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ABSTRACT

New Synthetic Methods

A. Lithiation of Methoxypyridines and N-Methylindoles

Directed by a.-Amino Alkoxides

B. Synthetic Methods using N-Acyliminium lons and

1-Acylpyridinium Salts

by
Michael O. 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 o-amino

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

N-methy! lithiation-alkylation by a-amino alkoxides on 1-methylindole-2-

carboxaldehyde was accomplished using a C-3 blocking group strategy.
Preparation of 3-chloro-1-methylindole-2-carboxaidehyde 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 o-xidation of 1-acyldihydropyridines. Yields were
moderate to good, and this methodology gives an alternative to chemical
oxidations. The addition of triphenyisilyimagnesium bromide to 1-acyl salts of
4-methoxypyridines gave optically active 1-acyl-2,3-dihydro-4-pyridones in high
yields. Preparation of (-)-1-((1R,2S,5R)-8-phenylmenthoxy)-(S)-2-triphenylsilyl-
2,3-dihydro-4-pyridone was achieved in 82% yield and 96% diastereometric

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 nucleophileé 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 methoxypyridingcarboxaldehydes and 1-methylindole-2-carbox-

NN @ S TN : .
aldehydes using?&)—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. o ;

N




PART A. LITHIATION OF METHOXYPYRIDINES AND
N-METHYLINDOLES DIRECTED BY

o-AMINO ALKOXIDES




. INTRODUCTION

Heteroatom-facilitated lithiation is recognized as an important synthetic tool
for the elaboration of aromatic systems.! 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 metho_xypyridinecarboxaldehydes 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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methy! lithiation, thus enabling various substituents to be added to the methy!

group of the 1-methylindole ring system.




Il. REVIEW OF THE LITERATURE

Numerous examples of ortho-metalations have been reported, and several
reviews are available.? A variety of heteroatom directing groups have been

employed and include CONR>,4 CONHR,4 oxazolines,5 pivaloylamino,®

OCONEt,,7 OR,8 OCH20R,¢ halogen,10 and SO,NR3.1
o-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

Lo _H NR, Lo _H NR,
CHO 2
LiNR, 3 n-Buli 2
T
——— - '
PhH, 80°C
R/ R/ R/
1. E
CHO 2. H30+
E
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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 c-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




N—! CHO
|
—N 1
o
CHO / 2. 3 sec-Buli OMe
Me 3
3. CHjl; H;O*
OMe N/ \N 2 CHO
\1, SN N Me
2. 3 n-Buli
OMe
4
3. CHgl; HO*

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

also works well for five-membered heterocyclic aromatic aldehydes16 such as
/ 2 3nBuly M WD OO
TMEDA Me O
' 88%

r|4 CHO 3. CHyl; H,0
" \ . U\

1. 2 N~ CHO
I

2. 3 n-BuLi B g
74%

3. CHgl; H,0

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.1e The
first reported lithiation of a substituted pyridine was in 1969 by Cook and
Wakefield17 of 2,3,5,6-tetra-chloropyridine. 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 Ponskshel8 used a carbonyl-
derived ortho-directing group, CONHR, to direct metalation into the 3 position of
2-aminocarbonylpyridines. Miah and Snieckus? reported directed metalation
of 2-, 3-, and 4-pyridyl diethylcarbamates with sec-BuLi /TMEDA at -78°C.
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 alky! 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




¥
AN ~
| + DA —=| +  HN
N/ OMe N/ OMe W—'
Me3$|CI
TMS
AN
I P + LiCl
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 mesityllithium19 greatly reduced nucleophilic side reactions but was
still basic enough to lithiate methoxypyridines. Both research groups reported
the 3 position was lithiated on 2- and 4-methoxypyridine, and 3-
methoxypyridine (8) directed lithiation to C-2. Interestingly, Winkle and
Ronald20 reported 3-(methoxymethoxy)pyridine (7) directed lithiation to the 4

position rather than C-2 (see scheme below).
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Y

Ej/o\/o\ | ~
NZ, AL NZ

OMe OMe
x x

I = RLi B l
N : N7 L

8

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

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

achieved.1b 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 methoxymethyl22  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-

methy! and N-(methoxymethyl)indolcarboxaldehydes using a-amino alkoxide

chemistry.16 Lithiation-alkylation at the a-position of 1-methyl-3-indole-
carboxaldehyde and 1-(methoxymethyl)-3-indolecarboxaidehyde was
accomplished in good yield. The analogous reaction occurred at the B-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 B-lithiation occurred.
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ll. 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-

methoxypyridine in good yield.  Treatment with n-BuLi at -78°C affected

1. n-Buli, -78°C
I b — ] m Q 9
. 2. DMF
/
Br N Br NZ NZ

MeO Br MeQO CHO
73% 78%
Br NaOMe bBr 1. n-Buli, -78°C CHO
I > ] T\/k D/
2. DMF 10
. Z F
N Br N OMe MeO N
92% 84%
Br Br MeO Br MeQO CHO
N AN AN
| I 2 NaOMe, A | 2 1. n-Buli, -100° & "
N N N
78% 2. DMF 73%

lithium-halogen exchange, and subsequent formylation with dimethylfofmamide
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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 63-68°C) 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
P Z
N N/ CHO N 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 -78°C 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
Iy NR,
N | N 7 Meo I X OLi
o0 NP NR, 3 NP N
15  Od 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,’5.16 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 8. 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 a-amino alkoxides. To further demonstrate

1. LTMDA J\/I j\/j\
9
2. 2 n-Buli

-78°C, 0.5 h CHO MeO
_499°
42°C,0.5h 17 77% 18
3. Mel; H0 ratio 96 : 4
1. LNMP
) 2. 1.5t8B L
: -BuLi
.78°C, 1.25 h MeO CHO MeO
- ]
42°C, 15 min 17 70% 18
3. Mel; H0 ratio 3 :97

the utility of a-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
1 -
8 2. 2 n-BulLi
-42°C, 1 h
-23°C,0.5h
3. Mel;H,0
1. LTMDA
17 —>
2. 2 nBuli
-78°C,0.5h
-42°C,0.5h
3. Mel; H,0O

Me I SN Me
Z#

MeO N CHO

19 67%

Et
AN

| + 19

=

MeO N CHO

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-BulLi,

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

yield of 70%.

Me
CHO Me CHO
1. LTMDA N N
10 . A ' | ¥
2. 2 n-Bul.i MeO N MeO N

' .42°C,3h
3. Mel;H,0 21 65% 2
ratio 97 :3
Me
CHO
1. LNMP N M N
10 P ' |

2. 2 +-BuLi/TMEDA 7 NP

-78°C, 0.5 h Meo™ N MeO

-42°C,2h 21 70% 22
3. Mel;H,0 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 -78°C. This gave

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

Me
MeO CHO
1. LTMDA ¢ N Mo ~
11 2 2 nBuli - > ¥ I Y
. n-ouLl
-78°C,0.5h N me "
-42°C, 0.5 h 23 76% 24
3. Mel; H,0O ratio 70 : 30
1. LNMP MeO N
11 - I
: 2. 2 MESLi NP
-42°C,1h Me
: .
0°C, 40 min 24
3. Mel;H,0 79%

were unable to detect any C-2 alkylated product. When 11 was treated with
LNMP, mesityllithium, and methy! 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 N0
12 Bl y
. Nn- bulli
-42°C, 1.5 h NT “OMe
-23°C, 0.5 h -
3. Mel ;HQO .820/0
Me
1. LNMP N Me
13 -
2. 2 MESLi N7
-23°C, 2 h CHO
0°C, 1 h 26
3. Mel; H0 579,
OMe
M
1. LNMP NS
14 -
2. 1.5 MESLI N7
-23°C, 4 h

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, MESLIi, and methy!l
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 P position.25  We attempted to utilize this novel reaction on 1-

methylindole-2-carboxaldehyde, but lithiation-methylation of the a-amir;o
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. Wae prepared the 3-trimethylsilylindole 28 by the



21

N/
Li,, / /_J T™S
‘N
\ 3 TMSCI \
T oLi T CHO
Me Me
1. LNMP 28
17%
: 2. 3 n-Buli
N CHO
|
Me
o
Br,, yAA N
BT 4. LTMDA TMS
\ 2. n-Buli \
N CHO N CHO
|
N 3. TMSCI b 28
90% 33%

addition of TMSCI to the lithium anion, prepared from 1-methyl-2-
indolecarboxaldehyde by either direct lithiation using the o-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.

T™S 1. LTMDA TMS
-
\ 2. 3 n-Bull \
H CHO
N9 3 CHali M0 N
Me 28 Et 29
62%

Since aryl chlorides are not susceptible to lithium-halogen exchange,ta 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,Cl; 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

cl
NCS, THF \
T SiO, T
CHy CHy
84%
1. n-Buli
2. DMF
cl
CHO
)
CH, 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 1. Li-l!l/\/ N

CHO 2. n-Buli \

| | /
30 CH; I\
~

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

Cl
10% Pd/C, EtOH
- \
N CHO  TEA, HCO,H N CHO
I I
30 CH, CH,4

81%
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Table 1. Reactions of Dianion 31 with Electrophiles

Entry Electrophile a Product Yield, % mp,°C

a Mel 94 58-59.5

b MeSSMe 85 95-97

c
c PhCHO Q_S\ 84 130.5-132.5
N~ cHo
|
d PhSeSePH Q_ﬁ 73 119.5-120.5
N cHO
|
e EtOAcC b Q—Si 55 152.5-154
CHO
f Ac,0 ¢ Q_Si 43 152.5-154
CHO

g A~ Brd Q_i 75 30-31
v N~ TGO
|

a Unless indicated, the electrophile was added at -78°C and the mixture was allowed to come to
room temperature. b The dianion was added to neat EtOAc (50 ml). ¢ Inverse addition and 30
mmol of Aco,Owereused. ¢ 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 a-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 éttack. 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 121.36°, while the C-2, C-
3, H-3 bond angle is 120.11°.27 These small distortions may affect the angle of

intramolecular attack as 33 and 34 depict.28
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H OLi
N/\\ o
| N
F
MeO N H 2 Bu MeO
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-1-methylindole-2-carboxaldehyde was
achieved in high yields. The subsequent metalation-alkylation with various
eléctrophiles 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 Nj
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 N». 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 recorded on a Varian
XL-300 or an IBM AF 80 spectrometer. Radial preparative-layer
chromatography (radial PLC) was carried out by using a chromaiotron (Harris
Associates, Palo Alto, CA). Elemental analysis were carried out by M-H-W
Laboratories, Phoenix, AZ. Infrared spectra were recorded on a Perkin-Eimer
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-dinitrcphenylhydrazones
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% NaHCOg3 (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 (K2COg3) and concentrated, and
the residue was Kugelrohr distilled (85-95°C/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, CDCL3) 6 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, CDCl3) 6 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 -78°C was
added n-BuLi (5.61 mmol). After 1 h, DMF (0.472 g, 6.00 mmol) wés added
and the mixture was allowed to stir for 30 min at -78°C. The cold mixture was

poured directly into a stirred aqueous solution of 5% NaHCOj3 (50 mL) and

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

brine and dried (K2COg). 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 (lit3t bp 103-104°C/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, CDCl3)
4.03 (s,3H),6.98 (d, 1H, J=8.4 Hz), 7.57 (d,1 H, J=7.2 Hz), 7.74 (dd, 1 H,

J=8.4, 7.2 Hz), 59.97(s, 1 H); 13C NMR (75 MHz, CDCl3, & 53.15, 115.01,

115.92, 138.71, 150.08, 164.02, 192.50; DNP mp 216-219°C.
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% NaHCO3; (75
mL). The mixture was extracted with ether (4x30 mL) and washed with brine
(3x30 mL). The organic layer was dried (MgSO.), filtered, and concentrated.
The crude product was purified by Kugelrohr distillation (65-70°C/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; 'H NMR (80 MHz, CDCl3) 6 3.88 (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, CDCl3)
553.76, 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 mrriol) in THF (25 mL) at -78°C 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 -78°C. 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 50.5-51.5°C; IR (neat) 2993, 2952, 2837, 1696,
| 1605, 1568, 1495, 1363, 1291, 1222, 1016, 838 cm-1: 1H NMR (300 MHz,

CDCls) §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, CDCl3) 654.07, 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 étirred under reduced pressure (15 mmHg) at 65°C for 30 min.
The remaiﬁing solid was placed under a N, atmosphere and dissolved in DMF
(60 mL). Solid 3,5-dibromopyridine (15 g, 63 mmol) was added and the
mixture was stirred at 63-68°C. After 4 h, additional NaOMe/MeOH solution (7
mL, 32 mmol) was added. The reaction mixture was allowed td stir at 63-68°C
for 12 h, then poured into H20 (80 mL) and extracted with ether (6x20 mL). The
combined organic layers were washed with brine (50 mL) and dried (MgSQOy).
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, CDCl3) §3.86 (s, 3 H), 7.36 (s, 1 H), 8.25 (s, 1 H),

8.29 (s, 1 H); 13C NMR (75 MHz, CDCl3) & 55.45, 120.02, 122.78, 142.46,

135.85, 155.64; mp 34-35°C. Anal. Calcd for CgHgBrNO: C, 38.33; H, 3.22; N,
7.45. Found: C, 38.18; H, 3.26; N, 7.28.
5-Methoxy-3-pyridinecérboxaldehyde (11). To a stirred solution
of 5-bromo-3-methoxypyridine (4.09 g, 22.9 mmol) in THF (100 mL) at -100°C
was added n-Buli (25.2 mmol) over 10 min. The solution was allowed to stir
for an additional 20 min at -100°C, 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 -60°C. The cold mixture was then poured directly into brine (100 mL)
and extracted with ether (3x40 mL). The combined organic layers were dried
(K2COa3), 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 Iigﬁt

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

1253, 1175 cm-1; TH NMR (300 MHz, CDCl3) & 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, CDCl3) & 55.59,

116.16, 131.86, 144.86, 144.53, 156.00, 199.51; mp 33-34°C (hexanes/CCly).

Anal. Caled for C7H;NO,: 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-BulLi (2.2 mmol) at -78°C. After 15 min, the appropriate
methoxypyridinecarboxaldehyde (2 mmol) was added and the mixture was
stirred at -78°C for 15 min. The indicated base was added and stirred at the
indicated temperatures and times. Methyl iodide (10 mmol) was added at -78°C
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 (KoCO3) and

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

hexanes).
Spectral Data. - -3- hyl-2-pyridin r -
aldehyde (17). IR (neat) 2945, 2820, 1711, 1606, 1483, 1341, 1272, 796 cm-

1; 1TH NMR (80 MHZ, CDCl3) 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, CDCl3) 18.03, 53.87,
115.57, 129.14, 143.28, 146.92, 162.79, 195.38; mp 52.5-54°C. Anal. Calcd for
CgHgNO2: C, 63.57; H, 6.00; N, 9.27. Found: C, 63.53; H, 6.08; N, 9.12.

- -5- -2- IR (KBr)

3011, 2955, 2841, 1695, 1567, 1463, 1277, 1243, 1027 cm-1; TH NMR (300

MHz, CDCl3) 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, CDCl3) & 16.50, 53.83, 116.04,
127.65, 138.96, 148.82, 162.96, 193.06; DNP mp 222-224°C. Anal. Calcd for
CgHgNOs: C, 63.57; H, 6.00; N, 9.27. Found: C, 63.21; H, 5.83; N, 9.12.

-Dim -6-methoxy-2- idin rboxaldeh 1 IR

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

NMR (80 MHz, CDClg) & 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, CDCl3) & 16.09, 17.74, 53.66, 126.38, 129.17,
142.76, 144.76, 160.84, 194.92; mp 84.5-85.5°C (hexanes). Anal. Calcd for
CgH11NO,: C, 65.44; H, 6.71; N, 8.48. Found: C, 65.21; H, 6.79; N, 8.35.

- 1-6-methoxy-2-pyridi rboxaideh 2 IR (neat)
2975, 1711, 1603, 1482, 1337, 1271, 1030 cm-1; 1H NMR (80 MHz, CDCl3) &
1.19 (t, 3H, J=7.5 Hz), 3.01 (q, 3H, J=7.5Hz), 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, CDCl3) 3 15.58,
24.24, 53.86, 115.84, 135.54, 141.85, 146.50, 162.70, 195.12; DNP mp
180-184°C. Anal Calcd for CoHy1NO: C, 65.44; H, 6.71; N, 8.48. Found: C,
65.45; H, 6.66; N, 8.57.

- -4- =3- IR (KBr)
3026, 1695, 1613, 1554, 1446, 1362, 1255, 1147 cm-1; 'H NMR (300 MHz,
CDCly) 2.61 (s, 3H), 4.01 (s, 3H), 6.60 (s, 1 H), 8.51 (s, 1H), 10.07 (s, 1 H);

13C NMR (75 MHz, CDClI3) 19.85, 53.85, 112.90, 125.38, 151.42, 155.25,
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166.60, 190.58; mp 91-92°C (hexanes). Anal. Calcd for CgHgNO2: C, 63.57; H,

6.00; N, 9.27. Found: C, 63.31; H, 6.02; N, 9.13.
-M Xy-5- hyl-3-pyridin rboxaldehyd 22). IR (neat)

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

(300 MHz, CDCl) & 2.24 (s, 3 H), 4.06 (s, 3 H), 7.88 (s, 1 H), 8.47 (s, 1 H), 9.93
(s,1H);  13C NMR (75 MHz, CDCl3) & 15.79, 54.30, 122.10, 126.73, 136.35,

150.39, 166.19, 189.81; mp 56-56.5°C (hexanes). Anal. Calcd for CgHgNO2:

C,63.57; H, 6.00; N, 9.27. Found: C, 63.69; H, 5.94; N, 9.30.
-Methoxy-4-methyl-3-pyridinecarboxaldehyde (23). IR (KBr)

2960, 1692, 1585, 1489, 1422, 1294, 1270, 1011, 909, 713 cm-1; 1H NMR (300
MHz, CDCl3) 62.56 (s, 3 H), 3.98 (s, 3H), 8.37 (s, 1 H), 8.62 (s, 1 H), 10.33 (s, 1
H); 13 C NMR (75 MHz, CDCl3) 10.51, 56.50, 129.85, 136.45, 137.57, 146.04,
154.18, 191.82; mp 70.5-71.5°C. Anal. Calcd for CgHgNO2: C, 63.57; H, 6.00;

N, 9.27. Found: C, 63.66; H, 6.06; N, 9.27.
- -6-methy!-3-pyridin xaldeh IR (KBr)

2978, 2860, 1689, 1595, 1392, 1152 cm-1; 1H NMR (300 MHz, CDCl3) 8 2.57 (s,
3 H),3.91(s,3H), 7.51 (s, 1 H), 852 (s, 1 H), 10.05(s, 1 H); 13C NMR (80 MHz,
CDClI3) 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 CgHgNO>: C, 63.57; H, 6.00; N, 9.27.

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

- -4- -2- IR (neat)
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2933, 2832, 1715, 1585, 1561, 1473, 1263, 1224, 1002 cm-1; 1H NMR (300

MHz, CDCl3) §2.30 (s, 3H), 3.84 (s,3H),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, CDCl3) & 15.19, 62.34, 130.09,
142.80, 144.78, 145.24, 157.33, 191.04; mp 42.5-44°C (hexanes). Anal. Calcd
for CgHgNO2: 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, CDCl3) § 2.34 (s, 3 H), 4.01 (s, 3 H),857 (s, 1H),8.83(s,1H),

10.38 (s, 1 H); 13C NMR (75 MHz, CDCl3) 6 13.09, 62.61, 123.84, 126.88,
150.32, 157.09, 166.77, 189.07; mp 64.5-66°C (hexanes). Anal. Calcd for
CgHgNO2: C,63.57; H,6.00; N, 9.27. Found: C, 63.51; H, 6.04; N, 9.29.

-M -4- I-3-pyridinecarboxaldeh 25). IR (neat)

2988, 2953, 2869, 1686, 1590, 1564, 1476, 1377, 1302, 1083 cm.¢; 'H NMR

(300 MHz, CDCl3) & 2.59 (s, 3H), 4.04 (s, 3H),6.77 (d, 1 H, J=5.1 Hz), 8.16 (d,

1 H, J=5.1 Hz), 10.54 (s, 1 H); 13C NMR (75 MHz, CDCl3) § 20.79, 53.84,

117.16, 120.87, 150.79, 152.42, 165.78, 191.47; mp 29.5-30°C (hexanes).
Anal. Calcd for CgHgNOa: C, 63.57; H, 6.00; N, 9.27. Found: C, 63.68; H, 5.89;
N, 9.15.

3-Chloro-1-methylindole. We used a modified method reorted 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
(MgS0O,), and concentrated. The light yellow crude product was purified by
bulb to bulb distillation (110-125°C/ 2 mmHg) to‘giye 1.073 g (84%) of 3-chloro-
1-methylindole as a clear colorless oil: bp 92°C/2.5 mmHg; IR (neat) 3122,

3056, 2937, 1486, 1466, 1362, 1325, 1241, 1110, 568 cm-1; 1H NMR (300 MHz,

CDCL3) 53.76 (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, CDClI3) 32.87, 104.28, 109.44, 118.28, 119.83, 122.53,
125.18, 125.65, 135.75; Anal. Calcd for CgHgCIN: C, 65.26; H, 4.87; N, 8.46.
Found: C, 65.18; H, 5.00; N, 8.68.
3-Chloro-1-methylindole-2-carboxaldehyde (30). To a stirred
solution of 3-chloro-1-methylindole (10.34 g, 62.5 mmol) in THF (100 mL) at
-42°C 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 H,O 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




38
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
(125-140°C/ 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 88-89°C; IR (KBr)
3316, 2826, 1669, 1614, 1511, 1472, 1399, 1351, 1334, 1189, 887 cm-1; H
NMR (300 MHz, CDClI3) & 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, CDCL3) 31.65, 110.35, 119.04, 120.36, 121.35, 124.08, 127.96,
128.90, 138.49, 181.08; Anal. calcd for C1oHgCINO: 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-1-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 Na. After 15 min, EtOH (10 mL), triethylamine (2.1 mL, 15 gymol), 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 84-85°C,
(hexanes)(lit.34 mp 84-85 °C); 'H NMR (300 MHz, CDCl; 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-1-methylindole-2-carboxaldehyde (30). To
a solution of N,N,N’-trimethylethylenediamine (0.23 mL, 1.8 mmol) in THF (10
mL) at -42°C was added n-BuLi (1.7 mmol). After 15 min, 2.90 g of
3-chloro-1-methyl-indole-2-carboxaldehyde (1.5 mmol) was added, and the
mixture was stirred for 15 min at -42°C followed by the addition of n-BuLi (4.5
mmol). After stirring the solution for 3 h at -42°C, the reaction flask was sealed
and placed in a freezer (-20°C) for 15 h. The reaction mixture was cooled to
-78°C 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 |). 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 (MgSQ,), and
concentrated to give the crude products which were purified by radial PLC
(silica gel, 10-30% EtOAC/hexanes).

Spectral Data for Table 1. - ro-1-ethylindole-2-carbox-
aldehyde. IR (KBr) 3067, 1667, 1615, 1509, 1354, 1338, 1236, 1178 cm-i; 'H

NMR (300 MHz, CDCl3) §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 NM 75 MHz, CDCl3) 5 15.46, 39.84, 110.39, 119.41, 120.54, 121.34,

124.30, 127.97, 128.28, 137.58, 180.8;, mp 58.0-59.5°C (hexanes). Anal. Calcd
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for C11H10CINO: C, 63.62; H, 4.85; N, 6.75. Found: C, 63.67; H, 4.81; N, 6.81.

(KBr) 2914, 1658, 1611, 1512, 1456, 1428, 1335, 1283, 1253, 924 cm-1; H
NMR (300 MHz, CDCl3) § 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,
CDCl3) 514.47, 47.17, 111.39, 120.78, 121.19, 122.12, 124.81, 128.40,

128.55, 138.03, 180.98; mp 95.0-97.5°C (hexanes). Anal. Calcd for
C11H1oCINOS: C, 55.12; H, 4.20; N, 5.84. Found: C, 55.12; H, 4.35; N, 5.88.

(KBr) 3419(b), 3035, 1645, 1614, 1511, 1461, 1408, 1354, 1335, 1308, 1173,
915 em-1; 1H NMR (300 MHz, CDCl3) 3 2.75-2.80 (m, 1 H), 4.51 (dd, 1 H, J=14.4
Hz, J=9.0 Hz), 4.68 (dd, 1 H, J=14.4 Hz, J=3.3 Hz), 5.00-5.08 (m, 1 H), 7.10-7.70
(m, 8 H), 7.70 (d, 1 H, J=8.1 Hz) 10.09 (s, 1 H); 13C NMR (75 MHz, CDCl3)
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 130.5-132.5°C (EtOAc/hexanes).
Anal. Calcd for C17H4CINO>: C, 68.12; H, 4.71; N, 4.67. Found: C, 68.17; H,
4.73; N, 4.70.
- -1- - -2- h

IR (CH2Cly) 3049, 1670, 1516, 1456, 1405, 1170 cm-1; 1H NMR (300 MHz,

CDCl3) 85.96 (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, CDCl3) 441.76, 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 119.5-120.5°C (hexanes). Anal. Caled for C1gH12CINOSe: C,

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

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

(300 MHz, CDCl3) 5 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, CDCl3) &
26.85, 53.87, 109.76, 120.36, 120.73, 121.89, 124.38, 128.56, 138.37, 181.09,
201.72; mp 152.5-154.0°C (EtOAc/hexanes). Anal. Calcd for C12H19CINO3: C,
61.16; H, 4.28; N, 5.94. Found: C, 61.18; H, 4.32; N, 5.85.

-Chloro-1-(3- ne)-indole-2-carboxaldeh IR (neat)
3065, 1668, 1615, 1511, 1465, 1411, 1353, 1336, 1174 cm-1; 'H NMR (300
MHz, CDCl3) 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, CDCl3) & 34.64, 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 30-31°C (EtOAc/hexanes). Anal.
Calcd for C13H12NOCI: C, 66.81; H, 5.18; N, 5.99. Found: C, 66.68; H, 5.36; N,

5.94.
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. 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.1-3 Excellent regioseleétivity 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-acylpvridinium 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.4.9-12 In an effort to expand the use of this methodology to
encompass asymmetric synthesis, we treated chiral 1-acyl-4-methoxypyridinium
salts with triphenylsilylmagne;ium 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-a-methoxy -pyrrolidines, -pyrrolidinones, and -

piperidones.  Our strategy was to prepare optically active pyrrolidines,

pyrrolidinones, and piperidones via 1-acyliminium ion intermediates.
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Il. 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.1-3

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 |
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general methodology (Scheme 1) 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-ChIoranii;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 I1).3 The oxidation is initiated by the direct

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

Scheme I

-e + " H+v € +
(1-PPgN ———= (n- PN ———= (n- Pr),;N=CH-C,Hs
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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.? 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 1.8

Scheme 1l
/\_) -2e, -H* { } ROH (‘)\
e —— / m————
N NG N OR

MeO/KO MeO 0 MeO 0

Preparation of Dihydropyridones. In recent years 2,3-
dihydrobyridones have been utilized as synthetic intermediates for the
syn.thesis 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 B-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-B-galactopyranosylamine derivatives.12 Chiral imines 1 were

prepared from substituted aldehydes and tetra-O-pivaloyi-p-

galactopyranosylamine (Scheme V). 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
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enantiomerically pure isomers.  Utilizing this methodology as the key step,
enatioinerically 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.8-11  The methodology gives 2-
substituted 1-acyi-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 o [ ome | o
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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
(¢)-myrtine1! 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-
phenyimenthyl 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 «-Position of Piperidine
and Pyrrolidine Rings Utilizing N-Acyliminium lons. Carbon-carbon

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

acyliminium ions has received considerable attention.!.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
C(CHz)n (CHy), (CHy),
37— C . C
N CH40H OM Lewis Acid
CO,CH;,3 C020H3 COZCHa
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 o-

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 influerce of the substituent on the a’-position. The

Scheme Vil
NHCO,CH; 1, -2¢, CH5OH [ (CHah
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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

N N
)\ )\+
o - TMSO ) o e
11 — -
12

(CHa)n (CH2)q

[ )/H { )_/R‘ n=1,2

)N\ "//R' + )N\ "’/,H

o R* 0 R*
13 14

nenerate acyliminium ion 12.  Nucleophilic attack by silylenol ethers gave
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N /
)*“\Me /l*“\Me
H Ar H Ar
15 16
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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

(CHZ),
L 3
o}
\S

I(CHZ)n Lewis Acid (CHz)n
N TR

n=1.
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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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lll. 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-acylpyridinium salts.4a.22

The oxidation of 1-acyldihydropyridines to substituted pyridines has been
achieved in varying yields using a variety of oxidizing agents.45 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 Il),
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

O - 2e,-H* x MeOH, NaOMe
——————- ——————
l \ path a o I 2 N\, |

R /K L OMe R L OMe
rRo” © o’ O rRo’ O
- 2e, -H* 18 19
path b

/O MeOH, NaOMe /O

MeO
@

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

Scheme XI
R4 R4
RS . R3
| | - 2e,-H XN
&
N R2 MeOH, NaOMe N R?
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methanol using sodium methoxide as an electrolyte and nucleophile (Table 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 ll. Oxidation of 1-Acyl-1,4-dihydropyridines

entrya R; Rz Rs R4 oxidation overall literature
) yield (%) yield (%)b yield (%)

1. Et H H Ph 65 47 62
2. Et H H n-Bu 79 52 62
3. Ph H H n- 8y 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. ® The overall yield
was obtained for the two-step preparation. ¢ 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 Xl
R4 R4
R3 R3
AN - 2e, -H* N
| -
X y
N R2  MeOH, NaOMe N R2
1 (o]
R 22

Table I1ll. Oxidation of 1-Acyl-1,2-dihydropyridines

entrya Ry R2 Rs R4 oxidation overall literature
yield (%) yield (%)b yield (%)

1. Et Ph H Me 38 36 -

2. Et nBu 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. & The overallyield
was obtained for the two-step preparation.
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anodic oxidation technique (Scheme Xll). These reaction mixtures turned dark
brown and were only moderately successful as can be seen in Table lIl.
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 chiral 1-acylpyridinium salts formed from (-)-menthy! chloroformate
or (-)-8-phenylmenthyl chloroformate, and 4-methoxypyridine or 4-methoxy-3-
(trialkylsilyl)pyridines (25b,25¢c) (Scheme XIlIl). 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 'H

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

0
A NS
') Cl
OMe
1 24 R=H R? NZ
~ 1 25 R=Ph A
- (0]
(@)
NP
23 1. PhsSiM 26
a. R'=H .
b. RZ=TMS 2. HO" 4
c.R'=TIPS g \(li
R? N7 sipn, SiPhy

N
)\o o)
% ~0
27 28

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

formed a softer nucleophile formed by transmetalation of triphenylsilyliithium
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 R1 R2 solvent diastereomer ratiot 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 $3:7 62
6 MgBr TIPS Ph THF 58 : 42 65
7 MgBr TMS Ph Toluene/THF 98 :2 73
8 MgBr BusSn Ph Toluene/THF 92 : 8¢ 40
9 MgBr H Ph Toluene/THF 98 :2 88

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

Diastereoselectivity was improved when the reaction was carried out on

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

menthyl chloroformate (entries 3 and 4).

phenylmenthyl

(triisopropylsilyl)pyridine followed by treatment with triphenylsilylmagnesium

chloroformate

Surprisingly,

when (-)-8-

(25) was reacted with 4-methoxy-3-
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bromide (entry 6), diastereoselectivity was reduced.  This is in sharp contrast
with the analogous reactions using alkyl or afyl 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 triphenyisilylmagnesium
bromide in 61% yield. Hydrogenation of 29 gave racemic 30 which was
deprotonated with n- BuLi and treated with (-)-8-phenyimenthyl chloroformate to
give a 54:46 mixture of diastereomers 31 and 32 in 52% yield. The HPLC
data, spectral data, and elementatl analysis confirmed our previous results listed
in entrys 8 and 9 of Table IV.

Single crystal X-ray structure analysis of the rﬁajor 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
OMe
1. Benzyl chlorofomate
N y |
N/ 2. Ph3SiMgCl L SiPhy
3. Hy0* © 29
l H,/ Pd
(0]
N SiPh,

n- BuLi
2. (-)-8-phenylmenthyl

chlorofomate
N~ siPn, Ph f‘j‘suaha

N

/go o}
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31 32
Ratio 54:46
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T™S 6 eq HBr/HOAc

. CHClym,6h -
“ISiPh, Ph N7 "SiPhy

Ph N
Ao #o
33 31

We also explored the use of a tributyltin anion as a nucleophile
for addition to acyl salt 34. Wﬁen 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.27.4g
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OMe 0]
| AN 1. Bu,sSnH |
N+/ 2. Hg;()+ N
#CI- #
(0] (0]
0] o}
34 35

. 87%

Reactivity of (-)-1-((1R,2S,5R)-8-Phenylmenthoxycarbonyl)-5-
trimethylsilyl-(S)-2-triphenylsilyl-2,3-dihydro-4-pyridone (33) and
(-)-1-((1R,2S,5R)-8-Phenylmenthoxycarbonyl)-(S)-2-triphenylsilyl-
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
'isomerfcally 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% vyield 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 o

1. CuBr- Me,S

"ISiPh, -  Me N7 “siPh,

N
# #
O . l O

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% vyield 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 'H 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
o—f unsaturated carbonyl to allylic alcohol 37. This was accomplished by

forming a complex with CeClz 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.

H

1. CeCly 7 H,0 @
31 N7 “siPh,
Ph
2. 1.5 NaBH,4 )§O

o)

QO

Y

37

98 %

This is reasonable since steric interactions of the large triphenyisilyl 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. OEt; in toluene for 30 min,




71

H OH

O 1. BFy OEty/toluene |
ISP, - N7 “siPh,

O

Ph N
)\ 2. H,0 Ph /g
(o] O
0 O 99%
37

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 (H20). Evidence to support our structural
assignment is based on 'H NMR data and molecular modeling studies. The
molecular modeling studies were accomplished on a Macintosh I 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 'H 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

N
Ph /J§§ Ph
o) )\o
0O O
38 39

yridinium p-toluenesulfonate

63%
1hnt
37
Pyridinium p-tolusnesuifonate
16 h, rt OMe OMe
| +
N~ “siPh,  MeO N~ “siPh,
Ph )\ Ph /K
o o
0] 0]
38 40
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
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64% combined yield with a ratio of 1 to 2. The products were separated by
chromatography and fully characterized. Additionally, by 1TH 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 nucieophiles 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
temperaturés above -42°C 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 (-23°C, entry 6). Similar results

were found using trialkylaluminum nucleophiles (entries 7 and 8). At -23°C a
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P
o

@
. - 7
\N ',/Sipha - O

R 12-addtion  Nu” N7 /SiPh,
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good ratio of 1,2-addition to elimination product was achieved, but by lowering
the temperature to -42°C elimination was the favored reaction.

We next attempted to reduce 44, the product from 1,2-addition of
allyitrimethylsilane 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 1H NMR, that epimerization was taking place at the C-2 carbon.

N@ Hp, MeOH, 1 Atm /\/@
& N “spn, ~ PdC N7 “siph,

Ph g Ph A
0 0O

\l/ o (o)
| 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

CeCla/NaBH4 as applied to 31. As shown below 33 was recovered

quantitatively and there was no isolated product.

CuBr Mezs - R
No Rxn
™S / MeMgBr

g Ph,

? ; /g \ CeCly/NaBH,
= No Rxn
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Asymmetric Synthesis of 2-Alkylpyrrolidines by Addition of
Nucleophiles to Chiral N-Acyliminium lons. Based on the high
diastereoselectivity found from the addition of Grignard reagents to 1-acyl-4-
methbxypyridinium 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”

———. / ————e 3
Vo i Ve
CO,R* CO,R* CO,R*

. 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 o-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%). Néxt we used

Shono's 8 methodology for anodic oxidation of carbamates on 50a which 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.

O NaOH/H,0 O - 2e, MeOH &
|
H

N N OMe
Lo Lo
49 _ 50 51
a. R"= (-)-menthyl
b. R*= (-)-8-phenylmenthyl

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

Ph
OK
i\OMe - o Q"‘OMe
PhO 0 O% 67%
52 51b

of 2-methoxy-1-(phenoxycarbonyl)pyrrolidine (52) with the potassium salt of
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(-)-8-phenylmenthol as shown above.
The resuits of our study on the addition of nucleophiles to 51 via

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

/\/ ™S
51 [ ) "ty N (3\/\
2. Lewis Acnd

COzR' coza'
53 54
a. R’= (-)-menthyl
b. R*= (-)-8-phenylmenthyl

Table VI. Addition of Allyltrimethylsilane to Chiral N-Acyliminium

lons

entrya  pyrrolidine Lewis acid solvent diastereomeric yieldd

excess %
1. 51a BF3OEt; CH2Cl; 0b 91
2. 51b BF30Et; CHCl3 4b 74
3. - 51b SnCly CHCl 8b 53
4, 51b BF3O0Et; toluene 8¢ -
5. 51b SnCly toluene 30¢ 55

a All reaction were run on a 0.5-2 mmol scale. Addition of allyltrimethylsilane
and Lewis acids were carried out at -78°C and allowed to warm to room
temperature before workup. & The de was determined by HPLC and 'H NMR.
¢ The de was determined by 'H NMR. ¢ 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 SnCl4 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

)\ Ph )§
PHO o) 0
o}
S5 50:50 mixture of
53b and 54b

Addition of Nucleophiles to Chiral Acyliminium lons 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
acylcarbonyi (56) might lock the chiral auxiliary into a fixed position. The chiral

auxiliary could then influence the diastereoselectivity of the nucleophilic

reaction.

Scheme XVI

($H2)n Nu’ /C_(CHz)n
+\ N7 N N0
" )\ \ELewis Acid R .
] \}
oW o

0 o)

56 ' 57

To generate the acyliminium ion we first needed to prepare methoxylated

J\[‘(CHz)n 1. n- BulLi, -78°C J\[(CHZ)n
MeO N)\O ~ Meo <=0

I 2. R*OCOCI riJ
H CO,R*
58 59
a. n=1, R"= (-)-menthyl
b. n=1, R*=(-)-8-phenyimenthyl
¢. n=2, R*= (-)-menthyl
d. n=2, R"= (-)-8-phenyimenthyl
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1-acyl-2-pyrrolidinones and 1-acyl-2-piperidones. This was accomplished by
using literature procedures for the preparation of a-methoxylated lactams 58
from 2-pyrrolidinone and 3-valerolactam.3 Deprotonation of 58 by n-BulLi

followed by the addition of the appropriate chiorofomate gave 59 a-d in good
yields (69-74%).
We attempted to prepare a-substituted products via nucleophilic addition

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

Scheme XVIl
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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 witii Lewis

e
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acids which have more than one binding site available (SnCls and TiCls). 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 °C %
1. 59a BF3OEt; 1 n 30
2. '59a BFsOEt, 20 it 100¢
3. 5%9a SnCly 0.5 nt 30
4. 59a TiCly 0.5 -78 --d
4, 59b BF3OEt; 15 n 100¢
5. 59b TiCly 16 -20 --d
6. 59b SnCly 18 -20 --d
7. 59c BF3OEt; 16 0 30
8. 59c. TiCly 2 rt --d
9. 59d BF3OEt; 16 rt 100¢

a All reactions were run on a 1 mmol scale. Addition of allyitimethylsilane (6
mmol) and Lewis acids (3 mmol) were carried out at -78°C and allowed to warm
to listed temperature. b The yield was determined by 1H NMR. ¢ Although
starting material was absent, the reactions were messy and isolated yields were
low (less than 40%). @ Over 90% recovery of sterting 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

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

I (CHa)n 1. n-Buli
o )"'»/\ -

=z

2. chiral

O I-

chloroformate

(CHy),
OI )"'l,/\

)
CO,R*
60
n=1, R*= (-)-menthyl
n=1, R*=(-)-8-phenyimenthyl

n=2, R*= (-)-menthyl
n=2, R*= (-)-8-phenyimenthyl

apoow
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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 triphenylsilyimagnesium bromide to (-)-4-methoxy-1-
((1R,28,5S)-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 chioride and the

stereoselective reduction of the ring carbonyl by CeCls/NaBHs. 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
allyltrimethylsily! nucleophiles. It should be noted that additional studies are

required before (-)-1-((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-1-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 Ilow

diastereoselectivity further studies on the project were abandoned. We used a
similar strategy on chiral 1-acyl-a-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-a-

methoxypyrroidinones and 1-acyl-a—-methoxypiperidones was achieved in

good vyield, 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 Nj
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
No. 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-methyi-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 chioride (10.27 mmol, 5.12

mL) in THF was added followed by the dropwise addition of ethyl chioroformate




88
(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), H,O (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-1-(phenoxycarbonyl)-1,4-dihydropyridine (3.16 g, 12.3 mmol) in methanol
(80 mL) was placed in an electrolysis cell® 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) couild be maintained with a
voltage reading between 18 V and 22 V. The cell. was cooled with an external
water bath (18°C) 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 CHCl, (50 mL) and the mixture was cooled to 0°C. The
mixture was made basic with 25% NaOH and extracted with CH2Cla (2x20 mL).
The combined organic extracts were washed with brine (20 mL), dried (K2CO3),

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, CDCla) §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) & 13.58, 21.99, 32.16, 34.66, 123.64, 149.32,

151.44. Picrate mp 112-113.5°C (lit.1 picrate mp 112.8-113.8°C).
Spectral Data. - Ipyridin IR (CH2Clo) 3037, 2978, 1484,

1411, 831 cm-1; TH NMR (300 MHz, CDCl3) 6 7.40-7.55 (m, 5 H), 7.65 (d, 2 H,

J=4.5 Hz), 8.67 (d, 2 H, /4.5 Hz); 13C NMR (75 MHz, CDCl3) 8 121.41, 126.78,

128.87, 128.92, 137.88, 148.08, 150.05; mp 73-74°C (hexanes) (lit.2 mp
73-74°C).

3-Methyl-4-phenylpyridine. IR (neat) 3028, 1708, 1591, 1479,
1444, 1405, 771, 703 cm-1; TH NMR (300 MHz, CDCl3) 52.29 (s, 3 H), 7.15 (d, 1
H, J=5.0 Hz), 7.25-7.50 (m, 5 H), 8.47 (d, 1 H, 5.0 Hz), 8.51 (s, 1 H); 13C NMR

(75 MHz, CDCL3) 8 17.09, 123.83, 127.81, 128.29, 128.39, 130.43, 138.91,

147.23, 148.98, 151.16. Picrate mp 162-163°C (lit.2 picrate mp 162-163°C).
- -4- IR (neat) 3061, 3030, 1606, 1598,

1548, 1106, 1077, 763 cm-1; *H NMR (300 MHz, CDCl3) 6 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, CDCl3) & 24.44, 118.76, 121.09, 126.88, 128.79, 128.92,

138.29, 148.59, 149.43, 158.71. Picrate mp 218-220°C (lit.2 picrate mp




90
219-220°C).
] -4- IR (neat) 3056, 1581, 1489, 1397,

1106, 771 cm-1; 'H NMR (300 MHz, CDCl3) 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, CDCl3) & 125.11,

128.21, 128.66, 128.70, 130.12, 136.25, 147.29, 147.63, 149.90. Mp 35-37°C
(lit.3 mp 35-37°C). Picrate mp 160-161.5 °C.

2-n- [-4-m Ipyridin IR (neat) 2958, 2931, 1606, 1563,
1456, 1378, 821 cfn-ﬁ 1H NMR (300 MHz, CDCl3) 6 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,
CDCl3) & 13.43, 20.35, 22.02, 31.59, 37.48, 121.30, 122.98, 146.53, 148.38,

161.66. Picrate mp 94-95°C (lit.4 picrate mp 98.6-99.0°C).
-M -2-phenylpyridine. IR (neat) 3059, 1605, 1559, 1447, 776,

736 cm-1; 1H NMR (300 MHz, CDCl3) 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);

13C NMR (75 MHz, CDCl3) 8 21.08, 121.36, 123.00, 126.79, 128.55, 128.67,

139.40, 147.57, 149.29, 157.20. Picrate mp 185-187°C (lit.5 mp 186-187°C).
Preparation of Triphenyisilyimagnesium Chloride. Freshly cut

lithium metal (8 mmol, .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 triphenylsilyliithium).
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,/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-Phenyimenthyl 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 0°C
was added phosgene (32 mL of a 1.93 M solution in toluene, 62 mmol), and
the mixture was stirred for 36 min at 0°C. 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

Et,0 (2x30 mL) and the combined organic layers were washed with brine, dried
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(MgS04), and concentrated to give 10.7 g of product as a red oil. The product
was used without further purification.

Preparation of (-)-1-((1R,2S,5R)-8-Phenylmenthoxycarbonyl)-
(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°C. After 15 min, the solution was
cooled to -85°C (EtoO/CQ,) and Ph3SiMgCl (prepared from 3.30 g of. PhaSiCl,
11.1 mmol) was added dropwise over 15 min. The mixture was stirred for an
additional 30 min at -85°C and the cooling bath was removed. The mixture
was allowed to come to room temperature over 30 min followed by the acdition
of a saturated aqueous solution of oxalic acid (40 mL). The mixture was stirred
at room temperature for 5 min, and then extracted with Et2O (2x50 mL). The

combined organic layers were washed with H>O (2x30 mL) and brine (30 mL).

The solution was driéd, 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 163.5-164.5°C): 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 (m, 20 H); 13C
NMR (75 MHz, CDCL3) 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 163.5-164.5°C

(EtOAc/hexanes). Anal. Calcd for C4oH43NO3Si: C, 78.26; H, 7.06; N, 2.28.
Found: C, 78.40; H, 6.98; N, 2.30. [(t]20 -60.0° (c=1, CH2Cl5).

Spectral Data. =)-1- -8- -
R)-2-triphenylisilyl-2,.3-dihydro-4-pyridon 2). IR (neat) 3049,
2958, 1709, 1672, 1601, 1427, 1321, 1261, 1190, 1107 cm-1; 'H NMR (300
MHz, CDCl3) 8 0.20-2.20 (m, 17 H), 2.26 (d, 1 H, J=17.4 Hz), 2.64 (dd, 1 H,
J=8.4 Hz, J=17.4 Hz), 3.70 (d, 1 H, J=8.4 Hz), 4.68 (dt, 1 H, J=4.5 Hz, J=10.5
Hz), 4.98 (d, 1 H, J=8.1 Hz), 6.95-7.70 (m, 20 H), 7.81 (d, 1 H, J=8.1 Hz); 13C
NMR (75 Mhz, CDCl3) 8 21.55, 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, 192.35. Anal. Calcd for C40H43NO3Si:

C, 78.26; H, 7.06; N, 2.28. Found: C, 78.16; H, 7.21; N, 2.29. [«]20 -18.7° (c=1,

ridon IR (neat) 2956, 1717, 1673, 1599, 1337, 1312, 1260, 1194 cm-!.

1H NMR (300 MHz, CDCl3) § 0.40-2.00 (m, 18 H), 2.71 (d, 1 H, J=17.1 Hz), 3.01
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(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,

CDCl3) d 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 C34H3gNO3Si: C, 75.94; H, 7.31; N, 2.60. Found: C, 75.97; H,

7.47; N, 2.69.

dihydro-4-pyridone. IR (neat) 2957, 2870, 1718, 1673, 1601, 1429, 1329,
1317, 1263, 1242, 1192 cm-'. 'H NMR (300 MHz, CDCl3) & 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,

CDCl3) & 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- . -5- -(S)-2-

-2.3- -4- IR (neat) 2954, 2870, 1718, 1658,

1574, 1429, 1300, 1255, 1109 cm-1. 1H NMR (300 MHz, CDCl3) 8 0.03 (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,

CDCl3) 6 -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, 184.8. Anal. Calcd for C37H47NO3Siz:
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C,72.86;H,7.76; N2.30. Found: C, 73.04; H, 7.82; N, 2.36.

2-triphenylsilyl-2.3-dihydro-4-pyridone. IR (neat) 2958, 2866, 1718,
1661, 1567, 1462, 1370, 1333, 1303, 1258, 1110 cm-1. 'H NMR (300 MHz,

CDCl3) & 0.40-2.20 (m, 39 H), 2.8-3.1 (m, 2 H), 4.2-4.5 (m, 1 H), 5.0-5.2 (m,1

H), 7.0-8.1 (m, 16 H); 13 C (300 MHz, CDCl3) & 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.€0, 111.00,
127.93, 130.01, 131.48, 136.43, 148.50, 152.25, 194.87. Anal. Calcd for

Ca3HsgNO3Siz: C, 74.37; H, 8.56; N, 2.02. Found: C, 74.41; H, 8.59; N, 1.91.

(S)-2-triphenyl-silyi-2.3-dihydro-4-pyridone. IR (neat) 2953, 1710,

1656, 1571, 1362, 1305, 1256, 1109 cm-'. 1H NMR (300 MHz, CDCl3) & 0.02

(s, 9 H), 0.40-2.00 (m, 17 H), 2.61 (d, 1 H, J=16.8 Hz), 2.79 (dd, 1 H, J=8.4 Hz,

J=16.8 Hz), 4.58 (dt, 1 H, J=4.5 Hz, J=10.5 Hz), 4.98 (d, 1 H, J=7.8 Hz), 6.70 (s,
1 H), 6.90-7.90 (m, 20 H); 13C (75 MHz, CDCl3) § -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 C43Hs1NO3Si>: C, 75.28; H, 7.49; N,
2.04. Found:C, 75.33; H, 7.44; N, 1.89. []20 -48.9° (c=1, CH.Cl5).

-8-Phenylm rbonyl)-5-trimethylsilyl-

-2- ilyl-2,3- -4- IR (neat) 2956, 2924, 1713,
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1656, 1575, 1457, 1386, 1324, 1300, 1256, 1227, 1109 cm-1. 1H NMR (300
MHz, CDCl3) & -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=16.8 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, CDClg) & -

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, C43Hs51NO3Si> requires

685.3407.

IR (neat) 2949,

2865, 1713, 1660, 1563, 1361, 1304, 1258, 1110 cm-1. H NMR (300 MHz,
CDCl3) & 0.40-2.40 (m, 38 H), 2.78 (d, 1 H, J=16.5 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) § 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
C49HeaNO3Si2: C, 76.41; H, 8.24; N, 1.82. Found: C, 76.27; H, 8.21; N, 1.78.

I-(R)-2-tr - - -4- IR (neat) 2949,

2865, 1713, 1660, 1571, 1385, 1298, 1259, 1227, 1109 cm-1. tH NMR (300
MHz, CDCl3) & 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 C49HgaNO3Siz: C, 76.41; H, 8.24; N,

1.82. Found:C, 76.55; H, 8.06; N, 1.65.

ilyl-(S)-2- lyl- -di =4-pyt IR (neat) 2949,
2865, 1713, 1660, 1563, 1361, 1304, 1258, 1110 cm-1. 1H NMR (300 MHz,
CDCl3) 6 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=16.5 Hz), 4.58 (dt, 1 H, J=4.2 Hz, J=10.5 Hz), 5.03 (d, 1 H, J=8.1 Hz), 7.05-
7.60 (m, 21 H); 13C (75 MHz, CDCl3) & 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 C4gHgaNO3Sia: C, 76.41; H, 8.24; N, 182. Found: C, 76.27; H, 8.21;
N, 1.78.

1-(Benzyloxycarbonyl)-2-triphenyisilyl-2,3-dihydro-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. 'H NMR (300 MHz, CDCl3) 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, CDCl3) 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 111.5-113°C (EtOAc/ hexanes). Anal. Calcd for C31Ho7NO3Si: 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 H, and

the solution was stirred under a H, 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°C 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 rvom temperature over 30 min. Water (40 mL) was added and the mixture

was extracted with Et;0 (40 mL). The organic layer was washed with brine,
dried (MgSQy), 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-((1R,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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0°C. (-)-Menthyl chloroformate (0.11 mL, 0.5 mmol) was added dropwise and
the mixture was stirred for 5 min at 0°C 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 H2O (30 mL) and brine (30 mL), then dried (MgSQO4) 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. H
NMR (300 MHz, CDCl3) 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, CDCl3) 6 16.35, 20.61, 21.83, 23.36,
26.34, 31.28, 33.95, 35.55, 40.89, 42.31, 47.04, 77.93, 107.07, 143.51, 152.15,
193.29; mp 78.5-80.5°C (hexanes). Anal. Calcd for C1gH2sNO3: 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 mmol) was added CuBr-Me,S (0.615
g, 3.0 mmol) and THF (20 mL). The heterogeneous mixture was cooled to -
78°C and BF3-OEt; (0.42 mL, 3 mmol) was added.  After stirring for 5 min,
MeMgCl (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 -78°C and poured

directly into an aqueous solution of 20% NH4OH/NH,4C! (50:50)(50 mL) and
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Et,O (50 mL). The organic layer was washed with H,O (30 mL) and brine (30
mL). The mixture was dried (K2CO3) and ccncentrated 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 s_tarting material (31). IR (neat) 2955, 2922, 1709, 1655, 1570, 1305,
1255, 1109 cm-1. 'H NMR (300 MHz, CDCl3) 4 0.80-1.68 (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=14.4 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,
CDCl3) & 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 164-165°C. Anal. Calcd
for C41H47NO3Si: C, 78.18; H, 7.52; N, 2.22. Found: C, 78.20; H, 7.61, N,
2.16. [0]204+52.9° (c=1, CH2Cl2).

Preparation of (-)-4,4-Dimethoxy-2-methyl-1-((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 NaHCO3
(20 mL). The solution was extracted with CH,Cl> (2x40 mL) and the combined
extracts were dried (K2COg3), 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, CDCl3) 3 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, CDCl3) 3 18.48, 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 C43Hs2NO4Si: C, 76.52; H, 7.77; N, 2.08.
Found: C, 76.51;H, 7.73; N, 2.02.

Preparation of (+)-(R)-4-Hydroxy-1-((1R,2S,5R)-8-phenyl-
menthoxycarbonyl)-(S)-2-triphenylsilyl-1,2,3,4-tetrahydropyridine
(37). In a 25-mL flask was placed 31 (0.495 g, mmol), EtOH (10 mL), and
CeCl3.7 H,O (3.3 mL of a 0.3 molar solution in MeOH). The mixture was
refluxed until the starting material was completely dissoived. 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 CH2Cl, (50 mL), H2O (40 mL), and 10% aqueous HCI (10
mL). The aqueous layer was extracted with CH,Cl, (40 mL) and the combined
orgénic 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,
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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, CDCl3) 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 C40H4sNO3Si: C,78.01; H, 7.36; N,
2.27. Found: C, 78.11;H, 7.42; N, 1.99. [0]20+7.1° (c=1, CH2Clp).

Preparation of (-)-(S)-4-Hydroxy-1-((1R,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 -23°C was added

BF3-OEt (0.05 mL, 0.36 mmol). After stirring for 5 min, H,O (20 mL) was added

and the mixture was allowed to come to room temperature over 15 min. The
solution was extracted with Et,O (40 mL) and the orgénic layer was washed
with brine, dried (MgSQ4), and concentrated under reduced pressure to give
0.108 g (99%) of (-)-(S)-4-Hydroxy-1-((1R,2S,5R)-8-phenylmenthoxycarbonyi)-
(S)-2-triphenylsilyl-1,2,3,4-tetrahydropyridine as an viscous 0il. 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, CDCl3) & 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,

CDCl3) & 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 149-150.5°C (hexanes). Anal. Calcd for
C40HasNO3Si: C, 78.01; H, 7.36; N, 2.27. Found: C, 78.07; H, 7.38; N, 2.28.
[0]20 -155.5° (c=1, CH2Cl2).

Preparation of (-)-4,6-Dimethoxy-1-((1R,2S,5R)-8-phenyi-
menthoxycarbonyl)-(S)-2-triphenylsilylpiperidine (40). To a solution
of 37 (0.484 g, 0.79 mmol) in MeOH (10 mL) was added pyridinium 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'iayer was washed with brine, dried (KoCO3), 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-((1R,2S,5R)-8-phenyimenthol-carbonyl)-(S)-2-
triphenylsilyl-1,2,3,4-tetrahydropyridine (38). IR (neat) 1682, 1456, 1410, 1325,

1263, 1101 cm-i. 'H NMR (300 MHz, CDCl3) 3 0.64-2.35 (m, 20 H), 2.50 (s, 3

H), 2.74 (s, 3 H), 2.80-3.00 (m, 1 H), 3.23 (d, 1 H, J=28.8 Hz), 4.29 (s, 1 H), 4.75
(dt, 1 H, J=4.2 Hz, J =10.5 H2),.5.31 (d, 1 H, J=7.2 Hz), 7.00-7.70 (M, 20 H); 13C
NMR (75 MHz, CDCl3) & 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 209-211°C
(EtOAc/hexanes). Anal. Calcd for C42Hs1NO4Si: C, 76.21; H, 7.77; N, 2.12.

Found: C, 76.07; H, 7.75; N, 1.99. [a]20 -67.1° (c=1, CH2Clp).
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Preparation of (-)-(R)-4-Methoxy-1-((1R,2S,5R)8-phenyl-
menthoxycarbonyl)-(S)-2-triphenylsilyl-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 dissoived in CH2Cl, (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, CDCl3) § 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,

CDCl3) & 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
C41H47NO3SI: C, 78.18; H, 7.52; N, 2.22. Found: C, 78.29; H, 7.62; N, 2.20.
[a]20 -95.4° (c=1, CH,Clp).

Preparation of (-)-1-((1R,2S,5R)-8-phenylmenthoxycarbonyl)-
(S)-2-triphenyisilyl-1,2,-dihydropyridine (39). To a 25-mL flask

containing 37 (0.234 g, 0.38 mmol) in toluene (10 mL) at -78°C was added

BF3.OEt; (0.10 ml, 0.76 mmol). The solution was stirred at -78°C for 1.5 h
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followed by the addition of allyimagnesiumchloride (0.57 mL, 1.14 mmol). After
15 min, the mixture was poured into a flask containing cold H20O (40 mL) and the
mixture was extracted with Et20O (2x30 mL). The combined organic layers were
washed with brine (30 mL), dried (MgSO,), 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-1. 1H NMR (300 MHz,

CDCl3) 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, CDCl3) & 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 C4oH43NO2Si: C,
80.36; H, 7.25; N, 2.34. Found: C, 80.12; H, 7.30; N, 2.20.

Preparation of (-)-2-Allyl-1-((1R,2S,5R)-8-phenylmenthyl-
carbonyl)-(S)-6-triphenylsilyl-1,2,5,6-tetrahydropyridine (44). To 37
(0.470 g, 0.760 mmol) and allyl-trimethyisilane (0.48 mL, 3.0 mmol) in CHxCl, (8
mL) at -42°C was added BF 3. 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 CH2Cla (40 mL). The organic layer was
washed with brine, dried (MgSQ4), 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) 6 0.80-2.10

(m, 17 H), 2.30 (dd, 1 H, J=6.0 Hz, J=17.4 Hz), 2.45-2.50 (m, 2 H), 4.51 (d, 1 H,
J=17.4 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,

CDCl3) & 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 158.5-1569.5°C. Anal. Calcd for
Ca3Hs1NO,Si: C, 80.70; H, 7.72; N, 2.19. Found: C, 80.59; H, 7.74; N, 2.10.
[]20 -15.7° (c=1, CHaCls).

Preparation of (-)-1-((1R,2$,5H)—8-Phenylmenthoxycérbonyl)-
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 Hx 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, CDCl3)
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 (m, 20 H); 13C NMR (75 MHz, CDCl3) 3

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 C43Hs1NO2Si: C,
80.45; H, 8.02; N, 2.18. Found: C, 80.18; H, 8.02; N, 2.12.

Preparation -of (-)-1-((1R,2S,5R)-menthoxycarbonyl)-
pyrrolidine (50a). To a solution of pyrrolidine (5.70 mL, 4.86 g, 68 mmol) ,
CH2CIl2 (100 mL), and 1 N aqueous NaOH (100 mL) at 0°C was added (-)-
menthyl chloroformate (9.80 mL, 45.7 mmol). The mixture was stirred for 10
min at 0°C 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,Cla (40 mL) and the combined organic layers were washed
with brine, dried (MgSQ4), and concentrated. The crude product was distilled
(115-117°C, 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-1. 1H NMR (300

MHz, CDCl3) & 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 40-41°C (hexanes). Anal. Calcd for C15H27NO2: 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

S0a 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 (CH2Clz) 2981, 2957, 2883, 1717, 1595, 1493, 1402,
1213, 1194, 1163, 1056 cm-1. 1VH NMR (300 MHz, CDCl3) 6 1.85-2.05 (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 (m, 5 H); 13C NMR
(75 MHz, CDCl3) 6 24.81, 25.64, 46.17, 46.27, 121.60, 124.87, 129.01, 151.28,

152.98; mp 72.5-73.5°C (hexanes). Anal. Caled for C11H13NO2: 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
acéomplished by Kugelrohr distillation (bp 135-140°C/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. 'H NMR (300 MHz, QDCIg) )
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 (at, 1 H, J=4.5 Hz, J=10.5 Hz), 7.05-7.35 (m, 5 H); 13C NMR (300 MHz,
CDCl3) & 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, 1563.92. Anal. Calcd
for C21H31NO2: 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 ceil was cooled
with an external water bath (18°C) while 2.4 F/mol of electricity was passed
through the solution. The solvent was removed under reduced pressure and
Et2O (100 mL) was added and the orgasnic solution was washed with H>O (50
mL). The aqueous layer was extracted with EtoO (2x20 mL) and the combined
organic layers were washed with brine (30 mL), dried (MgSOy), filtered through
a pad of silica, and concentrated to give 11.06 g (95%) of §1a as a thick oil.

The product was used without further purification. IR (neat) 2954, 2871, 1703,

1401, 1319, 1181, 1086 cm-1. 1H NMR (300 MHz, CDCl3) § .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
C16H2gNO3: C, 67.81; H, 10.31; N, 4.94. Found: C, 67.64; H, 10.10; N, 5.01.
Preparation of 2-Methoiy-1-(phenoxycarbonyl)pyrrolidine
(52). Methanol (60 mL) and 1-phenoxycarbonyl)pyrrolidine (12.00 g, 62.7
mmol) were placed in an electrolysis cell® 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 (18°C) while 2.4 F/mol of electricity was passed
through the solution. The solvent was removed under reduced pressure and

CH2Cl; (70 mL) and brine (50 mL) were added. = The aqueous layer was

extracted with CH,Cl, (2x30 mL) and the combined organic layers were dried
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(MgS0Q.,), 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, CDCl3) & 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) & 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
C12H1sNO2: C, 65.14; H, 6.83; N, 6.33. Found: C, 65.19; H, 6.77; N, 6.32.
Preparation of 2-Methoxy-(-)-1-((1R,2S,5R)-8-phenyimenthoxy-
carbonyl)pyrrolidine (51b). To (-)-8-phenylmenthol (0.63 g, 2.71 mmol)
in THF (40 mL) at -42°C 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 -42°C followed by the addition of 52 (0.35mL, 0.39 g, 1.8 mmol).  After
stirring at room temperature for 23 h, H,O (30 mL) was added and the soiution
was extracted with Et;0 (3x30 mL). The combined organic layers were washed
with brine (30 mL), dried (MgSQ4), 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. 1H NMR (300 MHz,

CDCl3) § 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, /=10.8 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 CooHasNO3: C, 76.55; H, 9.48; N, 4.25.
Found: C, 76.67; H, 9.58; N, 4.22,

Preparation of 2-Allyl-(-)-1-((1R,2S,5R)-menthoxycarbonyl)-
pyrrolidine (53a/54a). To 51a (0.505 g, 1.78 mmol) and allyltrimethylsilane
(0.57 mL, 3.59 mmol) in CH2Clz (10 mL) at -78°C was added BF3 EtO, (0.32
mL, 2.57 mmol). After stirring for 30 min at -78°C, the solution was allowed to
come to room temperature for 1.5 h and poured into brine (30 mL).  The
mixture was extracted with CH>Clz (3x30 mL) and the combined organic
extracts were dried (MgSO4) 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
132-136°C, 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. 1H NMR (300

MHz, CDCl3) 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 C1gH31NO2: C, 73.67; H, 10.65; N, 4.77. Found: C, 73.53; H, 10.47;

N, 4.89.

Preparation of 2-Allyl-1-(phenoxycarbonyl)-pyrrolidine (55).
To 52 (1.00 g, 4.50 mmol) and allyltrimethylsilane (2.0 mL, 12.5 mmol) in
CH2Cl2 (10 mL) at -78°C, was added SnCl4 (0.70 mL, 5.85 mmol). After stirring
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for 10 min at -78°C the solution was allowed to come to room temperature for 0.5

h and poured into H20 (30 mL). The mixture was extracted with CH2Cl, (3x30
mL) and the combined organic extracts were washed with brine, dried (MgSO,),

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-1.
'H NMR (300 MHz, CDCl3) 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, CDCl3) § 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 C14H17NO2: C, 65.19; H, 6.83;
N, 6.33. Found: C, 65.19; H,6.77; N, 6.32.

Preparation of 2-Allyl-(-)-1-((1R,2S,5R)-8-phenylmenthoxy-
carbonyl)pyrrolidi'ne (53b/54b). To 51b (0.400 g, 1.15 mmol) and
allyltrimethylsilane (0.37 mL, 2.27 mmol) in CH2Cl> (20 mL) at -78°C was added
SnCl4 (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>Cl> (3x30 mL) and the combined organic
layers were dried (MgSO4) 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, CDCl3) § 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=10.5 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, CDCl3) § 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. [«]20+9.9°(c=1, CH2CL>).

Diastereomer 2. 1H NMR (300 MHz, CDCl3) § 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, CDCl3) § 21.79, 22.71, 23.07, 23.31, 24.79, 26.39,
26.62, 28.05, 28.93, 29.49, 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, 162.36, 152.74, 153.77. [®]20-28.3°(c=1, CH,Cl2).

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 -42°C 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°C. The mixture was allowed to warm and stir at room
temperature for 19 h followed by the addition of H,O (20 mL). The aqueous
layer was extracted with ether (2x30 mL) and the combined organic layers were

washed with brine, dried (MgSQO4), 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. Caled for C24HasNOz: C, 78.01; H, 9.55; N, 3.79. Found:
C,78.31; H,9.28; N, 3.86.

Preparation of 5-Methoxy-(-)-1-((1R,2S,5R)-menthoxy-
carbonyl)-2-pyrrolidinone (59a). To 5-methoxy-2-pyrrolidinone (1.85 g,
16.0 mmol) at -78°C 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 -78°C for 30 min,
allowed to warm to room température, 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 (180-190°C/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, CDCl3) & 0.70-2.20 (m, 19 H), 2.30-2.50
(m, 1 H), 2.70-2.80 (m, 1 H), 3.42 (s, 3H), 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) 8 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
C16H27NO3: C,64.62; H, 9.15; N,4.71. Found: C, 64.80; H, 9.40; N, 4.73.
Preparation of 5-Methoxy-(-)-1-((1R,2S,5R)-8-pheny!l-

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, CDCl3) 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=10.5 Hz), 5.20-5.26 (m, 1
H), 7.05-7.35 (m, 5 H); 13C NMR (75 MHz, CDCl3) & 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; tH NMR
(300 MHz, CDCl3) & 0.80-2.35 (m, 20 H), 2.50-2.65 (m, 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, CDCl3) & 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,
149.2;1, 162.67, 174.07.

Preparation of 1-((-)-1-((1R,2S,5R)-Menthoxycarbonyi)-6-
methoxy-2-piperidone (59c¢). This compound was prepared on a 4.41
mmol scale from 58¢ as described for the preparation of 59a from 5§8a.
Purification was accomplished by radial PLC (5-30% EtOAc/hexanes) to give

0.970 g (74%) of 59¢ as a viscous oil. IR (neat) 2956, 2871, 1776, 1718,
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1204, 1170, 1080 cm-1. 1H NMR (300 MHz, CDCl3) 8 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=10.8
Hz), 5.50 (d, 1 H, J=1.5 Hz); Anal. Calcd for C17H2gNO4: C, 65.57; H, 9.38; N,
4.50. Found: C,65.39; H, 27; N, 4.31.

Preparation of 6-Methoxy-(-)-1-((1R,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, CDCl3) 6 0.80-2.50 (m, 25
H), 3.33 (s, 3H), 4.88 ( dt, 1 H, J=4.5 Hz, J=10.8 Hz), 5.29 (s, 1H), 7.10-7.35 (m,

5 H). 13C NMR (75 MHz, CDCl3) & 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 Co3HasNOy4: 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 -78°C. After 15 min, (-)-8-phenylmenthy! chioroformate 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 §1 (300 MHz, CDCl3) & 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); 1H NMR for 52 (300 MHz, CDCl3) § 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 C4oH43NO3Si

formula

mol wt, g mol-!
crystal size, mm
A (Mokg), A
a,A

b, A

c, A

a, deg

B, deg

Y, deg

v, A3

space group

zZ

Dcalc, g cm-3

F (000), e-
temp, K

scan type

scan range
scan speed, deg min-1!

20 range, deg
background

octants measured

CapH43NO3Si
613.88

0.55 x 0.44 x 0.43
0.71069

10.516 (4)
14.693 (5)
22.582 (8)

90

90

90

3489

P212121

4

1.17

1312

298

@

2° + dispension
variable between 4 and 29.3
3<20< 55
stationary on each side of a

peak forl/2 of scan time

hkl




standards 2 measured after every 48
reflections

no. measured ) 4501

no. used, NO 3182 with Fy 2 4 6 (Ep)

sec. extinction coeff 3.2 x 10-6

u, cm-1 1.00 cm-!1

Ra 0.0491

Ryw* 0.0674

goodness of fit, S€ 1.3

max shift/c 05

no. variables, NV 415

difference peak excursion, eA-3 +0.25, -0.18

a R =X(lIFp! - IF ¢ W/ZIFol
bR, = [Ew(lIFol - IFcl)2/Zw [Fol 2]1/2,

¢ § = [Ew(IFol-IFcl)2/(NO-NV)] 1/2
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Table 2. Bord lengths (A) and Bond angles ()

S1-C(6) 1.887(4)
Si-C(18) 1.881(4)
C(1)=-C(2} 1.394(5)
C(2)-C(3) 1.393¢(6)
C(4)-C(5) 1.38:1(6)
C{7)=-C(8) 1.387(6)
C(8)=-C(9) 1.363(6)
C(l0)-C(12) 1.383(8)
C(13)~-C(14) 1.410(6)
C(14)-C(15) 1.388(10)
C{16)=-C(17) 1.365(8)
C(19)=-C(20} 1.529(6)
C(20)=C(21}) 1.503¢(6)
c(21)-C(22) 1.480(7)
C(23)-N 1.388¢(8)
C(24)-0(2) 1.208(S)
0(3)=C(28) 2.462(4)
C(25)=-C{30} 1.8502(5)
c{26)-C{32} 1.%63(5)
c(28)=C(29 1.821¢(6)
c(29)-C(31) 1.5832(86)
C(32)-C(34) 1.542¢(6)
C(38)-C(36) 1.367(7)
c(36)-C(37) 2.379(8)
c(38)~C(239) 1.381(7)
Ci6)-81-C(12) 109.3:{(2)
C(i12)-81-C(18) 109.4(2)
C(12)-8i-C(19} 108.8(2)
€(2)=-C(1)=-C{(6) 121.9(4)
€12)-C(3)-C(4) 120.0(4)
C(4)-C(8)-C(6) 122.2¢(4)
8i~-C(6)-C(5) 122.9(3)
C(8)-C(7)=-C(12) 121.9(4)
C(8)=C(9)~-C(10) 120.1{4)
C{20)-C{11)-C(12) 122.3(4)
8$1-C(12)-C{11) 121.6(3)
C(14)=-C(13)~-C(18) 121.0(8)
C(14)-C(18)-C(16) 119.6(6)
C(16)-C{17)~C(18) 122.4(8)
8$1-C(18)-C(17) 120.8(3)
$:-C(19)~C(20) 113.8(2)
C(20)=-C(19)~-N 108.6(3)
C{20)=C(21)-0(1) 121.8(4)
0(1)=C(21)~C(22) 122.4(4)
C(22)-C(23)-N 122.8(4)
C(19)-N=C(24) 118.5(3)
N=C(24)-0(2) 123.3(3}
0(2)-C(24)-0(3) 126.5(3)
Q(3)~-C(28})~C(26) 107.4(3)
C(26)~-C(28)-C(30) 114.9(3)
C({25)-C(26)-C(32) 114.0(3)
C(26)-C(27)-C(28) 113.9¢(3;
C(28)-C(29)-C(30) 108.2(3)
C(30)=-C(29)-C(31) 112.2¢(3)
C(26)-C(32)~-C(33) 109.5(3)
C(33)=-C(32)-C(34) 108.2(3)
C{3IN-C(I2)=C(4D) 106.4(3)
C(36)-C(38)-C(40) 122.3(4)
C{36)-C(37)-C(38) 119.1(8)
C(38)-C(39)-C(40) 121.3(8)
C(32)-C{401~C(39) 123.8(4)
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S1-C(212) 1.875(4)
S1-C(19) 1.926(4)
Cl(1)=Ci6) 1.401(S)
Cl3)-Cl4) 1.360(7)
C(5)-Ct6) 1.389(5)
C(7}-Cl12) 1.387(5)
c(9}-Ct10) 1.368(7)
C(11)=Ct12} 1.397(6)
€{13)-C({28) 1.390(6)
C{18)}-C{16}) 1.356(10)
c{17)-C(18)  1.383(T}
C{19)-N 1.479(4)
C{21)-0(1) 1.221(6)
C(22}-C(23)  1.346(5)
N-C(24) 1.380(4)
C{24)-0(3) 1.326(4)
C{28)=-C({26) 1.534(8)
C{26)-C(27) 1.533(8%)
€{27)-C{28) 1.511(5)
C(29)-C(30) 1.517(6)
C{32}-C(33) 1.541(6)
C(32)-C(40) 1.533(85)
C(38)-C{40) 1.392(8)
C{37}-C{38) 1.348(8)
C{39)-C(40) 1.388(6)
C{6)-81-C{18) 112.0(2)
C(6)=-51-C(19) 109.7(2)
C{18)-8:-C(19) 110.6(2}
C{1)=Ci{2}-C(3) 129.0(4)
C{3)=Ci4)~-C(83) 120.4(4)
S1~C(6)~C{1) 120.7(3)
Cl{1}-C(6)~C(S) 126.4(3)
C{7)-C(8}=-C(9) 120.1(4}
C(9}-C(10)-C{11) 119.5(4)
8$1-C(12)-C(7) 122.4(3)
C(7)=-Cl12)=-C(11) 116.0(4)
C(13)-C{14)~C(18) 119.3(5)
C(15)-C(16)=C(17) 120.9(6)
81-C(18)=-C(13) 122.3(3)
C(13)-C(18)-C(17) 116.9(4)
81-C(19)-X 113.6(2)
C(19)}-C(20)-C(21} 113.4(3)
C(20}~C(21)~C(22) 115.5(4)
C{21}-C{22}~C(23) 121.0(4)
Cl19})-N-C(23) 118.7(3)
C{23)-N-C(24) 122.5(3)
N-C({24}-0(3) 110.1(3)
C(24)~-0(3)=-C(28) 120.3(3)
0(3})=-C(258)-C(30) 106.4(3)
Cl25)-C{26}-C(27) 108.1(3)
C{27)-C{26)-C{32) 113.5(3)
C(27)-C{28)~C(29) 111.0(3)
€128)~C{29)-C{31) 112.4(4)
C(253)~C(30)-C(29) 113.8(3)
C{26)~C(32)~-C(34) 110.2(3)
C126)=C{32)~C(40) 112.3(3)
Cl34)-C{32)~C(40) 111.1(3)
C(35)~C{36)-C(37) 120.0(8)
C(37)~C{38)~C(39) 121.2(5)
C{32)}-C{40)-C(358) 120.0(4)
C(38)~C(40)=C(39) 116.1(4)
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APPENDIX B.

PCMOLEL (2.0) Display Mode Serena Software
name

Point to two vicinal hs then to a blank area

2.74 Hz 79 DEG)

AXY aX
AYZ RY
AXZ a2
INPUT cae QUERY BONDS ROT-S UPDAT CLIP
MINIM PLUTO  DIMAP SURF PMR ATMLB ROT-B H-0/0 BOUREQ

DISPL ORTEP PEPID DEPTE EXPND PLOT $-S ENANT R/S PAUSE

POQWODEL (2.0) Display Mode Serena Software
name

Point to two vicinal hs then to a blank area

5.15 Hz ( 36 DEG)

AXY AX
A2 AY
AXZ AZ
INPUT coMp QUERY BONDS ROT-S UPDAT CLIP
MINIM PLUTO DIMAP CHRGE SURF MR ATMLB RCT-B  H~0/0 STREO

DISPL ORTEP PEPTD DEPTH EXPND FLOT ¢-s ENANT R/S PAUSE
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APPENDIX D.
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N-METHYL LITHIATION OF N-METHYLINDOLES DIRECTED BY a-AMINO ALKOXIDES
Daniel L. Comins*! and Michael O. Killpack

Department of Chemistry and Biochemist
Utah State Univarsity, Logan, Utah 84322-0300

Summary: A novel N-methyl lithiation-alkytation of an a-amino alkoxide denved from 3-chioro-N-
methylindole-2-carboxaldehyde is described.

The reaction of aromatic aldehydes with certain lithium dialkylamides gives a-amino alkoxides
in situ that can be ring lithiated with alkyilithiums. Alkylation and hydrolysis on workup provides ortho-
substituted aryl aldehydes via a one-pot reaction.2.3 This methodoiogy works well for the one-pot
substitution of heterocyclic aromatic aldehydes3 as well as for benzaldehyde derivatives2. We
previously reported that attempted C-3 lithiation of the a-amino alkoxide derived from N-methyl-2-
pyrmrolecarboxaldehyde and lithiated N,N,N-trimethylethylenediamine gave metalation solely on the
N-methyl group. When we tried to extend this novel directed lithiation 10 N-methyiindole-2-
carboxaldehyde, lithiation-methylation of the a-amino alkoxide prepared from N,N,N"-
trimethylethylenediamine gave a mixture of 1-ethylindole-2-carboxaldehyde 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 raport
herein our progress toward developing this potentially useful directed lithiation methodology.

Initially we explored the use oT a trimethyisilyl group to block the C-3 position. Treatment of
N-methylindole-2-carboxaidehyde (1) with lithium N-methylipiperizide (2) followed by n-Buli gave the
dianion 3 in situ.3 Addition of TMSC! and aqueous workup gave only a 17% yield of the desired
aidehyde 4. In an effort to find a more efficient method to prepare 4, we brominated 1 to give 3-
bromo-1-methyiindole-2-carboxaidehyde S in 90% yield.4 In situ protection as an a-amino
alkoxideS, foilowed by lithium-halogen exchange and silylation gave a disappointing 33% yield of 4.
Treatment of 4 with lithiated N,N,N’-trimathylethylenediamine, n-butyliithium, and methyi 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.é

Qo o (T e O

Y 2 s N ou L)
O
\ 3

4337
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4338

CHy
1
[o]
3. N/
3 1 N~ b ) Tns
N LN 4 LN '
\ ——— . —_—
N CHO 2y rdul. 3% 2) rBuls N rO
[ i
CHy 3 TMSQ 3 Met CHCHy
5 0% s 62%

Since an aryl chloride is not prone to lithium-chioride exchange’, we explored the possibility of
using a chlorine as a C-3 blocking group. Chlorination of N-methylindole (7) with NCS in THF gave an
84% yield of 3-chicro-1-methylindole (8) (bp 92°C/0.5 mm). Lithiation of 8 with n-Buli and adition of
DMF provided the desired aldehyde 9 in 92% yield (mp 88-89°C). In situ a-aminc alkoxide forma.on

[+3 (=
Q} NCS. T Z Z \E 1) ~Buli < i \E o
N 2 OMF

i v .
CHy CHy G

7 s Mm% 1 2%

! N= a a
9 LN " E Q&
9 —————tet—— ——————
2) nBuls ou 2 KO CHO

and lithiation with p-Buli (3 equiv, THF, 3h at -42°C, 15h at -20°C) gives dianion 10, which on

reaction with electrophiles and aqueous workup provides N-methyl substituted indoles 11 as shown in
the Table.




134

1339

Table. Reactions of Dianion 10 with Electrophiles
Entry a Electrophile Product e yield,f % mp,9 °C
G
a Mel Q—-S\ 94 58-59.5
N CcHO
LN
(]
b MeSSMe Q—X\ 85 95.97
N SHO
CHsery
C
¢ PhCHO % 84 130.5-132.5
N cHO
lO‘sz
. a ’
d PhSeSePh m 73 119.5-120.5
N CHO
Crasarn
Q
) EtOAch 55 152.5-154
N0
[ |
CHCCHy
(=]
{ Ac20¢ Q"g\ 43 152.5-154
N g CHO
1
CHCHy
Q
. O -
g B Ao 75 30-31
]

é

=C,.

*# Reactions were performed on a 1.5 mmoi scale in 10 mi of THF. Unless indicated, electrophile (4-§ eqQuiv) was added at
-78°C and aliowed t0 warm to room temperature. The workup consisted of pouring the reaction mixture iMo cold water
followed by exiraction with ether. » The dianion was added to EtOAC (50 mL). < Inverse addition and 30 mmel of Ac20
were used. 9A large excess of electrophile (18 mmol) was ulilized. ¢ All products gave the expected IR and NMR
spectra and elemental analysis. /Yields are for isolated, pure material obtained trom raciai PLC (silica gel,
EtOAc/hexanes). ¢ Melting points are for material recrystaliized from hexanes or E1OAC hexanes.
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To demonstrate that the C-3 chloro blocking group couid be removed if required, we treated 3-
chiora-1-methylindoie-2-carboxaldehyde (9) with 10% Pd/C, EtOH, Et3N, and formic acid to give an
81% yield of N-methylindole-2-carboxaidehyde (1).8

a
m 10 % PeC , EX0H m
fod ~
N cHo TEA . HCOM . reflux . 71 i
)
CHy

L
9 1 8%

know!

We wish to express appreciation to the United States Air Force for support given to M. Kilipack
under the Air Force Instit..:2 of Technology/Civilian Institute Program. High-field NMR spsctra wers
obtained using a Varian XL-300 spectrometer purchased with funds provided, in par, by the National
Science Foundation (Grant CHE-8417529).
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Lithiation of Methoxypyridines Directed by a-Amino Alkoxides
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The addition of methoxypyridinecarboxaldehydes to certain lithium dialkylamides gave a-amino alkoxides
in situ that were ring-lithiated with Alk)ﬂuhmm bases. Alkylstion and hydrolysis on workup provided ring-
substituted methoxypyridinecarbozaldehydes m a one-pot rumon. Thc one-pot methylation of isomeric

was examined. The regioselectivity of

Aation was dependant

zaldehydes
on the aldehyde. the amine component of the a-amino alkozide. and the metalation conditions. When lithiated

NNN

muuduthcmmompoumohhommdkondc.m«hyhmn;mﬂy

oceurred ortho to the aldehyde function. The snalogous reactions using lithium N-methylpiperazide as the amine
methoxymridinecarbozald

mmmwﬂmmmmmm Several new methylated
ive manner byuungthupne-pot procedure.

were prep in a regi

Despite the susceptibility of pyridines to nucleophilic
attack by alkyllithium bases, directed lithiation has re-
cently evoived as a useful method for rmoulccuvo sub-
stitution of the pyridine ring.? A variety of
groups have been utilized to effect regiospecific metalation
into an ortho position of pyridine. Directing groups include
CONR,,® CONHR,? oxazolines,* pivaloylamino,® OCON-
Et,* OR,” OCH,OR,? halogen,® and SO,NR,.! Carbon-
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ehydes

yl-derived directing groups prepared from pyridine-
carboxaldehydes have not been investigated. Due o a
need for substituted methoxypyridinecarboxaldehydes in
our laboratories. we decided to study the lithiation of
methoxypytidines directed by a-amino alkoxides.

The addition of aromatic aldehyvdes to certain lithium
dialkylamides gives a-amino alkoxides that can be ring-
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as for heterocvelic arumatic aldehvdes,'s i.e.. various
thiophene-, furan-. pyrrole-. and indolecarboxaldehvdes.
The directing power of an a-amino alkoxide group can be
altered by simply varying the amine component. allowing
regioselective control during the lithiation of a diactivated
aromatic ring.'? Since an o-amino alkoxide's ortho-di-
recting ability is due to a chelation effect and not a strong
inductive effect. it was not clear that the regioselective
control inherent in this methodology could be utilized in
the pyridine series, as competing nucleophilic attack of the
alkyllithiurn base on the pyridine nucleus mayv occur. In
this report we describe our studies on the directed lithia-
tion of various a-amino alkoxides prepared in situ from
methoxypyridinecarboxaldehydes.

Results and Discussion

Syothesis of Methoxypyridinecarboxaldehydes.
The required methuxyvpyridinecarboxaldehvdes were pre-
pared in 1wo steps from comrnercially available dibromo-
pyridines or from methoxypyridines in one step via di-
rected lithiation. Treatment cf 2.6-dibromopyTidine with
sodium methoxide in methanel gave 6-bromo-2-methoxy-
pyridine, which on lithium-halogen exchange and for-
mylation with dimethyiformamide (DMFY provided 8-
methoxy-2-pyridinecarboxaldehvde ¢1). In an analogous

jsUNsne

Me0” INT NCHO me0” N

1 2 3
COMe
NEealien
(Iow N7 TCHO N
] s ]

fashion, 2,5-dibromopyridine was converted to 5-bromo-
2-methoxypyridine, which was treated with n-butyllithium
and DMF to give 6-methoxy-3-pyridinecarboxaldehyde (2).
Monosubstitution of 3.3-dibromopyridine was achieved
using sodium methoxide in DMF. Subsequent lithium-
halogen exchange at -100 °C and formylation gave 3-
methozy-2-oyridinecarboxaldehyde (3) in good yield.
Directed lithiation of 2-, 3-, and 4-methoxypyridine using
mesityllithium as the base and subsequent formylation
with DMF gave 2-methoxy-3-pstidinecarbozaldehyde (4),
3-methoxy-2-pyridinecarboxaldehyde (5), and 4-meth-
oxy-3-pyridinecarboxaldehyde (6), respectively.™
Directed Lithiation Studies. The a-amino alkoxides
were prepared by addition of the pyridinecarboxaldehyde
to lithiated NN N “trimethylethylenediamine (LTMDA)
or lithium .V-methylpiperazide (LNMP) in tetrahydro-
furan (THF) at =78 °C. The a-amino alkoxide 7, formed

OLi

in situ from pyridinecarboxaldehyde 1. has two sites, C-3
and C-5, where lithiation may nccur. We anticipsted that
regioselective metalation could be achieved at either
position by varving the amine component of the a-amino

{12) Comine. D. L.. Kiilpack. M. 0. J. Org. Chem. 1987, 52, 104.
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alkoxide. Reaction ot | with LTMDA {ollowed by lithia-
tion with n-butyllithium and methylation gave a 77% yieid
of aidehydes 8 and 9 in a ratio of 96:4. The regioselectivity
can be reversed by changing the amine component.
Treatment of 1 with LNMP, tert-butyllithium, and methyl
iodide gave a 70% vield of 8 and 9 in a ratio of 3:97.

‘} LTMOA ™ Me

' ol

2 2 Bl 2 N7 SeHo
Seesn, MeOT N7 TCHO

42, Sh
3 Mel R0

‘) LNMP
1 m——— M 9
2, °5 B -n
et 05 e
42

3. M8l KO

We next investigated the methylation of pyridine-
carboxaldehyde 2. The a-amino alkoxide formed from 2
and LTMDA was lithiated and methylated to give the C-4
and C-5 substituted pyridines 10 and 11 in a ratio of 97:3.
The analogous 1 -action of 2 with LNVP and tert-butyl-
lithium gave mainly C-3 methylated pyridine 11. Lithia-
tion-methylation at C-2 was not abserved.

1 LTMDA cHa
: 2 2 nBuli - "
fd
«2,3n Ma” N
D Mei K0 10 &5% w0973
") NP Me oo
? 2 2 1Buli/ 1 TMEDA Ij/ « 10
1 1 N
T shoazman MO
N Mal HQ 1
720%
aw K:7

The metalation of pyridinecarboxaldehvde 3 using
LTMDA and n-butyllithium led to & 70:30 mixture of C-4
and C-6 methylated pyridines 12 and 13. We were unable
to find conditions tu improve the ratio of products in favor
of C-4 substitution. A highly regioselective C-6 methyl-

Me
1) LTMDA  MeO, CHO  MeO CcHO
3 —— . I i
2 178 nBul N Me N
T AN
3 MatHO 12 7e% 13
e MX
1) LNMP
3 19 9%
3 2 MESU
4T AN mn
3 Mal:H0O

ation was obtained, however, by using LNMP as the amine
component and mesityllithium™ (MESLI) as the base. In
this manner pyridinecarboxaldehyde 13 was isolated as the
sole product in 9% yield. Substitution at C-4 occurred
when pyridinecarboxaidehyde 4 was treated with LTMDA,
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n-butyllithium, and methy! iodide. An 82% vield of
substituted pyridine 14 was isolated as the sole product.

Mo
1) LTMOA fIW
4
2 2n8dl N OhMe

4221 8h. 2. 5n

B Ml HO 14 82%
Me
1) LNM™ CMe
s
2 2 MESL N7 N oho
> 2s 0 s
3 Mei 0 15 8T
M
1) LNMP Me. CHO
s
2) 5 MESU N
2r4n .
3 Mel:HO 1 82%

Mesityllithium was effective at lithiating the C-4 position
of the a-amino alkoxide derived from pyridine 5 and
LNMP. Methylation and workup gave 3-methoxy-4-
methyl-2-pyridinecarboxaldehyde (15) in 67% vield. Re-
giospecific substitution of pyridinecarboxaldehvde 6 at C-5
was achieved using LNMP and mesityllithium. We were
unable to induce metalation at C-2 by using LTMDA as
the amine component.

To determine if methylated methoxypyridinecarbox-
aldehydes could be further substituted using this metho-
dology, we prepared an a-amino aikoxide from pyridine
9 and LTMDA. Lithiation with n-butyilithium and me-
thylation gave 8 67% yieid of the tetrasubstituted pyridine
17.

Me. 1) LTMDA Me. Mo
——
N Scvo 2 288w II
MeO 42, 1h:
-2, 5h
’ 3 Mel:H0 17 %

The analogous reaction of the a-amino alkoxide derived
from pyridinecarboxaldehyde 8 and LTMDA gave alkyl-
ation mainly on the C-3 methyl group. A mixture of
products 18 and 17 were obtained in a ratio of 94:6, dem-
onstrating the a-amino alkoxide's ability to direct lateral
metalation as well as ring lithiation.

Me ) LTMOA CHiCHy
' il Y 17
MeO cvo 2 '2 m N7 SeHo

MeQ
4? 5n 7e%
[ 1.
7 M40 me 96
Conclusion

Lithiation of pyridines directed by a-amino alkoxides
has been shown to be effective for the substitution of
various methox\pyridinecarboxaldehydes. The procedure
utilizes a convenient one-pot reaction, which has an ob-
vious advantage over the more classical multistep ortho-
directing methodologies. A high degree of regioselective
control is achieved in many cases by simply changing the
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amine ccmponent of the a-amino alkoxide. The lack of
success in obtaining an a-amino alkoxide directed lithiation
at C-2 is interesting. A C-3 methoxy or ethoxy grcup
directs .ithiation to C.2,7 while chelating C-3 ortho-di-
recting sroups such as ~OCH,OMe and -OCONR, effect
metaiation at C-4.°# Because the C-\ bonds of a pyridine
ring are shorter than the ring C-C bonds, some of the bond
angles are distorted from 120°. In pyridine. for example,
the C-4. C-3, H-3 bond angle is 121.36°. whereas the C-2,
C-3, H-3 angle is 120.11°.'¢ This small distortion might
atfect the angle of intramolecular attack onto the C-2 or
C-4 hyérogen by the alkyllithium base, which is chelated
toa C-: Zirecting group ti.e., 19 and 20). This may cause
C-2 litk:ation via complex 19 to be less favorabie than the
analogi2» attack at the C-4 hvdrogen via cumpiex 20.°%
Furthe: :tudy is needed to support this hvpothesis.
N /

| ~
ff\ N:?N: 55 1avorad ¢ Tan ﬁ/{ cu
+
’ MeO” NT T

1 20

The methodology presented in this paper is useful for
the regivselective preparation of substituted alkoxy-
pyridinez. which are valuable precursors to pyridones and
p\'ndmo‘s 16 a5 well as synthetically useful dihvdro-
pyridones.!

]
[¢]
=
k_"

Experimental Section

All reactions were performed in oven-dried glassware under
a N, atosphere. Tetrahvdrofuran (THF) was dried by distil-
lation from sodium benzophenone ketyl prior to uge. NNV N
Trimethviethylenediamine, N-methvipiperazine, and dimethyl-
formamide 1 DMF) were distilled from caicium hydride and stored
over 3-A molecular sieves under No. Other solvents and reagents
from commercial sources were generally stored over 3-A molecular
sieves and used without {urther purification.

Meitizg points were determined with & Thomas-Hoover ca-
pillary meiting point apparatus and are uncorrectad. NMR spectra
ware recorded on a Vanan XL-300 or an [BM AF 80 spectrometer.
Radial preparative-layer chromatography (Radial PLC) wus
carried out by using a Ch (Harris Associ Palo Alto,
CA). Elemental analyses wers carried out by M-H-\V laboratories,
Phoenix, AZ. Infrared spectra were recorded on a Perkin-Elmer
Modsl 7300 spectrometer. Gas~liquid chromatography (GC) was
performed on a Hewlett-Packard Model 3880A gas chromatograph
equipped with & 30 m X 0.25 mm FSOT column packed with
OV-101. The 2.4-dinitrophenyihydrazones were prepared by using
s modified method published by Behforouz.'t

6-Bromo-2-methoxypyridine. 6-Bromo-2-methoxypyridine
was prepared by a variation of the litersture procedure.!* To

(13) Memtyllithium has been used as a base 1o lithiate certain 1-
(tert-butoxvearbonyl)-1,4-dibydropyridines and methoxypyridines. Co-
mins, D. L, Weglarz, M. A. OnCImn 1988, 33, 4437. See also ref

Te
"t}nmSolm;un. G. O.: Mahler, L. Rastrup-Andersen, N. J. Mol. Struct.
1974. 20, 119.

(13) T» ical studies of the lithistion of ines have indicated
that metaistion occurs via a cyclic transition state in -hnch the base
attacks the scidic proton in an almost collinear ‘anico—proton- IJL
® 155-168": fashion regardless of the ring size. Smk. G.Polt. R L:

Y.; Houk. K. N. J. Am. Chem. Soc. 1988, |10 8360.

(16) H. Meislich [n Avnidine and Its Demiatices: Klingsberg, E.. E4.;
Wiley: Nes York, 1962; Part 3, p 509. Comuns, D. L.; Strend, E. D. J.
Heterocye.. Chem. 1988, 22, 1419,

{17) Raucher, S.: Macdonaid, J. E. Syath. Commun 1988, 10, 328,
Kotikomsic. A. P.. Park. P. J. Org. Chem. 1984. 49, 1674, Comins. D. L.;
Brown. J. D Tetrahedron Lett. 1988, 27, 6'>4° Brown, J. D.. Foley, M.
A.;Comirs D L. J. A= Chem. Soc. 1988, [ 0. T448.

8‘;." Ber:orous, M.. Bolan. J. L.. Flvnt, M Org. Chem 1988, 30.
11




T2 J. Org. Chem. Vi 35. No. . [9%

a stirred solution of 2.6-dibromopyridine (17.42 g, T4 mmols in
anhvdrous MeOH 150 mL} was added NaOMe (28.6 mL of 23%
NaOMe in MeOH, 125 mmol). The mixture was refluxed for 25
h and then poured into cold 5% NaHCO; 150 mL). The mixture
was exteacted with ether {3 X 30 mL1. and the organic laver was
concentrated. Ether (50 mL) was added to the remaining liquid,
and the mixture was washed with brine 140 mL). The organic
layer was dried (K,CO,) and concentrated. and the residue was
Kugelrohr distilled 18595 °C 15 mmHg) to give 10.11 g (73%)
of 6-bromo-2-methoxyvpyridine as a clear liquid: IR (neat) 2953,
1596, 1532. 1538, 1472, 1413, 1298, 1022, 857 cm™": 'H NMR 130
MHz, CDCly) & 3.89 ¢5, 3 H1, 6.63 1d. | H. J = 8 Hz2). 6.99¢d. 1
H.J = 38 Hz2). 7.37 (t. 1 H. J = 8 Hz1: 3C NMR (20 MHz. CDCly)
8 54.3, 109.5. 120.2. 138.8, 140.5. i63.9.
6-Methoxy-2-pyridinecarboxaldehyde (1). To a stirred
solution of 8-bromo-2-methoxypyridine 11.01 g. 5.40 mmols in THF
(20 mL) at =73 °C was added n-BuLi 15.61 mmol}. After1 h. DMF
10.472 g. 6.07 mmol) was added. and the mixture was allowed to
stir for 30 mn at =73 °C. The cold mixture was poured directly
into a stirred aqueous solutivn of 3% NaHCQ, 150 mL: and
extracted with éther 1«3 X 23 mL). Tne combined organic extracts
were washed with brine and dried ' K.CO;). The mixture was
filtered and cencenzrated. The crude product was purified by
radial PLC silica gel. 3% EtOAc-hexanes: followed by Kugelrohr
distillation 'bp 99-103 °C '20 mmHg (lit.*® bp 103-104 °C 20
mmHg)] to give 574 mg (T3%) of 1 as an oil: IR (neat) 2935. 2229,
1719, 1704, 1620. 1474, 1333, 1276 cm”; 'H NMR (300 MHz,
CDCly) 6 4.03 15,3 H).6981d. 1 H,J = 84 Hz). 7.57T1d. 1H. J
= 7.2 Hz),7.74 idd.-1 H.J/ = 8.4, 7.2 H2). 9.97 (s, 1 H); ¥C NMR
(73 MHz, CDCly 6 53.13. 115.01, 115.92, 138.71, 150.08. 164.02,
192.50: DNP mp 216-219 *C.
5-Bromo-2-methoxypyridine. 5-Bromo-2-methoxypyridine
was prepared by a variation of the literature procedure.”? Toa
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 and then poured into cold stirred 5% NaHCO, (75 mL). The
mixture was extracted with ether (4 X 30 mL) and washed with
brine (3 x 30 mL). The organic laver was dried (MgSOQ,), filtered,
and concentrated. The crude product was purified by Kugeirohr
distillation 165-70 *C /3.5 mmHg) to give 7.96 g (92%) of a clear
liquid: IR ineat) 2984, 2948, 1572, 1451, 1339, 1293, 1262, 1009,
799 em™!; ‘H NMR (80 MHz, CDCly) 5 3.88 (s, 3 H), 6.539 (d. 1
H.J=88Hz), 7.56(d,1 H.J =88 Hz), 818 (s, 1 H: "C NMR
(20 MHz, CDCly) é 53.78, 111.79, 112,69, 141.00, 147.70, 163.10.
6-Methoxy-3-pyridinecarboxaldebyde (2). To & stirred
solution of 5-bromo-2-methoxypyridine (1.63 g, 8.69 mmol} in THF
(25 mL) at ~78 *C was sdded n-Buli (9.10 mmol). After 1 h, DMF
(1.27 g, 17.4 mmol) was added and stirring was continued for 30
min at -78 *C. The cold mixture was poured directly into a stirred
aqueous solution of 5% NaHCOs (50 mL) and extracted with ether
(3 X 25 mL). The combined organic extracts were washed with
brine and dried (K,CO,;). The mixture was filtered and con-
centrated to give s yellow solid (1.21 g). The crude product was
recrystailized {rom hexanes to give 1.00 g (84%) of 2 as a light
vellow solid: mp 50.5~51.5 *C (hexzanes); [R (neat) 2993, 2932,
2837, 1696, 1608, 1568, 1495, 1363, 1291, 1222, 1016, 838 cm™'; 'H
NMR (300 MHz, CDC)y) 5 4.04 (s, 3 H), 6.85 (d, 1 H,J =9 H2),
8.07(d, 1 H.J = 9 Hz2),8.64 (s, 1 H),9.98 (s, 1 H); 3C N\MR (73
MHz, CDCl,) 4 54.07. 111.84, 126.50, 137.20, 152.63, 167.47, 189.26.
$-Bromo-3-methoxypyridine. Sodium methoxide in MeOH
(20.5 mL, 95 mmol) was stirred under reduced pressure (15
mmHg) at 65 *C for 30 min. The remaining solid was placed under
& N; atmosphere and dissolved in DMF (60 mL). Solid 3.5-di-
bromopyridine (15 g, 63 mmol) was added. and the mixture was
stirred at 63-68 *°C. After 4 h, additional NaOMe/MeOH solution
{7 mL, 32 mmol) was added. The reaction mixture was allowed
to stir at 63-68 *C for 12 h, then poured into H,O (80 mL), and
extracted with ether (8 X 20 mL). The combined organic extracts
were washed with brine (30 mL) and dried (MgSO,). The mixture
was filtered and concentrated to give a vellow solid. The crude
product was purified by radial PLC (silica gel, 10% EtOAc~
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hexanes' iullowed by recrvstailization thexanes) to give 3.78 g
(8% 1 of 3-bromo-3-methoxypyridine as a light vellow soiid. The
residue from the mother liquid was purnified by radial PLC ssilica
gel. 3% E:OAc-hexanes) to give an additional 1.27 g 111%) of
product: [R rneat) 3045, 3010. 2940, 1577, 1557, 1457, 1418, 1313,
1266. 10619, $58 cm™; 'H NMR (300 MHz. CDCl,) 6 3.86 1s. 3 H),
7.36 (s. 1 H1, 8.25¢s, 1 H), 8.29s. 1 H): C NMR (73 MHz. CDCly)
5 55.45. 120.02, 122.78, 135.85, 142.46. 1535.64; mp 34-35 °C
(hexanes:. Anal. Caled for C,H:BrNO: C. 38.33: H. 3.22: N. 7.45.
Found: C.J38.18: H. 3.26: N, 7.28.
5-Methoxy-3-pyridinecarboxaldehyde (3). To a stirred
solution «t -bromo-3-methoxypyridine (3.09 g. 22.9 mmol) in THF
(100 mL: at 100 °C was added n-Buli /25.2 mmol) over 10 min.
The solution was allowed to stir for an additional 20 min at -100
*C. and *hen DMF 12.3 mL. 29.8 mmol) was added. The mixture
was stirred for 30 min. allowing the temperature to slowly warm
to ~60 *C. The cold mixture was then poured directly into brine
(100 mL) and extracted with ether 3 x 40 mL). The combined
organic extracts were dried ({K.COa:. {il:ered. and concentrated.
The cruge product was purified by radial PLC rsilica gel, 10%
EtQAc-hexanest to give 2.19 g1 73% ) of 3 as a light vellow soiid:
IR treat: 2943, 2544, 1703, 1693, 1538, 1473, 1428, 1321, 1282,
1233. 1173 cm™: *H NMR (300 MHz, CDCl.1 5 3.93 (s. 3 Hi. 7.62
s, 1 Hi, $.56 45, 1 H), 3.67 1s, 1 H). 10.11 (s. 1 H): 3C NMR (73
MHz CDCla 4 33.39. 116.16. 131.86, 144.33. 144.86, 156.00. 199.51;
mp 33-34 °C (hexanes CCL). Anal. Caled for C-H-NO C.61.31:
H. 5.13; N. 10.21. Found: C, 61.17, H, 5.22: N. 10.35.
2-Methoxy-3-pyridinecarboxaldehyde (4). To a stirred
solution of rert-butyilithium (8.19 mmol, 4.96 mL of a 1.65 M
solution in pentane) in 20 mL of THF at -78 °C was added
dropwise 2-bromomesityiene 10.60 mL. 3.9 mmol). After this
stirred for 1 h. 2-methoxypyridine (0.32 mi. 3.0 mmol) was added
dropwise. and the mixture was warmed to 0 °C and stirred for
1 h. The homogeneous solution was warmed to room temperature
and stirved for an additional 1 h. This solution was cooled to =78
*C and N_V-dimethyiformamide (0.35 mL. 4.5 mmol) was added
in one portion and stirred for 1 h. Acetic acid (6.0 mmol, 0.35
mL) was added. and the solution was warmed to room temper-
ature. Satursted aqueous NaHCO, (20 mL) was added. and the
mixture was extracted with three 20-mL portions of diethyl ether.
The combined organic layers were washed with brine, dried over
MgSO, for 15 min, filtered through Celite, and concentrated in
vacuo. The crude product was purified by radial PLC (silica gel,
EtOAc-hexanes) to give 0.257 g (63%) of 4 as an oil: 'H NMR
(300 MHz, CDCl,) 6 10.38 (s, t H), 8.39 (dd. 1 H,J = 5.0 and 2.0
Hz), 8.12 (dd. 1 H, J = 8.0 and 2.0 Hz), 7.02 (m, 1 H.J/ = 8.0,
5.0 and 1.0 Hz), 4.08 (s, 3 H); '3C NMR (73 MHz, CDCly) 8 1891,
164.4, 152.8, 137.5, 118.8. 117.2, 53.8: IR (neat) 3004. 2964, 2869,
1684, 1654. 1584, 1474, 1422, 1394, 1114, 1269, 1204, 1115, 1034,
883, 824, "94, 692 cm™. Anal. Caled for C-H-O,N: C, 61.31; H,
5.14; N, 10.21. Found: C. 61.40; H, 5.14; N, 10.28.
3-Methoxy-2-pyridinecarboxaldehyde (5). To a stirred
solution of tert-butyllithium (8.01 mmol, 4.40 mL of a 1.82 M
solution in pentane) in 20 mL of THF at =78 °C was added
dropwise 2-bromomesitylene (0.60 mL. 3.9 mmol). After this
stirred for 1 h, 3 methoxypyridine (0.30 mL. 3.0 mmol) was added
dropwise. The solution was warmed to =23 *C, stirred for 3 h.
and then cooled again to -78 *C. N.N.Dimethviformamide (0.35
mL. 4.5 mmol) was added. and the resuiting solution was stirred
at~78 °C for 1 h. The reaction was quenched at -78 *C with 20
mL of brine and extracted with ether. The combined organic
layers were washed with brine, dried over K,CO,, and concen-
trated. The crude product was purified by radial PLC (silics gel,
EtOAc; EtOH) 10 give 0.350 g (85%) of 5. which was subsequently
recrystallized (benzene/cyclohexane) to give a white solid: mp
67~68 *C: 'H NMR 1300 MHz. CDCly) 6 10.35 (s, 1 H). 8.41 (d,
1 H.J = 4.0 Hz), 7.55-7.35 (m, 2 H), 3.98 (s, 3 H); *C NMR (7§
MHz, CDCly) 5 190.3, 157.8, 141.9, 140.9, 128.7, 120.1, 35.7. IR
(KBr) 3077, 2991, 2960. 2876, 1694, 1577. 1470, 1432, 1395, 1297,
1255, 1189, 1158. 1114, 1066, 1007, 925, 857, 807, 738, 658 cm™!.
Anal. Caled for C-H.NO,: C, 61.31: H. 5.14; N, 10.21. Found:
C, 61.36; H. 5.16: N, 10.24.
&Methoxy-3-pyridinecarboxaidehyde (8). To a stirred

(19 Testaferni. L.. Tiecco. M.: Tingoli. M.; Bartoii. D.: Massoli. A.
Tetrahedron 1988, 41, 1373,
120V Schuits. O.: Fedders, S. Arch. Pharm. 1977, 310. 128.

lution of tert-butyllithium (8.01 mmol. 4.40 mL of a 1.82 M
solution in pentane) in 20 mL of THF at =78 °C was added
dropwise 2-bromomesitylene (0.60 mL. 3.9 mmol). After this
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stirred for 1 h, 4-methoxypyridine (0.30 mL., 3.0 mmol) was added
dropwise. This solution was warmed to -23 °C, stirred for 3 h,
and then cooled sgain w0 ~78 °C. N.N-Dimethylformamide (0.35
mL. 4.3 mmoi) was added, and the solution was stirred a¢ ~78
*C for 1 h. The reaction was quenched at ~78 °C with 20 mL
of brine and extracted with ether. The combined organic layers
were dried over K,CO;. Concentration gave the crude product
which was purified by radial PLC (silica gel. EtQAc. EtOH) to
give 0.317 g (77%) of 6 as a solid, which was Iunherpunfed for
elemental analysis by recrystallization (CC),) to give white

mp 65.5-67.5 ‘C 'H NMR (300 MHz, CDCly) § 10.46 (s, 1 H),
8.90 (s, 1 H), 8.65 (d. 1 H,J = 6.0 Hz), 6.95 (d, 1 H. / = 6.0 Hz),
4.01 (s, 3 H); ¥C NMR (75 MHz, CDCl,) 5 188.6, 166.6, 155.9,
150.7, 120.4, 107.1, 35.8; IR (KBr) 3105, 3079, 2985, 2951, 2886,
2849, 2770, 1679, 1586. 1500, 1488, 1439, 1396, 1314, 1278, 1205,
1170, 1061, 1018, 932, 841, 822, 745, 660 cm™. Anal. Caled for
C,H,NO;: C,61.31; H. 5.14: N, 10.21. Found: C, 61.11; H, 5.09;
N. 10.01.

Genersl Procedure for Methylation of Methoxy-
pyridinecarboxaldehydes. To a stirred solution of the secondary
amine (N.V.N"trimethylethylenediamine or N-methyipiperazine,
2.4 mmol) in 10 mL of THF was added 2-BuLi (2.2 mmol) at -78
*C. After 15 min, the appropriate methoxypyridinecarbox-
aldehyde (2 mmol) was added, and the mixture was stirred at =78
*C for 15 min. The indicated base was added and stirred at the
indicated temperatures and times. Methyl iodide (10 mmol) was
added at =78 *C, and the mixturs was allowed 1o come to room
temperature (30 min). The sol was p d into Vg
stirred cold brine (25 mL) and extracted with ether (3 X 25 mL)
The organic extracts were dried (K,CO,) and concentrated. The
crude products waere purified by radial PLC (EtOAc-hexanes).

Spectrsl Data. 6-Methoxy-3-methyl-2-pyridinecarbox-
aldehyde (8): IR (neat) 2045, 2820, 1711, 1606, 1483, 1341, 1272,
796 cm™!; 'H NMR (50 MHz, CDCly) 5 2.55 (s, 3 H), 3.99 (s, 3 H),
6.83(d. 1 H,J =84 Hz), 747 (d. 1 H, J = 8.4 Hz», 10.06 (s, 1
H); BC NMR (20 MHz, CDCly) & 18.03, 33.87, 113.37, 129.14,
143.28, 146.92, 162.79. 195.38; mp 52.5-34 °C (hezanes). Anal.
Caled for CqHaNOy: C. 63.5%; H, 6.00; N. 9.27. Found: C, 63.53;
H. 6.08: N, 9.12,

6-Methoxy-3-methyl-2-pyridinecarboxaldehyde (9): IR
(KBr) 3011, 2955, 2841, 1695, 1597, 1463, 1277, 1243, 1027 cm™%;
'H NMR (300 MHz. CDCly) 5§ 2.28 (s, 3 H), 4.05 (s, 3 H), 7.49 (d,
1H.J = 7.2Hz), 7.534 (d. 1 H.J = 7.2 Hz). 9.94 (s, 1 H): “C NMR
(20 MHz, CDCly) 5 16.50, 33.83, 118.01. 127.63, 138.96. 148.82,
162.96, 193.06;: DNP mp 222-224 *C (EtOH). Anal. Caled for
CyHyNOz: C, 83.57: H. 6.00; N, 9.27. Found: C, 63.21; H, 5.83;
N. 312

6-Methoxy-4-methyl-3-pyridinecarboxaldehyde (10): IR
(KBr) 3026, 1693, 1613. 1554, 1446, 1362, 1253, 1147 cm”% ‘H NMR
1300 MHz, CDCly) 4 2.61 (s. 3 H), 4.01 (s. 3 H), 6.60 15. 1 H), 8.51
(s.1 H), 10.07 (s. 1 H): 3C NMR (75 MHz. CDCly) 5 19.85, 33.85,
112.90, 123.38, 151.42. 133.25, 166.60. 190.38; mp 91-92 *C
thexanes). Anal. Caled for C{HaNOy: C, 63.57; H. 6.00: N, 9.27
Found: C.63.31: H. .02, N,9.13.

6-Methoxy-3-methyl-3-pyridinecarboxaldehyde (11): IR
Ineat) 2989, 2953, 1694, 1605, 1484, 1408, 1381, 1268, 1141. 1016
cm: 'H NMR (300 MHz, CDCly) 6 2.24 (s, 3 H), 4.06 15, 3 H),
75818, 1 H), 8.47 (s, 1 H), 993 (s, 1 H): I3C NMR (73 MH2. CDCly
5 15.79, 54.30, 122.10. 126,73, 136.35, 150.39, 166.19. 139.81; mp
36-36.5 °C (hexanes). Anal Caled for C,H,.\O. C.63.57; H,
8.00; N, 9.27. Found: C. 63.69; H, 5.94: N, 9.30.

5-\hthuy-l-mﬂhyl-&pyﬂdlnmbouldohydc (12 IR
(KBr) 2960, 1692, 1583. 1489, 1422, 1294. 1270, 1011, 909, 713 cm™;
'H NMR (300 MHz. CDCly) & 2.56 (5. 3 H), 3.98 (s, 3 H). 8.37 (s,
1 H). 8.62 (s, 1 H), 10.33 (s, 1 H); 13C NMR (73 MHz, CDCly) &
10.31. 56.30, 129.85, 136.43, 137.37, 146.04, 154.18. 191.82; mp
70.5-71.5 °C (hexanes). Anal. Caled for C{HyNO»: C.63.57; H.
6.00: N, 9.27. Found: C. 63.66; H, 6.06; N, 9.27.
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5-Methoxy-6-methyl-3-pyridinecarbozaldebyde (13): IR
(KBr) 2978, 2860, 1689, 1593, 1392, 1152 em™"; ‘H NMR (300 MHz,
CDCly § 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 (75 MHz, CDCly) 8 20.10. 35.40, 112.32,
130.81, 144.56, 154.27, 156.30. 190.58; mp 75.5-76.5 °C (hezanes).
Anal. Caled for CyHgNOx: C, 63.57: H. 6.00; N, 9.27. Found: C,
63.38; H, 6.02: N, 9.19.
2-Methoxy-{-methyl-3-pyridinecarboxaidebyde (14): IR
(neat) 2988, 2953. 2869, 1686, 1590, 1564, 1476, 1377, 1302, 1083
cm™; *H NMR (300 MHz, CDCly) 5 2.59 (s. 3 H), 4.04 (s, 3 H),
6.77(d. 1 H,J = 5.1 Hz), 816 (d. 1 H, / = 5.1 Hz), 10.54 (s, 1
H); BC NMR (75 MHz, CDCl,) § 20.79, 53.84, 117.16, 120.87,
130.79, 152.42, 163.78, 191.47; mp 29.5-30 *C (hexanes). Anal.
Caled for C;H\NO,: C, 63.57; H, 6.00; N, 9.27. Found: C, 63.68;
H, 5.8%: N, 9.15.
3-Methoxy-4-methyl-2-pyridinecarboxaldehyde (15): IR
(neat) 2933, 2832, 1715, 1585, 1561, 1473, 1263, 1224, 1002 cm™;
'H NMR (300 MHz, CDCly) § 2.50 (s, 3 H), 3.84 (s. 3 H), 7.28 (d,
L H.J =48 Hz),835 (d. 1 H.J/ = 4.8 Hz), 10.15 (s, 1 H); *C NMR
{75 MHz, CDCly 5 15.19, 62.34, 130.09, 142.80. 144.78, 145.24,
157.33, 191.04; mp 42,5~44 °C (hexanes). Anal Calcd for
S,H,NO,. C,63.57: H, ’8.00: N, 9.27. Found: C, 63.76; H, 6.00;
9.18.
4-Methoxy-5-methyl-3-pyridinecarboxaldehyde (16): IR
(KBr) 2897, 1703, 1678, 1574, 1480, 1404, 1269, 1228, 1153, 996.
821 cm™'; '"H NMR (300 MHz. CDCly) & 2.34 (s. 3 H), 4.01 (s, 3
H), 857 (s, 1 H), 8.83 (s, L B}, 13.38 (s, 1 H); *C NMR (75 MHz,
CDCly) & 13.09, 6261, 123.84, 12538, 150.32, 157.09, 166.77, 189.07;
mp 64.5-66 *C (hexanesi. Ar.al. Caled for C¢qH\.NOy: C, 63.57;
H., 6.00; N, 9.27. Found: C,53.51: H, 6.04; N, 9.29.
3,5-Dimethyl-6-methoxy-2-nyridinecarbozaldehyde (17):
IR (KBr) 2961, 2924, 2832, 1546, 1561, 1478, 1416, 1356, 1277,
1117 em™: 'H NMR (80 MHz. CDCly) § 2.21 (5. 3 H), 2.50 (s, 3
H), 4.00 (s. 3 H), 7.23 (s, 1 H). 10.01 (s, 1 H): 3C NMR (20 MHz,
CDCly) 6 16.09, 17.74, 33.68. 12 38, 129.17. 142.76, 144.76, 160.84,
194.92; mp 84.5-85.5 *°C (hesur.rs). Anal. Caled for CoH | NOy:
C. 65.44: H, 6.71; N, 8.43. Found: C. 63.21; H, 6.79; N, 8.35.
3-Ethyl-6-methoxy-2-pyridinecarboxaidehyde (18): IR
{neat) 2973, 1711, 1603, 1482, 1337, 1271, 1030 cm™"; '"H NMR (80
MHz. CDCly 6 L19 (.3 M./ = 7.5 H2). 301 (q, 2 H. J = 7.5 Ha),
3.99(s,3H).686(d.1H./ =8.4 H2),7.53 (d. 1 H. / = 8.4 Hz2),
10.08 (s, 1 H): BC NMR (20 MHz. TDCly) 8 13.58. 24.24, 53.86,
115.84. 135.54. 141.85, 146.50. 162.79. 195.12; DNP mop 180-184
°C (EtOH). Anal. Caled for CoH NO;: C, 65.44; H.6.71: N, 3.48.
Found: C. 65.45; H, 6.68. N, 8.57.
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