41 61113, 1031'72: 63(1;
0:21; 33414; 699613) 10514:2; 65(2,

2742t4) 7548:2) 1080C72i 96ki:

C'22) 4602(4) 7185(3) 10286(2) 61:1)

0(23) 5197(41 6591(2; 9926:2: 48(1:

x 4768(3) 5708(2) 9838(i) 41(1)

C(24) 5331(3) 5122(3) 9439(1) 41()

0(2) 5009(3) 4338(2) 9378(l) 571t;

6244(2) 5548(2) 9144(l) 46(1)
C(25) 7075(3) 5043(2) 8743(1) 44(I

0:26! 7181:3) 5595:3: 8168(1) 44,-,

0:27t 8288(4; 5207(3) 7805(2) 61(1)

C:28: 9519(4) 5129(3) 8147t2: 64," ;
0(29; 9361(4) 4516,3) 8685(2) 61-1;

C,30) 8306(4) 4905f3: 9067(2! !5%i:
!31) 10604(5) 4395(4) 9030(2) 94(2)

^:32: 5910(4) 5666(3) 7813(2: 53(1:

C133) 6157(5) 6148(4) 7218(2) 77(2)

C(341 5383(5) 4707(3) 7682(2) 85(2:

C(35) 5223(4) 7137(3) 8303(2) 61(1)

C(36) 4367(5) 7695(3) 8578(2) 8012:

C,37) 3155(5) 7386(4) 8696(2) 95(2)

C(38) 2836(5) 6530(4) 8541(2) 89(2,

C(39) 3699(4) 5961(4) 8266(2) 69(2)

C!40) 4928(4: 6247(3: 8143(2) 49(1)
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APPENDIX B.

PCOVEL (2.0) Display Mode Serena Software
lame
Point to two vicilnal hs then to a blank area

HH

J: 2.74 Hz 79 DEG)

AXY AX
AYZ AY
XZ AZ

INPUT COP QUERY BONDS ROT-S UPDAT CLIP
MINIM PLUTO DIM" SURF PM ATMLB ROT-B H-O/O BWRDO
DISPL OFI7P PEPTD DEPTH EXPND PLOT #-S ENANT R/S PAUSE

PCHODEL (2.0) Display Mode Serena Software
name
Point to two vicinal hs then to a blank area

J: 5.15 Iz (36 DEG)

AXY AX
AYZ AY
AXZ AZ

INPUT COM QUERY BONDS ROD-S UPDAT CLIP
MINIM PLUTO DIMAP CHRGE SURF P.I AIMLB RC7-B H-O/O WiRDO
DISPL ORTEP PEPTD DEPTH EXPND PLOT #-S ENANT R/S PAUSE
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APPENDIX C.
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APPENDIX D.

Tetrahedron Letters,VoL.30,No.33,pp 4337-434o,1999 0040-4039/89 $3.00 + .00
Printed in Great Britain Pergamon Press fP&c

N-METHYL LITHIATION OF N-METHYUINDOLES DIRECTED BY a-AMINO AUCOXIDES

Daniel L Comins*' and Whal 0. Ki(llpacc

Department of Chemistry and Biochemistry
Utah State University. Logan, Utah 84322-0300

Summary: A novel N-methyl lithiation-alkylation of an a-amino alkoxide derived from 3-chloro-N-
methyfindole-2-cearboxakiehyde is descnbeod

The reaction of aromatic aldehydes with certain lithium dialkylanildes gives CL-amnino alkoxides
in situ that can be ring lithiated with alkyllithiums. Alkylation and hydrolysis on workwp, provides ortho-
substituted aryl aldehydes via a one-pot reactlon.Z3 This methodology works well for the one-pot
substitution of heterocyclic aromatic aldehydes3 as well as for benzaldlehyde derivatives2. We
previously reported that attempted C-3 lithiatlon of the a-amino alkoxide derived from N-methyl-2-
pyrrolecarboxaldehyde and ifthiated NAN-trimethylethylenedianiine gave metalation solely on the
N-methyl group. When we tried to extend this novel directed lithiation to N-methyfindole-2-
carlloxaldehyde. lithiatlon-methylation of the a-amino alkoxide prepared from N.NN-
trimethylethylenedianiine gave a mixture of 1 -ethyfindole-2-carboxalehyde and 1 ,3-dimethylindole-2-
carboxaldehyde in a ratio of 42/58. We were unable to find conditions to improve the ratio of products
in favor of N-methyl substitution.3 It appeared that a removable blocking group at C-3 was needed to
effect a synthetically useful N-methyl substitution of N-methylindole-2-carboxaldehydes. We report
herein our progress toward developing this potentially useful directed lithiation methodology.

Initially we explored the use OT a trimethylsilyl group to block the C-3 position. Treatment of
N-mothylindals-2-carboxaldehyde (1) with lithium N-methylpiperizide (2) followed by fl-BuUi gave the
dlanion 3 in situ.3 Addition of TMSCI and aqueous workup, gave only a 17%/ yield of the desired
aldehyde 4. In an effort to find a more efficient method to prepare 4, we brominated 1 to give 3-
bromo-1 -methyllndole-2-carhoxaldehyde 5 in 90% yield.' In situ protection as an a-amino
alkoxides, followed by lithium-halogen exchange and silylation gave a disappointing 33% yield of 4.
Treatment of 4 with lithiated N,N,W-trimethylethylenedamine, a-butyllithium, and methryl iodide
provided a 62% yield of the N-methyl alkylated product 6. This result demonstrated that the C-3
blocking group strategy is effective, but the low yield obtained for the preparation of 4 makes the use
of a C-3 TMS group unattractive.8

__ f 'INf TWO

04,F4 0%

I 4 t7S

4337
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N

N ~ 2 r- 3 B.L. 13% 21 r B.4.N H
04I T3 M 13 OZ PAN

590% s 62%

Since an aryl chloride is not prone to lithium-chloride exchange7, we explored the possibility of
using a chlorine as a C-3 blocking group. Chlorination of N-methylindole (7) with NCS in THIF gave an
84% yield of 3-chloro-l-methylindole (8) (bp 920C/0.5 mm). Lithiation of 8 with fl-Bu and addition of
DMF provided the desired aldehyde 9 in 92% yield (mp 88-890C). In situ a-amino alkoxide forma,:on

(~~)NC. Th C.Su, CHO

7 8 84% 2 92%

1) U.. -N a '

~N~N ~ Z 20 N X

and lithiation with 11-BuU (3 equiv, THF. 3h at .42cC 15h at -200C) gives dianion 10, which on
reaction with electrophiles and aqueous workup provides N-methyl substituted indoles 11 as shown in
the Table.
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Table. Reactions of Dianion 10 with Electrophiles

Entry a Electrophile Product e yield,( % mp,g OC

a Mel c 94 58-59.5

I

b MeSSMe 85 95-97
N
c*+.sc4

c PhCHO 0 7 ,,o 84 130.5-132.5

d PhSeSePh 73 119.5-120.5

1CH2S*P,,

e EtOAcb 55 152.5-154
N 0 CH0
I.

Ac2OC 43 152.5-154
I

Brd 75 30-31

a Reactions were performed on a 1.5 mmol scale in 10 ml of THF. Unless indicated, electrophile (4-6 equiv) was added at
-78°C and allowed to warm to room temperature. The workup consisted of pouting the reaclion mixture into cold water
followed by extraction with ether. 0 The dianion was added to EIOAc (50 mL). a Inverse addilion and 30 mmcl of Ac20were used. dA large excess of electrophile (18 mmol) was utilized. @ All products gave tMe expected IR and NMR
spectra and elemental analysis. / Yields are for isolated, pure material obtained trom radial PLC (silica gel,
EIOAc/hexanes). 9 Melting points are for material recrystallized trom hex anes or EtOAc hex anes.
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To demonstrate that the C-3 chloro blocking group could be removed if required, we treated 3-
chloro-1-methylindole-2-carboxaldehyde (9) with 10% Pd/C, EtCH, Et3N, and formic acid to give an
81 %yield of N-methylindole-2-carboxaldehyde (1 ).8

0 % PttC. E1O4

TEA. HC0214 efu . 7
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Lithiation of NMethoxypyridines Directed by a-Amino Alkoxides

Daniel L Coming*- and Mfichael 0. Killpack
Department ol Chemistry and Biochemistry. Utah State Cniircsit y, Logan, Utah 84322-030iri

Receivd june Z3, Z989

The addition of methozypyridinecarboxialdshydea to certain lithium dialkylamides gave a-amino alkouides
jim situ that were ring-lithiated with alkyllithium basea. ALkyistion and hydrolyais on workup provided ring-
substituted methotrypyridinecarboizaldehydes via a ont-pot reaction. The one-pot methylation of isomeric

methoypynznecabozadahy ma examine&. The regioselactivity of the 1thirAo&ethmt4Ati0Qt was dependent
on the aldbyde. the amino component of the a-amino alkozida. and the metalation conditions. When lithiated
NYtmthyethyrendzanu was used asthe -imin component of the a-ammno aUlkozde methybaton genrwafly

occurred ortho to the aldethyde fuction. The analogous reactiona using lithium N-metsylptieuszide as the amine
component gave subatitution nento the methozy group. Several new merthyliated - hzvdncabzleyas
were prepared in a regiaeeleoctive manner by using this one-pot procedure.

Despite the suaceptibility of pyridines to nucleophilic yi-derived directing groups prepared from pyridine-
attack by aLkyilithium bases, directed lithiation has re- carbozadehydes have not beens investigated. Due to a
cently evolved as a uaeful method for rogioeelective sub- need for subatituted inethozvpyridinecabozaldehydes in
stitutioncof the pyridine ring.2 A variety ofortho-directing our laboratories. we decided to study the lithiation of
groups have been utilized to effect regicepecific metalation methozypi-ridines directed by a-amino alkozides.
into an ot-tho position of pyridine. Directing groups include The addiition of aromatic aldehydee to certain lithium
CONR,3 COINHR.3 oxazolinee.' pivalovlamino.3 OCON. dialkylamides gives ot-amino alkoiides that can be ring-
Et1. OR, OCH 2OR.8 halogen.' and SO2NR10 Carbon- lithiated with alkyllithiuims Alkylation and hydrolysia on

_________________________________ workup provides ortho-aubatituted aryl aldehydes via a
(1) Addm coreinodm to thisathor atDeparnatf Cemd. one-pot reaction. This methodoluogy works well for the

try, North Carolina State Untivani. Raleigh. NC 27,894.c one-pot substitution of benzidehyde derivatives' Ias well
(2) For reelawa. sew Comma'. 0. L; OCnor S. Adu. HeteroeL
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as for heterocvclic aromatic aldehydes,!- i.e., various alkoside. Reaction of I with LTNIDA followed by lithia-
thiophene-, furan-. pvrrole.. and indolecarboxaldehy des. tion with nz-butyLlithium and methyLation gave a 77 yield
The directing power of an a-amino allcoxide group can be of aidehydes 8 and 9 in a ratio of 96:4. The regioselectivity
altered by simply virying the amnine component. allowing can be reversed by changing the amine component.
regioselective control during the lithiation of a diacti'-ated Treatment of I with L.NMP, tert-butyllthium. and methyl
aromatic ring.;"' 2 Since an 0i-amino alkoxide's ortho-di- iodide gave a 7O90% yield of 8 and 9 in a ratio of 3:97.
recting: ability is due to a chelation effect and not a strong .1LT9.CA
inductive effect, it %vas not clear that the regioselective ______

control inherent in this methodology could be utilized in N - N
the pyridine series, as competing nucleophilic attack of the*a..
alkyllithium base on the pyridine nucleus may occur. In .Ar. S5r

this report wve describe our studies on the directed lithia- 3; MN: 7~ '% 9
tion of various i -amino alkoxides prepared in wiu from
methoxypyridinecarbos(aldehydes. 9

Results and Discussion LM

Synthesis of NMethoxypyridinecarboxaldehydes. 2. * - .5 C
The required meth uxy p ridinecarboxaldehydes were pre- 25's-
pared in TWO 5tePF from comanercially available dibrorno- -23 3 ;

pyridines or from riethoxypyridines in one step via di- 3. % 2

rected lithiatiun. Treatment U. 2.6-dibromopyridine with We next investigated the methylation of pyridine-
sodium otethoxide in methanol gave 6-bromo-2-methoxv. carboxaldehvde 2. The a-amino alkoxide formed from 2
pyridine. which on lithium-halogen extchange and for- and LTN1flA was lithiated and methylated to give the C-4
mylation with dimethv~formamide I DMIFI provided 6- and C-5 substituted pyridines 10 and I I in a ratio of 97:3.
methoxy-2-py-ridinecarboxaldehvde I1). In an analogous The analogous t -action of 2 with LVA-P and trn-butyl-

lithium gave tmainly C- 5 methylated pyrridine 11. Lithia-
tion-methylation at C-2 was not observed,

~ CO5JO N N'I LTLOA

21 2 '-94U

CHO me lf CO 3 MM;KP 0 6S% '00 97:3

4Z 2 uW i TWDEA
fashion. 2.5-dibromopyridine was converted to 5-bromo- .* 5 -4.7f

2-methorypyridine. which was treated with n-butyllithium31U'IiO1
and DI'Ff to give 6-metbozy.3-pyridinecnrbozeldehyde (2)- 70%
Moriosubstitution of 3.5-dibromopyridine was achieved
using aodiumn methoxide in DNIF. Subsequent lithium- Mu M: 7
halogen eichange at -100 IC and formylation gave 5- h eaaino yiincxoadhd sn
methozy-3I-oyridinecarboxaldehyde (3) in good yield. Th mealto of-rcieabxadhd sn
Directed lithiation of 2-. 3-. and 4-methoxypyridine using LTMDA and n-buzvllithium led to a T0:30 misture of C-4
mesityllithiuni as the bass and subsequent formylation and C-6 methylated pyridines 12 and 13. We were unable
with DMF gave 2-methoay-3-pvridinewbozaldehyde (4) to find conditions t.) improve the ratio of products in favor
3-methozy-2-pyridinecarbozaldehyde (5), and -4-moth- of C-4 substitution. A highly regioselective C-6 methyl-
ozy-3-pyridinecarbotaldebydle (6), respectively.'e MO

w n p e a e b y a d t o of t e p id ec r o ld hdDirec ted L itb ia tio n S tu d ies, T h e a-am in o alicoxides i) LT M A M %* *~ "00 CHO
to lithiated NY.V'trimthylethvlenediamino (LTMDA) 2) 1.7 "W N s
or lithium N-methylpiperazide (L.NMP) in tetrahydro- 7.1

furin (THF) at -7 8 *C. The &-amino alkoxide 7. formed 31 MM. H5 0 12 76% 13S

OU a 2 PESU
7 -4r. I . 40

in situ from py-idinecarboxaldehyde 1. has two sites. C-3 31 Msl:9iO
and C-5. where lithiation may occur. We anticipated that siuwsotie.hwvr yuigL'Pa h mnregioselective metalation could be achieved at either ahnwsotiehwvr ytigL~a h mn
position by varying the amine component of the a-amino component and mosityllithium' (MESUi) as the base. in

this manner pynrdinecarboitaldehvdo Is was, isolated as the
___________________________________ sole product in 79 % yield. Substitution at C-4 occurred

(12) Comins. D. L. X4i1pack.MN. 0. J. Ore. Chrm. t9#1. U2 t4 when pyridinecrboxaldehyde 4 was treated with LTMA.
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n-butyllithium. and methyl iodide. An 82 1c yield of amine ccmponent of the a-amino alkoxide. The lack of
substituted pyridine 14 was isolated as the sole product. success in obtaining an a-aimino, alkoxide directed lithiation

Wall at C-2 i& interesting. A C-3 methoxy or ethozy zr up

1) LTA CHOdirects .ithiation to C-2. while chelating C-3 ortho-di-
4 rel recting iroups such as -OCHOMe and -OCONR, effect

Z 2^84 1211metaiaui~n at C-4.'- Because the C-N bonds of a pyridine
21.1 Sh: -3*.S Oift ingare horer han he ingC-C bonds, some of the bond

M Usa. HAangles are distorted from 120". In pyridine. for example,~ ~ ~ 4 82% the C-4. C-3. H-3 bond angle is 121.360. whereas the C-2.
C-3, H-3S angle is 120.1l ." This small distortion might

hu affect th'e angle of intramolecular attack onto the C-2 or
C-4 h~d7*.gen by the alkyllithium base. which is chelated

Omit ~ to a C- d irecting group .i.e.. 19 and 20). This may cause

212 -EUe C-2 lith:ation via complex 19 to he less favorable than the
2r 2-01 -1Furthe! study is needed to su'pport this hyputhei.

3; Mai H2a 526% 50

Mesty~hiu wa efeciveat itha N"h - oiin Temtoooyprsne nti ae sueu o
of th a-m NLoiddeiefrmprdie5ad tergeeciepeaainosutttdalo-

%eiytimwas acfeve eus tgveM ad ineitithe We4 poereo ThEehoooypesentad ietionae i sfuo

unable to induce metalatioan at C-2 by using LTNIDA as All reactions were performed in oven-dried glassware under
the amine component.a N2 atmosphere. T~trahvdrofuran (THF1 was dried by distil-

To determine if methylated methoxy-pyridinecarbox- lation fro= sodium benzoaphenone ketyl prior to use. N*-V-'-
aldehydes could be further substituted using this methor- Trimethyiethvlenediamine,. Nmethtlpiperazne. and dimethyl-
dology, we prepared an a-amino alkozide from p)yridine formamside, OMF) were distilled from calcium hydlride and stored
9 and LTMDA. Lithiation with rs-butyllithium and me. over 3-A molecular siev-es under N, Other solvents and reagents
thylation gave a 67% yield of the tetrasubstituted pyridine from commercial sources ware generally stored over 3-A molecular
17. sieves and used without further purification.

Melting points were determined with a Thomas-Hoover ca-MW 1 LUhCA me e pillary meliting point apparatus and ar uncorrected. NMR spectra
wen recorded onea Vauian X1,300 or an IBM AF 80 spectrometer.

CHO N ) 2 a 'ii, ". Radial preparative-layer chromatography (Radial PLC) was
-4?. I h: on CHO carried out by using a Chromatoron (Harris Asaociaties. Palo Altm
.23- s CA). Elemental analysea were carried out by M-H-W laboratoie.

9 3) ire :HsO 17 47% Phoeniz. AL. infrared spectra were recorded on a Perkin-Elmer
Model- 5M0 spectrometer. Gee-liquid chromatography fCC) was

The analogous reaction of the a-amino alkozidle derived performed on a Hewlett-Packard Model &WBA gas chrometopraph
from pyridinecarboxaldehyde 8 and LTMDA gave alkyl- eiquipped w-ith a 30 m X 0.25 mm FSOT column packed with
ation mainly on the C-3 methyl group. A mixture of OV-101. The 2.4-din trophenyUhydriaes were prepared by using
producta 18 and 17 were obtained in a ratio of 94:6. dam- a modified method published by Bethfoirouz."
onstrating the or-amino alkozide's ability to airect latra 6-Bromo-2-inthozygyridine. 6-Bromo-2-methoirypyridine
metalatioan as well as ring litlsiation. weas prepared by a variation of the literature pr-ocedure' To

LUV cxcee, (13) Maesityllthim has been sead as a base to lithiate certain I1-

17 miss uiD.I-WergLsanN. A. J.Or#. Chems. 11U5. 33. 4437. Seet also ref
M0 N CHO 2)s N2 10" mo 7e.

.7r. 2 h. (141 Sorensen G. 0.;NMahler. I- Rastrup-Andersen. N.. e Strtact.
-4r 5 he6 1074.20. 13.eIsC (13) Theoretical studis of the lithiation of erinfie. have indicated

3) M0. I- NA me 94 a iea insalation occrsf via a rchclc transition state in which the base
auerBa the acidic proton in as almiost collinear 'anion-prrtara-base aU I

Conclusion - 155,te61' fashion regardles of the ring se. Stork. G.; Polt. It LU
Y.; Houk. K. N. J. Am. Chems. Sot. Is$8. 110. 5360.

Lithiation of pyridines directed by a-amino alkoxides (161 H. itislich In IPi 'dine end Its Dena a:,Les; K~isesbeiw. E. Ed.;
has been shown to be effective for the substitution of Wiley'. Sts York. 1962; Pert 3, ps 309. Comma. D. L; Strmad. . D. J.

varousmathoypyidnsiuboalehyes.Th prcedre Heee'. Cherm.. 199. 22. 1419.
varius ethzvpndiecarozadehdea Th pOCdtht (7)sucer.S.: Macdonald. JL E Sserh Comnssn 1156. 10. 325.

utilizes a convenient one-pot reaction, which has an ob- Kosikosit. A. P.. Park. P J. Or#g. Cben. 19*. 49.1674. Coma. D. L;
vious advantage over the more classical multistep ortho- BrielLn J. 0 Tetrahedroni Left. 1161. 27. 45491 Brown. J1. D. Foley. %.

diretingmethdolgies A hgh dgre of egimtlocive A. Commia D L J .4 -a. Chem. Sac. i9111, ::0. -445.
directing ~ ~ ~ ~ ~ ~ ~ ~ ~ 18 mehoolgis A ih ere f eiotecie t.~. Dolar. J. L. FlyraL NI1 S. J. O~f. Chems 155. 30.

control is achiev-ed in many cases by simply changing the tIsid
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a stirred solution of 2.6-dibromopyridine 117.42 g,. 4mntol in hexanes' :,Alowed by recrystaizatuion thexanesi to give 5.5g
anhydrous NleOH '50 mLi was added SaOMe (28.6 mL. of -. % I7% of 5-bromt,-3-methoxrypyridine as, a light yellow -oiid. The
NaOMe in MeOH. 125 mmoll. The mixture was refluxed for 25 residue trc'm the mother liquid was purified by radial PLC, silica

hand then poured into cold 5% NaHCO, 150 ml.). The mixture gl %EOAcheae toeeaadionl12K 1% o
was extracted with ether t3 x 30 mL.'. and the organic layer was produmt IR ineat) 304.5.3010.2940. 157.15.57.,1457. 1418. 1313.
concentrated. Ether 150 mil was added to the remaining liquid. 1266. U-~9. 858 cm-"; 'H NMR 1300 MHz. CDCI 3 ' 6 3.86 is. 3 H).
and th. mixture was washed with brine 140 ml.. The organic 7.36 Is. 1.H'..8.25 is. I H). 8.29 is. I Il: '3C NMR 1-75 MHz. CDC3I
laver was dried 'K.CO,) and concentrated, and the residue was i 55.45. 120.02. 122.78. 135.85. 142.46. 155.64: mp 34-315 *C
Kugeirohr distilled t85-95 *C.,15 mmHgi to give 10.11g 1-3%) 'hexantes. Anal. Calcd for CRirNO: C. 38.33. H. 3.22: N.7.5
of 6-bromo-2-methoitypyridine as a clear liquid: lR (neat j 2953. Found: C. 18. 18: H. .3.2 6: N. 7. 2.
1596. 1582. 1558.147.2. 1413.,1298. 1.22. 357 cm-': 'H.N\IR 890 5-.Meihoxy-3-pyridinecarboaadehyde 13). To a stirred
MHZ. CDCI,) 3 3.89 is, 3 Hi. 6.63 id. 1 H. J - 8 Hzi. 6.99 id. I solution of .5.brom -3met-hoiypyridline 14.09gI. 22.9 mmol' in THff
H. J -8 Hz). 7.37 It. 1 H. J1- 8 Hzi: :3c NMR 120MHZ. CDCY, I100 ml., at -1040 'C was added n.BuL~i '25.2 mrnoll over 10 min.
6 54.3. 109.5. :20.31. 138.8. 140.5. !63.9. The soiut:on was allowed to stir for an additional 20 mitn at -100

6-Methoxy-2-pyridinecarboxaldehyde I1I. To 3 stirred *C. and th.en DMF .2.3 mL.. 29.8 mmob was added. The mixture
solution of 6.hromo.2.-methozvpvridine '1.01 g. 5.40mrmolo in THF was stirred for :30 mint. allowing the temperature to slowly warm
(20 ml.) at -7;'~C was added n.BuLi 1;.61 mmoll. After I h. DMIF to -60 1C. The cold mixture was then poured directly into brine
0.472 g. 6.1f.' mmulI was added, and the mixture was allowed to (100 mL.' and etracted with ether C3 x 40 ml.i. The combined
stir for :30min at -7; *C. The cold mxture was poured directly organic extracts were dried iKtCO.'j. fil:ered. and concentrated.
into a stirred aqueous solution ci't NaHCO, 15(0 mL.' and Thie crude product was purifled by radial PLC 'silica gel. 10%
extracted s,th ether 1'.3 x 25 roLi. Thte cumbined organic extracts EtOAc-+.sxanesi to slive 2.19 g '7317cI of 3 as a lirht yellow soiid:
were waiihed illh brrne and dried K:CO5. The mtixture was IR treat- 2943. 2544. 1-,05. 1693. 1565. 147.3. 142S. 1321. 125_2.
filtered and concentrated. The crude. product was purified by 1253. 1175 cm-': 'H NMR (300 MIHz. CDClh' i 3.93 is. 3 Hi. 7.62
radial PLC,5ilica cei. 3% EtOAc-hexanesi followed by Kuzelruhr is. 1 H'. ;.56 Is. 1 HI. 8.67 is. 1 HI. 10.11I is. 1 HI: 11C NMIR 1-5
distillation 'bp 96--105 *C 20 mnmHg tlit?2 bp 103-104 'C 20 M.flz.C656o A 55.59. 116.16.131.86,144.53. 144.56.156.00.199.5:
mmHg)l to ewe 5' 4 mg 173rt lof I as an oil: IR (neati 2955. 2929, ip, 33-34 "C (hezanes CCI.). Anial. Calcd for C-H-NO,: C. 61.31:
1719. 1704. 16-V.. 1474. 1333. 1276 cm"; 'H NXIR (300 MlHz. H. 5.15; N. 10.21. Found: C. 61.17. H. 5.22: N. 10.35.
CDClI 5 4.03 's. 3 HP. 6.98 id. 1 H. J - 8.4 Hzi. 7.57 Id. 1 H. J 2-.Methoxy-3.pyridlnecarbozaldehyde (4). To a stirred

-7.2 Hz, 7.74 Idd. -I H. J4- 8.4. 7._2 HzI. 9.97 (s. 1 HI: i3C NMIR solution of terr-butvilithium (8.19 mmol. 4.96 mL of a 1.65 M
(75 MHz. CDC13I 6 53.15.115.01,115.92.138.7-1,150.08.164.02. solution in pentanel in 20 mL. of THF at -78 *C was added
192.50: D.NP mp 216-219 *C. dropwise 2-bromomeaitylene (0.60 mL 3.9 mmoll. After this

5.Bromo-2-methozypyridlne. 5-Bromo-2-methoxypyridine stirred for 1lh. 2-methoxypyvndine 10.32 mL 3.0 mmol) was added
was prepared by a variation of the literature procedure."9 To a dropwise. and the mixture was warmed to 0 *C and stirred for
stirred solution of 2.5-dibromopyridine (10.94 g, 46 mimoll in 1 h. The homogeneous solution was warmed to room temperature
anhydrous MeOH (25 ml.) was added Na&OM* 150 mL of 25 % and stirred for an additional 1 IL This solution was cooled to -7 8
N ON. e in MeOH. 210 mimoll. The muxture was refluxed for 7 IC and N.X-dimethylformasmide 10.35 mL 4.5 mixol) was added
h and then poured into cold stirred 5 % NaHCO3 (75 ml.). The in one portion and stirred for 1 h. Acetic acid (6.0 mmol. 0.35
mixture was extracted with ether (4 x 30 mL.) and washed with mL.) was added, and the solution was warmed to room temper.
brine 13 x 30 ml.) The organic layer was dried I(gSO4). filtered. ature. Saturated aqueous NaHCO, (20 ml. was added, and the
and concentrated. The crude product was purified by Kugelrohr mixture was extracted with three 20-mU portions of dliethyl ether.
distillation 165-7 0 1C.,3.5 mnmHg) to give 7.96 g (92170 of a clear The combined organic layers were washed with brine, dried over
liquid.~ ER (neat) 2984. 2946. 1572, 1451, 1339. 1293. 1262. 1009. MgSO, for 15 mins, filtered through Celite. and concentrated in
799 cm-1; 'H NMR (80 MHz. CDC13) 6 3.88 (a, 3 H). 6.59 (d. 1 vacua The crude product was purified by radial PLC (silica gel.
H. J - 8.8 Hz). 7.56 Id, I H. J4-8&8 Hit). 8.18 Is. I H): "3C NMR EtOAc-hexaneo) to give 0.257 g (63%) of 4 as an oil: ' H NMR
(20 MHz. CDCI5) 6 53.76. 111.79. 112.69. 141.00. 147.7-0, 163.10. 1300 MHz. CDC 2I 6 10.381is. 1 H). 8.39 (dd. 1 H. J4- 5.0 and 2.0

6-Me*thozy-3-pyridlnecaaboxaldehyde (2). To a stirred Hz). 8.12 Widd. 1 H. J - 8.0 and 2.0 H4z). 7.02 (in. 1 H. J - 8.0.
solution of &beomio-2.methoypvnidi 11.63 S,.U m6itoo1) in THF 5.0 and 1.0 Hill. 4.08 1 s. 3 H); "C NUR (75 M!Hz CDCl 6 189. 1.
(25 mL) at -78 C wa added is-BuiLl (9.10 inmol). After I h. DNI 164.4. 152.8. 137.5. 118.8. 117.2. 53.8: IR I(neat) 3004. 2964. 2869.
(1.2g. 17. mmol) was added and stirring was continued for 30 1684, 1654. 1584, 147,4.1422. 1394.,1114.,1269. 1204. 1115. 1034.
min at-7 81C. The cold mixture was poured directly into astirred 883. 824.,794. 692 ctn!. Anal. Calcd for C-H,ON: C. 61.31: H.
aqueoussolution of 5% NaHCO35 0 mnL) and extracted with ether 5.14; N. 10.21. Found: C. 61.40. H. 5.14; N, 10.28.
(3 x 25 ml.) The combined organic extracts were washed with S-Methozy2pyrldlnecawboxadehyde (5). To a stirred
brine and dried (K2CO3). The mixture was filtered and con- solution of tert-butyllithium (8.01 mmol. 4.40 mL. of a 1.82 M
centrated to give a Yellow solid (1.21 g). The crude product was solution in pentane) in '20 mL. of THF at -78 *C was added
recrystallized from hexanes to give 1.001g(84%) of 2 as a light dropwise 2-bromomesitylene 10.60 mL 3.9 nimol). After this
yellow solid.~ np 50.5-51Z IC (hexanee). IR (neat) 2993. 2982. stirre for I h. 3 metho*vpyridine 10.30 mL 3.0 mmol) was added
2837. 1696. 1606. 1568. 1495. 1363. 1291. 1222 1016. 838 cm"; 'H dropwise. The solution was warmed to -23 *C, stirred for 3 h.
NMR 1300 MHz. CDCY, 6 4.04 Is,3 H), 6.85 (d. I H. J4-9 Hz). and then cooled again to -7 8 *C. N.N.Diinetsylfortmamids (0.35
8.07 11d. 1 H. J4- 9 Hz). 8.64 Is. 1 H). 9.96 Cs. 1 H); "3C N MR (7,5 ml. 4.5 minol) wats added, and the resulting solution was stirred
MHz. CDCI,) 6 54.07. 111.64. 126.50. 137.2-0. 152.63. 16-7.47.189.26. at -78 'C for I h. The reaction was quenched at -7 ,8 *C with 20

5-Brome-3-mesholrypyridime. Sodium mothoxide in MeOH ml, of brine and extracted with ether. The combined organic
120.5 mL. 95 mmol) was stirred under reduced pressure (1 layers were washed )nih brine, dried over K,C, and concen-
mmHg) at 68 IC for 30 nm. Trhe remaining solid was plad under trated. The crude product was purified by radial PLC (silius gel.
a Vi atmosphere end dissolved in DM71(60 ml.) Solid 3.5-di. EtOAc, EtOH) to give 0.350 g 185%) of 5& whichs was subsequently
bromopyridine 1151g.63 mmol) was added. and the mixture as recrystallized (benzene./cyclohexanel to givesa white solid: nip
stirred at 63-68 OC. After 4 ht. additional NsO0Me/MeOH solution 6 -6Q IC: 'H NMR 1300 MHz. CDC 5 ) 6 10.35 is, I H). 8.41 id.
17 ml.. 32 nimol) was added. The reaction mixture was allowed I H.J - 4.0 Hz). 7.55-7.35 4in. 2 H), 3.98 Is. 3 H); "1C NMR 175
to stirat 63-8IC for 12 h, then poured into H20O (80 ml..and MHz. CDCY, a6190.3,.157.141.9.140.9.128. . 120.1. 55.7; IR
extracted wish ether 46 X 20 ml) The combined organic extracts IKBrI 307.12991. 2960. 2876. 1694.1577,.147,0.1432.1395. 1297'.
were washed with brine 150 mL.) and dried IMNW.). The mixture 1255. 1189. 1158. 1114. 1066. 1007. 925. 857. 807.7' 38. 658 cm".
was filtered and concentrated to givesa yellow solid. The crude Anal. Calrd for C-H-NO,: C, 61.31; H. 5.14; N. 10.21. Found.
product was purified by radial PLC (silica gel. 10% EtOAc- C. 61.38; H. 5.16: N. 10.24.

_____________________________________ 4-,Meshoxy3-pyridlaemarbhouldehyde (6). To a stirred
19) Te"~n. L; Tierin. NI1.: Tingoli. NI.; Bartoli. D.: Masoi k~ solution of tert-butyllithium (8.01 mmol. 4.40 mL of a 1.82 M

,rrrhrdee,, 199S. 41. 1373. solution in pentanel in 20 niL of THF at -78 IC was added
1201 Schults. 0.: Fedders. S. Arilh. P$,army. 1277. 310. 12S. dropwise 2-bromomnesitylene (0.60 niL 3.9 inmol). After this
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stirred for I h. 4-methoxypyridine (0.30 mL 3.0 mol) was added 5-Methoxy-6-methyl.3-pyridinecarbozaidehyde (13): ZR
dropwise. This solution was warmed to -23 *C, stirred for 3 h. (KBr) 2978. 2860.1689.1596.139 2 1152 cm': 'H NMR 30 MHz.
and then cooled again to -78 *C. N.N-Dimethyformsmide (0.35 CDC13) & 2.57 ia. 3 H). 3.91 (I. 3 H). 7.51 (. I H). 8.52 (s. I H).
eL 4.5 mmoi) was added, and the solution was stirred at -78 10.05 (a. 1 H): 1"C NMR t75 MHz. CDCI,) 3 20.10.55.40. 112.32.
*C for I h. The reaction was quenched at -78 "C with 20 mL 130.81. 144.56, 154.2-. 156.30, 190.58; mp 75.5-76.5 "C (hexanes).
of brine and extracted with ether. The combined organic layers Anal. Calcd for CIH9,NO.: C. 63.57: H. 6.00: N. 9.27. Found- C.
were dried over K2CO3. Concentration gave the crude product 63.38; H. 6.02: N. 9.19.
which was purified by radial PLC (silica gel. EtOAc, EtOH) to 2-Methozy-4.methyll3-pyridinecarbozaidehyde (14): IR
give 0.317 g (77%) of 6 as a solid, which was further purified for (neat) 2988. 2953. 2869. 1686. 1590. 1564. 1476. 1377. 1302. 1083
elemental analysis by recrystallization ICC14) to give white crystals cm'-: 'H NMR (300 MHz. CDCI) 6 2.59 (s. 3 H). 4.04 (1. 3 H).
mp 65.5-67.5 "C; 'H NMR (300 MHz. CDCI,) 6 10.46 (a. 1 H). 6.77 (d. 1 H, J - 5.1 Hz). 8.16 (d. 1 H. J = 5.1 Hz). 10.54 is. i
8.90 (a. 1 H). 8.65 (d. 1 H. J = 6.0 Hz), 6.95 (d. 1 H. i = 6.0 Hz). H): "3C NMR (75 MHz. CDCI,) 3 20.79. 53.84. 117.16. 120.87.
4.01 (a. 3 H); "3C NMR (75 MHz. CDC13) 6 188.6, 166.6, 155.9. 150.79. 1.52.42. 165.78. 191.47; mp 29.5-30 'C (hezaneasl. Anal
150.7. 120.4. 107.1. 55.8: IR (KBr) 3105.3079,2985.2951.2886. Calcd for CH,,NO,: C. 63.57; H. 6.00;. N. 9.27. Found. C. 63.68
2849. 2770. 1679. 1586. 1500. 1488. 1439. 1396. 1314. 1278. 1205. H. 5.89:. N, 9.15.
1170. 1061. 1018. 932. 841. 822. 745. 660 cm-'. Anal. Calcd for 3-Mthoxy-4-methyl-2-pyridinecarboxaldehyde (15): IR
C7H 7NO2, C. 61.31; H. 5.14: N. 10.21. Found- C. 61.11: H 5.09 (neat) 2933.2832. 1715. IS8. 1561, 1473. 1263. 1224. 1002 cm';
N. 10.01. 'H NMR (300 MHz. CDCI) 6 2.30 Is. 3 H). 3.84 (s. 3 H). 7.28 (d.

General Procedure for Methylation of Methozy- 1 H. J = 4.8 Hz). 8.35 (d. I . J -4.8 Hz). 10.15 (a. 1 H); C NMR
pyridlaacarbws hydes. To asired soltion ofthtsscondary (75 MHz. CDCI) 6 15.19. 62.34, 130.09. 142.80. 144.78. 145.24,
amine (N.Y.'trimethylethylenediamine or N-methylpipeazisne. 157.33. 191.04: mp 42?5-44 4C (hexanes). Anal. Caicd for
2.4 mmol) in 10 mL of THF was added n-BuLi (2.2 mmol) at -78 C1HNO,; C, 63.57; H. 6.00: N. 9.27. Found. C, 63.76; H. 6.00;
*C. After 15 min. the appropriate methotypyridinaubox- N. 9.18.
aldehyde (2 etool) was added, and the mixture was stirred at-78 4-Methozy-5-methyl-3-pysr-dineearboaldehyde (16): IR
*C for 15 min. The indicated base was added and stirred at the (KBr) 2897. 1703. 1678. 1574. 480. 1404. 1269, 1228.1 153, 996.
indicated temperatures and times. Methyl iodide (10 mmol) was 821 cm'1; 'H NMR (300 MHz. CDCI) & 2.34 (s. 3 H). 4.01 (s. 3
added at -78 *C, and the mixture was allowed to come to room H). 8.7 (a. I H). 8.83 (s. I H. 13.38 (s, I H); "C NMR (75 MHz.
temperature (30 min). The solution was poured into vfgrously CDCW 6 13.09.62.61.123.24. i: .88.150.32.157.09.166.,7.189.07;
stirred cold brine (25 eL) and extracted with ether (3 x 25 mL). mp 64.5-66 *C (hexanesi. Azal. Caled for C'H.NO2: C. 63.57;
The organic extracts were dried (K1CO%) and concentrated The H. 6.00; N. 9.27. Found. C, 63.51; H, 6.04; N. 9.29.
crude products were purified by radial PLC (EtOAchexanas). 3.-Dimethyl-6-methozy-2.nyridinearboxaldehyde (17):

Spectral Data. 6-.Methoxy-3-nathyl-2-pyridinecarbox- IR (KBr) 2961. 2924, 2832, 16'.6. 1561, 1478. 1416. 1356. 1277,.
aldehyde (8): IR (neat) 2946.2820. 1711. 1606, 1483.1341.1272. 1117 cm': 'H NMR (80 MHz. CDCI) 6 2.21 (s. 3 H). 2.50 (a. 3
,96 cm'; IH NMR (80 MHz. CDC13) 6 2.55 (s, 3 H). -99 (s. 3 H). H). 4.00 (s. 3 H), 7.23 (s. 1 H). 10.01 Is. I H): "C NMR (20 MHz.
6.83 id. 1 H. J - 8.4 Hz), 7.47 (d. 1 H. J - 8.4 Hz,. 10.06 (s, 1 CDCI) 6 16.09, 17.74. n366. 1:.= 38, 129.17. 142.76. 144.76. 160.84.
H); "3C NMR (20 MHz. CDCI,) 6 18.03. 53.87, 115.57, 129.14. 194.92 rp 84.5-85.5 *C (hezya..xs). Anal. Caicd for CH ,NO;
143.28. 146.92. 162.79. 195.38; mp 52.5-54 "C ihezana). AnsL C. 65.44: H. 6.71; N. 8.48. Found: C. 65.21; H. 6.79: N. 8.35.
Calcd for CH*NO,: C. 63.57; H. 6.00; N. 9.27. Found. C. 63.53 3-Ethyl-4.meehozy-2-pyridlnecarbotadebyde (18): IR
H. 6.08: N, 9.12. (neat) 2975,1711,1603. 1482. 1337. 1271, 1030 cm': 'H NR (80

6-Methozy-S-methyl-2-pyridinsearboxaldehyde (9): IR MHz. CDCI) 1.19 (t. 3 H. J - 7.5 Hz). 3.01 (q, 2 H. J - 7.5 Hzl.
(KBrO 3011.295 ,2841.1695. 1597. 1463. 1277. 1243.1027 cm"; 3.99 (s.3 H). 6.86 (d. I H. J -. 4 Hz). 7.53 (d. I H. J -8.4 Hz).
LH NMR (300 MHz. CDCI) 6 2.28 Is. 3 H), 4.05 1s. 3 H), 7.49 (d. 10.06 Is. I H): "C NMR (20 MHz. CDCI1) 6 15.58. 24.24. 53.86.
I H. J -7.2 Hz). 7.54 id. I H. J -7.2 Hz). 9.94 (s. I HP: 3C NMR 115.84. 135.54. 141.85. 148.50. 162.70. 195.12; DNP mp 180-184
(20 MHz. CDC13) & 16.50. 83.83.116.04. 127.65. 13.96. 148.82. *C (EtOHI. Anal. Caled for CH,'NO2 C. 63.44; H. 6.71: N. &48.
16Z96. 193.06; DNP mp 222-224 IC (EtOH). Anal. Calcd for Found: C. 65.45; H. 6.66. N. 8.57.
C4'{NO2: C. 63.57: H. 6.00; N. 9.27. Found: C, 63.21; H. 5.83;
N. 9.12. Acknowledgment. We express appriation to the

6-Methoxy-4-methyl-3-pyridlnecarboxsldehyde (10): IR United States Air Force for support given to M.O.K. under
iKr) 0 2169,. 1613. 1554.1446.1362. 1255. 1147 cm-': 'H NNMR the Air Force Institute of Technology /Civilian Institute
(300 MHz. CDCI, 6 2.61 (s. 3 H). 4.01 (s. 3 H). 6.60 11. 1 H). 8.51 Program. We also thank Frank J. Seiler Research Labo-
is. 1 Hi. 10.07 Is. 1 H 1: 3C NMR (75 MHz. CDCI,) a 19.85. 53.8., ratory. United States Air Force Academy, and the De-
112.90. 125.35. 151.42. 15.25. 166.60. 190.58; mp 9192 "C partment of Chemistry. United States Air Force Academy,
ihexanesp. Anal. Calcd for CsjNOt: C. 63.57; H. 6.f. N. 9.27. for partial support of this project. Several high-field N RIh
Found: C. 63.31: H. 6.02. N. 9.13.

6-.Methozy-5-methyl-3-pyrtdinecarboxaldehyde ill): IR spectra were obtained by using a Varian XL-300 spec-
ineatl 2989.2953. 1694. 1605. 1484. 1408. 1381. 1268. 1141. 1016 trometer purchased with funds provided, in part. by the
cm-': 'H NMR 1300 MHz. CDCI1) 6 2.24 (s. 3 H). 4.C6 s. 3 H), National Science Foundation tGrant CHE-8417529).
7.8 is. I H). 8.47 is. 1 H). 9.93 Is. 1 H): "3C N.,R (75 MHz. CDCI.) Registry No. 1. 54221.96.4; 2. 65873.72-5; 3. 113118-83-5:4.
615.79.54.30. 122.10. 126.73. 136.33. 150.39. 166.19. 159.81: mp 71255-09-9: 5. 1849-.53-2: 6. 82257.1-54: 8. 123506-64.9 9,
56-56.5 IC Iheanes'. Anal. Calcd for Cg,.NO,: C. 63.57; H. 123506"5-. 10. 123306-h661: II. 123506-67-2. 12. 113118-868:
6.00: N. 9.27. Found: C. 63.69; H. 3.94: N. 9.30. 13. 123540-28.3: 14. 123,506-68-3:15 12350669.4:16. 123506-70-7;

5-Methexy-4-methyl.3-pyrdlnecabozaldehyde (12): IR 17. 123506471-8: 18. 123506-.72-9: 6-bromo.2-methoxypyridine.
(KEr) 2960; 169 153. 1489.1422.1294.1270.1011. 909.713 cm , 40473.07.2 2.6.dibromopvsidine. 626-0,-1: 5-bromo-2-methox..
'H NMR (300 MHz. CDCI,) 6 2.56 Is. 3 H). 3.98 (s. 3 H). 8.37 is. pytidine. 13472-85-0:1. 2.5-dibromopyridine. 624-2.-2: 5-bromo-3-
I H). 8.62 (s. I H). 10.33 is. I H); "3C NMR (75 MHz. CDCIS) 6 methox)pyridine. 50720-12-2: 3.5-dibromopyridine. 625-92-3:
10.51. 56.50. 129.85. 136.43. 137.57, 146.04. 154.18. 191.82. Mp 2-methoxypyridine. 1628-9-3; 3-methozypyridine. 729,-76-3:
70.5-71.5 C (hexres'. Anal. Calcd for CH,-NO.: C. 63.57; H. 4.methozypyridine. 620084: .V.N.Ntrimethylethyletnediamin,
6.00: N. 9.27. Found: C. 63.66: H. 6.06: N. 9.27. 115811-69-3: N-methylpiperaine. 109.01-3.
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