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ABSTRACT

THE AROMATIC 3-AZA-COPE REARRANGEMENT AND
AZA-ANNULATION REACTION AS SYNTHETIC TOOLS
FOR THE CONSTRUCTION OF NITROGEN HETEROCYCLES

By

Lars Guenter Beholz

Conditions for the aromatic 3-aza-Cope rearrangement were developed for which
the reaction occurred at a reasonable rate, at practical temperatures and with adequate
reproducibility and regiospecifity. The catalyst systems BF3-Et20 in toluene, ZnCl; in
xylenes, and AICl3 in xylenes efficiently accelerated the 3-aza-Cope rearrangement of N-
allylaniline substrates accessing a convenient method for C-C bond formation between N-
alkyl substituents and an o-aromatic ring carbon. This versatile rearrangement yielded
products which could potentially act as precursors to a variety of indole alkaloids
substituted in the indole 6-membered ring portion.

Stereochemically complex hydroxylated piperidine alkaloids were efficiently
accessed through use of the aza-annulation. The C-4 and C-5 substituent pattern was
determined through initial substrate preparation. After aza-annulation, the stereochemistry
at these positions could then be controlled through choice of reduction conditions. Trans
stereochemistry at C-4 relative to C-5 was efficiently incorporated to an extent of >98:2
through use of the Baeyer-Villiger oxidation. Stereospecific cis hydroxylation at the C-2
and C-3 positions was then accessed through selenation followed by oxidation with OsQOj.
D-mannonolactam and deoxymannojirimycin were prepared from propargyl alcohol using
this methodology.

The aza-annulation was then shown to constitute a quick and efficient method of
building up highly functionalized 6-membered nitrogen heterocycles for potential use in the
preparation of peptide mimics. DDQ oxidation of these functionalized heterocycles
provided the corresponding functionalized pyridone ring systems. This methodology thus
may provide a rapid and efficient route into the formation of peptide mimics with
functionalization possible at the C-2, C-4, and C-5 positions.
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CHAPTER L
REFINEMENT OF THE LEWIS ACID-PROMOTED 3-AZA-COPE
REARRANGEMENT OF N-ALKYL-N-ALLYLANILINES: A VERSATILE
ROUTE TOWARD THE PREPARATION OF INDOLES SUBSTITUTED IN THE
BENZENE RING PORTION.

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

alkaloid synthesis. Examples of these alkaloids are serotonin (I-1) and oxypertine (I-2).
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Serotonin Oxypertine
(a neurotransmitter) (a tranquilizer)
I-1 I-2

Preparation of these types of indoles have been executed by a variety of methods.!
Many of these methods began with various o-substituted anilines (eqs. 1-3).2-4
Preparation of these o-substituted anilines was also approached via a wide variety of

methodologies (egs. 4 and 5).5:6
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The major disadvantages of these methods are either low overall yields from
aniline to indole or lack of aniline substituent availability. A compromise between the
benzene portion substituent pattern of the indole and overall yield of reaction is
particularly evident in the synthesis outlined in equation 6.7 Yields for this synthesis
range from 40% to 45% not including the formation of the endo-peroxide pyrrole (I-17).
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In order to ascertain a more efficient route toward the formation of substituted
indole frameworks, the aromatic 3-aza-Cope rearrangement (aromatic-amino-Claisen
rearrangement) for the o-allylation of anilines has been examined. Specifically, it was
hoped that conditions for the 3-aza-Cope reaction could be developed so that the reaction
would occur at a reasonable rate, at practical temperatures and with adequate
reproducibility and regiospecifity. These improved conditions would allow for the
convenient and versatile preparation of indoles substituted in the benzene ring portion as
illustrated retrosynthetically in Scheme I-1.



Scheme I-1. Retrosynthetic Analysis of Substituted Indole Preparation from

Substituted Anilines
x N N D N N
(== =00 = (0L
R/ If Rl/ ITIH R{ lf R{ NHR  g{ NH,
R R R
1-23 1I-24 I-25 I-26 1-27

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

Aromatic 3-aza-Cope rearrangement.

The aromatic 3-aza-Cope rearrangement, a [3,3]-sigmatropic rearrangement of N-
allyl-N-arylamines, has received less attention than its counterpart, the aromatic-Claisen
rearrangement, probably because of the drastic conditions required and the tendency
toward side reactions.8 Thermal rearrangements of N-allylaniline occur at 200 - 350°C
with cleavage to arylamines sometimes being the dominant reaction.9 Analogous
rearrangements of the oxygen counterparts occur in the temperature range of 150 -
225°C.8
The nature of the rearrangement was examined extensively by Jolidon and Hanson and
found to be similar to the aromatic oxy-Claisen rearrangement.9 Futhermore, in
rearrangements using mixtures of deuterated and non-deuterated reactants (one reactant
with the aromatic ring deuterated at the m-positions and the other with the terminal allyl
positions deuterated), the formation of cross products was not observed. Also in this
study, the [3,3] nature of the reaction was examined through steric interactions arising in
the rearrangement of o-substituted-N-allylanilines. Scheme I-2 gives the possible
transition state conformations of a [3,3]-type process. As substituents of increased bulk
were used, steric interaction between them and the crotyl methyl group increased in the
cis-chair transition state conformation (top). A corresponding decrease in the amount of
I-29 resulted. Evidence that the Lewis acid catalyzed rearrangement follows the same
mechanism is available.11 Extensive studies of Lewis acid catalyzed rearrangements
were executed by Abdrakhmanov, et al..12:13 In one study, the rearrangement of N-(ct-
methylcrotyl)aniline (I-31, eq. 7) was monitored by Gas Chromatography (G. C.) relative
to an internal standard. The results of this study are shown in Table I-1.






Scheme I-2. Possible Transition State Conformations for o-Substituted-N-allylanilines
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I-31 I-32 I-33 I-34 I-35
Table I-1. Study of Acid Catalyzed Rearrangements of I-3112
Entry Acid Catalyst / Solvent Time (min.) %I- %I- %1- %I-
Equivalents (130°C) 90% conv. 328 33@ 344 354
1 Aniline-HC] / 1:1 Aniline 360 87 11 0 NA
2 Aniline-HC1/1:1  1-Octanol 200 74 3 12 NA
3 Aniline-HCl1/ 1:1 DMSO 180 40 6 6 NA
4 Aniline-HC1/ 1:1 CgHs5-NO2 180 62 4 8 20
5 Aniline-HC1/1:2 CgHs5-NO2 260 68 4 11 15
6 Aniline-HC1/1:3 CgHs-NO2 380 72 3 12 12
7 ZnCly / 1:10 CeHs5-NO2 60 90 7 0 1
8 AlCI3/ 1:10 CsHs5-NO2 25 68 3 18 5
9 CoCl2/1:10 CeHs-NO2 30 55 6 13 15
10 SnCly / 1:10 CsHs5-NO2 10 62 12 0 10
11 TiCly / 1:10 Ce¢Hs-Ni 60 48 4 0 17
12 BFs3-etherate / 1:10 CgHs-NO; 20 68 10 0 9
13 ZnCly/ 1:1 CgHs-Cl 20 75 5 0 10
14 ZnClp/ 1:1 xylene 60 65 7 0 10

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

Inconsistencies exist between the results of Abdrakhmanov and those reported by

Jolidon and Hansen. In particular, the recovery of I-34 and I-35 by Abdrakhmanov
indicated bond cleavage prior to bond making, a less [3,3]-like process. Furthermore,
explanation as to how more I-34 than I-35 could be formed in some cases was difficult
since the second substituent on I-34 had to have come from I-31, I-32, or I-33.
Decomposition mechanisms have been postulated.14 One sequence is shown in equation

8.
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Substituent effects on the aromatic portion of the substrate have also been
examined in some depth. For the rearrangement of o- and m-substituted anilines, the
amount of resulting p-product (similar to I-33) was found to be significantly higher.13
For example, in m-toluidines (m-methylanilines), the ratio of o- to p-rearrangement
products was found to be 2.5 : 1 as opposed to 7 : 1 in the unsubstituted case. For o-
chloroaniline, the ratio was 3 : 1. The only exception to this trend was m-anisidine (m-
methoxyaniline) which yielded the o-product only. Reaction rates for all substituted
anilines were reported slower. Rates of reaction of p-substituted-N-allylanilines in
H7SO04 at 60°C were as follows: p-H (krel=1), p-CH3 (kre]=0.5), p-Cl (kre]=0.5), p-
OCH3 (kre]=0.2). With the p-CN substituent, cleavage was the principle reaction.
Krowicki, et al., also studied the effects of substituents on the aromatic ring.16 For the
rearrangement of N-methyl-N-(a-methylallyl)aniline under conditions of refluxing
ethanol / water with an HCI catalyst for 8 hours the following isolated yields were
obtained: p-H (95%), p-CH3 (95%), p-OCH3 (92%), m-CH3 (45%), m-OCH3 (24%).
Under conditions of 180 - 230°C in concentrated HCl, N-allylanisidines simply
decomposed.17

N-Substitution has been reported to give increased yields and faster rates of
rearrangement under milder conditions.15 Rates of reaction for both the thermal and acid
catalyzed rearrangements increased in the order of N-H < N-CH3 , N-t-butyl.9
Rearrangement yields vary greatly depending on the reaction conditions and substituent
pattern of the migrating group. The most favorable conditions were reported by Krowicki
et al.l and Abdrakhmanov12.13 although yields reported by Abdrakhmanov were by G. C.
only. The fact that the yields given were by G. C. only was significant in that isolated
yields have sometimes been found to be far less than G. C. yields (for example: 70%
yield by G. C. vs. 29% isolated for the Bronsted catalyzed rearrangement of N-methyl-N-
(a-methylallyl)aniline and 88% G. C. vs. 57% isolated for a similar rearrangement of N-
allylaniline).? To exemplify the variety of yields obtained in seemingly similar reactions,
the following illustrations have been included. Reported yields for ZnCl catalyzed
rearrangements range from 42% isolated for N-allylaniline in refluxing xylenes for 3
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hours with 0.7 equivalents of catalyst to 23% isolated for I-32 under conditions of 1
equivalent of ZnCl; in refluxing xylenes.!18 For the rearrangement of I-31 to I-32 the
yields range from 65% under conditions of 1.1 equivalent of ZnCl; in xylenes at 130°C
for 1 hour by G. C.13 to 97% with 1.1 equivalents of ZnCl; at 130°C in nitrobenzene by
G. C. The highest overall yield found for an acid catalyzed rearrangement was for the
reaction shown in equation 9.19 This reaction, which was run with a "large excess" of
aniline, was reported to have provided a 100% isolated yield of 1-42 after 4 hours at
120°C or 3 hours at 184°C. The authors attributed the high yield to the catalytic activity
of aniline-HCI, checking their hypothesis by running the reaction without excess aniline
(no reaction) and then adding aniline-HClI which gave 100% isolated yield. For
analogous reactions run without excess aniline and under conditions of thermal and acid
catalysis, the authors obtained 20 - 40% yields.

Aza-annelation of N-Allylindoles.

The [3,3]-rearrangement of N-allylindoles is far less studied than the [3,3]-
rearrangement of N-allylanilines. This is probably due to the higher energy required to
overcome the strained transition state and the variety of other methods available to
achieve the same transformation (egs 10-12).20-22

AN
| - | (10)
N N

MgBr H

I-43 1-44
lf HOAc, NaOAc, RT lf
H H
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Thermal rearrangements of N-allylindole (I-59) to 3-allylindole (I-44) occur at
elevated temperatures (405 - 470°C).23 The requirement for higher temperature is
consistent with the greater strain the transition state (I-48) must endure (Figure I-1).
Under conditions of 1 equivalent of AICI3 in refluxing benzene for 2 hours, 1-59
rearranged to I-44 in 58% isolated yield while the crotyl analog rearranged in 43%
isolated yield. 24

Figure I-1. Transition State 1-48

I-48

There exists support for use of the aromatic 3-aza-Cope rearrangement as an
efficient synthetic tool in the preparation of o-substituted anilines. This same [3,3]-
process may then be used in the 3-allylation of indoles from I-59. In the former case,
once the o-allylaniline is formed, ring closure may be executed to form the corresponding
indole oxidatively via aldehyde formation followed by acid catalyzed ring closure.25
Ring closure may also be affected directly using Hg(OAc)226 or light16 followed by
aromatization with Mn(II)27 or DDQ.28 The 3-aza-Cope rearrangement could thus
constitute an efficient route to indole alkaloids substituted in the benzene portion. The
primary obstacles that must be overcome are: finding a general and efficient catalyst
system, improving reaction yield reproducibility, and increasing overall reaction yield.
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Results and Discussion.

Substrates for the aromatic 3-aza-Cope rearrangement were cleanly prepared by
N-alkylation through the methodology of Tweede and Allabashi.29 Since previous
rearrangements were executed using only a small variety of spectator (protective) N-
substituents, a variety of substrates (Figure I-2, I-3, and I-4) were synthesized.
Preparation of these substrates were as indicated in Scheme I-1. The protecting group or
equivalent was added to the aniline or aniline derivative and the product then isolated.
The protected aniline was then allowed to react with the alkyl bromide to provide the N-
allylanilines. The specific syntheses were as follows: N-methyl-N-allyl aniline (I-49)
was prepared in 91% yield by allylating N-methyl aniline. N-Allyl-N-benzyl aniline (I-
50) was prepared in 3 steps from I-35 by condensation first of I-35 with benzaldehyde to
form N-benzylidine aniline (I-51) which was subsequently reduced to N-benzyl aniline
(I-52) with LiAlH4. Substrate I-52 was allylated to give I-50 in 54% overall yield. N-
tosyl-N-allyl aniline (I-53) was prepared by the reaction of I-3§ with tosyl chloride to
yield the N-tosyl aniline (I-54) which was then allylated to provide I-53 in 40% overall
yield. N-allyl acetaniline (I-55) was prepared via preparation first of acetaniline (I-56)
from I-35, followed by allylation in 50% overall yield. Preparation of I-57 in 20%
overall yield from m-nitro aniline was accomplished by methylation of I-74 to give N-
methyl-m-nitroaniline (I-5§8) which was then allylated to provide I-57. Preparation of I-
59, by allylation of 1-45, was accomplished in 75% yield.

The p-methoxy substrates were prepared in similar fashion from p-anisidine
(Figure 1I-3). N-Methyl-N-allyl-p-methoxy aniline (I-60) was prepared in 42% overall
yield via N-methyl-p-methoxy aniline (I-61). N-Benzyl-N-allyl-p-methoxy aniline (I-62)
was prepared in 28% overall yield in 3 steps by preparation first of N-benzylidine-p-
methoxy aniline (I-63), reduction of I-63 to N-benzyl-p-methoxy aniline (I-64) followed
by allylation.

The m-methoxy substrates (Figure I-4) were prepared from m-methoxy aniline (I-
66), which was prepared as outlined in Scheme I-3.30 N-methyl-N-allyl-m-methoxy
aniline (I-67) was prepared by formation first of N-methyl-m-methoxy aniline (I-68)
followed by alkylation in 50% overall yield. N-benzyl-N-allyl-m-methoxy aniline (I-69)
was prepared in similar fashon via N-benzyl-m-methoxy aniline (I-70) or via N-
benzylidine-m-methoxyaniline (I-71) followed by alkylation in 72% overall yield. N-
isobutyl-N-allyl-m-methoxy aniline (I-72) was prepared via N-isobutyl-m-methoxy
aniline (I-73) in 62% overall yield.
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Figure I-2. Substrates Prepared for Acid Catalyzed Rearrangement
Tos{
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Figure I-3. N-Substituted-p-methoxy Substrates
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Figure I-4. N-Substituted-m-methoxy Substrates
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Scheme I-3. Preparation of N-Benzyl-N-allyl-m-methoxyaniline.
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Acid catalyzed rearrangement of the substrates 1-49, I-50, I-53, I-5§, 1-57, and I-
59 were then explored with emphasis being placed on the rearrangement of 1-49 (eq 13).
Initial studies of the rearrangement of 1-49 focused on the optimization of conditions
using the well studied catalyst ZnClp. ZnClp molarities were varied from 0.36 to 3.0 M
under conditions of refluxing xylenes (140°C) and 1.2 equivalents of catalyst.
Rearrangement of 1-49 to the o-allyl product (I-77) occurred in 45% isolated yield at 0.5
M (Table I-2). Compound I-49 was then subjected to rearrangements using a variety of
acid catalysts. These catalysts exhibited a wide range of activities as indicated in Table I-
3.

H3C\ H3C\ v H
N/w ML, N
- 13)

I-49 I-77
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Table I-2. Effect of Varying ZnCl; Molarities on Maximum % I-77 in the Reaction

Mixture in the Rearrangement of 1-49

Entry ZnCl8 Time % of
molarity (hours) 1-775

1 0.36 16 27

2 0.5 16 52

3 1.0 16 51

4 2.0 16 37

5 3.0 40 17

a Reactions were executed using 1.2 equiv of catalyst relative to I-49. b values represent % of the reaction
mixture as I-77, as indicated by G.C. without an internal standard.

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

Entty  Catalyst¢  Time (hours) % yield of
1-77°
1 TiCly 20 46
2 MgBr; 44 38
3 HBF4 48 33
4  pis-t-Cl-AlMec 24 28
5 bis-d-Ph-AlMed 72 27
6 FeCl3 4 24
7 AlMe,Cl 24 22
8 HySO04 24 17
9 MeAICl, 44 16
10 EtAICl, 14 8
11 HCl No rxn.¢ 0
12 AIMC2C1 No rxn.e 0
13 SnCl4 No rxn.¢ 0
14 FeBr3 Dest of SM/. 0

a Reactions were executed using 1.2 equiv of catalyst relative to 1-49. b values represent G.C. yields
relative to an internal standard. € bis-t-Cl-AlMe represents bis-(2,4,6-trichlorophenoxy)methylaluminum.
d pis-d-Ph-AlMe represents bis-(2,6-diphenylphenoxy)methylaluminum. € No rxn. indicates that less than
2% of the starting material was consumed over 48 hours. J Dest of SM indicates complete destruction of
starting material with less than 2% yield of any single isolable product.
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Table I-4. Effect of Solvent Reflux Temperature on the Rearrangement of 1-49

Entry Catalystd Solventt  Time (hours) % yield of
1-77¢
1 AlICl3 xylene 8 88
2 AlICl3 toluene 24 52
3 BF3-Et20 xylene 24 49
4 BF3-Et20 toluene 44 79
S ZnCl decalin 16 od
6 ZnClp xylene 16 52
7 ZnCly toluene 24 17
8 HBF4 xylene 2 11
9 HBF4 toluene 48 33
10 FeCl3 xylene 4 24
11 FeCl3 toluene 4 2
12 HCl decalin 24 9
13 HCl xylene No rxn€ 0
14 HCl1 toluene No rxn.¢ 0
15 FeBr3 xylene Dest of SMf 0
16 FeBr3 toluene 8 3

4 Reactions were executed using 1.2 equiv of catalyst relative to I-49. b Temperatures at reflux for the
solvents used were: 190°C for decalin, 140°C for xylene and 111°C for toluene. € Values represent G.C.
yields of I-77 relative to an internal standard. 9 Product I-78 was formed. See text and Scheme IV for
explanation. € No rxn. indicates that less than 2% of the starting material was consumed over 48 hours.
f Dest of SM indicates complete destruction of starting material with less than 2% yield of any single
isolable product.
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Scheme I-4. Possible Mechanism for the Formation of I-78 from 1-49
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The effect of temperature was examined by running similar reactions in refluxing
xylenes (140°C), toluene (111°C) or decalin (190°C) as indicated in Table I-4. These
results indicated that, in general, xylenes exhibited the optimum solvent conditions for
the catalysts examined. Notable exceptions were those of BF3-etherate, which provided
an increase in yield from 49% at 24 hours in xylenes to 79% at 40 hours in toluene, and
of HBF4 which provided an increase in yield from 11% at 2 hours in xylenes to 33% at 48
hours in toluene. Another interesting result obtained from these experiments was the
formation of 1,2-dimethylindole (I-78) as the sole product in 30% isolated yield from
ZnCl, catalyzed reaction of I-49 under conditions of refluxing decalin for 16 hours. A
possible mechanism for this conversion is indicated in Scheme I-4.

Since AICI3 in xylenes gave the highest yield of I-77, the next variable explored
was the equivalents of AICIj3 relative to I-49 (Table I-5). These experiments yielded
interesting results in that lower equivalents of AICl3 tended to promote cyclization to the
1,2-dimethyl-2,3-dihydroindole (I-85) and even aromatization to I-78. Decomposition to
N-methylaniline (I-86) was also noted (eq. 14).

Although G.C. yields for the rearrangement of 1-49 to I-77 were extremely
promising, isolation of I-77 proved to be challenging as expected from the results of
Jolidon and Hanson.? Products of the test reactions were generally isolated by quenching
the acid in situ with an excess of 15% aqueous sodium hydroxide. Quenching was
followed by repeated washing with 15% aqueous sodium hydroxide, saturated aqueous
sodium chloride and water. Solvent removal was then affected by rotary evaporation, and
the resulting product mixture chromatographed on silica with petroleum ether. Isolated
yields of I-77 for the three most effective acid catalysts are given in Table I-6. Reaction
yield consistency remains problematic at times, especially for the AICl3 catalyzed
systems.

Rearrangements of I-50, I-53, and I-5§5 were also examined using a variety of
catalysts. For the other substrates, a more limited number of catalysts was examined as
indicated (Tables I-7 - I-9).
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H:sC\N H;C\ ~H H3C\ ~H
A1C13 +

éH:, 3 én,

I-4 .77 1-78

(14)

Table I-5. Effect of Varying Equivalents of AICl3 on the Rearrangement of 1-49

Entry Equivalents of Time (hours) % % % %

AlCl3@ I-775 1-85 1-78> 1-86°
1 1.5 2 38 0 0 0
2 1.5 4 22 0 0 0
3 1.5 8 9 0 0 0
4 12 4 49 0 0 0
5 1.2 8 88 0 0 2
6 12 24 71 0 0 3
7 1.2 30 66 0 0 S
8 0.75 2 58 0 0 0
9 0.75 4 68 1 0 0
10 0.75 8 70 6 0 0
11 0.75 24 23 32 5 0
12 0.75 48 4 37 9 1
13 0.75 72 1 42 12 3
14 0.5 2 36 0 0 0
15 0.5 4 51 2 0 0
16 0.5 8 72 6 0 4
17 0.5 24 3 71 9 5
18 0.25 2 18 0 0 0
19 0.25 4 33 1 0 0
20 0.25 8 55 11 0 0
21 0.25 24 9 56 9 0
22 0.25 48 3 40 13 0
23 0.25 72 2 29 22 0

4@ Rearrangements were run 0.5 M of 1-49 with 1.2 equiv. of Lewis acid at reflux in xylenes. b Yieldswere
determined by G.C. analysis of the crude reaction mixture relative to an internal standard.
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Table I-6. Optimized Yields for the Rearrangement of 1-49

Entry Catalystd % yield of 1-77 % yield of I-77
byG.C.b isolated
1 AICl3 88 46
2 BF3-etherate 79 58
3 ZnClp 52 45

a Rearrangements were run 0.5 M of substrate with 1.2 equiv. of Lewis acid at reflux in toluene (111°C,
Et20-BF3) or xylenes (140°C ZnClp). b vields were determined by G. C. analysis of the crude reaction
mixture relative to an internal standard.

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

Entry Catalysta Solvent  Time (hours) 9, o-prod?
(at reflux)
1 AICl3 xylenes 1 33
2 ZnCl, xylenes No rxn¢ 0
3 BF3-etherate toluene Dest of SMd 0
4 AlMe2Cl xylenes 24 11

@ Rearrangements were run 0.5 M of I-53 with 1.2 equiv. of Lewis acid. b Yields were determined byG.C
. analysis of the crude reaction mixture relative to an internal standard. € No reaction indicates that less

than 2% of the starting material had been consumed over 48 hours. d Dest. of SM indicates complete
destruction of starting material with less than 2% of any single product formed.

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

Entry Catalystd Solvent Time % o-prod
(at reflux) (hours) 1-87b
1 AlCl3 xylenes 2 75
2 AlMeCl xylenes 2 0
3 BF3-etherate toluene 24 0
4 HF xylenes 72 13
5 H3PO4 xylenes 24 0

@ Rearrangements were run 0.5 M of I-50 with 1.2 equiv. of Lewis acid. b Yields were determined by G.
C. analysis of the crude reaction mixture relative to an internal standard.
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Table I-9. Results of the Acid Catalyzed Rearrangement of 1-55

Entry Catalystd Solvent Time % o-prod®
(at reflux) (hours)
1 AICl3 xylenes 2 1
2 BF3-etherate toluene 2 10
3 ZnClp xylenes No rxn¢ 0
4 TiCly xylenes No rxn 0
5 AlMe3 xylenes 2 8
6 AlMe,Cl xylenes No rxn 0
7 H7SO4 xylenes No rxn 0
8 bis-d-Ph-AlMed/ xylenes No rxn 0

a Rearrangements were run 0.5 M of I-55 with 1.2 equiv. of Lewis acid or 0.1 - 0.3 equiv. using the Lewis
acid TiCla. b Yields were determined by G. C. analysis of the crude reaction mixture relative to an internal

standard. ¢ Bis-d-Ph-AlMe represents the bis-(2,6-diphenylphenoxy) methylaluminum. d No rxn indicates
that less than 2% of starting material had been consumed within 48 hours.

Results of the acid catalyzed rearrangements of I-5§9 were particularly promising
in lieu of the strained transition state. Isolated yields of I-44 along with the
corresponding G. C. yields are indicated in Table I-10.

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

Entry Catalystd Solvent Time (hours) %yield I-44> % isci yield of
-44
1 AlCl3 xylenes 8 88 54
2 ZnClp xylenes No rxn¢ 0 -
3 BF3-etherate toluene 4 5 -
4 AlMe;Cl1 xylenes 24 30 20
5 TiCly xylenes 8 3 -
6 AlMeClp xylenes 24 23 5
7 bis-d-Ph-AlMeb xylenes No rxn 0 -
8 FeCl3 toluene No rxn 0 -

@ Rearrangements were run 0.5 M of I-57 with 1.2 equiv. of Lewis acid or 0.1 - 0.3 equiv using the Lewis
acid TiCl4.  Ratios were determined by G. C. analysis of the crude reaction mixture relative to an internal
standard. € Bis-d-Ph-AlMe represents bis-(2,6-diphenylphenoxy)methylaluminum. d No rxn. indicates that

less than 2% of the substrate had been consumed within 48 hours.
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At this time, several initial attempts to achieve ring closure of I-77 were
attempted. Photocyclization (Hg arc lamp, CgHg)16 yielded the desired I-85 in 50% yield
as determined by G. C. (a portion isolated for analysis by preparative TLC). Ring closure
initiated by action of Hg(OAc)2 gave 10% isolated yield of the same product (Scheme I-
5).26

Scheme I-5. Ring Closure of I-77

hv, 450 nm

CeHg, RT, 3.5 hrs
50% by G.C., portion
isolated by TLC

H,C H
ISNT for analysis m
H,

I-77 1) Hg(OAc), RT, 1 hr I-85

2) NaBH, /NaOH
10%>

A potentially promising route to ring closure could be through the use of KMnQOg4
/ NalO4 31 Subsequent aromatization could then be achieved using Mn(II)27 or DDQ.28

To determine the scope and generality of the aromatic aza-Cope rearrangement,
several other aniline substrates were examined: 1-60, I-62, I-67, 1-69 and 1-72 (eq 14,
15). Results for rearrangement of 1-49, 1-50, I-53, I-57, 1-60, 1-62, 1-67, 1-69, I-72 and I-
81 using the most favorable catalyst conditions are indicated in the summary tables I-11 -
I-13:
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(14)

Rl

I-50 R=CH2Ph,R'=H
I-60 R =Me,R'=OMe
I-62 R = CH2Ph, R' = OMe

RI

1-87 R=CH2Ph,R'=H
I-88 R=Me,R'=0Me
I-89 R = CH2Ph, R'=OMe

R, R. _H
N /w R < N . H < N .
15
N | + I (15)
OCH, OCH, H,CO

I-67 R=Me I-90 R=Me I-91 R=Me

I-69 R = CH,7Ph 1-92 R = CHyPh 1I-93 R = CH,;Ph

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

Table I-11. AICl; Catalyzed Rearrangements of Various Nitrogen and Aromatic

Substituted Anilines4
ring N-isobutyl N-methyl N-benzyl N-tosyl
substitution | hrs. G.C./is0.® hrs.G.C./iso? hrs. G.C./iso.® hrs. G.C./is0
unsubstituted 08 88/68 02 35/15 48 33/0
p-methoxy 04 0/0 01 11/Cni¢ 04 0/Dsm4
m-methoxy |04 O/dsm 24¢ 0/Dsm 01¢ 18/Cni 08¢ 0/Dsm
m-nitro 04 O/Dsm

@ Rearrangements were run 0.5 M of substrate with 1.2 equiv. of Lewis acid at reflux in toluene (111°C,
Et20-BF3) or xylenes (140°C ZnCl). b Yieldswere determined by G.C. analysis of the crude reaction
mixture relative to an internal standard. Chi indicates no isolable products. 4 Dsm indicates destruction of
starting material. € Yield is inclusive of both o-regioisomers formed.
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Table I-12. ZnCl, Catalyzed Rearrangement of Various Nitrogen and Aromatic

Substituted Anilinesd
ring N-isobutyl N-methyl N-benzyl N-tosyl
substitution | hrs.G.C./iso. hrs. G.C./iso. hrs.G.C.P/iso.  hrs.G.C.H/iso.
unsubstituted 16 52/45 24 30/15 48 0/Norxn¢
p-methoxy 16 66/58 24 57/53 48 0/Dsm¢
m-methoxy |064 98/98 084 77/70 244 64/57 48 0/Dsm
m-nitro 48 0/Norxn

4 Rearrangements were run 0.5 M of substrate with 1.2 equiv. of Lewis acid at reflux in toluene (111°C,
Et20-BF3) or xylenes (140°C, ZnClp). b Yields were determined by G.C. analysis of the crude reaction
mixture relative to an internal standard. ¢ Dsm indicates destruction of starting material. d Yields are
inclusive of both o-regioisomers formed. € No rxn indicates no reaction.

Table I-13. BFs3-etherate Catalyzed Rearrangement of Various Nitrogen and Aromatic

Substituted Anilines?
ring N-isobutyl N-methyl N-benzyl N-tosyl
substitution | hrs.G.C./iso.  hrs. G.C.b/iso. hrs.G.C.B/iso. hrs. G.C.b/iso.
unsubstituted 48 79/58 24 0/Cni¢ 48 0/Dsmd
p-methoxy 72 61/55 48 42/35 48 0/Dsm
m-methoxy |[24¢ 89/80 48¢ 99/99 48¢ 47/38 48¢ 0/Dsm
m-nitro 24 0/Dsm

@ Rearrangements were run 0.5 M of substrate with 1.2 equiv. of Lewis acid at reflux in toluene (111°C,
Et20-BF3) or xylenes (140°C ZnCl)). b Yields were determined by G.C. analysis of the crude reaction
mixture relative to an internal standard. € Cni indicates no isolable products. d Dsm indicated destruction
of starting material. ¢ Yields are inclusive of both o-regioisomers formed.

For the 1-67, 1-69, and 1-72, rearrangement resulted in the formation of o-allyl
regioisomers (Table I-14). Rearrangement to the position para to the m-methoxy group
was always preferred. HCI catalyzed rearrangement in refluxing ethanol according to the
method of Krowicki? yielded regioisomer ratios of 2.1 : 1.0 for I-72 after 60 hours (78%
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conversion), 2.8 : 1.0 for I-67 after 60 hours (26% conversion) and 2.7 : 1.0 for the I-69
after 60 hours (22% conversion).

Table I-14. O-Allyl Regioisomer Product Ratios for the N-Substituted m-
Methoxy Substrates Under Conditions of Varying Acid Catalysis.

Lewis Acid Catalyst
product ratio ZnClp BF3-etherate
I-95:1-94 27:10 26:1.0
I-91 : 1-90 1.8:1.0 19:10
I-93:1-92 25:10 26:10

For the nitrogen substituents examined, the rearrangement appears to be promoted
by bulky N-substituents (probably through ground state destabilization). This finding
correlates well with previous work.!5 Rearrangement in the presence of the benzyl
substituent is retarded though, and the N-tosyl substrate (I-53) did not rearrange.
Substituents on the aniline aromatic ring promoted rearrangement in the order of m-
methoxy > p-methoxy > unsubstituted >> m-nitro. This supports the notion of greater
ring reactivity being associated with electron releasing substituents.

For regioisomers obtained where m-substituted anilines underwent rearrangement,
the two o-allyl products were generally obtained in the ratio of 2.0-3.0 : 1.0. Bulkier N-
substituents promoted somewhat greater selectivity than non bulky substituents. This
correlation was opposite that observed under conditions of HCI catalysis described
earlier. Also, HCI catalyzed reactions did not go to completion after 84 hours.

Comparison of relative rearrangement rates of the non-activated substrate 1-49 (eq
13) vs the activated I-67 (eq 15) was carried out through direct competition of 1.0 equiv
of each substrate with 1.8 equiv of Lewis acid (Table I-15). Results of this study
* indicated that I-67 reacted approximately 1.5 times faster when the rearrangement was
promoted by Et20-BF3 and approximately 3.0 times faster when promoted by ZnCls.
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Table I-15. Competitive Lewis Acid-Promoted 3-Aza-Cope
Rearrangement of 1-49 and 1-67

product formation? (%)

condns? (I-90 + 1-91) :
catalyst (time (hours)) 1-90 + I-91 1-77 1-77
Et0-BF3 20 24 15 62:38

4.0 33 22 60:40

6.0 49 30 62:38

8.0 55 33 63:37
ZnCly 0.5 17 7 71:29

1.0 36 10 78:22

1.5 47 15 76:24

2.0 55 18 75:25

@ Rearrangements were run 0.5 M of substrate with 1.5 equiv. of Lewis acid at reflux in toluene
(111°C, Et20-BF3) or xylenes (140°C ZnCl) with 1.8 equiv of Lewis acid. b Yields were determined by
G. C. analysis of the crude reaction mixture relative to an intemnal standard.

In order to establish a potential route to methoxy-substituted natural products, the
rearrangement of several substrates containing unsymmetrical allylic substituents was
examined. N-((E)-2-Hexen-1-yl)-N-methyl-m-methoxyaniline (I-100) and N-((E)-2-
hexen-1-yl)-N-methyl-p-methoxyaniline (I-97) were prepared by standard procedures in
72 and 73% yields from their respective methoxy substituted-N-methyl anilines and 1-
bromo-2-hexene (I-98). Bromination of 2-hexene-1-ol with NBS provided 1I-98 in 68%

yield.32
3 H3
H,C ML,
CU ST

N dn,
C

1-97 1-99
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Rearrangement of 1-97 provided I-99 in 50% yield with ZnCl; in xylenes at
140°C and in 79% yield with BF3-Et20 at 111°C (eq 16). For the meta-substituted
aniline substrate (I-100), a mixture of regioisomers was obtained (eq 17).

3 OCH,4
ML,
3
H,C éﬂs NH

1-100 I-101 1-102

Selectivities for the rearrangement of I-100 under conditions of BF3-Et20 and
ZnCl3 were higher than for I-67, as was expected based on the bulkier allyl substituent.
For the BF3-Et20 promoted system, a regioselectivity of 75:25 was obtained for 1-101
and I-102. For the ZnCl; system, a regioselectivity of 83:17 was obtained for the same
products. Yields for these reactions were 75% and 70% respectively. Another product
isolated from both of these reactions in 11% was 1-103.

H,C AN

H,C NH
du,

1-103

To determine whether any N-methyl-p-allylaniline (I-104) was formed during the
aromatic 3-aza-Cope rearrangement of I-49, I-104 was prepared by standard
methodologies. The preparation of I-104 was executed by Grignard reaction of
bromobenzene with allylbromide to provide allylbenzene (I-105).33 The alkene was then
masked using Brj in diethyl ether at -78°C to give I-106 in 92% overall yield. Nitration
of 1-106 gave 1-107 (72% yield), and debromination gave p-allylnitrobenzene (I-108)
with some o-product present (69% yield).33.34 The nitro group was then reduced to the
corresponding amine using acid activated iron to give I-109 in 95% yield.35 The o-, and
p-isomers were then separated by chromatography and the p-isomer N-methylated to give
the desired product, I-104 (Scheme I-6).29 Overall yield for the conversion of
bromobenzene to I-104 was 16%.
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Scheme I-6. Synthesis of N-Methyl-p-allylaniline.

Br
Br
Br MgBr =
@ Mg AN\ Br Br N
Et,O Et,0

92%, 3 steps
I-105 1-106
HONO,
H;SO04
2%
Br
N " N Br
1) separation 2 H;0,Fe ~# | Nal 7 | (+ onho)
- --— - A
2) Mel,Na,CO;3, N CeHs S o, E©OH K Nozlsomer
NH(CH,) 120 EtOH 2 95% 9%
37%
I-104 1-109 1-108 1-107

It was determined that in no rearrangement of 1-49 to 1-104 occurred in greater
than 2%.

Conclusion.

It was hoped that conditions for the 3-aza-Cope reaction could be developed under
which the 3-aza-Cope rearrangement would occur at a reasonable rate, at practical
temperatures and with adequate reproducibility and regiospecifity. The catalyst systems
BF3-Et70 in toluene and ZnClj, and AICl3 in xylene efficiently accelerated the 3-aza-
Cope rearrangement of N-allylaniline substrates accessing a convenient method for C-C
bond formation between N-alkyl substituents and an ortho aromatic ring carbon. This
versatile rearrangement yields products which may potentially act as precursors to a
variety of indole alkaloids substituted in the benzene ring portion.
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Experimental Section.

General Methods.

All reactions were carried out using standard inert atmosphere techniques to
exclude moisture and oxygen, and reactions were performed under an atmosphere of
nitrogen. Benzene, toluene and diethyl ether were distilled from sodium/benzophenone
immediately prior to use. Xylenes and decalin were heated over calcium hydride for a
minimum of 12 hr and then distilled prior to use. LiAlH4 (1 M in THF) was obtained
from Aldrich Chemical Co. Unless specified, concentration of mixtures was performed
using a Biichi rotary evaporator.

Gas chromatographic (G. C.) analyses were carried out on one of two instruments.
For lower molecular weight compounds gas chromatographic analysis was carried out
isothermally on a Perkin-Elmer 8500 instrument using a 50 meter RSL-200 capillary
column (5% methylphenyl silicon) and an FID detector at 200 °C oven temperature, 220
°C injector temperature, and 300 °C detector temperature. Helium gas pressure was set at
15 psi with a flow rate of 2 mL/min. For higher molecular weight compounds, gas
chromographic analysis was carried out on a Hewlett-Packard 5880A series gas
chromatograph fitted with a 30 meter silica capillary column and a flame ionization
detector. For these analysis injector and detector temperatures were set at 250 °C and the
column oven temperature was programmed: 40 °C, 2 min., 10 °C/min. ramp to 200 °C.
All reactions were monitored by G. C. and the reactions terminated either when the
starting material had been consumed or no further reaction appeared to continue. For
reactions in which a Dean-Stark trap was used, the trap was filled with molecular sieves
to a level below that of returning solvent turbulence. These were changed during
reactions in which additional reagent was added after the reactions initiation. Molecular
sieves were activated by heating in a 150 °C oven for at least 24 hours prior to use. NMR
spectra were obtained on a VXR-300 spectrometer using CDCl3 with 0.1% TMS as an
internal standard & (0.00 ppm), multiplicity (s = singlet, d = doublet, t = triplet, q =
quartet, sept = septet), integration and coupling. Infrared spectra were recorded on a
Nicolet 42 FT-IR instrument.

Formation of 1-Bromo-2-hexene (I-98). 2-Hexene-1-ol (2.00 g, 20 mmol) and
triphenylphosphine (6.29 g, 24 mmol) were added to 60 mL of CH2Cl, and cooled to
0°C. Using a solids addition funnel, NBS (4.27 g, 24 mmol) was slowly added over a
period of 1 h. The reaction was allowed to warm to room temperature. After 14 h, the
solvent was removed and the solid mass extracted with low boiling petroleum ether (10 X
50 mL) with vigorous mixing. Solvent removal gave a clear, colorless oil (2.23 g, 68%
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yield); 'H NMR (300 MHz, CDCl3) 3 0.90 (t, J = 7.3 Hz, 3H), 1.41 (sext, J = 7.3 Hz,
2H), 2.04 (q, J = 6.7 Hz, 2H), 3.94 (d, J = 6.0 Hz, 2H), 5.60-5.80 (m, 2H); 13C NMR (75
MHz, CDCIl3) é 13.49, 21.90, 33.40, 33.99, 126.40, 136.26; IR (oil/NaCl) 3032, 2961,
2874, 1661, 1464 cm™!

General Method for N-Alkylation of primary anilines. The aniline (2.0-50
mmol, 4.0 equiv) and the alkyl bromide or alkyl iodide (1.0 equiv) were taken up in a 4:1
ethanol/water mixture (0.5 M relative to the aniline) along with NaCO3 (0.6 equiv).
After stirring at room temperature for 14 h, the EtOH was removed under reduced
pressure and the crude oil purified by flash column chromatography (silica, 230-400
mesh; eluent - 5:95 Et20:low boiling petroleum ether). The solvents were evaporated
and the mono- and dialkylated aniline by-products isolated.

N-Tosylaniline (I-54). ( 30% Yield, mp 101 - 103 °C); !H NMR (300 MHz,
CDCl3) & 2.32 (s, 3H), 7.14 (m, 7H), 7.65 (s-br, 1H), 7.73, (d, J = 8.4 Hz, 2H); 13C (75
MHz, CDCl3) 8 21.41, 121.19, 124.98, 127.21, 129.15, 129.53, 129.58, 135.83, 136.59,
143.77; IR (KBr) 3052, 3059, 2899, 1483, 1339, 1159, 914, 756 cm-1.

N-Methyl-m-nitroaniline (I-58). (20% yield); !H NMR (300 MHz, CDCl3) §
2.89 (d, J = 2.7 Hz, 3H), 4.19 (s-br, 1H), 6.86 (ddd, J = 8.4, 2.7, 0.9 Hz, 1H), 7.26 (t, J =
8.1 Hz, 1H), 7.36 (t, J = 2.4 Hz, 1H), 7.50 (ddd, J = 8.1, 2.1, 0.6 Hz, 1H); 13C NMR (75
MHz, CDCl3) & 30.42, 105.67, 111.65, 118.40, 129.55, 149.39, 149.95; IR (oil/NaCl)
3410 (broad), 3000, 2800, 1541, 1343, 1094, 779, 729, 667 cm-1.

N-Methyl-p-methoxyaniline (I-60). (65% yield); 1H NMR (300 MHz, CDCl3)
3 2.73 (s, 3H), 3.44 (bs, 1H), 3.70 (s, 3H), 6.50-6.56 (m, 2H), 6.74-6.80 (m, 2H); 13C
NMR (75 MHz, CDCl3) & 31.30, 55.55, 113.39, 114.68, 143.59, 151.82; IR (oil/NaCl)
3405 (broad), 3058, 2988, 2832, 2811, 1620, 1514, 1466 cm-1.

N-Methyl-m-methoxyaniline (I-68). (73% yield); !H NMR (300 MHz, CDCl3)
8 2.74 (s, 3H), 3.67 (bs, 1H), 3.73 (s, 3H), 6.12 (t,J = 2.4 Hz, 1H), 6.18 (ddd, J = 8.1, 2.4,
0.9 Hz, 1H), 6.25 (ddd, J = 8.1, 2.4, 0.9 Hz, 1H), 7.06 (t, J = 8.1 Hz, 1H); 13C NMR (75
MHz, CDCI3) & 30.44, 54.82, 98.08, 102.07, 105.42, 129.70, 150.65, 160.68; IR
(oil/NaCl) 3413 (broad), 2994, 2836, 2811, 1617, 1499 cm-1.

N-Benzyl-m-methoxyaniline (I-70). (87% yield); 1H NMR (300 MHz, CDCl3) §
3.70 (s, 3H), 4.01 (bs, 1H), 4.25 (s, 2H), 6.15 (t, J = 2.4 Hz, 1H), 6.21 (ddd, J = 7.8, 2.4,
0.6 Hz, 1H), 6.26 (ddd, J = 8.4, 2.4, 0.9 Hz, 1H), 7.04 (t, J = 8.1 Hz, 1H), 7.20-7.38, (m,
5H), 13C NMR (75 MHz, CDCl3) 5 48.14, 54.90, 98.74, 102.52, 105.84, 127.10, 127.38,
128.51, 129.87, 139.25, 149.45, 160.70; IR (oil/NaCl) 3416 (broad), 3029, 2836, 1615,
1495 cm-1.
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Formation of N-Benzylidene aniline (I-51) from the Condensation of Aniline
and Benzaldehyde. To benzene (100 mL) were added aniline (9.31 g, 100.0 mmol),
benzaldehyde (1.10 g, 100.0 mmol) and p-toluenesulfonic acid (0.33 g, 1.7 mmol). The
reaction flask was fitted with a Dean-Stark trap containing 4 A molecular sieves, and the
solution heated at reflux for 14 h. After cooling the mixture, the volatiles were removed
under reduced pressure and the imine recrystallized from low boiling petroleum ether to
give N-benzyliminaniline (16.60 g, 92.0 mmol) in 92% yield. (mp 50-52 °C); !H NMR
(300 MHz, CDCl3) & 7.15-7.22 (m, 3H), 7.31-7.45 (m, 5H), 7.84-7.90 (m, 2H), 8.39 (s,
1H); 13C NMR (75 MHz, CDCl3) 8 120.77, 125.81, 128.63, 128.69, 129.03, 131.22,
136.14, 151.98, 160.15; IR (KBr) 3061, 2892, 1626, 1591, 1451 cm-1.

Reduction of N-Benzylidene-aniline (I-51) to Benzylaniline (I-52). To a
suspension of LiAlH4 (10.36 g, 280.0 mmol) in Et20 (56 mL) at 0 °C, was slowly added
I-51 (5.00 g 27.6 mmol). The mixture was heated at reflux for 72 h, after which the
solution was cooled to 0 °C and quenched by the addition of water (10 mL), followed by
15% aqueous NaOH (10 mL), and water (30 mL). After stirring for 2 h, the solution was
filtered through NaSO4 and the solvent removed under reduced pressure at room
temperature. The resulting oil was purified by flash column chromatography (silica, 230-
400 mesh; cluent - 10:90 Et20:low boiling petroleum ether). The solvents were
evaporated to give I-52 (7.92 g, 210.0 mmol) in 75% yield: (mp 34-37 °C); IH NMR
(300 MHz, CDCl3) 6 3.77 (bs, 1H), 4.09 (s, 2H), 6.46 (dd, J = 8.4, 0.9 Hz, 2H), 6.63 (1t, J
=17.2, 0.9 Hz, 1H), 7.10-7.18 (m, 2H), 7.20-7.35 (m, SH); 13C NMR (75 MHz, CDCl3) §
48.15, 112.72, 117.42, 127.10, 127.39, 128.51, 129.15, 139.34, 148.03; IR (0il/NaCl)
3420 (broad), 3027, 2843, 1603, 1507, 1453 cm-1.

Formation of N-Benzylidene-p-methoxyaniline (I-63) from the Condensation
of p-Methoxyaniline and Benzaldehyde. To 100 mL of benzene were added p-
methoxyaniline (1.79 g, 14.6 mmol), benzaldehyde (1.54 g, 14.6 mmol) and p-
toluenesulfonic acid (0.05 g, 0.1 mmol). The reaction flask was fitted with a Dean-Stark
trap containing 4 A molecular sieves, and the solution was heated at reflux for 14 h.
After cooling the mixture to room temperature, the volatiles were removed under reduced
pressure, and the imine purified by flash column chromatography (silica, 230-400 mesh;
eluent - 10:90 Et20:low boiling petroleum ether). The solvents were evaporated and the
solvents removed under reduced pressure to give I-63 ( 2.30g, 10.9 mmol) in 75% yield:
(mp 70-71 °C); 'H NMR (300 MHz, CDCl3) & 3.79 (s, 3H), 6.87-6.95 (m, 2H), 7.18-7.26
(m, 2H), 7.40-7.47 (m, 3H), 7.83-7.91 (m, 2H), 8.45 (s, 1H); 13C NMR (75 MHz, CDCl3)
8 55.38, 114.29, 122.13, 128.49, 128.63, 130.93, 136.38, 144.79, 158.23; IR (KBr) 3054,
2955, 2879, 2838, 1622, 1507 cm-1.
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Reduction of N-Benzylidene-p-methoxyaniline (I-63) to N-Benzyl-p-
methoxyaniline (I-64). To a suspension of LiAlH4 (4.04 g, 109.1 mmol) in Et20 (20
mL) at 0 °C, was slowly added I-63 (2.30 g, 10.9 mmol). The mixture was heated at
reflux for 72 h, after which the solution was cooled to 0 °C and quenched by the addition
of water (10 mL), 15% aqueous NaOH (10 mL), and water (30 mL). After stirring for 2
h, the solution was filtered through Na2SO4 and the solvent removed under reduced
pressure. The oil was then purified by flash column chromatography (silica, 230-400
mesh; eluent - 20:80 Et20:low boiling petroleum ether). The solvents were evaporated
and the aniline distilled under vacuum to give I-64 (1.63 g, 7.8 mmol) in 71% yield.(mp
46-49 °C); IH NMR (300 MHz, CDCl3) & 3.70 (s, 3H), 3.75 (bs, 1H), 4.24 (s, 2H), 6.53-
6.60 (m, 2H), 6.72-6.79 (m, 2H), 7.20-7.37 (m, 5H); 13C NMR (75 MHz, CDCl3) §
49.08, 55.66, 113.98, 114.78, 127.04, 127.42, 128.47, 139.60, 142.34, 152.04; IR (KBr)
3376 (broad), 2998, 2950, 2832, 1514 cm-1.

Formation of Acetanilide (I-56) from Aniline and Acetic anhydride. To an
acidified 50 °C aqueous solution of aniline (0.91 g, 9.7 mmol, 0.3 M) was rapidly added
acetic anhydride (1.38 g, 13.5 mmol) followed immediately by addition of sodium acetate
(2.25 g, 1.1 mmol) in water (60 mL). The mixture was cooled to 0 °C for 15 min and the
white crystals collected by vacuum filtration. The crystals were then dissolved in
methylene chloride, dried and the solvent removed under reduced pressure to give (1.10
g, 8.3 mmol) 85% of the desired I-56.(mp 113-115 °C); !H NMR (300 MHz, CDCl3) §
2.12 (s, 3H), 7.07 (td, J = 7.3, 1.2 Hz, 1H), 7.27 (id, J = 8.4, 1.8 Hz, 2H), 7.51 (dd, J =
7.3, 1.2 Hz, 2H), 8.37 (s-br, 1H); 13C NMR (75 MHz, CDCl3) § 24.24, 120.13, 124.15,
128.76, 147.91, 169.04; IR (KBr) 3295, 3195, 3059, 1665, 1599, 1557, 1435, 1323, 760,
694 cm-1,

General Method for the N-Allylation of Secondary Anilines. The aniline (2.0-
50.0 mmole, 1.0 equiv) and the alkyl bromide or alkyl chloride (1.2-4.0 equiv) were taken
up in a 4:1 ethanol:water mixture (0.5 M relative to the aniline) along with NapCO3 (0.6
equiv). After stirring at room temperature for 14 h the ethanol was removed under
reduced pressure and the crude oil purified by flash column chromatography (silica, 230-
400 mesh; eluent 5:95 Et20:low boiling petroleum ether). The solvents were evaporated
and the di-alkylated anilines distilled under vacuum.

N-Allyl-N-methylaniline (I-49). (91% yield, bp 107-110°C <1.5 mmHg): 'H
(300 MHz, CDCI3) 8 2.78 (s, 3 H), 3.76 (dt, J = 5.0, 1.7 Hz, 2H), 5.05 (dq, J = 17.0, 1.7
Hz, 1H), 5.07 (dq, / = 10.4, 1.7 Hz, 1H), 5.73 (ddt, J = 17.0, 10.4, 5.0 Hz, 1H), 6.60-
6.68 (m, 3H), 7.11-7.19 (m, 2H); 13C (75.5 MHz) (CDCls) § 37.57, 54.86, 112.16,
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115.70, 116.17, 128.82, 133.60, 149.81; IR (0il/NaCl) 3063, 3027, 2980, 2897, 2815,
1644, 1599, 1449 cm-1-

N-Allyl-N-benzylaniline (I-50). (85% yield); 1H NMR (300 MHz, CDCl3) 8
3.85-3.91 (m, 2H), 4.43 (s, 2H), 5.10 (dq, J = 10.5, 1.8 Hz, 1H), 5.12 (dq, J = 174, 1.8
Hz, 1H), 5.78 (ddt, J = 17.4, 10.5, 4.8 Hz, 1H), 6.59-6.68 (m, 3H), 7.06-7.24 (m, 7H);
13C NMR (75 MHz, CDCl3) § 52.81, 53.76, 112.24, 116.06, 116.43, 126.41, 126.63,
128.40, 128.99, 133.52, 138.76, 148.73; IR (KBr) 3062, 3028, 2862, 1599, 1509 cm-1.

N-Allyl-N-tosylaniline (I-53). (87% yield, mp 66-68 °C); 1H NMR (300 MHz,
DCDI3) 8 ,2.41 (s, 3H), 4.17 (dt, J = 6.3, 1.4 Hz, 2H), 5.04 (sext, J = 0.9 Hz, 1H), 5.06
(dq, J = 17.1, 1.4 Hz, 1H), 5.73 (ddt, J = 17.1, 10.2, 6.3 Hz, 1H), 7.04 (m, sH), 7.26 (m,
5H), 7.48 (dt, J = 8.7, 2.1, 1H); 13C NMR (75 MHz, CDCl3) & 21.46, 53.43, 118.68,
127.62, 128.76, 129.35, 132.74, 135.32, 139.02, 143.36; IR (KBr) 3068, 2928, 1493,
1183, 1038, 918, 696, 670 cm1.

N-Allyl-N-acetanilide (I-55). (75% yield, mp 44-46 °C); 1H NMR (300 MHz,
CDCl3) & 1.86 (s, 3H), 4.38 (d, J = 6.3 Hz, 2H), 5.04 (s, 1H), 5.10 (d, J = 7.8 Hz, 1H),
5.87 (ddt, J = 17.1, 10.2, 6.3 Hz, 1H), 7.17 (d, J = 6.9 Hz, 2H), 7.36 (m, 3H); 13C NMR
(75 MHz, CDCl3) § 22.47, 51.77, 117.53, 127.64, 127.86, 129.34, 132.95, 142.78; IR
(KBr) 3009, 2938, 1645, 1593, 1501, 1399, 1277, 1009, 939, 916, 708 cm-1.

N-Allyl-N-methyl-m-nitroaniline (I-57). (99% yield); 1H NMR (300 MHz,
CDCl3) 8 3.01 (s, 3H), 3.97 (dt, J = 4.8, 1.8 Hz, 2H), 5.13 (dq, J = 16.8, 1.8 Hz, 1H), 5.17
(dg, J = 17.1, 1.8 Hz, 1H), 5.81 (ddt, J = 17.1, 10.5, 1.8 Hz, 1H), 6.93 (ddd, J = 8.1, 2.4,
0.6 Hz, 1H), 7.28 (1t, J = 8.4, 1.2 Hz, 1H), 7.48 (m, 2H); 13C NMR (75 MHz, CDCl3) §
38.17, 54.81, 106.02, 110.55, 116.54, 117.56, 129.47, 132.25, 149.31, 149.74; IR
(0il/NaCl) 3088, 2909, 2826, 1530, 1375, 1348, 1003, 735, 673 cm"1.

N-Allyl-N-methyl-p-methoxyaniline (I-60). (66% yield, bp <4 mmHg 80-86
°C); 'H NMR (300 MHz, CDCl3) & 2.83 (s, 3H), 3.72 (s, 3H), 3.80 (dt, J/ = 5.3, 1.7 Hz,
2H), 5.14 (dq, J = 10.5, 1.7 Hz, 1H), 5.16 (dq, J = 17.4, 1.7 Hz, 1H), 5.82 (ddt, J = 17 .4,
10.5, 5.3 Hz, 1H), 6.67-6.73 (m, 2H), 6.77-6.84 (m, 2H); 13C NMR (75 MHz, CDCl3) §
38.54, 55.55, 56.44, 114.54, 114.59, 116.26, 134.20, 144.38, 151.64; IR (oil/NaCl) 3077,
2936, 2832, 2809, 1642, 1516 cm-1,

N-Allyl-N-benzyl-p-methoxyaniline (I-62). (75% yield, bp <4 mmHg 128-139
°C); 1H NMR (300 MHz, CDCl3) § 3.72 (s, 3H), 3.92 (dt, J = 5.1, 1.8 Hz, 2H), 4.46 (s,
2H), 5.16 (dq, J = 10.2, 1.8 Hz, 1H), 5.17 (dq, J = 17.2, 1.8 Hz, 1H), 5.87 (ddt, J = 17.2,
10.2, 5.1 Hz, 1H), 6.64-6.71 (m, 2H), 6.74-6.80 (m, 2H), 7.18-7.33 (m, 5H); 13C NMR
(75 MHz, CDCl3) 6 53.78, 54.82, 55.66, 114.35, 114.63, 116.33, 126.71, 126.80, 128.46,
134.17, 139.25, 143.61, 151.53; IR (oil/NaCl) 3085, 2934, 2832, 1512 cm-l.
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N-Allyl-N-methyl-m-methoxyaniline (I-67). (68% yield, bp <4 mmHg 83-87
°C); !H NMR (300 MHz, CDCl3) 3 291 (s, 3H), 3.76 (s, 3H), 3.88 (dt, J/ = 5.1, 1.8 Hz,
2H), 5.13 (dq, J = 10.8, 1.8 Hz, 1H), 5.14 (dq, J = 17.1, 1.8 Hz, 1H), 5.82 (ddt, J = 17.1,
10.8, 5.1 Hz, 1H), 6.22-6.29 (m, 2H), 6.30-6.36 (m, 1H), 7.07-7.15 (m, 1H); 13C NMR
(75 MHz, CDC(l3) & 37.96, 54.95, 55.16, 98.90, 101.09, 105.50, 116.01, 129.66, 133.66,
150.79, 160.65; IR (oil/NaCl) 3085, 2998, 2938, 2836, 1609, 1503 cm-1.

N-Allyl-N-benzyl-m-methoxyaniline (I-69). (83% yield, bp <4 mmHg 130-137
°C); !H NMR (300 MHz, CDCIl3) 3 3.68 (s, 3H), 3.96 (dt, J = 4.8, 1.8 Hz, 2H), 4.50 (s,
2H), 5.16 (dq, J = 10.5, 1.8 Hz, 1H), 5.17 (dq, J = 17.1, 1.8 Hz, 1H), 5.85 (ddt, J = 17.1,
10.5, 4.8 Hz, 1H), 6.22-6.35 (m, 3H), 6.32 (ddd, J = 8.4, 2.1, 0.8 Hz, 1H), 7.06 (t, / = 8.4
Hz, 1H), 7.17-7.31 (m, 5H); 13C NMR (75 MHz, CDCl3) § 53.03, 53.89, 54.88, 98.91,
101.19, 105.46, 116.21, 126.46, 126.71, 128.48, 129.71, 133.50, 138.77, 150.26, 160.63;
IR (0il/NaCl) 3085, 3936, 2836, 1612, 1501, 1453 cm-L.

N-Allyl-N-isobutyl-m-methoxyaniline (I-72). (80% yield, bp <4 mmHg 35-36
°C); 1H NMR (300 MHz, CDCl3) 8 0.92 (d, J = 6.6 Hz, 6H), 2.06 (sept, J = 6.6 Hz, 1H),
3.06 (d, J = 7.2 Hz, 2H), 3.73 (s, 3H), 3.91 (dt, J/ = 4.8, 1.8 Hz, 2H), 5.09 (dq, J = 16.8,
1.8 Hz, 1H), 5.10 (dq, J = 11.1, 1.8 Hz, 1H), 5.78 (ddt, J = 16.8, 11.1, 4.8 Hz, 1H), 6.18-
6.32 (m, 3H), 7.04-7.11 (m, 1H); 13C NMR (75 MHz, CDCl3) & 20.33, 27.30, 53.96,
54.82, 58.93, 98.83, 100.27, 105.39, 115.82, 129.51, 133.82, 149.98, 160.58; IR
(oil/NaCl) 2955, 2870, 2836, 1611, 1576, 1499 cm-1.

N-(E-2-hexene)-N-methyl-p-methoxyaniline (I-97). (73% yield); lH NMR (300
MHz, CDClI3) 8 0.86 (t, J = 7.4 Hz, 3H), 1.36 (sext, J = 7.4 Hz, 2H), 1.98 (q, / = 7.4 Hz,
2H), 2.78 (s, 3H), 3.70 (s, 3H), 3.73 (bd, J = 5.4 Hz, 2H), 5.43 (dtt, J = 15.3, 5.7, 1.1 Hz,
1H), 5.56 (dtt, J = 15.3, 5.7, 1.1 Hz, 1H), 6.67-6.73 (m, 2H), 6.76-6.82 (m, 2H); 13C
NMR (75 MHz, CDCIl3) d 13.46, 22.29, 34.22, 38.21, 55.41, 55.78, 114.41, 114.81,
125.66, 132.91, 144.55, 151.60; IR (0il/NaCl) 2957, 2932, 2872, 2832, 1620, 1562, 1464
cm-l,

N-(E-2-hexene)-N-methyl-m-methoxyaniline (I-100). (72% yield); lH NMR
(300MHz, CDCl3) 8 0.86 (t, J = 7.4 Hz, 3H), 1.36 (sext, J = 7.4 Hz, 2H), 1.98 (q, / = 7.4
Hz, 2H), 2.85 (s, 3H), 3.74 (s, 3H), 3.81 (dd, J = 5.4, 0.9 Hz, 2H), 5.42 (m, 1H), 5.55 (m,
1H), 6.21-6.28 (m, 2H), 6.31-6.36 (m, 1H), 7.09 (td, J = 8.0, 0.7 Hz, 1H); 13C NMR (75
MHz, CDCl3) & 13.48, 22.29, 34.20, 37.57, 54.41, 54.80, 98.91, 100.97, 105.58, 125.18,
129.55, 132.63, 150.88, 160.59; IR (0il/NaCl) 2959, 2872, 2836, 1607, 1503, 1456 cm-!.

Formation of N-Isobutyl-m-methoxyaniline (I-72) by a Modified N-alkylation
Procedure. The aniline (4.00 g, 35.5 mmol) and isobutyl bromide (2.22 g, 16.2 mmol)
were taken up in a 4:1 ethanol:water mixture (65 mL) along with NaCO3 (1.02 g, 9.7
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mmol). After stirring at reflux for 48 h the ethanol was removed under reduced pressure
and the crude oil purified by flash column chromatography (silica, 230-400 mesh; eluent
- 10:90 Et20:low boiling petroleum ether). The solvents were evaporated and product
distilled under vacuum to give (1.21 g, 6.3 mmol) 78% yield of the I-72. 1H NMR (300
MHz, CDCl3) 8 0.96 (d, J = 6.7 Hz, 6H), 1.86 (nonet, J = 6.7 Hz, 1H), 2.89 (d, J = 6.7
Hz, 2H), 3.72 (bs, 1H), 3.77 (s, 3H), 6.14 (t, J = 2.4 Hz, 1H), 6.18-6.26 (m, 2H), 7.05 (t, J
= 8.1 Hz, 1H); 13C NMR (75 MHz, CDCl3) 3 20.40, 27.95, 51.72, 54.94, 98.50, 101.95,
105.81, 129.83, 149.93, 160.80; IR (0il/NaCl) 3407 (broad), 2957, 2870, 2836, 1617,
1497 cm-l.

General Method for N-Alkylation of Indole and Acetanilide. The indole or
acetanilide (10.0 mmol, 1.0 equiv) was added to a previously prepared mixture of crushed
KOH (40.0 mmol, 4.0 equiv) in DMSO (20 mL) and allowed to stir 45 min at room
temperature. After cooling the mixture in an ice bath for several minutes, the alkyl
bromide or alkyl iodide (20.0 mmol, 2.0 equiv) was then added. After stirring at room
temperature for 1 h, a large excess of water was added and the product mixture extracted
with Et70. The Et20 was then removed under reduced pressure and the crude oil purified
by flash column chromatography (silica, 230-400 mesh; eluent - 5:95 Et20:low boiling
petroleum ether). The solvents were evaporated and the alkylated anilines distilled under
vacuum or recrystallized.

N-Allylacetanilide (I-55). (75% yield, mp 44-46 °C); 1H NMR (300 MHz,
CDCl3) & 1.86 (s, 3H), 4.30 (d, J = 6.3 Hz, 2H), 5.04 (s, 1H), 5.10 (d, J/ = 7.8 Hz, 1H),
5.87 (ddt, J = 17.1, 10.2, 6.3 Hz, 1H), 7.17 (d, J = 6.9 Hz, 2H), 7.36 (m, 3H); 13C NMR
(75 MHz, CDCl3) & 22.47, 51.77, 117.53, 127.64, 127.86, 129.34, 132.95, 142.78; IR
(KBr) 3008, 1645, 1593, 1501, 1399, 1277, 1009, 916, 708, 662 cm-1.

N-Allylindole (I-59). (73% yield); lH NMR (300 MHz, CDCl3) 3 4.87 (dt, J =
7.0, 1.5 HZ, 2H), 5.43 (dq, J = 17.1, 1.5 Hz, 1H), 5.57 (dq, J = 10.5, 1.5 Hz, 1H), 6.29
(ddt, J = 21.0, 10.5, 5.3 Hz, 1H), 7.08 (dd, J = 3.0, 0.8 Hz, 1H), 7.42 (d, J = 3.0 Hz, 1H),
7.74 (m, 3H), 8.25 (d, J = 8 Hz, 1H); 13C NMR (75 MHz, CDCl3) § 48.13, 101.07,
109.40, 116.49, 119.18, 120.68, 121.23, 127.52, 128.48, 133.22, 135.83; IR (0il/NaCl)
3086, 2859, 1645, 1511, 1465, 1316, 1259, 1013, 992, 924, 737, 718 cm-1.

m-Nitroanisole (I-76). (54% yield, mp 35-38 °C); 1H NMR (300 MHz, CDCl3)
S 3.88 (s, 3H), 7.32 (ddd, J = 8.4, 2.7, 0.9 Hz, 1H), 7.43 (t,J =8.1 Hz, 1H), 7.73 (, J =
2.4 Hz, 1H), 7.82 (ddd, J = 7.2, 2.1, 1.2 Hz, 1H); 13C NMR (75 MHz, CDCl3) § 55.83,
108.15, 115.75, 121.27, 121.36, 129.93, 121.01, 149.27, 160.16; IR (KBr) 2832, 1530,
1352, 1250, 1042, 801, 739, 671 cm’1.
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Formation of m-Nitrophenol (I-75) from m-Nitroaniline. To a stirred mixture
of m-nitroaniline (2.87 g, 20.8 mmol) in 35% aqueous sulfuric acid (50 mL), 50 g of ice
was added followed by sodium nitrite (1.70 g, 25.0 mmol) in water (20 mL). After S min
several crystals of urea were added and the mixture then allowed to continue stirring for
an additional 5 min. A solution of cupric nitrate (466.50 g, 2050 mmol) in water (900
mL), and cupric oxide (2.80 g, 19.6 mmol) were then added and the solution allowed to
warm to room temperature. After 1 h the dark green mixture was extracted with Et20
(15 X 50 mL). The solvent was removed under reduced pressure and the solid
recrystallized from Et20/low boiling petroleum ether to give a yellow solid (2.40 g, 20.1
mmol) in 83% yield. (mp 95-97 °C); 1H NMR (300 MHz, CDCl3) 8 7.21 (dd, J = 8.1,
1.8 Hz, 1H), 7.40 (t, J = 9.0 Hz, 1H), 7.63 (m, 2H), 9.21 (s-br, 1H); 13C NMR (75 MHz,
CDCl3) & 110.64, 115.02, 122.71, 131.07, 149.98, 158.86, 207.29; IR (KBr) 3391
(broad), 1522, 1350, 1300, 1078, 818, 739, 673 cm!.

Formation of m-Nitroanisole (I-76) from m-Nitrophenol (I-75) Using K2CO3;
in Acetone. m-Nitrophenol (0.50 g, 3.6 mmol) and methyl iodide (0.27 g, 7.2 mmol)
were added to a stirred mixture of K2CO3 (1.02 g, 7.2 mmol) in dry acetone (7.2 mL).
After stirring for 14 h at room temperature, the mixture was filtered and the solvents
removed under reduced pressure. The crude oil was purified by flash column
chromatography (silica, 230-400 mesh; eluent - 10:90 Et20:low boiling petroleum ether).
The solvents were evaporated to give the desired product (0.32 g, 0.3 mmol) in 58%
yield. Spectroscopic data was identical to that reported for the product obtained by the
general N-alkylation of Indole and Acetanilide procedure.

Formation of m-Nitroanisole (I-76) from m-Nitrophenol (I-75) Using
NazCOj3 in Aqueous Ethanol. m-Nitrophenol (0.50 g, 3.6 mmol) and methyliodide
(2.04 g, 14.4 mmol) were taken up in 7.2 mL of a 4:1 ethanol/water mixture along with
Na2CO3 (0.76 g, 7.2 mmol). After stirring at room temperature for 14 h the ethanol was
removed under reduced pressure, the crude oil purified by flash column chromatography
(silica, 230-400 mesh; eluent - 5:95 Et0:low boiling petroleum ether). The solvents
were evaporated to give m-nitroanisole (0.54 g, 3.5 mmol) in 98% yield. Spectroscopic
data was identical to that reported for the product obtained by the general N-alkylation of
Indole and Acetanilide procedure.

Formation of m-Methoxyaniline (I-70) from m-Nitroanisole (I-76). To a
mixture of TiCls (1.19 mL, 11.0 mmol) and NaBH4 (1.25 g, 33.0 mmol) in
dimethoxyethane (40 mL) was slowly added a solution of m-nitroanisole (1.53 g, 10.0
mmol) in dimethoxyethane (10 mL) at 0 °C. After 14 h at room temperature the reation
mixture was cooled to 0 °C and quenched by carefull addtion of excess water. Extraction
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of the reaction mixture with Et20 followed by solvent removal at reduced pressure
afforded a crude oil which was purified by flash column chromatography (silica, 230-400
mesh; eluent - 5:95 Et20O:low boiling petroleum ether). The solvents were evaporated to
give m-methoxyaniline (1.84 g, 15.0 mmol) in 75 % yield. H NMR (300 MHz, CDCl3)
8 3.66 (s-br, 2H), 3.74 (s, 3H), 6.21 (t, J = 2.4 Hz, 1H), 6.29 (dddd, J = 15.9, 8.4,2.4,0.9
Hz, 2H), 7.05 (t, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDCl3) 8 54.95, 100.93, 103.79,
107.79, 129.99, 147.74, 160.63; IR (0il/NaCl) 3372 (broad), 3002, 2838, 1603, 1496,
1461, 1208, 1173, 1159, 1037, 739, 689 cm"1.

In a separate reaction acetone was allowed into the reaction mixture during
quenching affording N-isopropyl-m-methoxyaniline. 1H NMR (300 MHz, CDCl3) & 1.18
(d, J = 6.0 Hz, 6H), 3.47 (s-br, 1H), 3.85 (p, J = 6.3 Hz, 1H), 3.74 (s, 3H), 6.13 (t, J = 2.1
Hz, 1H), 6.18 (dd, J = 8.1, 2.7 Hz, 1H), 6.23 (dd, J = 8.1, 2.7 Hz, 1H), 7.05 (t, / = 8.1 Hz,
1H); 13C NMR (75 MHz, CDCl3) § 22.88, 44.09, 54.89, 99.02, 101.83, 106.28, 129.85,
148.80, 160.75; IR (0il/NaCl) 3395 (broad), 2967, 2872, 2836, 1617, 1512, 1497, 1211,
830, 756, 689 cm-1.

Alternate Method for the Formation of N-Tosylaniline (I-54) from Aniline
and Tosyl Chloride. Aniline (2.50 g, 26.9 mmol) and tosyl chloride (5.65 g, 29.6 mmol)
were added to chlorobenzene (54 mL) and heated at reflux for 18 h. After cooling, the
solvent was removed under reduced pressure to give a solid. Recrystallization of the
solid from Et20/low boiling petroleum ether under aspirator vacuum gave N-tosylaniline
(4.40 g, 17.7 mmol) in 66% yield. Spectroscopic data was identical to that reported for
the I-54 obtained by the general N-alkylation procedure.

General Method for the Lewis Acid Catalyzed Rearrangement of N-Allyl-N-
alkylanilines. The aniline (0.5-2.0 mmol, 1.0 eq) and the catalyst (0.6-2.4 mmol, 1.2 eq)
were added to dry xylenes or toluene (0.5 M relative to the aniline) at -78 °C along with
an internal standard of decalin. The reaction was heated to the appropriate temperature
and allowed to react as described in the text. The reaction was then quenched at 0 °C by
addition of a 15% aqueous NaOH solution and the organics concentrated. The crude
products were isolated and purified by flash column chromatography (silica, 230-400
mesh,; eluent, 5:95 Et20:low boiling petroleum ether).

Formation of N-Methyl-o-allylaniline (I-77) by Acid Catalyzed
Rearrangement of N-Allyl-N-methylaniline (I-49). (45% yield): 'H NMR (300 MHz)
(CDCI3) 8 2.83 (s, 3 H), 3.26 (bd, J = 6.1 Hz, 2H), 3.73 (bs, 1H), 5.08 (dq, J = 16.7, 1.8
Hz, 1H), 5.10 (dq, J = 10.4, 1.8 Hz, 1H), 5.93 (ddt, J = 16.7, 10.4, 6.1 Hz, 1 H), 6.63 (d, J
= 8.2 Hz, 1H), 6.70 (td, J = 7.4, 1.1 Hz, 1H), 7.03 (dd, / =7.4, 1.1 Hz, 1H), 7.12 (td, J =
7.4, 1.6 Hz, 1H); 13C (75.5 MHz) (CDCl3) & 30.54, 36.21, 109.73, 115.97, 116.93,
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123.39, 127.59, 129.47, 135.95, 147.22; IR (0il/NaCl) 3436 (broad), 3075, 2978, 2894,
2815, 1634, 1605, 1514, 1466 cm"1,

Formation of o-Allyl-N-benzylaniline (I-87) by Acid Catalyzed
Rearrangement of N-Allyl-N-benzylaniline (I-50). 'H NMR (300 MHz, CDCl3) 3
3.34 (bd, J = 6.3 Hz, 2H), 4.10 (bs, 1H), 4.34 (s, 2H), 5.07 (dq, J = 16.8, 1.7 Hz, 1H),
5.11 (dq, J = 10.5, 1.7 Hz, 1H), 5.95 (ddt, J = 16.8, 10.5, 6.3 Hz, 1H), 6.62 (d, J = 7.4 Hz,
1H), 6.70 (td, J = 7.4, 09 Hz, 1H), 7.06 (dd, J =7.4, 1.2 Hz, 1H), 7.12 (td, J =74, 1.5
Hz, 1H), 7.22-7.37 (m, 5H); 13C NMR (75 MHz, CDCl3) 8 36.50, 48.13, 110.69, 116.29,
117.34, 123.49, 127.12, 127.35, 127.68, 128.57, 129.78, 135.93, 139.41, 146.11; IR
(oil/NaCl) 3440 (broad), 3031, 2888, 2843, 1633, 1603, 1510 cm-1.

Formation of o-Allyl-N-methyl-p-methoxyaniline (I-88) by Acid Catalyzed
Rearrangement of N-Allyl-N-methyl-p-methoxyaniline (I-60). !'H NMR (300 MHz,
CDCl3) & 2.81 (s, 3H), 3.25 (dt, J = 6.0, 1.7 Hz, 2H), 3.37 (bs, 1H), 3.74 (s, 3H), 5.07
(dq, J = 17.1, 1.7 Hz, 1H), 5.12 (dq, J = 10.2, 1.7 Hz, 1H), 5.93 (ddt, J = 17.1, 10.2, 6.0
Hz, 1H), 6.58 (d, J = 8.7 Hz, 1H), 6.70 (d, J = 3.0 Hz, 1H), 6.76 (dd, J = 8.7, 3.0 Hz, 1H);
13C NMR (75 MHz, CDCl3) & 31.37, 36.31, 55.70, 110.96, 112.02, 116.23, 116.50,
125.45, 135.76, 141.65, 151.81; IR (o0il/NaCl) 3422 (broad), 2938, 2832, 2808, 1638,
1514, 1464 cm-1.

Formation of o-Allyl-N-benzyl-p-methoxyaniline (I-89) by Acid Catalyzed
Rearrangement of N-Allyl-N-benzyl-p-methoxyaniline (I-62). 1H NMR (300 MHz,
CDCl3) & 3.29 (dt, J = 6.0, 1.5 Hz, 2H), 3.72 (s, 3H), 3.78 (bs, 1H), 4.28 (s, 2H), 5.06
(dq, J = 17.1, 1.5 Hz, 1H), 5.11 (dq, J = 10.5, 1.5 Hz, 1H), 5.94 (ddt, J = 17.1, 10.5, 6.0
Hz, 1H), 6.57 (d,J = 8.4 Hz, 1H), 6.67 (d, J = 3.0 Hz, 1H), 6.66-6.73 (m, 1H), 7.21-7.37
(m, 5H); 13C NMR (75 MHz, CDCl3) § 36.46, 48.89, 55.65, 111.94, 112.02, 116.39,
116.55, 125.50, 127.05, 127.39, 128.51, 135.69, 139.67, 140.34, 151.93; IR (oil/NaCl)
3430 (broad), 3063, 2936, 2832, 1636, 1509, 1466 cm-!.

Formation of N-Methyl-2-allyl-3-methoxyaniline (Minor Isomer, I-90) and N-
Methyl-2-allyl-5-methoxyaniline (Major Isomer, I-91) by Acid Catalyzed
Rearrangement of N-Allyl-N-methyl-m-methoxyaniline (I-67). Minor Isomer: !H
NMR (300 MHz, CDCl3) 3 2.84 (s, 3H), 3.38 (dt, J = 6.0, 1.9 Hz, 2H), 3.78 (bs, 1H),
3.80 (s, 3H), 5.02 (dq, J = 17.4, 1.8 Hz, 1H), 5.03 (dq, J = 9.3, 1.8 Hz, 1H), 5.88 (ddt,J =
17.4, 9.3, 6.0 Hz, 1H), 6.35 (d, / = 8.4 Hz, 1H), 6.38 (d, / = 8.4 Hz, 1H), 7.14 (t, J = 8.4
Hz, 1H); 13C NMR (75 MHz, CDCl3) & 27.90, 31.04, 55.78, 100.66, 103.68, 114.76,
125.90, 127.67, 136.05, 148.70, 157.60; IR (oil/NaCl) 3438 (broad), 3077, 2939, 2836,
2815, 1601, 1591, 1478 cm-l. Major Isomer: !H NMR (300 MHz, CDCl3) & 2.82 (s,
3H), 3.21 (dt, J = 6.0, 1.8 Hz, 2H), 3.77 (bs, 1H), 3.79 (s, 3H), 5.05 (dq, J = 16.8, 1.8 Hz,
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1H), 5.08 (dq, J = 10.8, 1.8 Hz, 1H), 5.91 (ddt, J = 16.8, 10.8, 6.0 Hz, 1H), 6.19-6.27 (m,
2H), 6.93 (d, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDCl3) & 30.62, 35.69, 55.10, 97.19,
100.74, 115.79, 116.31, 130.17, 136.53, 148.51, 159.83; IR (0il/NaCl) 3438 (broad),
3077, 2938, 2834, 2809, 1617, 1520 cm1.

Formation of N-Benzyl-2-allyl-3-methoxyaniline (Minor Isomer, I-92) and N-
Benzyl-2-allyl-5-methoxyaniline (Major Isomer, I-93) by Acid Catalyzed
Rearrangement of N-Allyl-N-benzyl-m-methoxyaniline (I-69). Minor Isomer: 1H
NMR (300 MHz, CDCl3) & 3.42 (dt, J = 6.0, 1.8 Hz, 2H), 3.79 (s, 3H), 4.16 (bs, 1H),
4.34 (s, 2H), 5.01 (dq, J = 16.8, 1.8 Hz, 1H), 5.02 (dq, J = 11.0, 1.8 Hz, 1H), 5.89 (ddt, J
= 16.8, 11.0, 5.4 Hz, 1H), 6.32 (bd, J = 8.4 Hz, 1H), 6.37 (d,J = 8.4 Hz, 1H), 7.06 (t, J =
8.4 Hz, 1H), 7.21-7.36 (m, 5H); 13C NMR (75 MHz, CDCl3) & 28.02, 48.35, 55.77,
100.81, 104.50, 114.97, 127.06, 127.30, 127.65, 128.55, 128.62, 135.93, 139.61, 147.43,
157.90; IR (0il/NaCl) 3440 (broad), 2936, 2836, 1634, 1599, 1476 cm'l. Major Isomer:
1H NMR (300 MHz, CDCl3) § 3.25 (dt, J = 6.0, 1.8 Hz, 2H), 3.72 (s, 3H), 4.13 (bs, 1H),
4.31 (s, 2H), 5.05 (dq, J = 17.1, 1.8 Hz, 1H), 5.09 (dq, J = 10.5, 1.8 Hz, 1H), 5.93 (ddt, J
=17.1, 10.5, 6.0 Hz, 1H), 6.19-6.27 (m, 2H), 6.95 (d, J = 8.1 Hz, 1H), 7.20-7.37 (m, SH);
13C NMR (75 MHz, CDCl3) § 35.82, 48.12, 55.04, 97.96, 101.16, 115.95, 116.22,
127.15, 127.38, 128.57, 130.32, 136.41, 139.21, 147.22, 159.68; IR (oil/NaCl) 3438
(broad), 3063, 2834, 1617, 1586, 1520, 1466 cm-1.

Formation of N-Isobutyl-2-allyl-3-methoxyaniline (Minor Isomer, I-94) and
N-Isobutyl-2-allyl-5-methoxyaniline (Major Isomer, I-95) by Acid Catalyzed
Rearrangement of N-Allyl-N-Isobutyl-m-methoxyaniline (I-72). Minor Isomer: !H
NMR (300 MHz, CDCl3) 8 0.97 (d, J = 6.6 Hz, 6H), 1.89 (nonet, J = 6.6 Hz, 1H), 2.92
(d, J = 6.6 Hz, 2H), 3.39 (dt, J = 5.7, 1.8 Hz, 2H), 3.79 (s, 3H), 3.83 (bs, 1H), 5.03 (dq, J
= 10.8, 1.8 Hz, 1H), 5.06 (dq, / = 16.8, 1.8 Hz, 1H), 5.88 (ddt, J = 16.8, 10.8, 5.7 Hz,
1H), 6.31 (d, J = 8.2 Hz, 1H), 6.33 (d, J = 8.2 Hz, 1H), 7.09 (t, J = 8.2 Hz, 1H); 13C
NMR (75 MHz, CDCl3) d 20.57, 28.00, 28.13, 51.89, 55.76, 100.17, 104.03, 110.84,
114.91, 127.58, 136.30, 147.90, 157.67; IR (oil/NaCl) 3430 (broad), 3076, 2959, 2870,
2836, 1635, 1601, 1476 cm-!. Major Isomer: 'H NMR (300 MHz, CDCl3) 3 0.98 (d, J =
6.7 Hz, 6H), 1.91 (nonet, J = 6.7 Hz, 1H), 2.91 (d, J = 6.7 Hz, 2H), 3.24 (dt, / = 6.3, 1.8
Hz, 2H), 3.79 (s, 3H), 3.83 (bs, 1H), 5.06-5.16 (m, 2H), 5.93 (ddt, J = 17.7, 9.6, 6.3 Hz,
1H), 6.17-6.24 (m, 2H), 6.94 (d, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDCl3) 8 20.58,
27.84, 36.14, 51.59, 55.12, 97.42, 100.43, 115.88, 116.08, 130.33, 136.82, 147.74,
159.79; IR (0il/NaCl) 3432 (broad), 3079, 2957, 2870, 2834, 1617, 1588, 1520 cm-1.

Formation of N-Methyl-2-(2-vinylpentane)-3-methoxyaniline (Minor Isomer,
1-102), N-Methyl-2-(2-vinylpentane)-5-methoxyaniline (Major Isomer, I-101) as well
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as N-Methyl-3-methoxy-4-(2-E-hexene)-aniline (E-Isomer, I-103) by Acid Catalyzed
Rearrangement of N-trans-2-Hexene-N-methyl-m-methoxyaniline (I-100). Minor
Isomer: 'H NMR (300 MHz, CDCl3) 8 0.87 (t, J = 7.2 Hz, 3H), 1.07-1.37 (m, 2H), 1.70-
1.89 (m, 2H), 2.77 (s, 3H), 3.77 (s, 3H), 3.98-4.17 (m, 2H), 5.07 (dt, J = 6.6, 2.4 Hz, 1H),
5.12 (d, J = 2.4 Hz, 1H), 6.11 (m, 1H), 6.30 (bd, J = 8.1 Hz, 2H) 6.37 (bd, J = 8.1 Hz,
1H), 7.10 (t, J = 8.1 Hz, 1H); 13C NMR (75 MHz, CDCl3), § 14.18, 21.11, 31.06, 32.49,
37.58, 55.78, 100.89, 104.45, 113.37, 114.28, 127.58, 141.64, 148.91, 158.10; IR
(0oil/NaCl) 3426 (broad), 2919, 2848, 1588, 1476 cm-l. Major Isomer: 1H NMR (300
MHz, CDCl3) 8 0.92 (t, J = 7.4, 3H), 1.21-1.48 (m, 2H), 1.62-1.81 (m, 2H), 2.82 (s, 3H),
3.15 (bq, J = 7.4 Hz, 1H), 3.79 (s, 3H), 3.87 (bs, 1H), 5.01 (dt, J = 11.7, 1.4 Hz, 1H), 5.06
(dt, J = 10.5, 1.4 Hz, 1H), 5.81(ddt, J = 17.7, 10.5, 7.4 Hz, 1H), 6.22 (d, J/ = 2.4 Hz, 1H),
6.28 (dd, J = 8.4, 2.4 Hz, 1H), 6.98 (d, J = 8.4 Hz, 1H); 13C NMR (75 MHz, CDCl3) §
14.09, 20.75, 30.80, 35.48, 43.19, 55.04, 97.49, 100.92, 114.13, 120.41, 127.59, 141.76,
148.28, 159.31; IR (0il/NaCl) 3438 (broad), 3077, 2959, 2930, 2872, 2836, 2807, 1615,
1586, 1463 cm'l. E-Isomer: !H NMR (300 MHz, CDCl3) § 0.88 (t, J = 7.4 Hz, 3H),
1.37 (sext, J = 7.4 Hz, 2H), 1.97 (bq, J = 7.4 Hz, 2H), 2.82 (s, 3H), 3.20 (d, J/ = 7.4 Hz,
2H), 3.62 (bs, 1H), 3.79 (s, 3H), 5.43 (dtt, J = 15.0, 6.5, 1.4 Hz, 1H), 5.43 (dtt, J = 15.0,
6.5, 1.4 Hz, 1H), 6.13-6.20 (m, 2H), 6.94 (d, J = 7.8 Hz, 1H); 13C NMR (75 MHz,
CDCl3) & 13.69, 22.69, 31.03, 32.21, 34.66, 55.25, 96.26, 104.09, 118.56, 129.13,
130.07, 130.70, 149.03, 158.03; IR (oil/NaCl) 3413 (broad), 2957, 2930, 2872, 2836,
1618, 1516, 1464 cm1.

Formation of N-Methyl-2-(2-vinylpentane)-4-methoxyaniline (I-99) by Acid
Catalyzed Rearrangement of N-Methyl-N-(trans-2-hexene)-p-methoxyaniline (I-97).
1H NMR (300 MHz, CDCl3) 8 0.92 (t, J = 7.4 Hz, 3H), 1.22-1.48 (m, 2H), 1.62-1.81 (m,
2H), 2.80 (s, 3H), 3.26 (bq, J = 7.4 Hz, 2H), 3.47 (bs, 1H), 3.75 (s, 3H), 5.02 (dt, J =
17.1, 1.4 Hz, 1H), 5.06 (dt, J = 10.2, 1.4 Hz, 1H), 5.81 (ddd, J = 17.1, 10.2, 7.4 Hz, 1H),
6.57-6.66 (m, 1H), 6.71-6.76 (m, 2H); 13C NMR (75 MHz, CDCl3) 5 14.03, 20.65, 31.54,
35.52, 43.50, 55.61, 111.10, 111.38, 114.24, 114.49, 129.87, 141.09, 141.35, 152.04; IR
(oil/NaCl) 3413 (m-broad), 3077, 2957, 2872, 2832, 2809, 1647, 1510, 1458 cm-1.

Formation of 1,2-Dimethyl-2,3-dihydroindole (I-85) by Photochemical Ring
Closure of o0-Allyl-N-methylaniline (I-77). o-Allyl-N-methylaniline (0.12 g, 0.82 mmol)
and Argon degassed thiophene free benzene (41 mL) were placed in a pyrex tube and
subjected to a 450 Watt medium pressure Hg lamp. After 3.5 h the solvent was removed
under reduced pressure. The reaction had gone 50% to completion by G.C. The resulting
oil was separated by preparative TLC (silica) to give the desired product. 1H NMR (300
MHz, CDCl3) § 1.32 (d, J = 6.3 Hz, 3H), 1.71 (s, 3H), 2.59 (dd, J = 15.3, 10.5 Hz, 1H),
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3.08 (dd, J = 15.3, 8.1 Hz, 1H), 3.39 (qt, / = 2.4, 1.5 Hz, 1H), 6.45 (d, J = 7.8 Hz, 1H),
6.65 (td, J = 7.4, 0.9 Hz, 1H), 7.06 (m, 2H); 13C NMR (75 MHz, CDCl3) 3 18.7, 33.7,
374, 62.8, 107.1, 117.8, 124.0, 127.3, 129.2; IR (oil/NaCl) 3073, 2921, 2815, 1605,
1586, 1514, 1466, 1312, 1264, 1065, 914, 748, 648 cm-1.

Formation of 1,2-Dimethyl-2,3-dihydroindole (I-85) by Hg(OAc); Catalyzed
Ring Closure of 0-Allyl-N-methylaniline (I-77). o-Allyl-N-methylaniline (1.42 g, 9.66
mmol) was added to anhydrous methanol (48.3 mL) followed by addition of Hg(OAc)2
(3.69 g, 11.59 mmol) at room temperature. After 1 h the reaction mixture was cooled to 0
°C and reduced by careful addition of NaBH4 (2 equiv, 0.5 M solution) in NaOH (2 N ).
After 20 h the reaction mixture was extracted repeatedly with Et20 and the organics
concentrated under reduced pressure. The crude oil was purified by flash column
chromatography (silica, 230-400 mesh; eluent - 1:99 Et20:low boiling petroleum ether).
The solvents were evaporated to give the desired product (0.14 g, 0.9 mmol) in 10%
yield.

Formation of 2,3-Dibromopropylbenzene (I-106). To Mg turnings (15.29 g,
636.94 mmol) in dry Et20 (40.0 mL) was slowly added a solution of bromobenzene
(10.00 g, 63.69 mmol) in dry Et20 (23.7 mL). The Grignard reagent was allowed to form
over an hour at room temperature (the solution turned dark brown). The solution was
transfered via cannula to a dry flask. The temperature was lowered to 0°C and
allylbromide (9.35 g, 76.43 mmol) was added dropwise via syringe. The reaction was
allowed to warm to room temperature. After 14 h the reaction was quenched by addition
of water. The organics were collected and the aqueous layer washed with 4 portions of
ether (20.0 mL).

The organics were dried, collected and cooled to -78°C. To this mixture was
added Brj (12.23 g, 76.43 mmol) dropwise. The solution was allowed to stirr for 1 h and
remained red. Solvent removal under reduced pressure gave an orange oil. The crude oil
was purified by flash column chromatography (silica, 230-400 mesh; eluent -5:95
Et20:low boiling petroleum ether). The solvents were evaporated to yield the desired
product as a clear oil (16.28 g, 92% yield); !H NMR (300 MHz, CDCl3) § 3.13 (dd, J =
14.5, 8.3 Hz, 1 H), 3.51 (dd, J = 14.5, 4.8 Hz, 1 H), 3.63 (dd, J = 10.5, 8.9 Hz, 1 H), 3.85
(dd, J = 10.3, 4.2 Hz, 1 H), 4.37 (m, 1 H), 7.24-7.37 (m, 5 H); 13C NMR (75 MHz,
CDCl3) 8 36.02, 42.00, 52.39, 127.18, 128.48, 129.48, 136.83; IR (0il/NaCl) 3106, 3031,
2938, 1497, 1431, 1252, 1219, 1142 cm°1.

Formation of 2,3-Dibromopropyl-p-nitrobenzene (I-107). To a mixture of
70% HNOs3 (26.6 mL) and 98% H2S04 (33.7 mL) was added 2,3-Dibromopropylbenzene
(16.28 g, 58.58 mmol) dropwise at -15°C. The reaction was then allowed to warm to 0°C
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over 45 min. After an additional 15 min the reaction was cooled again to -15°C and
quenched by partitioning between water and ether. The organics were collected, dried
and the solvent removed under reduced pressure to give oils. The crude oils were
purified by flash column chromatography (silica, 230-400 mesh; eluent - Et20:low
boiling petroleum ether). The solvents were evaporated to give the desired pure product.
(13.66 g, 72% yield); 1H NMR (300 MHz, CDCl3) & 3.21 (dd, J = 14.6, 8.6 Hz, 1 H),
3.62 (t,J = 10.2 Hz, 1 H), 3.67 (dd, J = 14.6, 4.2 Hz, 1 H), 3.90 (dd, J = 10.7, 4.2 Hz, 1
H), 4.37 (m, 1 H), 7.42-7.51 (m, 2 H), 8.14-8.24 (m, 2 H); 13C NMR (75 MHz, CDCl3) §
35.31, 41.42, 50.74, 123.58, 130.38, 135.91, 144.13; IR (0il/NaCl) 3079, 2973, 2855,
1607, 1520, 1435, 1346, 1250 cm-1.

Formation of p-Allylnitrobenzene (I-108). To a solution of 2,3-dibromopropyl-
p-nitrobenzene (3.00 g, 9.28 mmol) in EtOH (92.8 mL) was added Nal (2.78 g, 18.58
mmol) as a single portion at room temperature. The reaction was heated at reflux for 1.5
h. Nal (2.78 g, 18.58 mmol) was again added in small portions. After 6 h total, the
reaction was allowed to cool to room temperature and stir for 14 h. The solvent was
removed under reduced pressure and the residue partitioned between CHCIl3 and aqueous
50% saturated sodium bicarbonate solution. The organics were collected, dried and the
solvent removed under reduced pressure to give an oil. The crude oil was purified by
flash column chromatography (silica, 230-400 mesh; eluent - low boiling petroleum
ether). The solvents were evaporated to yield the desired product as a clear oil (1.05 g,
6.43 mmol) in 69% yield. 'H NMR (300 MHz, CDCl3) & 3.49 (d, J = 6.6 Hz, 2 H), 5.12
(dq,J =16.9, 1.6 Hz, 1 H), 5.16 (dq, J = 10.2, 1.6 Hz, 1 H), 5.94 (ddt, J = 16.9, 10.2, 6.6
Hz, 1 H), 7.32-7.37 (m, 2 H), 8.10-8.70 (m, 2 H); 13C NMR (75 MHz, CDCl3) & 39.86,
117.37, 121.28, 123.64, 129.35, 135.44, 147.77; IR (oil/NaCl) 3081, 2853, 1640, 1605,
1518, 1346 cm-1.

Preparation of p-Allylaniline (I-109). To a solution of p-allylnitrobenzene (0.55
g, 3.37 mmol) in benzene (20.0 mL) was added activated Fe (5.00 g, 89.28 mmol) and
water (2.0 g, 111.11 mmol). The reaction was brought to reflux. After 2 h a trace of HCl
was added to the reaction along with a several drops of water. After 12 h the reaction
was quenched by partitioning between water and Et20. The organics were separated,
dried and the solvents removed under reduced pressure to yield an oil. The crude oil was
purified by flash column chromatography (silica, 230-400 mesh; eluent - Et20:low
boiling petroleum ether). The solvents were evaporated to yield the desired product as an
oil (0.43 g, 95% yield); !H NMR (300 MHz, CDCl3) 3 3.28 (d, J = 6.6 Hz, 2 H), 3.56 (s-
br, 2 H), 5.02 (dq, J = 10.3, 1.7 Hz, 1 H), 5.04 (dq, J = 17.1, 1.7 Hz, 1 H), 5.94 (ddt, J =
17.1, 10.3, 6.7 Hz, 1 H), 6.61-6.65 (m, 2 H), 6.95-7.00 (m, 2 H); 13C NMR (75 MHz,
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CDCl3) d 39.36, 115.06, 115.25, 129.34, 130.02, 138.18, 144.45; IR (0il/NaCl) 3436
(broad), 3355 (broad), 3218 (broad), 3077, 3004, 2897, 1624, 1516, 1435, 1273 cm-1.

Formation of N-Methyl-p-allylaniline (I-104). The p-allylaniline (0.20 g, 1.50
mmol) and Mel (0.05 g, 0.38 mmol) were taken up in a 4:1 ethanol:water mixture (3.0
mL) along with NapCO3 (0.02 g, 0.22 mmol). After stirring at room temperature for 14 h
the ethanol was removed under reduced pressure and the crude oil purified by flash
column chromatography (silica, 230-400 mesh; eluent - 5:95 Et2O:low boiling petroleum
ether). The solvents were evaporated to give a clear colorless oil. (0.06 g, 37% yield); 1H
NMR (300 MHz, CDCl3) & 2.82 (s, 3 H), 3.28 (d, J = 6.9 Hz, 2 H), 3.60 (s-br, 1 H), 5.01
(dq, J =10.2, 1.7 Hz, 1 H), 5.04 (dq, J = 16.8, 1.7, 1 H), 5.95 (ddt, J = 16.8, 10.2, 6.9, 1
H), 6.54-6.59 (m, 2 H), 6.99-7.03 (m, 2 H); 13C NMR (75 MHz, CDCl3) & 30.96, 39.37,
112.58, 114.93, 128.69, 129.29, 138.37, 147.69; IR (0il/NaCl) 3413 (broad), 2977, 2893,
2813, 1615, 1522, 1318, 1264, 1063 cm-1.
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CHAPTER 11
AZA-ANNULATION AS A ROUTE TO HYDROXYLATED ALKALOIDS:
THE TOTAL SYNTHESES OF
D-MANNONOLACTAM AND DEOXYMANNOJIRIMYCIN

Introduction.

Naturally occurring piperidine alkaloids exhibit a wide variety of biological
activities.] Although found in a number of organisms, these alkaloids possess alike
stereochemical arrays similar to those found in simple sugars such as glucose (II-1), D-
mannose (II-2), and fucose (II-3) (Figure II-1). For example, deoxymannojirimycin (II-
4), with stereochemistry similar to II-2, is an inhibitor of both bovine a-L-fucosidase and
mannosidase I for glycoprotein processing. D-mannonolactam (II-7) inhibits both a-D-
mannosidase and a.-D-glucosidase.2 Deoxynojirimycin (II-4), stereochemically similar to
I1-1, has exhibited selective inhibition of a-glucosidases I, and II without effective
inhibition of a-mannosidase.3 The more lipophilic alkaloids, prosopinine (II-5) and
cassine (II-8) are also very biologically active.# A convergent route to these alkaloids
would thus be beneficial.

While compounds I1-6 and II-7 have been prepared from their sugar analogs,> an
efficient and convergent synthesis of these compound types from simple organic molecules
has not been previously reported (Scheme II-1). Key to the preparation of any of the
aforementioned alkaloids is the construction of the piperidine ring of the type represented
by II-11 (Figure II-2). In II-11, particular attention to the stereochemistry of C-4 relative
to C-5 is critical. Protected hydroxyl functionality at C-4 and C-6 must also be
incorporated. Further stereochemical features at C-2 and C-3 must then be incorporated
efficiently and specifically relative to the first two. Adding the tether to C-1 could then be
executed if desired. It is the objective of this work to use the aza-annulation in the design
of a convergent route toward the preparation of these highly active compounds.
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Figure II-1. Hydroxylated Piperidine Alkaloids and Stereochemically Similar Sugars
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Scheme II-1. Preparation of II-6 and II-7 from Sugar Analogs
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Figure II-2. Alkaloid Precursor Target
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Results and Discussion.

The initial piperidine ring system was prepared via aza-annulation.6 Desired
substitution at C-5 as well as at C-4 was incorporated at the onset, in the preparation of the
initial B-diketone, B-ketoester, or acetylenic ester. In the simplest instance, benzylamine
was added to acetoacetone to form the enamine which was annulated with acryloyl chloride
to give II-12 in 94% yield (Scheme II-2). Reduction of II-12 to II-13 was afforded in
81% yield using Pd/C and Hz. Baeyer-Villiger oxidation of II-13 (epimerized to an
equilibrium 24:76 ratio of cis:trans isomeric products) yielded II-14 in 45% yield.
Subsequent hydrolysis of II-14 provided II-15 in 89% yield. Of particular interest were
the development of predictable conditions for cis-hydrogenation of II-12 and development
of an efficient method for the oxidation of I1-13 to I1-14.
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Scheme II-2. Preparation of Initial Precursor Analog I1-15
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Examination of a variety of oxidation conditions had been initiated prior to
optimization of the hydrogenation conditions.” A series of oxidations were attempted using
I1-12, which was a mixture of isomers at the reduced double bond (trans:cis, 10:90).
Conditions and percent reaction mixture as product are given in Table II-1.
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Table II-1. Baeyer-Villiger Oxidation Studies on cis I1I-13

Entry(™f)  Conditions2 time (hours) % rxn. mix
as prod.b

17a MCPBA, NaOAc, CHCI3, reflux 96 4

27 Fe2CO3, benzaldehyde, CgHg, O2, RT 96 1

37c Hy03, Ac20, NaOAc, 0°C to RT 120 0

47d,7e MCPBA, NaHCO3, CH2Clp, RT 120 8

57t MCPBA, CH2Clp, RT 120 18

678 MCPBA (2.6 eq), CF3COOH, CH2Clp, RT 120 35

77h MCPBA, glacial HOAc, CH2Clp, RT 120 33

878 MCPBA (2.6 eq), CF3COOH, CH2Clp, reflux 72 51

978 MCPBA (5.2 eq), CF3COOH, CH2Clp, reflux 72 60

1078 MCPBA, H2S04, HOAc, CH,Clj, reflux 48 12

1178 t-BuOH, CF3COOH, CH2Cl,, RT 24 0

1278 t-BuOH, CHCly, reflux 24 0

1378 MCPBA (10.4 eq), CF3COOH, CH2Cly, reflux 24 34

@ Starting material was a mixture of isomers with a cis:trans ratio of 90:10. & The percent reaction
mixture as product was determined by G. C. without an internal standard.
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Since none of these sets of conditions yielded satisfactory results, and since all
prepared I1-13 had been consumed, more II-12 was reduced. Reduction of II-12 under
more dilute conditions resulted in a product isomer ratio of 24:76 cis:trans (Table II-3).
Again, a series of oxidations was attempted. These yielded greatly improved results, even
under similar conditions (Table II-2).

Table II-2. Baeyer-Villiger Oxidation Studies on trans Substrate II-13

Entry™)  Conditions? Time (hours) % rxn. as
prod®(iso)
178 MCPBA (5.2 eq), CF3COOH, CH2Clp, reflux 24 86 (41%)
278 MCPBA (5.2 eq), CF3COOH, CH2Cly, reflux 10 75 (45%)
378 MCPBA (2.6 eq), CF3COOH, CH2Clp, reflux 7.5 66 (43%)
478 MCPBA (2.6 eq), CF3COOH, CH2Cly, reflux 10 67 (20%)
578 MCPBA (5.2 eq), CF3COOH, CHCI3, reflux 14 89 (18%)
678 MCPBA (5.2 eq), CF3COOH, CHClp, reflux 24 52 (22%)

4 Starting material was a mixture of isomers with a cis:trans ratio of 24:76.0 The percent reaction mixture
as product was determined by G. C. without an internal standard.

Because it appeared that the primarily trans substrate yielded superior results, a
series of reduction conditions were examined to try to maximixe the portion of trans II-13
formed (Table II-3). The greatest percentage trans achieved was 76%. This represented
the approximate thermodynamic product distribution, as exhibited by several equilibration
studies. Several other sets of oxidation conditions were then attempted but yielded inferior
results to those indicated in Table II-2 (Table II-4).



Entry
emd—

Table

>

Ta

a

rela[iVe]
Ihen 0x]



49

Table II-3. Various Conditions Used in the Palladium Mediated Reduction of II-12

Entry g Pd : mmol reactant _ Molarity (substrate) I1-13 cis:trans ratio?
1 1.0:1 0.25 61:39
2 02:1 0.50 83:17
3 01:1 0.50 69:31
4 0.1:1 0.10 24:76
5 01:1 0.05 32:68

b The cis to trans product ratio was determined by 1H NMR.

Table II-4. Continued Baeyer-Villiger Oxidation Studies of II-13 to II-14

Entry(ref) Ratio Conditions Time % rxn. as
cis : trans (hours) prod4(iso)

178 28:72 MCPBA (5.2 eq), CF3COOH, CH2Cl2, RT 24 62 (41%)
278 54:46 MCPBA (5.2 eq), CF3COOH, CH2Cl2, RT 24 63 (32%)

37 24:76 MCPBA (5.2 eq), NapHPO4, CH2Cl2, RT 36 23

47 24:76 MCPBA (5.2 eq), pTsOH, CH2Clp, RT 84 88 (18%)
57k 24:76 MCPBA (5.2 eq), NaHCO3, CH2Cl2, RT 12 9

67! 24:76 MCPBA (5.2 eq), LioCO3, CH2Clz, RT 84 30

77 24:76 MCPBA (5.2 eq), NaHPO4, CH2Cl2 84 16

87 53:47 MCPBA (5.2 eq), pTsOH, CH2Clp, reflux 60 68

2 The percent reaction mixture as product was determined by G. C. without an internal standard.

To further indicate the role substrate structure might have been responsible for the
relatively low oxidation yields, compound II-16 was reduced to II-17 (62% yield) and
then oxidized to II-18 (Scheme II-3). Yield of the oxidation was 67%.
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Scheme II-3. Oxidation of Achiral Substrate Surrogate
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Efficient base catalyzed equilibration of cis II-13 to trans II-13 yielded a product
mixture that was consistently 30% cis to 70 % trans (Figure II-3). Baeyer Villiger
oxidation yielded only trans II-14 as detectable by NMR. Confirmation of
stereochemistry was achieved by comparison to known compounds8 and by comparison of
the final products to purchased standards.

Figure I1-3. Epimirization of Model Compound II-13

0 0
O mmmm— Y
N N
Bn Ba
I1-13 (cis) I1-13 (trans)

69% cis : 31% trans LHMDS, THF, -78°C - RT, 12 hrs  28% cis : 72% trans

61% cis : 39% trans DBU, THF, -78°C -RT, 12hrs  30% cis : 70% trans

Extension of this methodology toward the preparation of compounds of the type
indicated by structure II-11 was then executed. Initially, propargyl alcohol was
deprotonated and protected using benzyl bromide to afford II-18 in 90% yield.
Deprotonation of the alkyne using BuLi, followed by reaction with II-20, gave the alcohol
II-21. Oxidation of I1-21 with PCC provided II-22 in 54% yield.? Aza-annulation of
I1-22 in the usual manner provided II-23 in 33% yield. Hydrogenation of II-23
provided II-24 in 67% yield (Scheme II-4).
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Scheme II-4. Preparation of Alkaloid Precursor II-24
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A more efficient route toward compounds of the type indicated by II-11 was
initiated by acylation of II-19 with ethylchloroformate by action of BuLi to provide II-2§
in 88% yield. Aza-annulation of II-25 provided II-26 in 35% yield using acryloyl
chloride and in 62% yield using freshly prepared acrylic anhydride. Reduction of II-26
afforded II-27 in 80% yield and in a cis to trans ratio of 98:2. To prepare II-28 for use in
the Baeyer-Villiger oxidation, a modified Grignard reaction was used. Epimerization at the
position a to the ketone of cis II-28 with DBU afforded II-28 in a cis to trans ratio of
17:83. Overall yield for the 2 steps was 61%. Oxidation of II-28 provided I1-29 in 56%
yield. Subsequent hydrolysis gave II-30 in 85% yield. Protection of II-30 was executed
using benzyl bromide to provide II-31 in 84% yield (Scheme II-5).10
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Scheme II-S. Preparation of Alkaloid Precursor II-31
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An alternative route to the preparation of II-31 could be accessed from tetronic acid
(Scheme II-6). Annulation of tetronic acid using benzylamine and acrylic anhydride
afforded II-32 in 71% yield. Reduction of II-32 provided I1-33 in 83% yield. Use of
the modified Grignard procedure to open the lactone yielded II-34 in 27% yield.
Protection of the C-6 alcohol using benzyl bromide was executed in 71% yield providing
I1-28 as a mixture of cis and trans isomers in the ratio of 20:80 respectively.

Scheme I1-6. Alternate Route to Alkaloid Precursor Preparation
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This alternate route was significant in that it could possibly allow access to a variety
of natural products with stereochemistry incorporated at C-6 (Scheme II-7). Alkylation of
I1-35 (prepared from the respective carboxylic acid) provided II-36 in 80% yield. The
tetronic acid derivative, II-37, was then prepared in 35% yield.!! Aza-annulation of II-
37 in the usual fashion using acryloyl chloride afforded II-38 in 29% yield. Reduction of
I1-38 provided II-39 in 70% yield as a mixture of isomers in the ratio of 70:30 .
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Scheme II-7. Use of Alternate Route to Introduce Chiral Center
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As a synthetic equivalent to I1-11, II-31 proved to be a versatile substrate for the
preparation of alkaloids. For example, the preparation of II-S from II-31 was executed in
29% overall yield.10 Preparation of II-6, and II-7 were then executed from II-31 as
outlined in Scheme II-8. Selenation of II-31 followed by NalO4 oxidation provided II-
40 in 78% yield.12 Stereospecific cis-dihydroxylation of II-40 using OsO4 in NMO gave
I1-41 in 64% yield.13 Attempted protection of II-41 with benzyl bromide using KOH
afforded II-42 as the sole product. Direct reduction of the diol using LiAlH4 provided II-
43 in near quantative yield. Reductive removal of the protecting groups from II-43 using
Pd/C, H», and with a trace of acid afforded II-6 in 52% yield.!4 Preparation of II-7 from
I1-41 was executed smoothly by Li/NH3 reduction in 44% yield.!5 Yields for the
preparation of II-§, II-6, and I1-7 from II-18 were 3% overall for each (Scheme II-8).
DQ-COSY spectra of II-6 and II-7 are shown in Figure II-4 and Figure II-5,
respectively.



55

Scheme II-8. Preparation of II-6 and II-7 fom Alkaloid Precursor
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Conclusion.

Stereochemically complex hydroxylated piperidine alkaloids can be efficiently
accessed through use of the aza-annulation. The C-4 and C-5 substituent pattern may be
incorporated at the onset by aza-annulation substrate manipulation. The stereochemistry at
these positions may then be controlled through choice of reduction conditions. Trans
stereochemistry at C-4 relative to C-5 may be efficiently incorporated to an extent of >98:2
through use of the Baeyer-Villiger oxidation. Subsequent incorporation of cis
stereochemistry at the C-2 and C-3 positions may then be accessed through use OsQO4 cis
hydroxylation. Comparison of II-6 with a purchased standard of the same compound
showed that all four stereocenters were incorporated as initially predicted from asymmetric
starting materials.
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Figure II-4. DQ-COSY Spectra of I1-6
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Figure II.5, DQ-COSY Spectra of -7
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Experimental Section.

General Methods. All reactions were carried out using standard inert
atmosphere techniques to exclude moisture and oxygen, and reactions were performed
under an atmosphere of nitrogen. Benzene, toluene and ether were distilled from
sodium/benzophenone immediately prior to use. Xylenes and decalin were heated over
calcium hydride for a minimum of 12 h and then distilled prior to use. LiAlH4 (1 M in
THF) was obtained from Aldrich Chemical Co. Unless specified, concentration of
mixtures was performed using a Buchi rotary evaporator.

For reactions in which a Dean-Stark trap was used, the trap was filled with
molecular sieves to a level below that of returning solvent turbulence. These were changed
during reactions in which additional reagent was added after the reactions initiation.
Molecular sieves were activated by heating in a 150 °C oven for at least 24 h prior to use.

Formation of II-12. To 2,4-pentanedione (25.00 g, 250.00 mmol) in CgHg
(500.0 mL) was added benzylamine (47.50 g, 250.00 mmol) and a catalytic amount of p-
TsOH at room temperature. The reaction was fitted with a Dean - Stark trap, filled with
molecular sieves to a level below that of returning solvent turbulence, and heated at reflux.
After 12 h the reaction was cooled to room temperature and the solvent removed under
reduced pressure. THF (500.0 mL) and acryloyl chloride (38.45 g, 425.00 mmol) were
then added and the reaction again heated at reflux. After 14 h the reaction was cooled to
room temperature and the solvent removed under reduced pressure. The reaction mixture
was then chromatographed (silica, 230-400 mesh; eluent - 90:10 Et;O:petroleum ether).
The solvents were evaporated to give a clear, colorless oil (54 g, 94% yield); 'H NMR
(300 MHz, CDCl3) & 2.21 (s, 3 H), 2.24 (s, 3 H), 2.53-2.68 (m, 4 H), 5.00 (s, 2 H),
7.12 (bd, J = 2.0, 2 H), 7.16-7.34 (m, 3 H); 13C NMR (75 MHz, CDCl3) § 15.72,
21.81, 29.33, 30.84, 44.22, 116.95, 125.65, 126.67, 128.28, 137.08, 145.83, 170.11,
198.32; IR (0il/NaCl) 3031, 2969, 2843, 1669, 1590, 1383, 1275, 1186 cm-1,

Formation of II-13. To II-12 (10.00 g, 56.50 mmol) in EtOH (565.0 mL)
was added Na2CO3 (20.96 g, 197.74 mmol) and 10% Pd/C (5.65 g). The reaction vessel
was purged with N2 and then flushed with and maintained under an atmosphere of Hj.
After stirring for 16 h, the reaction mixture was filtered through a fine scintered glass
funnel and the solvent removed under reduced pressure. The resulting crude oil was
purified by flash column chromatography (silica, 230-400 mesh; eluent - Et0). The
solvents were evaporated to give a clear, colorless oil (8.19. g, 81% yield, 90:10 cis:trans).
1H NMR (300 MHz, CDCl3) (cis isomer) § 1.07 (d, J = 6.6 Hz, 3 H), 2.06 (s, 3 H),
1.92-2.17 (m, 4 H), 2.48 (ddd, J = 18.3, 10.4, 8.0 Hz, 1 H), 2.61 (ddd, J = 18.3, 7.4,
2.0 Hz, 1 H), 2.79 (dt, J = 12.6, 4.2 Hz, 1 H), 3.84 (m, 1 H), 3.96 (d, J = 15.2 Hz, 1
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H), 5.31 (d, J = 15.2 Hz, 1 H), 7.22-7.36 (m, 5 H); 13C NMR (75 MHz, CDCl3) (cis
isomer) & 14.52, 17.33, 28.08, 29.96, 47.74, 51.03, 51.14, 127.04, 127.36, 128.28,
136.97, 168.67, 206.25; IR (oil/NaCl) 2975, 1713, 1640, 1163 cm-1; HRMS calcd for
C15sH19NO2 m/z 245.1416, found m/z 245.1415.

Isomerization of II-13. To II-13 cis (0.20 g, 1.12 mmol) in THF (2.24 mL)
was added DBU (0.09 g, 0.56 mmol) at room temperature. After 16 h the reaction was
terminated by addition of an equal volume of water. The organics were seperated and the
solvent removed under reduced pressure. The resulting crude oil was purified by flash
column chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were
evaporated to give a clear, colorless oil (0.20 g, >99% yield, 72% trans); 1H NMR (300
MHz, CDCl3) (trans isomer) 8 1.22 (d, J = 6.6 Hz, 1 H), 1.89 (s, 3 H), 1.91-2.12 (m, 3
H), 2.35-2.63 (m, 3 H), 3.82 (m, 1 H), 4.01 (d, J = 15.2 Hz, 1 H), 5.23 (d, J = 15.2 Hz,
1 H), 7.22-7.34 (m, 5 H); 13C NMR (75 MHz, CDCl3) (trans isomer) 8 19.53, 19.86,
27.47, 29.39, 46.98, 51.14, 52.26, 126.93, 127.78, 128.10, 136.97, 168.87, 207.05; IR
(0il/NaCl) 2975, 1713, 1640, 1163 cm-1.

Formation of II-14. To II-13 (76% trans) (1.00 g, 5.60 mmol) in CH2Cl,
(11.2 mL) was added m-CPBA (5.00 g, 29.20 mmol) and CF3COOH (0.60 g, 5.60
mmol) at room temperature. The reaction was heated at reflux. After 14 h, the reaction
was cooled to room temperature and the solvent removed under reduced pressure. The
resulting slurry was brought up in a minimum amount of Et20 and purified by flash
chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to
give a clear, colorless oil (4.5 g, 41% yield, 100% trans) (mp = 66-67 °C); 'H NMR (300
MHz, CDCl3) & 1.24 (d, J = 6.7 Hz, 3 H), 1.89 (s, 3 H), 1.97 (m, 1 H), 2.16 (dddd, J =
14.7, 11.4, 7.5, 2.7 Hz, 1 H), 2.51 (ddd, J = 18.3, 7.5, 2.1 Hz, 1 H), 2.66 (ddd, J =
18.3, 11.4, 7.5 Hz, 1 H), 3.46 (qt, J = 6.7, 2.0 Hz, 1 H), 3.80 (d, J = 15.3 Hz, 1 H),
4.88 (dt, J = 3.9, 2.1 Hz, 1 H), 5.46 (d, J = 15.3 Hz, 1 H), 7.20-7.37 (m, 5 H); 13C
NMR (75 MHz, CDCl3) 6 17.80, 20.75, 21.03, 26.81, 47.18, 54.38, 70.07, 127.19,
127.72, 128.32, 136.95, 168.57, 169.89; IR (oil/NaCl) 2975, 2942, 1736, 1634, 1482,
1246, 1179 cm1; HRMS calcd for C1sH19NO3 m/z 261.1365, found m/z 261.1363.

Formation of II-15. To II-14 (0.10 g, 0.56 mmol) in water (0.6 mL) was
added crushed NaOH (0.04 g, 1.12 mmol) at room temperature. The reaction was heated
at approximately 50°C. After 12 h, the product was extracted from the reaction mixture
with 6 portions of CHCI3 (1.0 mL each). The organics were combined, dried, and the
solvent removed under reduced pressure. the product was recrystallized from Et70:low
boiling petroleum ether giving white crystals. (0.06 g, 89% yield) (mp = 110-113 °C); 1H
NMR (300 MHz, CDCl3) d 1.18 (d, J = 6.6 Hz, 3 H), 1.88 (m, 1 H), 1.95-2.12 (m, 2
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H), 2.42 (ddd, J = 18.0, 7.3, 2.8 Hz, 1 H), 2.71 (ddd, J = 18.0, 10.8, 7.3 Hz, 1 H),
3.34 (m, 1 H), 3.83 (dt,/ =4.8,2.8 Hz, 1 H),395(d,J=152Hz, 1 H),535(d,J =
15.2 Hz, 1 H), 7.20-7.35 (m, 5 H); 13C NMR (75 MHz, CDCl3) 3 18.37, 24.05, 26.92,
47.42, 57.96, 68.45, 127.23, 127.78, 128.56, 137.33, 169.42; IR (oil/NaCl) 3289,
3023, 2890, 1609, 1453, 1175, cm*!; HRMS calcd for C13H17NO2 m/z 219.1259, found
mi/z 219.1245.

Formation of II-17. To II-16 (0.24 g, 1.05 mmol) in EtOH (10.5 mL) was
added NazCO3 (0.39 g, 3.67 mmol) and 10% Pd/C (0.10 g). The reaction vessel was
purged with N> and then flushed with and maintained under an atmosphere of Ha. After
stirring for 16 h, the reaction mixture was filtered through a fine scintered glass funnel and
the solvent removed under reduced pressure. The resulting crude oil was purified by flash
column chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were
evaporated to give a clear, colorless oil (0.15 g, 62% yield); 'H NMR (300 MHz, CDCl3)
9 1.79-1.94 (m, 2 H), 2.14 (s, 3 H), 2.49 (ddd, J = 16.8, 10.4, 6.4 Hz, 1 H), 2.59 (ddd,
J =178, 6.4, 44 Hz, 1 H), 2.79 (tdd, J = 9.9, 5.3, 3.8 Hz, 1 H), 3.29 (ddd, J = 12.6,
5.3,14Hz 1H), 341 (dd,J =12.3,9.3Hz, 1 H), 447 (d,J = 14.7 Hz, 1 H), 4.73 (d,
J = 14.7 Hz, 1 H), 7.22-7.36 (m, § H); 13C NMR (75 MHz, CDCl3) § 23.79, 28.01,
30.96, 46.58, 47.17, 50.07, 127.40, 128.05, 128.52, 136.70, 168.63, 207.21; IR
(0il/NaCl) 3032, 2932, 2876, 1713, 1642, 1495, 1455, 1262, 1167, cm-1.

Formation of II-18. To II-17 (0.10 g, 0.43 mmol) in CH,Cl; (0.86 mL) was
added m-CPBA (0.39 g, 2.25 mmol) and CF3COOH (0.05 g, 0.43 mmol) at room
temperature. The reaction was heated at reflux. After 14 h, the reaction was cooled to
room temperature and the solvent removed under reduced pressure. The resulting slurry
was brought up in a minimum amount of Et20 and purified by flash column
chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to
give a clear, colorless oil (0.07 g, yield = 67%); IH NMR (300 MHz, CDCl3) § 2.01 (s, 3
H), 2.02-2.08 (m, 2 H), 2.52 (ddd, J = 17.9, 6.0, 5.3 Hz, 1 H), 2.67 (ddd, J = 17.9,
9.6, 7.1 Hz, 1 H), 3.26 (ddd, J = 13.2, 3.9, 1.3 Hz, 1 H), 3.43 (dd, J = 13.2,39 Hz, 1
H), 449 (d, J = 147 Hz, 1 H), 4.71 (d, J = 14.7 Hz, 1 H), 5.12 (dq,J =3.9, 3.6 Hz, 1
H), 7.21-7.36 (m, 5 H); 13C NMR (75 MHz, CDCl3) § 20.97, 25.49, 27.86, 49.80,
50.46, 66.17, 127.49, 127.99, 128.60, 136.56, 168.73, 170.18; IR (0il/NaCl) 3063,
2959, 2873, 1738, 1646, 1491, 1365, 1421, 1238, 1182, 1075 cm-1.

Formation of 22. To II-19 (0.43 g, 2.95 mmol) in THF (8.56 mL) was added
BuLi (1.41 mL, 2.5 M) at -78 °C). After stirring for 10 min, I1-20 (0.53 g, 3.53 mmol)
was added, and the reaction allowed to warm to room temperature. After 10 min at room
temperature, the reaction was quenched by addition of water. The reaction was extracted
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with EtOAc (5 X 10 mL) and the organics dried and concentrated. The resulting oil was
brought up in a minimum amount of Et20 and purified by flash chromatography (silica,
230-400 mesh; eluent - 1:1 petroleum ether:Et20). The solvents were evaporated to give
I1-21 as a clear, colorless 0il.(0.67 g, 77% yield).

To II-21 (0.43 g, 1.45 mmol) in CH2Cl3 (14.50 mL) was added PCC (0.63 g,
2.91 mmol) at room temperature. After 14 h, the reaction was repeatedly extracted with
Et20 and the organics combined and concentrated. The resulting oil was brought up in a
minimum amount of Et20 and purified by flash column chromatography (silica, 230-400
mesh; eluent - 1:1 petroleum ether:Et20). The solvents were evaporated to give II-22 as a
clear, colorless 0il.(0.23 g, 54% yield). !H NMR (300 MHz, CDCl3) 3 4.19 (s, 2 H),
4.28 (s, 2 H), 4.56 (s, 2 H), 4.61 (s, 2 H), 7.25-7.78 (m, 10 H); 13C NMR (75 MHz,
CDCl3) 6 56.72, 56.75, 71.97, 73.24, 75.49, 83.12, 90.58, 127.80, 127.90, 127.92,
127.95, 128.33, 136.51, 136.77, 184.23; IR (o0il/NaCl) 3065, 1694, 1455, 1352, 1211,
1173, 1028 cm-l.

Formation of II-23. To II-22 (0.60 g, 2.04 mmol) in THF (4.0 mL) was
added BnNH3 (0.19 g, 2.04 mmol) at room temperature. The reaction was heated at
reflux. After 12 h the reaction was cooled to room temperature and acryloyl chloride (0.31
g, 3.47 mmol) added. The reaction was again heated at reflux. After 14 h the reaction was
cooled to room temperature and the solvent removed under reduced pressure. The reaction
mixture was then chromatographed (silica, 230-400 mesh; eluent - 10:90 Et;O:petroleum
ether). The solvents were evaporated to give a clear, colorless oil (0.30 g, 33% yield); 1H
NMR (300 MHz, CDCl3) § 2.48-2.61 (m, 4 H), 4.21 (s, 2 H), 4.31 (s, 2 H), 4.54 (s, 4
H), 5.08 (s, 2 H), 6.98 (dd, J = 7.5, 1.5 Hz, 2 H), 7.18-7.37 (m, 13 H); 13C NMR (75
MHz, CDCl3) & 21.53, 30.78, 44.47, 63.68, 72.72, 73.41, 74.46, 119.82, 126.08,
127.78, 127.91, 127.96, 128.04, 128.15, 128.43, 128.50, 128.65, 136.91, 137.59,
137.72, 144.55, 170.53, 198.97; IR (oil/NaCl) 3031, 1678, 1605, 1497, 1455, 1306,
1277, 1068 cm-1-

Formation of II-24.To II-23., (0.15 g, 0.34 mmol) in EtOH (3.4 mL) was
added NaCO3 (0.13 g, 1.19 mmol) and 10% Pd/C (0.034 g). The reaction vessel was
purged with N2 and then flushed with and maintained under an atmosphere of Hy. After
stirring for 16 h, the reaction mixture was filtered through a fine scintered glass funnel and
the solvent removed under reduced pressure. The resulting crude oil was purified by flash
column chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were
evaporated to give a clear, colorless oil (0.10 g, 67% yield); 1H NMR (300 MHz, CDCI3)
(isomer ratio 70:30) & (major isomer, diagnostic peaks) 3.12 (dt, J = 12.9, 3.9 Hz, 1 H),
3.88 (d, J/ = 16.2 Hz, 1 H), 4.00 (d, J = 16.2 Hz, 1 H), 5.25 (d, J = 15 Hz, 1 H), (minor
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isomer, diagnostic peaks) 3.26 (dt, J = 6.6, 4.8 Hz, 1 H), 3.63 (d, / = 16.8 Hz, 1 H),
3.81 (d, J = 16.8 Hz, 1 H), 5.19 (d, J = 15 Hz, 1 H), ; 13C NMR (75 MHz, CDCI3) §
17.54, 20.03, 29.85, 30.09, 44.08, 45.81, 48.17, 49.13, 55.15, 55.74, 67.64, 69.91,
73.03, 73.06, 73.16, 73.22, 73.77, 74.74, 127.30, 127.35, 127.54, 127.64, 127.69,
127.70, 127.73, 127.78, 127,85, 127.90, 128.16, 128.29, 128.34, 128.36, 128.43,
128.50, 136.81, 137.03, 137.08, 137.25, 137.33, 169.44, 170.21, 206.33, 207.68; IR
(0il/NaCl) 3031, 1717, 1645, 1453, 1100 cm-1.

Formation of II-25. To benzyl protected propargyl alcohol (1.20 g, 8.19
mmol) in THF (16.38 mL) was added BuLi (3.28 mL, 2.5 M in Hexane) at -78°C. After
10 min ethyl chloroformate (0.89 g, 8.19 mmol) was added dropwise. The reaction was
slowly warmed to 0°C (until a deep red color began to form) and was promptly quenched
by addition of water. The organics were separated and the solvent removed under reduced
pressure. The resulting crude oil was purified by flash column chromatography (silica,
230-400 mesh; eluent - petroleum ether). The solvents were evaporated to give a clear,
colorless oil (1.61 g, 91% yield); 1H NMR (300 MHz, CDCl3) 8 1.29 (t, J = 7.2 Hz, 3
H), 4.22 (q, J = 7.2 Hz, 2 H), 4.25 (s, 2 H), 4.59 (s, 2 H), 7.22-7.40 (m, 5§ H); 13C
NMR (75 MHz, CDCl3) & 13.78, 56.53, 61.90, 71.81, 78.07, 82.94, 127.87, 127.90,
128.29, 136.59, 152.87; IR (oil/NaCl) 3032, 2984, 2872, 2236, 1713, 1248 cm-1.

Formation of II-26. To II-25 (1.61 g, 7.37 mmol) in THF (14.74 mL) was
added BnNH> (0.70 g, 7.37 mmol) at room temperature. The reaction was heated at
reflux. After 12 h the reaction was cooled to room temperature and acryloyl chloride (0.70
g, 7.74 mmol) added. The reaction was again heated at reflux. After 14 h the reaction was
cooled to room temperature and the solvent removed under reduced pressure. The reaction
mixture was then chromatographed (silica, 230-400 mesh; eluent - 10:90 Et20:petroleum
ether). The solvents were evaporated to give a white solid (1.61 g, 35% yield) (mp = 84 -
87 °C); 'H NMR (300 MHz, CDCl3) § 1.27 (t, J = 7.0 Hz, 3 H), 2.49-2.58 (m, 2 H),
2.62-2.71 (m, 2 H), 4.17 (q, J = 7.0 Hz, 2 H), 4.57 (s, 2 H), 4.60 (s, 2 H), 5.12 (s, 2
H), 6.97-7.03 (m, 2 H), 7.16-7.39 (m, 8 H); 13C NMR (75 MHz, CDCl3) § 14.16,
21.69, 30.82, 44.51, 60.76, 63.56, 72.65, 113.54, 126.06, 126.97, 127.93, 128.07,
128.42, 128.63, 137.61, 137.90, 146.08, 166.71, 170.92; IR (0il/NaCl) 2984, 1682,
1636, 1269, 1130 cm"! HRMS calcd for C23H25sNOg4 m/z 379.1784, found m/z 379.1777.

Formation of II-27. To II-26 (2.50 g, 6.85 mmol) in EtOH (68.50 mL) was
added Naz2CO3 (2.54 g, 23.97 mmol) and 10% Pd/C (0.69g). The reaction vessel was
purged with N2 and then flushed with and maintained under an atmosphere of Hy. After
stirring for 16 h, the reaction mixture was filtered through a fine scintered glass funnel and
the solvent removed under reduced pressure. The resulting crude oil was purified by flash



64

column chromatography (silica, 230-400 mesh; eluent - 70:30 Et20:petroleum ether). The
solvents were evaporated to give a clear, colorless oil (1.66 g, 66% yield, 90:10 cis:trans).
1H NMR (300 MHz, CDCl3) (cis isomer) 8 1.13 (t, J = 7.2 Hz, 3 H), 2.03 (m, 1 H), 2.21
(ddt, J = 9.9, 7.8, 12.9 Hz, 1 H), 2.49 (ddd, J = 18.3, 10.0, 8.3 Hz, 1 H), 2.59 (ddd, J
= 18.3, 7.8, 1.8 Hz, 1 H), 2.79 (dt, J = 15.0, 9.0 Hz, 1 H), 3.53 (d, / = 5.4 Hz, 2 H),
3.88-4.08 (m, 3 H), 4.15 (d, J = 15.2 Hz, 1 H), 4.37 (s, 2 H), 5.23 (d, J = 15.2 Hz, 1
H), 7.17-7.37 (m, 10 H); 13C NMR (75 MHz, CDCl3) (cis isomer) & 13.82, 19.18,
30.07, 42.40, 49.16, 56.17, 60.65, 68.62, 73.15, 127.19, 127.44, 127.59, 127.67,
128.19, 128.42, 137.22, 137.31, 169.56, 171.06; IR (oil/NaCl) 2959, 2870, 1734, 1645,
1173 cm'!; HRMS calcd for C23H27NO4 m/z 381.1940, found m/z 381.1988.

Formation of II-28. To MeMgBr (2.27 mL, 3.0 M in THF) in CgHg (19.1
mL) was added NEt3 (2.06 g, 20.44 mmol) at 0°C. After 10 min II-27 (1.25 g, 3.41
mmol) in C¢Hg (5.0 mL) was added with vigorous stirring. After 3 h at 0°C the reaction
was quenched by addition of an equal volume of 3 M aqueous HCl. The organics were
separated and the solvent removed under reduced pressure. The resulting crude oil was
purified by flash column chromatography (silica, 230-400 mesh; eluent - Et0). The
solvents were evaporated to give a clear, colorless oil (0.56 g, 61% yield); 'H NMR (300
MHz, CDCl3) (cis isomer) 8 1.87 (m, 1 H), 2.02 (s, 3 H), 2.12 (m, 1 H), 2.32-2.64 (m,
2 H), 2.71 (dt, J = 13.2, 4.1 Hz, 1 H), 342 (dd, J = 9.9, 7.5 Hz, 1 H), 3.50 (dd, J =
9.9, 4.1 Hz, 1 H), 3.94 (m, 1 H), 4.05 (d, J = 15.0 Hz, 1 H), 4.30 (d, / = 1.8 Hz, 2 H),
5.28 (d, J = 15.0 Hz, 1 H), 7.16-7.36 (m, 10 H); 13C NMR (75 MHz, CDCl3) (cis
isomer) & 18.07, 28.30, 29.82, 48.85, 49.63, 55.82, 67.89, 72.90, 127.12, 127.34,
127.49, 128.03, 128.11, 128.29, 136.91, 137.04, 169.23, 205.36; IR (0il/NaCl) 3088,
2924, 1713, 1644, 1161, 1101 cm'l; HRMS calcd for C2oHasNO3 m/z 351.1835, found
m/z 351.1818.

Isomerization of trans II-28. To cis II-28 (0.2 g, 0.74 mmol) in THF (1.48
mL) was added DBU (0.06 g, 0.37 mmol) at room temperature. After 16 h the reaction
was terminated by addition of an equal volume of water. The organics were separated and
the solvent removed under reduced pressure. The resulting crude oil was purified by flash
column chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were
evaporated to give a clear, colorless oil (0.20 g, >99% yield, 83% trans); 'H NMR (300
MHz, CDCI3) (trans isomer) & 1.89 (s, 3 H), 1.95 (m, 1 H), 2.04 (m, 1 H), 2.44 (dt, J =
17.7, 6.5 Hz, 1 H), 2.58 (ddd, J = 17.7, 7.5, 6.5 Hz, 1 H), 2.95 (dt, J/ = 6.5, 4.8 Hz, 1
H), 3.42-3.52 (m, 2 H), 3.94 (m, 1 H), 4.10 (d, J = 15.0 Hz, 1 H), 4.37 (d, J = 1.5 Hz,
2 H), 5.14 (d, J = 15.0 Hz, 1 H), 7.16-7.36 (m, 10 H); 13C NMR (75 MHz, CDCl3)
(trans isomer) & 19.93, 27.27, 29.58, 47.78, 47.98, 55.17, 69.36, 72.81, 127.01,
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127.30, 127.45, 127.53, 127.82, 128.12, 136.91, 137.15, 169.86, 207.06; IR (0il/NaCl)
3088, 2924, 1713, 1644, 1161, 1101 cm-1.

Formation of II-29. To II-28 (83% trans) (1.15 g, 4.24 mmol) in CH,Cl,
(8.48 mL) was added MCPBA (3.66 g, 21.22 mmol) and CF3COOH (4.24 g, 0.48 mmol)
at room temperature. The reaction was heated at reflux. After 14 h, the reaction was
cooled to room temperature and the solvent removed under reduced pressure. The resulting
slurry was brought up in a minimum amount of Et20 and purified by flash chromatography
(silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to give a clear,
colorless oil (0.60 g, 60% yield, 100% trans); 1H NMR (300 MHz, CDCl3) 3 1.88 (s, 3
H), 1.94 (m, 1 H), 2.17 (dddd, J = 13.8, 10.8, 7.8, 3.0 Hz, 1 H), 2.51 (ddd, J = 18.3,
1.6, 2.7 Hz, 1 H), 2.63 (ddd, J = 18.3, 10.8, 7.6 Hz, 1 H), 3.45-3.60 (m, 3 H), 3.92 (d,
J =15.3 Hz, 1 H), 443 (d, J = 12.0 Hz, 1 H), 4.50 (d, J = 12.0 Hz, 1 H), 5.16 (m, 1
H), 5.39 (d, J = 15.3 Hz, 1 H), 7.18-7.40 (m, 10 H); 13C NMR (75 MHz, CDCl3)
20.86, 22.30, 27.00, 48.12, 58.52, 67.97, 68.74, 73.31, 127.37, 127.63, 127.92,
128.01, 128.44, 128.50, 136.91, 137.31, 169.72, 169.96; IR (0il/NaCl) 3063, 2934,
2869, 1738, 1647, 1240, 1181 cm'l; HRMS calcd for C2oHasNO4 m/z 367.1784, found
m/z 367.1768.

Formation of II-30. To II-29 (0.30 g, 1.05 mmol) in water (1.05 mL) was
added crushed KOH (0.2 g, 0.52 mmol) at room temperature. The reaction was heated at
approximately 50°C. After 12 h, the product was extracted from the reaction mixture with
6 portions of CHCIl3 (2 mL each). The organics were combined and the solvent removed
under reduced pressure. The resulting crude oil was purified by flash column
chromatography (silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to
give a clear, colorless oil (0.22 g, 85% yield); 'H NMR (300 MHz, CDCl3) § 1.81 (m, 1
H), 2.00 (dddd, J = 12.6, 9.9, 6.9, 3.0, 1 H), 2.37 (ddd, J = 18.3, 6.9, 4.8 Hz, 1 H),
2.64 (ddd, J = 16.8, 9.3, 6.9 Hz, 2 H), 3.39 (m, 1 H), 3.40 (s, 1 H), 3.51 (m, 1 H),
407 (d,J =153 Hz, 1 H), 4.10 (bs, 1 H), 437 (d,/J =120Hz,1 H), 443 (d,J =12
Hz, 1 H), 5.18 (d, J = 15.3 Hz, 1 H), 7.16 - 7.38 (m, 10 H); 13C NMR (75 MHz,
CDCIl3) & 25.16, 27.37, 48.09, 62.13, 65.65, 69.42, 73.27, 127.15, 127.58, 127.71,
127.86, 128.45, 128.46, 137.23, 137.44, 170.28; IR (oil/NaCl) 3364 (broad), 3063,
2928, 1617, 1453, 1181, 1101 cm-1i HRMS calcd for C20H23NO3 m/z 325.1678, found
m/z 325.1666.

Formation of II-31. To II-30 (0.50 g, 2.05 mmol) in Et0 (4.10 mL) was
added crushed KOH (0.23 g, 4.10 mmol) and molecular sieves (0.40 g) at room
temperature. After 5-10 min of stirring BnBr (0.39 g, 2.26 mmol) was added. After 3 h
the reaction was quenched by addition of excess water. The reaction mixture was extracted
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with 10 portions of Et20 (4 mL each), the organics combined and solvent removed under
reduced pressure. The resulting crude oil was purified by flash column chromatography
(silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to give a white solid
(0.57 g, 84% yield) (mp = 60 - 63 °C); 'H NMR (300 MHz, CDCl3) 6 1.91-2.02 (m, 2
H), 2.40 (ddd, J = 18.0, 6.2, 3.9 Hz, 1 H), 2.69 (ddd, J = 18.0, 10.4, 8.5 Hz, 1 H),
3.39 (dd, J = 9.9, 7.2 Hz, 1 H), 3.52 (dd, J = 9.9, 3.9 Hz, 1 H), 3.65 (m, 1 H), 3.83
(dd, J = 6.2, 3.9 Hz, 1 H), 3.99 (d, J/ = 15.3 Hz, 1 H), 4.26 (d, J/ = 12.0 Hz, 1 H), 4.35
(d,J=12.0Hz,1 H), 437 (d,J =12.0Hz, 1 H), 441 (d,J =120 Hz, 1 H), 5.36 (d, J
= 15.3 Hz, 1 H), 7.14-7.36 (m, 15 H); 13C NMR (75 MHz, CDCl3) § 22.18, 27.22,
47.69, 58.37, 69.16, 69.77, 71.79, 73.03, 126.87, 127.07, 127.28, 127.37, 127.56,
127.65, 128.05, 128.21, 128.26, 137.06, 137.36, 137.85, 169.93; IR (oil/NaCl) 3088.
3030, 2867, 1642, 1453, 1096 cm"!; HRMS calcd for C27H29NO3 m/z 415.2148, found
m/z 415.2142.

Formation of II-32 Using Acryloyl Chloride. To tetronic acid (2.00 g,
20.00 mmol) in CgHg (40.0 mL) was added benzylamine (1.95 g, 18.18 mmol) and a
catalytic amount of p-TsOH at room temperature. The reaction was fitted with a Dean -
Stark trap and heated at reflux. After 12 h the reaction was cooled to room temperature and
the solvent removed under reduced pressure. THF (40.0 mL) and acryloyl chloride (2.80
g, 30.91 mmol) were then added. The reaction was again heated at reflux. After 14 h the
reaction was cooled to room temperature and the solvent removed under reduced pressure.
The reaction mixture was then chromatographed (silica, 230-400 mesh; eluent - Et20). The
solvents were evaporated to give a white solid (3.08 g, 70% yield) (mp = 121-124°C); H
NMR (300 MHz, CDCl3) 3 2.58 (bt, J = 8.1 Hz, 2 H), 2.80 (bt, J/ = 8.1 Hz, 2 H), 4.65
(t, J = 2.0 Hz, 2 H), 4.78 (s, 2 H), 7.16-7.21 (m, 2 H), 7.24-7.36 (m, 3 H); 13C NMR
(75 MHz, CDCl3) § 15.54, 30.26, 45.58, 64.98, 102.21, 126.53, 127.77, 128.73,
135.25, 159.97, 169.18, 170.94; IR (solid/KBr) 3071, 2961, 2869, 1738, 1698, 1665,
1437, 1277, 1138 cm-!; HRMS calcd for C14H13NO3 m/z 243.0896, found m/z
243.0880.

Formation of II-32 Using Acrylic Anhydride. To tetronic acid (2.00 g,
20.00 mmol) in CgHg (40.0 mL) was added benzylamine (1.95 g, 18.18 mmol) and a
catalytic amount of p-TsOH at room temperature. The reaction was fitted with a Dean -
Stark trap and heated at reflux. After 12 h the reaction was cooled to room temperature and
the solvent removed under reduced pressure. THF (40.0 mL) and acrylic anhydride (3.15
g, 30.91 mmol) (Acrylic anhydride was prepared immediately prior to use by adding NaH
(1.8 equiv) to acrylic acid (1.2 equiv) at -78°C and allowing the mixture to warm to room
temperature followed by the addition of acryloyl chloride (1.0 equiv) and allowing the
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mixture to stir for 1 h. This mixture was transfered via cannula.) were then added. The
reaction was again heated at reflux. After 14 h the reaction was cooled to room temperature
and the solvent removed under reduced pressure. The reaction mixture was then
chromatographed (silica, 230-400 mesh; eluent - Et20). The solvents were evaporated to
give a white solid (3.13 g, 71% yield).

Formation of II-33. To II-32 (0.46 g, 1.96 mmol) in EtOH (30.0 mL) and
MeOH (15.0 mL) was added NapCO3 (0.72 g, 6.86 mmol) and 10% Pd/C (0.40 g). The
reaction vessel was purged with N2 and then flushed with and maintained under an
atmosphere of Hy. After stirring for 16 h, the reaction mixture was filtered through a fine
scintered glass funnel and the solvent removed under reduced pressure. The resulting
crude solid was purified by flash column chromatography (silica, 230-400 mesh; eluent -
Et70). The solvents were evaporated to give a white solid (0.38 g, 79% yield, >98:2
cis:trans). 1TH NMR (300 MHz, CDCl3) (cis isomer) & 2.01 (m, 1 H), 2.30 (m, 1 H),
2.41 (m, 1 H), 2.52 (m, 1 H), 2.98 (m, 1 H), 4.18-4.30 (m, 4 H), 5.13 (d, J = 15.0 Hz,
1 H), 7.14-7.42 (m, 5 H); 13C NMR (75 MHz, CDCl3) (cis isomer) § 19.88, 29.68,
37.85, 47.94, 55.20, 71.23, 127.93 (2), 128.97, 136.15, 169.49, 176.09; IR (solid/KBr)
3071, 2961, 2862, 1738, 1698, 1665, 1437, 1277, 1196 cm-1.

Formation of II-34. To MeMgBr (1.77 mL, 3.0 M in THF) in CgHg (3.0 mL)
was added NEt3 (1.61 g, 15.92 mmol) at 0°C. After 10 min II-33 (0.65 g, 2.65 mmol) in
CesHe (2.3 mL) was added with vigorous stirring. After 3 h at 0 °C the reaction was
quenched by addition of an equal volume of 3 M aqueous HCl. The organics were
separated and the solvent removed under reduced pressure. The resulting crude oil was
purified by flash column chromatography (silica, 230-400 mesh; eluent - 95:5
Et20:MeOH). The solvents were evaporated to give a clear, colorless oil (0.17 g, 25%
yield, >98:2 cis:trans); TH NMR (300 MHz, CDCl3) (cis isomer) & 1.90 (m, 1 H), 1.91
(s, 3 H), 2.10 (m, 1 H), 240 (dt, J = 17.7, 6.8 Hz, 1 H), 2.54 (dt, J = 17.7, 6.8 Hz, 1
H), 3.03 (dt, J = 6.6, 4.8 Hz, 1 H), 3.57 (dd, J = 11.6, 3.8 Hz, 2 H), 3.65 (dd, J = 11.4,
6.3 Hz, 1 H), 3.82 (m, 1 H), 3.92 (bs, 1 H), 4.08 (d, J = 150 Hz, 1 H), 5.19 d, J =
15.0 Hz, 1 H), 7.21 (bd, J = 7.8 Hz, 2 H), 7.20-7.34 (m, 3 H); 13C NMR (75 MHz,
CDCl3) (cis isomer) & 20.11, 25.58, 29.86, 47.49, 48.03, 57.15, 61.87, 127.45, 127.91,
128.54, 136.91, 171.06, 207.88; IR (oil/NaCl) 3374, 3088, 2942, 1711, 1613, 1455,
1256, 1169 cm-1.

Formation of Preparation of Ethyl 2(S)-acetoxypropanoate (II-36).
To a solution of S-ethyl lactate (2.0 g, 16.96 mmol) in pyridine (14.75 mL), was added
acetic anhydride (1.88 g, 18.42 mmol) at 0 °C. The reaction was allowed to stirr at room
temperature. After 12 h the reaction was poured into a mixture of crushed ice (100 mL)
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and HCl1 (7 mL). The mixture was extracted with Et20O, and the ether extracts washed with
water followed by brine. The organics were dried, and the solvent removed under reduced
pressure to give a colorless oil. The crude oil was purified by flash column
chromatography (silica, 230-400 mesh; eluent - Et20:low boiling petroleum ether). The
solvents were evaporated to give the product pure as a clear oil (5.2 g, 44.44 mmol) in
80% yield. 1H NMR (300 MHz, CDCl3) & 1.27 (t, J = 7.2 Hz, 3H), 1.47 (d, / = 7.2 Hz,
3H), 2.11 (s, 3H), 4.19 (q, J = 7.2 Hz, 2H), 5.03 (q, J = 7.2 Hz, 1H); 13C NMR (75
MHz, CDCIl3) d 13.66, 16.46, 20.14, 60.85, 68.29, 169.82, 170.38; IR (0il/NaCl) 2990,
2878, 1744, 1451, 1373, 1240, 1134, 1101, 1020, 735 cm-1.

Formation of 4-Hydroxy-5(S)-methyl-2-furanone((S)-vy-
Methyltetronic Acid) (II-37). To a solution of lithium bis(trimethylsilyl)amide (15
mmol, 1M in THF) in THF (40 mL) was added Ethyl 2(S)-acetoxypropanoate (II-36)
(1.00 g, 6.29 mmol) in THF (40 mL) at -78 °C. The reaction was kept at -78 °C for 1 h
and then poured into 2 M HCl (60 mL). The two layers were separated and the aqueous
layer washed with EtOAc. The combined organics were dried and the solvents removed
under reduced pressure. The oil was brought into CH2Cl,, dried and the solvent removed
to provide a solid. The solid was then recrystallized from EtOAc-low boiling petroleum
ether to yield the desired product pure (0.25 g, 2.2 mmol) in 35% yield. (mp. 108-111 °C);
1H NMR (300 MHz, CDCl3) § 1.54 (d, / = 7.2 Hz, 3H), 4.93 (q, J = 6.8 Hz, 1H), 5.09
(s, 1H), 11.92 (bs, 1H); 13C NMR (75 MHz, CDCl3) § 17.33, 77.32, 88.18, 178.13,
185.04; IR (oil/NaCl) 2942, 2708, 1709, 1599, 1279, 1238, 909 cm-1.

Formation of II-38. To II-37 (2.00 g, 20.00 mmol) in CgHg (40.0 mL) was
added benzylamine (1.95 g, 18.18 mmol) and a catalytic amount of p-TsOH at room
temperature. The reaction was fitted with a Dean - Stark trap and heated at reflux. After 12
h the reaction was cooled to room temperature and the solvent removed under reduced
pressure. THF (40.0 mL) and acryloyl chloride (2.80 g, 30.91 mmol) were then added.
The reaction was again heated at reflux. After 14 h the reaction was cooled to room
temperature and the solvent removed under reduced pressure. The reaction mixture was
then chromatographed (silica, 230-400 mesh; eluent - Et20). The solvents were evaporated
to give pure I1-38 in 29% yield; !H NMR (300 MHz, CDCl3) & 1.49 (d, J = 6.7 Hz, 3H),
2.51-2.71 (m, 2H), 2.72-2.91 (m, 2H), 4.50 (d, J = 16.2 Hz, 1H), 4.86 (qd, J = 6.7, 1.4
Hz, 1H), 5.25 (d, J = 16.2 Hz, 1H), 7.14 (d, J = 6.3 Hz, 2H), 7.27-7.39 (m, 3H); 13C
NMR (75 MHz, CDCl3) & 15.78, 19.42, 30.85, 45.87, 73.19, 103.99, 126.25, 128.03,
129.11, 135.48, 142.26, 163.78, 169.98; IR (KBr) 2982, 2853, 1748, 1669, 1451,
1424, 1319, 1148, 1038, 773 cm-1.



MeOF
rcactic.'
atmos;I
scinter,
crude
En0).

dJ=




69

Formation of II-39. To II-38 (0.46 g, 1.96 mmol) in EtOH (30.0 mL) and
MeOH (15.0 mL) was added Nay;CO3 (0.72 g, 6.86 mmol) and 10% Pd/C (0.40 g). The
reaction vessel was purged with N2 and then flushed with and maintained under an
atmosphere of Hj. After stirring for 16 h, the reaction mixture was filtered through a fine
scintered glass funnel and the solvent removed under reduced pressure. The resulting
crude solid was purified by flash column chromatography (silica, 230-400 mesh; eluent -
Et20). The solvents were evaporated to give pure II-39 in 70% yield. 'H NMR (300
MHz, CDCl3) (diagnostic peaks for the two isomers are designated A and B) 3 (A) 1.31
(d, J = 6.6 Hz, 3H), 2.58 (m, 1H), 3.08 (m, 1H), 3.58 (d, J/ = 15.0 Hz, 1H), 4.58 (qd, J
= 6.6, 1.8 Hz, 1H), 4.01 (d, J = 15.0 Hz, 1H), 5.37 (d, J = 15.6 Hz, 1H), (B) 1.44 (d, J
= 6.9 Hz, 3H), 2.52 (m, 1H), 2.01 (m, 1H), 3.79 (dd, J = 8.7, 1.8 Hz, 1H), 4.28 (dd, J
= 9.9, 6.9 Hz, 2H), 5.67 (d, J = 15.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) § 16.49,
20.04, 20.33, 21.80, 29.57, 30.60, 37.21, 38.69, 47.73, 49.06, 56.05, 60.54, 78.95,
80.41, 127.95, 128.92, 128.96, 135.97, 169.50, 170.82, 175.95, 176.05.

Formation of II-40. To II-31 (1.00 g, 2.41 mmol) in THF (16.1 mL) was
added BuLi (1.06 mL, 2.5 M in THF) at -78 °C. After 10 min, phenylselenium chloride
(0.51 g, 2.65 mmol) in THF (8.0 mL) was added and the reaction allowed to warm to 0
°C. After 3 min the reaction was quenched by addition of an equal volume of water. The
mixture was extracted with 4 portions of Et20 (10.0 mL) and the organics dried and
concentrated under reduced pressure. The residue was brought up in MeOH:THF:HOH
(16.0:8.0:1.0 mL) and NalO4 (1.55 g, 7.23 mmol) added. After 14 h the reaction was
diluted with an equal volume of water and the mixture extracted with 10 portions of EtoO
(10.0 mL). The organics were separated, dried, and the solvent removed under reduced
pressure. The resulting crude solid was purified by recrystallization from Et2O:low boiling
pet ether to give white crystals. (0.78 g, 78% yield) (mp = 98-99 °C); 1H NMR (300
MHz, CDCl3) 8 3.34 (t, J = 9.2 Hz, 1 H), 3.48 (dd, J = 9.6, 5.0 Hz, 1 H), 3.84 (m, 1
H), 400 (d, J = 15.5 Hz, 1 H), 4.08 (dd,J =59, 1.4 Hz, 1 H), 427 (d,J = 12.0 Hz, 1
H), 433 (d,J=12.0Hz, 1 H),440(d,J =120 Hz, 1 H), 445 (d, J = 12.0 Hz, 1 H),
5.37 (d, J = 15.5 Hz, 1 H), 6.15 (d, J = 9.6 Hz, 1 H), 6.47 (ddd, J = 9.6, 59, 1.1 Hz, 1
H), 7.10-7.15 (m, 2 H), 7.19-7.38 (m, 13 H); 13C NMR (75 MHz, CDCl3) § 48.07,
57.40, 68.07, 68.60, 70.11, 73.24, 127.32, 127.52, 127.69, 127.75, 127.87, 128.04,
128.24, 128.29, 128.44, 128.51, 134.59, 136.91, 137.40, 137.52, 162.29; IR (0il/NaCl)
3088, 2870, 1669, 1611, 1455, 1262, 1146, 1092 cm-1.

Formation of II-41. To II-40 (0.10 g, 0.24 mmol) in -BuOH (1.4 mL) was
added NMO (excess) and OsO4 (0.96 mL, 0.05 M in -BuOH) at room temperature. After
3 h the reaction was quenched by addition of excess Na2SO3. Solvent was removed under
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reduced pressure till the reaction color began to turn grey. The resulting mixture was
purified by repeated flash column chromatography (silica, 230-400 mesh; eluent - Et20 to
50:50 Et20:EtOH) till the resulting product fractions were clear and colorless. The solvents
were evaporated to give a white solid (0.07 g, 64% yield) (mp = 95-98 °C); IH NMR (300
MHz, CDCl3) 8 2.96 (d, J = 1.8 Hz, 1 H), 3.61-3.78 (m, 3 H), 3.84 (d, /= 1.2 Hz, 1
H), 397 (t, J = 3.1 Hz, 1 H), 4.32 (d, J = 15.6, 1 H), 4.37 (id, J = 3.6, 2.1 Hz, 1 H),
441 (s, 2 H), 442 (m, 1 H), 4.44 (d, J = 12.0 Hz, 1 H), 4.50 (d, J = 12.0 Hz, 1 H),
5.27 (d, J = 15.6 Hz, 1 H), 7.11-7.21 (m, 4 H), 7.21-7.39 (m, 11 H); 13C NMR (75
MHz, CDCl3) 47.56, 58.98, 68.11, 68.85, 69.57, 71.48, 73.13, 75.21, 127.39, 127.55,
127.65, 127.74, 127.83, 128.23, 128.35, 128.41, 128.53, 136.83, 137.19, 137.43,
171.20 3 ; IR (oil/NaCl) 3409, 3088, 3031, 2869, 1645, 1455, 1250, 1074 cm-1; HRMS
calcd for C27H29NOs m/z 447.2046, found m/z 447.2046.

Formation of II-7. To II-41 (0.06 g, 0.13 mmol) was added NH3 (3.9 mL)
and Li metal at -78°C, until the solution turned a persistent deep blue. After 3 h at reflux
the reaction was cooled to -78°C and quenched by the addition of NH4Cl. The reaction
was then allowed to warm to room temperature allowing for NH3 removal. The reaction
was extracted with 10 portions of a solution of CHCl3:MeOH (2:1, 2.0 mL) and filtered
through cotton. Solvent removal under reduced pressure then under flat vacuum resulted in
a solid which was dissolved in a minimum amount of MeOH and purified by flash column
chromatography (silica, 230-400 mesh; eluent - 90:10 CHCl3:MeOH). The solvents were
evaporated to give a white solid (0.01 g, 44% yield) (mp = 163-168 °C); !H NMR (300
MHz, CDCl3) & 3.23 (id, J = 6.3, 3.9 Hz, 1 H), 3.59 (dd, J = 11.9, 5.9 Hz, 1 H), 3.68
(dd, J = 11.7, 5.1 Hz, 1 H), 3.72 (t, J = 6.2 Hz, 1 H), 3.89 (dd, J = 5.7, 3.9 Hz, 1 H),
4.20 (d, J = 3.9 Hz, 1 H); 13C NMR (75 MHz, CDCl3) 57.30, 61.11, 67.20, 68.14,
71.94, 173.17 § ; IR (0il/NaCl) 3287, 3063, 2941, 2890, 2834, 1609, 1453, 1281, 1175,
1032 cm’l,

Formation of II-43. To II-41 (0.07 g, 0.16 mmol) in Et20 (1.6 mL) was
added excess LAH at room temperature. After 3 h the reaction was quenched at 0°C viag
slow addition of 15% NaOH until all visible LAH had been consumed. The reaction was
filtered, dried and the solvent removed under reduced pressure. The resulting crude oil
was purified by flash column chromatography (silica, 230-400 mesh; eluent - Et20). The
solvents were evaporated to give a clear, colorless oil (0.07 g, >99% yield); 1H NMR
(300 MHz, CDCl3) (cis isomer) § 2.21 (dd, J = 12.2, 1.5 Hz, 1 H), 2.38 (dt, J = 8.7, 2.6
Hz, 1 H), 2.82 (s-broad, 2 H), 2.91 (dd, J = 12.2,44 Hz, 1 H), 3.27 (d,J = 129 Hz, 1
H), 3.55 (dd, J = 8.4, 3.3 Hz, 1 H), 3.64 (t, J = 8.6 Hz, 1 H), 3.73 (m, 1 H), 3.76 (dd, J
=104, 2.6 Hz, 1 H), 3.83 (dd, J = 10.4, 2.6 Hz, 1 H), 4.16 (d, J = 13.2 Hz, 1 H), 4.45
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(s, 1 H), 4.56 (d, J = 11.1 Hz, 2 H), 490 (d, J = 11.1 Hz, 1 H), 7.20-7.40 (m, 15 H);
13C NMR (75 MHz, CDCl3) 8 54.71, 56.67, 64.76, 66.87, 68.10, 73.26, 74.61, 75.90,
78.42, 127.16, 127.65, 127.74, 127.79, 127.97, 127.99, 128.40, 128.94, 137.85,
138.52, 138.60; IR (0il/NaCl) 3422, 3063, 2923, 1495, 1453, 1098 cm-1; HRMS calcd
for C27H31NO4 m/z 433.2253, found m/z 433.2253.

Formation of II-6. To II-43 (0.08 g, 0.18 mmol) in EtOH (1.8 mL) was
added 10% Pd/C (0.18 g) and conc HCI (1.8 mL). The reaction flask was purged with N2
and then flushed with and maintained under an atmosphere of Hz and allowed to stir at
room temperature. After 14 h the reaction mixture was filtered and the solvent removed
under reduced pressure. The crude solid was recrystallized from MeOH:Et20 to give a
white solid. (0.01 g, 33% yield) (mp = 184-186 °C); IH NMR (300 MHz, CDCl3) 5 3.00
(ddd, J = 9.9, 6.6, 3.0 Hz, 1 H), 3.10 (dd, J = 13.8, 1.3 Hz, 1 H), 3.27 (dd, J = 13.8,
3.0 Hz, 1 H), 3.55 (dd, J = 9.6, 3.0 Hz, 1 H), 3.70 (dd, J = 12.3, 6.0 Hz, 1 H), 3.74 (t,
J=6.8 Hz, 1 H), 3.85 (dd, J = 12.3, 3.5 Hz, 1 H), 4.10 (m, 1 H).
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CHAPTER III
AZA-ANNULATION AS A ROUTE TOWARD
THE PREPARATION OF PEPTIDE MIMICS

Introduction.

There has recently been increased interest in the preparation of peptide mimics, as
these compounds have been used in the modification of an increasing number of biological
processes. Compounds such as A58365A (ITI-1) act as effective angiotension converting
enzyme (ACE) inhibitors, effective for the treatment of hypertension.! L-696,229 (I11-2),
another peptide mimic, constitutes one of the latest in HIV-reverse transcriptase inhibitors
(Figure II-1).2 Other peptide mimics have been implicated for use as potential anti-cancer
agents.3

Figure III-1. Several Important Peptide Mimics
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In the design of a peptide mimic, a known peptide possessing some function acts as
the target for the design. A peptide surrogate is then designed to mimic the original peptide
but differ from it significantly enough to disrupt normal enzyme function and elicit some
desired response. An example of this method of design was executed by Rapoport (Figure
I1-2).4 In this work, several dipeptides were targeted and 5-membered ring analogs of
them prepared. In each instance, the first amino acid side chain was tethered into the ring.

Figure ITI-2. Examples of Peptide Surrogate Design

X : :
N.__CO,H N._ __COH |
H,N T H,N T N _CO,H
Y
o] o)
o]
I1-3 I11-§ II1-7
(Val-Ala) (Ile-Ala) (Leu-Ala)
N COH N _-COH CO.H
e e
0 o} 3
I11-4 IT1-6 I11-8

Extremely important to peptide function is the peptides secondary structure. One
common structural unit is the B-turn. In natural peptides, the B-turn is four amino acid
units long. In B-turn mimics, the turn can be comprised of a variety of structural units.
Any structure that effectively mimics the topography of the targeted B-turn may be used.
An example of a conformationally restricted B-turn mimic is presented in Figure III-3.3
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Figure III-3. B-Turn Mimic

Neg
RIN "0\‘)-,‘R
S HY S H :
H mNﬂ H (HR
111-9 II1-10
(B-turn) (B-turn mimic)

Many conformationally restricted B-amino acids have also been prepared as peptide
mimics.6-8 Generally, these peptide surrogates are resistant to enzymatic cleavage as well
as fixed in geometry, making them effective probes of enzyme function. Incorporation of
conformationally restricted B-amino acid segments into linear bioactive peptides can give
information concerning the linear peptides active conformation.” Further, conformationally
restricted B-amino acids may be highly biologically active without further modification.

An example of a piperidinone B-turn mimic is shown in Figure III-4.8 When
incorporated into short peptides, the B-amino acid adopts the conformation shown at the
right. Pyridinone B—amino acids and their derivatives, such as III-1, would exhibit
significantly altered external topography, thus potentially inhibiting enzyme function.
These pyridinone B-amino acids are also very stable.

Figure ITI-4. Piperidinone Peptide Mimic

III-11 III-11
(3-D conformation)
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The objective of the current work was to examine ways to employ the aza-
annulation as a tool for accessing conformationally restricted 6-membered-ring peptide
mimics.6 The general strategy for approaching functionalized pyridinone systems is
indicated in Scheme III-1.

Scheme ITI-1. General Strategy for Functionalized Pyridinone Formation

(0 Y
o SR R
———— )l\ ——— -
N
~ N\
HC” TN R, .
H (0]

1-12 I11-13 I11-14

To this end, a variety of substrates were prepared and annulated, exploring the
scope and generality of the aza-annulation methodology toward peptide mimic formation.
The prepared piperidinone B-amino acid mimics were then oxidized yielding the
corresponding pyridinone B-amino acids.

Results and Discussion.

As precursors of pyridones substituted at the C-4 position and especially the C-5
position, functionalized B—ketoesters, B—ketoamides, or acetylinic esters were prepared.
These reacted with benzylamine or the amine salt of phenyl glycine ethyl ester to provide
compounds with a structure similar to I1I-14.10 These were then annulated using the
mixed anhydride of 2-acetamidoacrylic acid, accessing structures similar to ITI-13.9 DDQ
oxidation of these compounds provided compounds similar to III-12.11 The amino acids
used as models for preparation of the B-amino acid analogs by aza-annulation were:
alanine (III-1S8), proline (III-16), aspartic acid methyl ester (III-17), benzyl protected
serine (III-18), and phenylalanine (III-19). The aza-annulated derivative types are
represented by structures III-20 - ITI-24 (Figure III-5).

Initially, the P-ketoester III-25 was annulated. Reaction of III-25 with
benzylamine and 2-acetamidoacrylic acid cleanly afforded III-27 in 91% yield. DDQ
oxidation provided III-28 in 73% yield (Scheme III-2). Annulation of enaminoester III-
29 with 2-acetamidoacrylic acid provided III-30 in 77% yield. Oxidation of III-30 with
DDQ gave III-31 in 73% yield (Scheme III-3).
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Figure ITI-5. Aza-annulation B-Amino Acid Analogs
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Scheme III-2. Aza-annulation of B-ketoester ITI-25
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Several B-ketoamide substrates were smoothly prepared by reaction of diketene
with benzyl amine or the amine salt of glycine ethyl ester (Scheme III-4). Reaction of
diketene with benzyl amine, using NaHCO3 as a base, provided ITI-33 in 81% yield while
reaction with the amine salt of glycine ethyl ester provided III-34 in 98% yield.

Scheme III-4. Preparation of B—keto amide substrates

I11-33 I11-34

Aza-annulation of III-33 and ITI-34 were executed as described” using benzyl
amine or the amine salt of phenylglycine ethylester (Scheme III-5 and ITI-6). Oxidation
provided the corresponding peptide analog types. Annulation of III-33 with benzyl amine
gave II1-35 in 90% yield. Subsequent oxidation with DDQ afforded III-36 in 76% yield.
Similar reaction of III-33 with the amine salt of phenylglycine ethylester provided III-37
as a mixture of diastereomers in a ratio of 51:49 in 87% yield. DDQ oxidation gave III-38
in 55% yield. For the annulation substrate II1-34, reaction with benzyl amine provided
II1-39 in 95% yield. DDQ oxidation afforded ITI-40 in 78% yield. Annulation of III-
34 with the protected phenylglycine salt gave III-41 as a mixture of diastereomers in a
ratio of 51:49 in 86% yield. Oxidation of III-41 provided III-42 in 60% yield.
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Scheme III-5. Aza-annulation of B-ketoamide ITI-33
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Scheme ITI-6. Aza-annulation of B-ketoamide ITI-34
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To effect placement of functionality at the C-5 position, aza-annulation using
acetylenic esters was executed (Scheme III-7, III-8, and III-9). Annulation of ITI-43 with
benzyl amine gave ITI-48 in 71% yield. Subsequent DDQ oxidation gave III-4S in 71%
yield. Ethyl ester II-45 (prepared as described in chapter II) was annulated in 83% yield
providing I11-46. DDQ oxidation of ITI-46 failed, giving recovery starting material.ll
Substrate I11-49 (prepared in similar fashon to II-25 in 94% yield) was annulated using
benzyl amine to provide III-50 in 61% yield. The stereochemical conformation about the
double bond was determined using NOE.12 The expected isomer comprised 8% of the
product mixture.

Scheme III-7. Aza-annulation of Acetylenic Ester ITI-43
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Scheme III-8. Aza-annulation of Acetylenic Ester 11-45
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Scheme ITI-9. Aza-annulation of Acetylenic Ester II1-49
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Hydrolysis of ITI-28 and IT1-31 prepared the substrates for acylation of the amine
or alkylation of the carboxylic acid. Treatment of III-28 with aqueous KOH cleanly
hydrolyzed the ester leaving the amide intact to provide III-51 in 83% yield. Hydrolysis
of ITI-31 under similar conditions provided III-49 in 82% yield. To deprotect the amine
of ITI-28, KOH in 30% H20, was used to give III-53 in 75% yield (Scheme III-10).

Scheme III-10. Hydrolysis of III-28 and III-31
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The versatility of compounds such as ITI-52 was demonstrated by alkylation of the
free carboxylic acid. Alkylation of III-52 with phenylglycine ethyl ester provided ITI-54
in 78% yield (eq 18).

CO,Et

Ph \|/

1) NaH, 2) EtO,CCl,

3) phenylglycine
ethylester
(78%) H,C

IT1-52 I1-54

Hydrogenation of ITI-S0 under conditions of Pd/C, NaCO3, and H at one
atmosphere resulted in the formation of III-55 as a mixture of diastereomers in a ratio of
96:4 in 94% yield (eq 19). Attempted DDQ oxidation of ITI-50 failed.?

OEt
0) oh o OEt
Z Pd/C, Na,CO3, H,
o - 0] Ph  (19)
JL No EtOH, 14h, 1 atm /U\ No
H,C f;‘ Bn (94%) H,C r;r Bn
H (0 H (0]
I11-50 II1-55
Conclusion.

The aza-annulation constitutes a quick and efficient method of building up highly
functionalized 6-membered nitrogen heterocycles. Oxidation of these heterocycles provide
the corresponding functionalized pyridone ring. The aza-annulation methodology thus
constitutes a rapid and efficient route for the formation of peptide mimics with
functionalization possible at the C-2, C-4, and C-5 positions. In the current work, the aza-
annulation methodology was used to prepare a series of extended, 6-membered ring amino
acid analogs.!4 These analogs constitute conformationally modified protein segments that
may be incorporated into peptide mimics.
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Experimental Section.

General Methods. All reactions were carried out using standard inert
atmosphere techniques to exclude moisture and oxygen, and reactions were performed
under an atmosphere of nitrogen. Benzene, toluene and ether were distilled from
sodium/benzophenone immediately prior to use. Xylenes and decalin were heated over
calcium hydride for a minimum of 12 h and then distilled prior to use. LiAlH4 (1 M in
THF) was obtained from Aldrich Chemical Co. Unless specified, concentration of
mixtures was performed using a Biichi rotary evaporator.

Gas chromatographic (GC) analyses were carried out on one of two instruments.
For lower molecular weight compounds gas chromatographic analysis was carried out
isothermally on a Perkin-Elmer 8500 instrument using a 50 meter RSL-200 capillary
column (5% methylphenyl silicon) and an FID detector at 200 °C oven temperature, 220 °C
injector temperature, and 300 °C detector temperature. Helium gas pressure was set at 15
psi with a flow rate of 2 mL/min. For higher molecular weight compounds, gas
chromographic analysis was carried out on a Hewlett-Packard S880A series gas
chromatograph fitted with a 300 meter silica capillary column and a flame ionization
detector. For these analysis injector and detector temperatures were set at 250 °C and the
column oven temperature was programmed: 40 °C, 2 min., 10 °C/min. ramp to 200 °C. All
reactions were monitored by GC and the reactions terminated either when the starting
material had been consumed or no further reaction appeared to continue. For reactions in
which a Dean-Stark trap was used, the trap was filled with molecular sieves to a level
below that of returning solvent turbulence. These were changed during reactions in which
additional reagent was added after the reactions initiation. Molecular sieves were activated
by heating in a 150 °C oven for at least 24 hours prior to use. NMR spectra were obtained
on a VXR-300 spectrometer using CHCl3 with 0.1% TMS as an internal standard 6 (0.00
ppm), CD30D, Acetone-dg, or DMSO-dg, multiplicity (s = singlet, d = doublet, t = triplet,
q = quartet, quint = quintet, sept = septet), integration and coupling. Infrared spectra were
recorded on a Nicolet 42 FT-IR instrument.

General Method for the Formation of B-Ketoamides. Diketene (5.0-30.0
mmol, 1.0 equiv) and the amine or amine hydrocloride salt (1.0 equiv) were taken up in
benzene (0.5 M relative to the amine) along with an excess of NaHCO3 (2.0 equiv) at 0 °C.
After stirring at room temperature for 14 h, the reaction mixture was filtered and the solvent

removed under reduced pressure to yield the product as a solid. Recrystallization from
Et2O/CHCIl3 yielded the product as white leaflets.
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II1-34: (1.74 g, 9.35 mmol, 99% yield); mp 52-53 °C; 1H NMR (300 MHz, CDCl3) 8
1.28 (t, J = 7.1 Hz, 3 H), 2.28 (s, 3 H), 3.50 (s, 2 H), 4.04 (d, J = 5.4 Hz, 2 H), 4.20
(q, J = 7.2 Hz, 2 H), 7.61 (bs, 1 H); 13C NMR (75 MHz, CDCl3) § 13.84, 30.36, 41.11,
49.63, 61.13, 166.16, 169.41, 203.54; IR (KBr) 3353, 2986, 1754, 1715, 1673, 1543,
1418, 1401, 1321, 1175 cm-l; HRMS for CgH13NO4 m/z 187.0845, found m/z
187.0844.

II1-33: (3.59 g, 18.80 mmol, 81% yield); mp 100-102 °C; 'H NMR (300 MHz, CDCl3)
5 2.24 (s, 3 H), 3.42 (s, 2 H), 4.44 (d, J = 6.0 Hz, 2 H), 7.25-7.40 (m, 6 H); 13C NMR
(75 MHz, CDCl3) & 30.90, 43.46, 49.56, 127.42, 127.62, 128.62, 137.88, 165.38,
204.35; IR (KBr) 3249, 3085, 1715, 1640, 1443, 1410, 1190, 1163 cm-1; HRMS for
C11H13NO2 m/z 191.0146, found m/z 191.0982.

General Method for the Aza-Annulation of B-Ketoamides and B -
Ketoesters. A mixture of the primary amine or primary amine salt (0.5-5.0 mmol, 1.0
equiv) and the B-ketoamide (1.0 equiv) were taken up in benzene (0.5 M relative to the
amine) along with BF3-etherate (0.5 equiv) and fitted with a modified Dean-Stark trap
which passes returning solvent through molecular sieves. After the reaction had gone to
completion, as indicated by 1H NMR, the solvent was removed under reduced pressure
and the crude enamine brought up in THF (0.1 M relative to the enamine). The sodium salt
of 2-acetamidoacrylic acid (1.3 equiv) was added at -78 °C and the reaction allowed to stir
at rt for 14 h, or longer if 1H NMR suggested the reaction not complete. Sat. aq. NaHCO3
(excess) was added, and the mixture was extracted 4 times with EtOAc. The combined
organic fractions were dried over Na3SO3, filtered, and the solvent evaporated under
reduced pressure. The crude product was purified by flash column chromatography (silica,
230-400 mesh, eluent, EtoO:EtOAc:MeOH)

II1-27: (0.56 g, 1.70 mmol, 74% yield); mp 132-135 °C; IH NMR (300 MHz, CDCl3) &
1.28 (t, J = 7.2 Hz, 3 H), 2.06 (s, 3 H), 2.27 (tq, J = 15.9, 2.6 Hz, 1 H), 2.37 (d, J =
2.1 Hz, 3 H), 3.40 (dd, J = 15.9, 6.3 Hz, 1 H), 4.17 (q, J = 7.2 Hz, 2 H), 4.55 (dt, J =
14.7, 6.0 Hz, 1 H), 4.78 (d, J = 16.1 Hz, 1 H), 5.22 (d, J = 16.1 Hz, 1 H), 6.61 (bd, J =
5.1 Hz, 1 H), 7.11 (d, J = 6.9 Hz, 2 H), 7.22-7.36 (m, 3 H); 13C NMR (75 MHz,
CDCl3) § 14.14, 16.11, 23.15, 27.69, 45.80, 48.96, 60.51, 109.12, 126.04, 127.41,
127.63, 128.83, 136.73, 147.35, 166.68, 170.12; IR (KBr) 3299, 2986, 1686, 1389,
1248, 1163 cm-l; HRMS for C18H2oN204 m/z 330.1580, found m/z 330.1572.

II1I-30: (1.27 g, 4.77 mmol, 74% yield); mp 150-151 °C; !H NMR (300 MHz, CDCl3) §
1.29 (t, J = 7.2 Hz, 3 H), 2.03 (quint, J = 7.3 Hz, 2 H), 2.07 (s, 3 H), 2.29 (tt, J = 15.6,
29 Hz, 1 H), 3.16 (td, J = 7.7, 2.1 Hz, 2 H), 3.40 (dd, J = 16.2, 7.5 Hz, 1 H), 3.68 (dt,
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J=11.4,73Hz,1H),3.79 (dt,J =114,7.2 Hz, 1 H), 4.19 (q, J = 7.2 Hz, 2 H), 4.54
(dt, J =14.4,7.2,1 H), 6.39 (d, J =5.7 Hz, 1 H); 13C NMR (75 MHz, CDCl3) § 14.33,
21.59, 23.17, 27.99, 31.20, 46.17, 49.60, 60.15, 100.82, 152.30, 166.41, 167.89,
170.23; IR (KBr) 3281, 2984, 2849, 1690, 1642, 1545, 1399, 1248, 1173, 1109 cm-1;
HRMS for C13H18N204 m/z 266.1267, found m/z 266.1260.

II1I-39: (1.06 g, 2.74 mmol, 95% yield); mp 71-74 °C; 1H NMR (300 MHz, CDCl3) §
1.25 (t, J = 7.1 Hz, 3 H), 2.00 (s, 3 H), 2.16 (d, J = 2.2 Hz, 3 H), 2.46 (btd, J = 15.3,
2.2 Hz, 1 H), 2.96 (dd, J = 15.3, 6.5 Hz, 1 H), 3.95 (dd, J = 18.1, 5.6 Hz, 1 H), 4.04
(dd, J = 18.1, 5.6 Hz, 1 H), 4.14 (q, J = 7.2 Hz, 2 H), 4.59 (dt, J = 15.3, 6.5 Hz, 1 H),
467 (d,J =16.7Hz,1 H),5.13(d,J =167 Hz, 1 H), 691 (t,J =5.6 Hz, 1 H), 7.05-
7.13 (m, 3 H), 7.19-7.34 (m, 3 H); 13C NMR (75 MHz, CDCl3) 6 13.84, 15.79, 22.78,
28.31, 41.18, 45.42, 48.74, 61.09, 111.95, 125.82, 127.12, 128.58, 136.78, 139.74,
168.09, 169.34, 169.69, 170.25; IR (KBr) 3285, 2984, 1744, 1657, 1584, 1543, 1319,
1190 cm-1; HRMS for CooHosN30s m/z 387.1794, found m/z 387.1789.

III-35: (0.78 g, 2.06 mmol, 90% yield); mp 82-85 °C; 'H NMR (300 MHz, CDCl3) §
1.92 (s, 3 H), 2.07 (d, J = 2.3 Hz, 3 H), 2.41 (btd, J = 15.3, 2.3 Hz, 1 H), 293 (dd, J =
15.5, 6.4 Hz, 1 H), 4.35 (dd, J = 14.7, 5.5 Hz, 1 H), 4.43 (dd, J = 14.7, 5.5 Hz, 1 H),
4.54 (dt, J = 15.0, 6.4 Hz, 1 H), 4.63 (d, J = 16.4 Hz, 1 H), 5.05 (d, J = 16.4 Hz, 1 H),
6.80 (bt, J = 5.7 Hz, 1 H), 6.98 (bd, J = 6.3 Hz, 1 H), 7.07 (d, J = 6.6 Hz, 2 H), 7.16-
7.30 (m, 8 H); 13C NMR (75 MHz, CDCl3) § 15.87, 22.79, 28.51, 43.44, 45.45, 48.78,
112.45, 125.86, 127.15, 127.57, 128.39, 128.61, 136.82, 138.02, 139.12, 167.80,
169.27, 170.21; IR (KBr) 3289, 3002, 1734, 1659, 1584, 1543, 1321, 1248 cm-l;
HRMS for C3Ha5N303 m/z 391.1896, found m/z 391.1895.

IT1-41: (mixed diastereomers, ratio 49:51); (0.52 g, 1.13 mmol, 86% yield); mp 77-80 °C;
1H NMR (300 MHz, CDCl3, characteristic peaks) 8 (major isomer) 2.03 (s, 3 H), 2.12 (d,
J = 1.5 Hz, 3 H), 2.45 (btq, J = 9.0, 1.5 Hz, 1 H), 2.77 (ddd, J = 7.8, 3.3, 1.5 Hz, 1 H),
5.62 (s, 1 H), 6.17 (bt, J = 2.9 Hz, 1 H), (minor isomer) 2.02 (s, 3 H), 2.24 d,J = 1.5
Hz, 3 H), 2.33 (btq, J = 9.0, 1.5 Hz, 1 H), 3.10 (ddd, J = 9.0, 3.3, 1.5 Hz, 1 H), 5.68
(s, 1 H), 6.13 (bt, J = 2.9 Hz, 1 H); 13C NMR (75 MHz, CDCl3) & 13.97, 16.29, 16.56,
22.75, 22.98, 28.16, 28.26, 41.35, 41.42, 46.44, 49.04, 59.71, 59.91, 60.78, 61.32,
61.80, 62.35, 100.38, 113.15, 113.52, 167.73, 127.71, 127.77, 127.99, 128.04,
128.09, 128.20, 128.34, 133.26, 134.22, 134.44, 139.46, 139.49, 140.42, 167.92,
168.04, 168.47, 169.04, 169.30, 169.35, 169.40, 169.74, 169.79, 170.22, 170.30,
171.05; IR (KBr) 3277, 2986, 1744, 1655, 1541, 1204 cm1; HRMS for C23H29N307
mi/z 459.2006, found m/z 459.2011.
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III-37: (mixed diastereomers, ratio 49:51); (0.36 g, 0.80 mmol, 87% yield); mp 83-85 °C;
1H NMR (300 MHz, CDCl3, characteristic peaks) 8 (major isomer) 2.01 (s, 3 H), 2.22 (d,
J = 1.2 Hz, 3 H), 2.30 (bdt, J = 9.2, 1.5 Hz, 1 H), 5.67 (s, 1 H), 5.92 (m, 1 H), (minor
isomer) 2.02 (s, 3 H), 2.10 (d, J = 1.2 Hz, 3 H), 2.43 (btd, J = 9.2, 1.5 Hz, 1 H), 5.59
(s, 1 H), 5.95 (m, 1 H); 13C NMR (75 MHz, CDCl3) & 13.87, 16.22, 16.50, 20.86,
22.78, 28.17, 28.33, 40.42, 43.46, 46.47, 48.94, 59.82, 61.67, 111.05, 113.61,
114.01, 117.30, 126.02, 127.06, 127.17, 127.50, 127.55, 127.71, 127.95, 128.21,
128.37, 128.41, 128.52, 134.26, 134.42, 137.88, 137.95, 138.52, 139.39, 167.46,
167.64, 168.02, 168.43, 169.22, 169.61, 170.13, 170.18; IR (KBr) 3297, 3007, 1742,
1651, 1532, 1217 cm'!; HRMS for C26H29N30s m/z 463.2107, found m/z 463.2150.
General Method for the Formation of Acetylenic Esters. To benzyl
protected propargyl alcohol (10-50 mmol, 1.0 equiv) in THF (0.5 M relative to the alcohol)
was added BuLi (1.0 equiv, 2.5 M in Hexane) at -78 °C. After 10 min ethyl chloroformate
(1.5 equiv) was added dropwise. The reaction was slowly warmed to 0 °C (only until a
deep red color began to form for the case of II-25, after which time it was promptly
quenched) and then to rt. After 14 h, the reaction was quenched by addition of water. The
organics were separated and the solvent removed under reduced pressure. The resulting
crude oil was purified by flash column chromatography (silica, 230-400 mesh; eluent -
petroleum ether). The solvents were evaporated to give a clear, colorless oil.
II-25: (1.61 g, 7.45 mmol, 91% yield); !H NMR (300 MHz, CDCl3) § 1.29 (t, J/ = 7.2
Hz, 3 H), 4.22 (q, J = 7.2 Hz, 2 H), 4.25 (s, 2 H), 4.59 (s, 2 H), 7.22-7.40 (m, 5 H);
13C NMR (75 MHz, CDCl3) & 13.78, 56.53, 61.90, 71.81, 78.07, 82.94, 127.87,

127.90, 128.29, 136.59, 152.87; IR (oil/NaCl) 3032, 2984, 2872, 2236, 1713, 1248 cm-
1

I11-49: (3.06 g, 16.28 mmol, 94% yield); IH NMR (300 MHz, CDCl3) § 1.30 (t,J =
7.1 Hz, 3 H), 3.73 (s, 2 H), 4.23 (q, J = 7.1 Hz, 2 H), 7.25-7.40 (m, 5 H); 13C NMR
(75 MHz, CDCl3) & 14.00, 24.97, 61.87, 74.84, 86.20, 127.16, 127.99, 128.69,
134.07, 153.67; IR (0il/NaCl) 2984, 2238, 1709, 1255 cm-l.

General Method for the Aza-Annulation of Acetylenic Esters. A
mixture of the primary amine (0.5-5.0 mmol, 1.0 equiv) and the acetylenic ester (1.0
equiv) were taken up in THF (0.5 M relative to the amine) along with BF3-etherate (0.5
equiv) and allowed to heat at rt. After the reaction had gone to completion, as indicated by
1H NMR, the solvent was removed under reduced pressure and the crude enamine brought
up in THF (0.1 M relative to the enamine). The sodium salt of 2-acetamidoacrylic acid (1.3
equiv) was added at -78 °C and the reaction allowed to stir at rt for 14 h, or longer if 1H
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NMR suggested the reaction not complete. Sat. ag. NaHCO3 (excess) was added, and the
mixture was extracted 4 times with EtOAc. The combined organic fractions were dried
over Na3S03, filtered, and the solvent evaporated under reduced pressure. The crude
product was purified by flash column chromatography (silica 230-400 mesh, eluent,
Et2O:EtOAc:MeOH)

IT1-44: (3.60 g, 10.00 mmol, 71% yield); mp 151-154 °C; 1H NMR (300 MHz, CDCl3)
d 2.05 (s, 3 H), 2.34 (dd, J = 16.3, 15.6 Hz, 1 H), 3.42 (dd, J = 16.3, 7.0 Hz, 1 H),
3.67 (s, 3 H), 3.73 (s, 3 H), 4.63 (ddd, J = 15.6, 7.0, 5.6 Hz, 1 H), 4.65 (d, J = 15.6
Hz, 1 H), 494 (d, J = 15.6 Hz, 1 H), 6.51 (bd, J = 5.6 Hz, 1 H), 7.16-7.22 (m, 2 H),
7.25-7.36 (m, 3 H); 13C NMR (75 MHz, CDCl3) § 23.07, 26.41, 47.81, 48.43, 52.24,
52.90, 108.95, 127.13, 127.79, 128.56, 135.77, 141.88, 163.32, 165.05, 169.21,
170.14; IR (KBr) 3306, 2953, 1742, 1705, 1634, 1534, 1437, 1248 cm"!; HRMS for
C18H20N20¢ m/z 360.1322, found m/z 360.1308.

II1-46: (3.32 g, 7.61 mmol, 83% yield); mp 97-99 °C; I1H NMR (300 MHz, CDCl3) §
1.26 (t, J = 7.2 Hz, 3 H), 2.03 (s, 3 H), 2.29 (td, J = 16.0, 2.0 Hz, 1 H), 3.39 (dd, J =
16.0, 6.6 Hz, 1 H), 4.16 (q, J = 7.2 Hz, 2 H), 4.31 (dd, J = 12.9, 2.0 Hz, 1 H), 4.45
(dt, J = 15.0, 6.0 Hz, 1 H), 4.54 (d, J = 12.0 Hz, 1 H), 4.60 (d, / = 12.0 Hz, 1 H), 4.80
(d,J =16.5 Hz, 1 H), 5.00 (d, / = 12.9 Hz, 1 H), 5.41 (d, J = 16.5 Hz, 1 H), 6.73 (bd,
J =5.7 Hz, 1 H), 6.98-7.02 (m, 2 H), 7.17-7.38 (m, 8 H); 13C NMR (300 MHz, CDCl3)
o 13.97, 22.99, 28.00, 45.62, 48.50, 60.90, 63.07, 72.50, 112.97, 12591, 127.16,
127.87, 128.32, 128.64, 137.12, 137.39, 145.35, 165.91, 170.07; IR (KBr) 3310,
3011, 2936, 1673, 1632, 1497, 1392, 1372, 1217 cm-1; HRMS for C2sH2gN20s m/z
436.1998, found m/z 436.2064.

ITI-50: (mixed isomers, ratio 92:8); (2.64 g, 6.5 mmol, 61% yield); 1H NMR (300 MHz,
CDCl3) 6 1.14 (1, J = 7.1 Hz, 3 H), 1.79 (ddd, J = 13.1, 11.1, 6.6, 1 H), 2.03 (s, 3 H),
2.80 (ddd, J = 13.1, 9.4, 7.0 Hz, 1 H), 3.85-4.87 (m, 3 H), 4.47 (dt,J = 11.1, 6.3 Hz,
1 H),477 (d,J =154 Hz, 1 H), 5.23 (d, J = 15.4 Hz, 1 H), 6.46 (s, 1 H), 6.84 (d, J =
5.8 Hz, 1 H), 7.13-7.38 (m, 5 H); 13C NMR (300 MHz, CDCl3) 3 13.84, 23.00, 29.05,
40.78, 48.71, 51.43, 61.38, 121.37, 127.32, 127.47, 128.40, 128.51, 128.90, 134.38,
135.82, 137.00, 169.53, 170.00, 171.91; IR (KBr) 3330, 2982, 1734, 1671, 1496,
1410, 1244, 1184 cm-1.

General Method for the DDQ Oxidation of Aza-Annulation Products.
A mixture of the aza-annulation product (0.5-50.0 mmol, 1.0 equiv) and DDQ (1.5 equiv)
were taken up in tolune (0.1 M with respect to the aza-annulation product). After heating at
reflux for 14 h the solvent was removed under reduced pressure and the crude product was
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purified by flash column chromatography (silica, 230-400 mesh, eluent, Et20: EtOAc) or
recrystallized (CHCIl3:EtOAc). For compounds derived from B-ketoamides, the oxidation
was repeated to give the indicated yields.

IT1-28: (0.029 g, 0.088 mmol, 58% yield); mp 176-178 °C; !H NMR (300 MHz, CDCl3)
0 1.37 (t,J = 7.1 Hz, 3 H), 2.19 (s, 3 H), 2.68 (s, 3 H), 4.30 (q, J = 7.1 Hz, 2 H), 5.47
(s, 2 H), 7.09 (d, J = 6.7 Hz, 2 H), 7.26-7.35 (m, 3 H), 8.30 (bs, 1 H), 8.91 (s, 1 H);
13C NMR (75 MHz, CDCl3) & 14.19, 16.91, 24.63, 48.33, 61.15, 110.44, 122.64,
125.77, 126.05, 127.64, 128.94, 135.22, 145.30, 158.40, 165.88, 169.02; IR (KBr)
3308, 2982, 1713, 1638, 1516, 1192 cm-1; HRMS for C1gH20N204 m/z 328.1423,
found m/z 328.1411.

III-31: (0.039 g, 0.150 mmol, 78% yield); mp 225-226 °C; 1H NMR (300 MHz, CDCl3)
6 1.33 (t, J = 7.1 Hz, 3 H), 2.18 (s, 3 H), 2.21 (quint, J = 7.7 Hz, 2 H), 3.50 (t, J = 7.7
Hz, 2 H), 4.16 (t, J = 7.7 Hz, 2 H), 4.28 (q, J = 7.1 Hz, 2 H), 8.14 (bs, 1 H), 8.85 (s, 1
H); 13C NMR (75 MHz, CDCl3) § 14.31, 20.99, 24.63, 33.04, 49.43, 60.78, 106.11,
122.55, 126.13, 149.57 156.83, 164.86, 168.80; IR (KBr) 3297, 2982, 2936, 1715,
1684, 1636, 1532, 1196, 1100 cm-!; HRMS for C13H16N204 m/z 264.1110, found m/z
264.1108.

I11-40: (0.31 g, 0.15 mmol, 80% yield); mp = 177-180 °C; !H NMR (300 MHz,
Acetone-dg) & 1.21 (t,J =7.1 Hz, 3 H), 2.11 (s, 3 H), 2.48 (s, 3 H), 4.10 (d, J = 6.0 Hz,
2 H), 4.13 (q, J = 7.1 Hz, 2 H), 5.54 (s, 2 H), 7.14-7.17 (m, 2 H), 7.24-7.56 (m, 3 H),
8.01 (t, J = 6.0 Hz, 1 H), 8.54 (s, 1 H), 9.04 (s, 1 H); 13C NMR (75 MHz, Acetone-dg) &
14.42, 17.22, 24.38, 42.21, 48.85, 61.47, 108.55, 122.56, 127.30, 129.21, 129.52,
129.62, 137.19, 145.59, 158.65, 168.80, 170.10, 170.28; IR (KBr) 3277, 3032, 1748,
1671, 1644, 1512, 1210, 1003 cm-1; HRMS for C9H23N305 m/z 385.1638, found m/z
385.1623.

IT11-36: (0.21 g, 0.56 mmol, 76% yield); mp 180-181 °C; 1H NMR (300 MHz, Acetone-
de) & 2.10 (s, 3 H), 2.42 (s, 3 H), 4.55 (d, J = 6.0 Hz, 2 H), 5.51 (s, 2 H), 7.12-7.16
(m, 2 H), 7.19-7.56 (m, 8 H), 8.18 (t, J = 6.0 Hz, 1 H), 8.54 (s, 1 H), 8.96 (s, 1 H); 13C
NMR (75 MHz, Acetone-dg) 6 17.28, 24.36, 44.20, 48.79, 108.50, 122.42, 127.30,
127.83, 128.13, 128.45, 129.21, 129.51, 129.60, 136.99, 137.25, 145.43, 158.59,
168.47, 169.97; IR (KRr) 3299, 3067, 3034, 2880, 1705, 1634, 1507, 1476, 1248, 1003
cm-1; HRMS for C23H23N303 m/z 389.1739, found m/z 389.1762.

III-42: (0.32 g, 0.70 mmol, 60% yield); mp = 204-205 °C; !'H NMR (300 MHz,
CDCl3) 6 1.24 (t, J = 7.2 Hz, 3 H), 1.28 (t, J = 7.2 Hz, 3 H), 2.17 (s, 3 H), 2.49 (s, 3
H), 4.13-4.29 (m, 6 H), 6.14 (s, 1 H), 6.55 (bs, 1 H), 7.26-7.48 (m, 5 H), 8.32 (s, 1
H), 8.55 (s, 1 H); 13C NMR (75 MHz, CDCl3) § 14.08, 17.53, 24.54, 41.88, 61.74,
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62.17, 62.65, 112.68, 115.71, 121.15, 126.60, 128.08, 128.59, 128.92, 132.86,
134.72, 140.19, 157.78, 167.40, 167.67, 169.65; IR (KBr) 3314, 2986, 1744, 1645,
1524, 1217, 1082, 1003 cm-l; HRMS for C23H27N307 m/z 457.1849, found m/z
457.1853.

IT1-38: (0.16 g, 0.35 mmol, 55% yield); mp = 155-156 °C; 'H NMR (300 MHz, CDCl3)
0 1.24 (t,J =7.2 Hz, 3 H), 2.18 (s, 3 H), 2.50 (s, 3 H), 4.26 (q, J = 7.2 Hz, 2 H), 4.57
(dd, J = 5.6, 1.7 Hz, 2 H), 6.12 (s, 1 H), 6.19 (m, 1 H), 7.19-7.43 (m, 10 H), 8.27 (s, 1
H), 8.53 (s, 1 H); 13C NMR (75 MHz, CDCl3) § 14.10, 17.52, 24.67, 44.28, 62.11,
62.69, 116.21, 120.69, 126.86, 127.73, 127.85, 128.15, 128.54, 128.62, 128.85,
133.01, 137.69, 139.77, 140.51, 167.20, 167.38, 169.27; IR (KBr) 3280, 2960, 2920,
1736, 1647, 1516, 1455, 1217 cm’!; HRMS for Ca6H27N305 m/z 461.1951, found m/z
461.1901.

II1-45: (0.21 g, 0.59 mmol, 71% yield); mp = 128-129 °C; 1H NMR (300 Hz, CDCl3) §
2.19 (s, 3 H), 3.79 (s, 3 H), 3.85 (s, 3 H), 5.26 (s, 2 H), 7.19-7.32 (m, 5 H), 8.34 (bs,
1 H), 8.84 (s, 1 H); 13C NMR (75 MHz, CDCl3) 3 24.67, 50.44, 52.62, 53.41, 109.06,
120.06, 127.36, 128.04, 128.61, 128.83, 134.77, 138.14, 157.02, 163.12, 164.18,
169.23; IR (KBr) 3374, 3021, 2955, 1728, 1691, 1645, 1516, 1437, 1215 cm-1.

General Method for the Hydrolysis of Esters and Amides. A mixture of
the oxidation product (0.5-2.0 mmol, 1.0 equiv) and KOH (20.0 equiv) were taken up in
H7O (for hydrolysis of esters) or 30% H207 (for hydrolysis of amides) (0.1 M with
respect to the oxidation product). After 14 to 38 h, the reaction was extracted with CHCl3,
filtered, neutralizated with HCI, and the carboxcylic acid collected by filtration or the
amines collected by solvent removal under reduced pressure followed by extraction with
MeOH or acetone. The products were then recrystallized (MeOH:CHCl3 or MeOH:Et0).
III-51: (0.48 g, 2.03 mmol, 61% yield); mp >260 °C; 'H NMR (300 MHz, Acetone-dg)
8 2.07 (s, 3 H), 2.70 (s, 3 H), 5.55 (s, 2 H), 7.17 (d, J = 6.9 Hz, 1 H), 7.26-7.35 (m, 4
H), 8.98 (s, 1 H); 13C NMR (75 MHz, Acetone) & 17.09, 24.32, 48.52, 106.25, 123.00,
127.10, 128.14, 129.62, 130.55, 133.29, 137.24, 158.84, 167.42, 171.53; IR (KBr)
3277, 3031, 1692, 1622, 1603, 1553, 1387, 1190 cm-1.

III-52: (0.061 g, 0.314 mmol, 82% yield); 1H NMR (300 MHz, DMSO-dg) 8 2.03
(quint, J = 7.6 Hz, 2 H), 3.25 (t, J = 7.6 Hz, 2 H), 3.95 (t, / = 7.6 Hz, 2 H), 6.91 (s, 1
H); 13C NMR (75 MHz, DMSO-dg) § 21.09, 32.45, 48.73, 111.03, 128.51, 129.14,
135.41, 143.12, 156.81; IR (KBr) 3364, 1698, 1615, 1536, 1117 cm-1.

ITI-53: (0.047 g, 0.183 mmol, 61% yield); mp 205-206 °C; !'H NMR (300 MHz,
DMSO-dg) 8 2.46 (s, 3 H), 5.46 (s, 2 H), 7.07-7.54 (m, 5 H), 8.02 (s, 1 H); 13C NMR
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(75 MHz, DMSO-dg) & 16.83, 30.74, 115.41, 127.05, 128.34, 129.37, 129.86, 133.98,
135.86, 137.69, 160.60, 169.74; IR (KBr) 2928, 1709, 1640, 1549, 1455, 1256, 1024

cml.

Formation of III-54: To a solution of II-52 (0.20 g, 0.848 mmol) in THF (8.48 mL)
was added NaH (0.92 g, 0.848 mmol) at -78 °C. To the reaction was added EtO,CCl
(0.081 mL, 0.848 mmol) followed by phenylglycine ethyl ester (0.183 g, 0.848 mmol).
The reaction was allowed to warm to room temperature and stirr for 2 hr. Sat. aq.
NaHCO3 (excess) was added, and the mixture was extracted 4 times with EtOAc. The
combined organic fractions were dried over Na3SO3, filtered, and the solvent evaporated
under reduced pressure. The crude product was purified by flash column chromatography
(silica, 230-400 mesh, eluent, Et7O:EtOAc:MeOH). (0.29 g, 0.66 mmol, 78% yield); mp
209-210 °C; 1H NMR (300 MHz, CDCl3) 6 1.22 (t, J = 7.1 Hz, 3 H), 2.17 (s, 3 H), 2.42
(s, 3 H), 4.17 (dq, J = 10.7, 7.1 Hz, 1 H), 4.25 (dq, J = 10.7, 7.1 Hz, 1 H), 5.38 (s, 2
H), 5.63 (d, J =7.1 Hz, 1 H), 6.98 (d, J = 7.1 Hz, 1 H), 7.09 (d, J = 6.5 Hz, 2 H),
7.25-7.44 (m, 8 H), 8.37 (s, 1 H), 8.55 (s, 1 H); 13C NMR (75 MHz, CDCl3) § 13.90,
16.88, 24.43, 48.53, 57.22, 61.99, 126.20, 126.31, 127.33, 127.63, 128.49, 128.57,
128.84, 128.96, 135.02, 135.89, 140.32, 157.95, 166.84, 169.61, 170.58; IR (KBr)
3324, 3019, 1736, 1636, 1514, 1217 cm-1.

Formation of ITI-55. To III-50 (0.24 g, 1.05 mmol) in EtOH (10.5 mL) was
added NazCOs3 (0.39 g, 3.67 mmol) and 10% Pd/C (0.10 g). The reaction vessel was
purged with N3 and then flushed with and maintained under an atmosphere of Hy. After
stirring for 16 h, the reaction mixture was filtered through a fine scintered glass funnel and
the solvent removed under reduced pressure. The resulting crude oil was purified by flash
column chromatography (silica, 230-400 mesh; eluent - Et0). The solvents were
evaporated to give a white solid which was recrystallized fron EtOAc (mixture of
diastereomers, ratio 96:4), (0.23 g, 0.99 mmol, 94% yield). mp 202-205 °C; 1H NMR
(300 MHz, CDCI13) (major diastereomer) & 1.16 (t, J = 7.2 Hz, 3 H), 2.00 (s, 3 H), 2.32
(q, J = 13.7 Hz, 1 H), 2.55 (m, 1 H), 2.93 (dt, J = 13.7, 4.4 Hz, 1 H), 3.21 (dd, J =
13.7, 7.4 Hz, 1 H), 3.29 (d, J = 15.2 Hz, 1 H), 3.90 (dq, / = 10.8, 7.1 Hz, 1 H), 4.01
(dq, J = 10.8, 7.1 Hz, 1 H), 4.07 (m, 2 H), 5.24 (d, J = 15.2 Hz, 1 H), 7.00 (dd, J =
7.5, 1.9 Hz, 2 H), 7.12 (d, J = 6.4 Hz, 1 H), 7.21-7.34 (m, 8 H); 13C NMR (75 MHz,
CDCIl3) (major diastereomer) & 13.92, 22.87, 25.69, 37.30, 42.80, 49.65, 50.81, 58.76,
60.95, 126.77, 127.37, 127.47, 128.51, 128.57, 129.34, 136.80, 138.09, 169.14,
170.45, 170.52; IR (solid/NaCl) 3297, 3067, 3009, 1732, 1642, 1541, 1455, 1217 cm-1,
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NOE studies on III-50 indicated that the stereochemistry of the double bond of the
major isomer was E (NOE enhancements between the vinyl proton and N-benzyl
protons were 3.3% and 1.6% when the vinyl proton was irradiated. NOE
enhancement between the vinyl proton and the benzylidine protons was 9.7% when
the vinyl proton was irradiated).

DDQ oxidation of ITI-50 under optimum conditions (see reference 8 and text)
provided a mixture of products consisting of III-50 (20%), the analog of III-50
with the double bond isomerized into the ring (80%), and possibly a trace of the fully
oxidized analog of III-50. The composition of the reaction mixture was determined
by TH NMR. Characteristic peaks of the double bond isomerized product were: 2.49
(td, J = 15.9, 3.0 Hz, 1 H), 3.55 (dd, J = 15.9, 6.3 Hz, 1 H), 4.63 (dt, J = 15.1,
6.3 Hz, 1 H).

Compounds III-27, ITI-28, I11-30, ITI-35, III-36, I1I-37, II1-39, III-40,
I11-41, 111-44, I11-45, I11-46, II1-54, and III-55 were submitted for biological
testing.
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The 3-aze-Cope rearrangement of N-alkyl-N-allylaniline

which required 250 *C to proceed

substrates,
thermally, was promoted by Lewis acid reagents at 111-140 °C. Systematic studies of this reaction
were performed to examine a number of reaction variables such as concentration, the stoichiometry

of the Lewis acid with the substrate, the optimum temperature for

t, and the type of

Lewis acid reagent. Of the many Lewis acids investigated, ZnCl, (140 *C) and Et,0-BF; (111 °C)
were the most generally successful reagents for promoting the aromatic 3-aza-Cope rearrangement.
With respect to substrate variation, the presence of a methoxy substituent para to the N-allyl group
slowed the reaction alightly, while a meta substituent accelerated the rate of [3,3] rearrangement
and produced moderate site selectivity on the aromatic ring. uvuaadpmmotodmmm
of an unsymmetrically substituted allyl moiety resulted in (3,3) sigmatropic rearrangement to

the 1-hexen-3-yl substituent on the aromatic ring. OvmlLbochnCl,andEuO-BF;mM

toefficiently accelerate the regiospecific 3-

rearrangement of N-alkyl-N-allylanilines for the

aza-Cope
purpose of forming a carbon—carbon bond between a secondary alkyl substituent and an aromatic

ring.
Intreduction

The aromatic 3-aza-Cope rearrangement of N-allyl-
aniline substrates 1 and 2 has been of interest for some
time as a route to the formation of 2-substituted aniline
and indole products, but the utility of this reaction has
been greatly limited (eq 1).! The severs conditions (200~

-3 "
S
.L. [4}]

BL 84 -

350 °C) required for thermal rearrangement, which
pmduadlowynldsofz-dlyhnﬂmu(i)ndmxﬁam
amounts of products resulting from removal of the allyl
group, have restricted the utility of this reaction and
mmdnllmgetosynthﬁcommc

theme—charge
dthommumtpmeeabymoﬂvaﬂyhmhne
substrates with electrophilic reagents through generation
of a quaternary intermediate.

The electrophile sources most commonly used for charge
acceleration of the aromatic 3-aza-Cope rearrangement
have been Bronsted acids, which typically promote re-
arrangement at temperatures of 140-150 °C. Polyphos-
phoric acid has been used to promote charge-accelerated
3-aza-Cope rearrangement, but effective use of this reagent
was limited to the N-crotyl derivatives (R? = Me) of 13

(1) Por reviews that inclode a discussion of the aromatic
n: (a) Beanett, G. B. Synthesis 1977, 58. (b)
. Org. Chem. 1979, 9,

0022-3263/93/1958-5095$04.00/0

and 2¢ Two other proton sources, HCl and HsSO,, were
studied more extensively and have shown greater versa-
tﬂ:tymptmoungthu[u]mbopxcmmm
The use of HC] to promote the rearrangement of 1 to 3
was achieved by treatment of 1 with either HCI® or
PhNHyHCL® Similarly, the treatment of 2 with HCl also
gave 2-allylaniline derivatives.¢# t of both
1 and 2 was promoted effectively with 2 N HySO..” A
drawback to the use of strong protic acids has been the
tendency of these reagents to produce formation of indole
and indoline products from 38, thus reducing the overall
effectiveness of this reaction.34% Generation of the
analogous quaternary ammonium salts (E, R! = alkyl)
produced similar charge acceleration of the aromatic 3-aza-
Cope rearrangement at 140 °C; however, significant
amounts of substrate deallylation usually occurred.’des

muodlnuaadsfwch-nemlunhonoltb
3-az8-Cope rearrangement appears to be a promising
alternative to the use of protic acids. As early as 1957,®
ZnCl; was found to promote the transformation of 1 to 3,
and subsequent examples have produced 37-78% yields
of 3. 5489 Treatment with Et;O-BF; was also an effective
method of promoting (3,3] rearrangement of 1 at 140

(4) Krowicki, K.; Paillous, N Riviere, M_; Lattes, A. J. Heterocyel.

Chem. 1978, 13, S65.
(5) (2) Abdrakmanov, L WVM.. L AS
Tolstikov, G.A.ﬂl.&' aulm.l&.ml.
; Fakhretdinow, + Khusnutdino, M.U:Kh



97

§098 J. Org. Chem., Vol. 58, No. 19, 1983

‘C,“-"andthomeolEhO-BP,mtheonlymnphof
a Lewis acid-promoted 3-aza-Cope rearrangement of 2. 74
Otber catalysts, such as AICls, FeCls, SnCl,, and TiCl,,
were less effective at promoting the rearrangement of 1. 584
Altrikingfuﬂmdtﬂ:dinoﬂbel&vh.dd-pmmoud
rearrangement of substrates 2 has been the varying success
reported for very similar substrates. Typically, the origin
ofthuediﬂmneuis-umiﬁvityoﬁhismwmtom
or many of the reaction conditions.
Ourreeentinvaﬁatiominthemoltbenﬁphﬁc
3-azs-Cope rearrangement have led to the development
of proton!! and Lewis acid!? charge-accelerated rearrange-
mtofN-dkyl—N-nllylennminunttempmmnnm
from 40 to 110 °C. Organcaluminum complexes were
particularly efficient and versatile in promoting the 3-aza-
Cope rearrangement, and a recent report of an aromatic
Claisen rearrangement accelerated by an i
reagent provided additional optimism for the ability of
i complexes to promote the aromatic
3-a2a-Cope rearrangement.’3 Herein, we report the sy»-
tematic investigation of the aromatic 3-aza-Cope rear-

Results and Discussien

An investigation of a number of reaction variahles was
performed by studying the effect of the relative amount
of Lewis acid, concentration of the reaction, reaction time,
and the temperature at which rearrangement would occur.
The nature of the nitrogen “spectator” substituent an the
N-allylaniline substrate, as well as substitution on the
aromatic ring and the allyl group, were used to probe the
features of this reaction.

Studies were initiated by monitoring the rearrangement
of 4a (eq 2) in the presence of varying amounts of AICl,,
a catalyst that was effective for the rearrangement of 1.

58
O =

XRES:

The 3-aza-Cope rearrangement of 4a gave 5a in all cases,
but the relative amount of AICl; was critical to the
selectivity of the reaction (Table I). Treatment of 4a with
1.5 equiv of Lewis acid produced rapid disappearance of
starting material, low amounts of Sa, and further de-
struction of Sa over time.!¢ With the use of 1.2 equiv, the
reaction wasslowed to a useful rate, and optimal generation

(10) George, C.; Gill, E. W, Hudson, J. A. J. Chem. Soc., Chem.
1 T

998,

(11) Cook, G. R.; Stille, J. R. J. Org. Chem. 1991, 56, 5578.
(12) Cook, G. R; Barta, N. S; Stille, J. R. J. Org. Chem. 1992, 57, 461
a3 K.; Seto, J.; Banno, H.; Yamamoto, H. Tetrohedron
Lest. 1990, 31, 377.
d.(:gmdbyupﬂhq — 'unbidthqu-;::
mmmx&mqmmam
detector response.

@
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Table L m«mwa:n.-msmop
Rearrangement of da
yield® (%)
time product formation*
equive ) da [ Ga 7a %2
15 2 12 38 ] ] 0
4 0 2 [ (] ]
8 (1] 9 (] ] [
12 4 S0 4 1] [} 0
8 8 88 o 0 2
b7} [ n ] [ 3
0.75 4 28 ] 1 1] 1]
8 16 k) [ 0 o
k] 11 3 2 5 1]
48 9 4 k() 9 1
¢ Rearrangements were run 0.5 M da at refluz in xylenes (140 °C).
4 Values represent GC yields of volatile, ; ic products (ref

14). * Formation of no greater than 1% 8a was observed.

Table [I. Effects of Reaction Concentration on the
&wm«umuumd
2aCl,

yield* (%)

condne® product formation*

(M, 4a) da Sa (™Y 7s %a
30 1 7 19 35 S
20 16 1 18 15 ?
10 19 51 4 [ S
0.75 2 52 4 [} 4
05 2 53 4 4 3
0.3¢ ® 0 2 0 [\]

¢ Rearrangements were run at reflux in xylenes (140 °C) for 16 b
hn&mkw&n&e&nhwb—-y&’\'h
represent % yields as determined by GC analysis (ref 14). ¢ Formation
of Do greater than 1% Sa was observed.

of Sa was observed. Problems associated with subsequent
[3,3) rearrangement to the para position were not en-
countered. When less than a stoichiometric amount of
AICls was used, significant quantities of byproducts,
mﬂﬁngfmmcydiuﬁono(&.mpmdwadduriuth
time necessary to drive the rearrangement to >95%
completion. Examination of other Lewis acids showed
similar patterns, and in each case, 1.2 equiv of Lewis acid
was the optimum amount of reagent.
Anmhalnhaddnpaudmm&ew
ment of 1, ZnCl,, showed a greater sensitivity toward
reaction conditions and was used to probe the effect of
substrate concentration on the product distribution (Table
ID. Acceleration of the rearrangement with ZnClp at
concentrations greater than 1.0 M resulted in the gener-
ation of substantial quantities of 6a and 7a, and reaction
concentrations from 0.5 to 1.0 M were found to be optimal.
For all subsequent rearrangements described, reactions
were performed at 0.5 M of substrate with 1.2 equiv of the
Once general reaction conditions were established, a
survey of Lewis acids revealed that AICly, ZnCl,, and
MBP,mthemoateﬂecﬁvemenﬁfotpmmoﬁu
(3,3] rearrangement of 4a to Sa (Table ITI). Treatment
of 4a with TiCl, or MgBr; produced consumption of 4a,
but in both cases, 6a (10-12% ) and 7a (2% ) were formed
concurrently under these reaction conditions. Alkylalu-
minum complexes, including the methylaluminum bis-
(4-bromo-2,6-di-tert-butylphenoxide) reagent used for the
mnucChmmnangmt.pmdueoddnlppomm
results by slow consumption of 4a, presumably to meth-
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Table IIL. Efficiency of Lowis Acids oa the 3-Aza-Cope
Rearraagement
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Table V. Lewis Adl-?n.::-llz&h-cno Rearrangsment

of da
—__condm ___ product formation reagent _product formation (%)
reagent® temp (*C) time (b) Sa; yield (%) substrate (12equiv) (time (b)) 13:14° yield* (GC)¢
AICh, 140 8 88 12 ZnCh 8 64:38 0
MMBP 140 1: 7539 Ey0-BF, 43 66:34 99 (99)
111
mnp: 140 % ® 12% 2oCly % 71:29 87(64)
TCL 140 16 “ Ey0-BF, 3 7228 84D
MgBn 140 b » 12¢  2aCh 6 2 98 (96)
{ArONAD {9 n » ByOBF, U 7228 1
MeAICY 140 £ 73 2 ¢ Rearrangements were run 0.5 M of 4a with 1.2 equiv of Lewis
MeAICl 140 4“ 16 :ﬁdc%mmun-c.apcscmamuwnm.
N . Ratics 14 determined analysis crude reaction
* Rearrangements were run 0.5 M of 4a with 1.2 equiv of Lewis mixture. Fota:::a-bndc.:,damm:ﬁ'::dby‘ﬁm
““l&lnﬂﬂ(lll‘@fx’hﬂﬂ“’@-'?ﬂh is. < Overall isolsted yield as the mirture of 13 and 14

GC yields of Sa (ref 14). ¢ ArO = 4-bromo-2.6-di-tert-
butyipbenoxy.
Table IV. Lewis Acid-Premoted 3-Aza-Cope
Rearrangement of ¢ aad 10
reagent concns® yield (%)
substrats (1.2 equiv) (tizne(h)) isolated® (GC)

4 AICy 8 68 (88)
2aCY 16 45(52)
ExO-BFy 48 58 (79

[ AlCYy 2 15 (35)
ZnCly 64 15 (30)
E4O-BP, %@ 13(29)

10a ZoCly 16 58 (68)
ByO-BFy 7 55(61)

100 ZoCly u §3(57
By O-BF, 4 35 (40

* Rearrangements were run 0.5 M of 4a with 1.2 equiv of Lewis
acid at refluz in toluene (111 °C, Et¢0-BF,) or xylenes (140 °C, AlCle,
and ZnCly). * Overall isolated yields of § and 11. ¢ Reference 14.

ylated and oligomeric products, without generstion of
significant amounts of 5a-%a. In general, these trends
were opposite those obeerved for the aliphatic 3-aza-Cope
rearrangement, in which the organoaluminum species were
the most efficient reagents, and the metal halides typically
used for Freidel-Crafts alkylation produced very poor
results.l? The temperature at which the aromatic 3-aza-
Cope rearrangement occurred was also critical to the
success of the reaction. The use of decalin (180 °C) resulted
in the formation of 6a and 7a as the major products in
poorynld.nndt.hemoﬂolme(lll'(:)dldnotpmndo
ahigh enough temperature at reflux to promote conversion
of 4a to products. Interestingly, the use of Et0-BF; was
the one exception, and rearrangement in toluene at reflux
was more efficient than reaction in xylene.

The three optimum catalysts, AlCl;, ZnCly, and
EtyO-BF;, were each used in the studies of substrate
variability. Under the optimum conditions for rearrange-
ment, 5a was isolated from the reaction mixture in 45~
68% yield (Table IV). The reaction of Lewis acids with

4b, baving an N-benzyl group instead of an N-methyl
mhmmt,producedmw:hpouamdu Under similar
reaction conditions, a 35% yield was the best that could
be obtained from any of the catalysts with 4b. The
disappearance of 4b without formation of the desired
products was suspected to result from reaction of nucleo-
phﬂu:ttheben:yhcpwhonandcmuntdnphc&
ment of a quaternary nitrogen during the vigorous reaction
conditions. Treatment of the analogous allyl acetamide
and sulfonamide substrates with these Lewis acids did
not result in (3,3] rearrangement products.

analysis.
4 Reference 14.

Rearrangement of substrates containing a methoxy
substituent on the aromatic ring provided useful insight
into the nature of this Lewis acid-promoted transformation
(eqs 3 and 4, T:bluIVnndV) The most noticeable

R4

Ratte
L)

difference observed with these substrates was that AICl,
produced rapid disappearance of 19 and 12, without the
generation of any of the typical [3,3] rearrangement
products.’®* Due to the slight deactivation at the position
mmthemetbozymhumt.mhmnummrnued
unsubstituted substrate

position at which carbon—carbon bond formation occurred,
standard conditions for the rearrangement promoted with
ZnCl; and Et;0-BF; led to comparable or higher isolated
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Table VI. Competitive Lewis Acid-Prometed 3-Aza-Cope
Rearrangement of da and 122

condne® product formation® (%)
reagent (time (b)) 13a+lda S (12a+1da)Se
EyO-BP, 2 4 15 6238
4 3 2 60:40
6 9 0 6238
8 85 33 [~= /]
ZaCly 05 17 7 n»
10 36 10 7822
15 4 15 624
20 56 18 528
¢ Rearrangements were run 0.5 M of 4a with 1.5 mvdlc"-
nddcrdnhhh-(lu'c BhO-BP;)euyln- 40°C,2aCly)
with 1.8 equivof Lewis acid. * Ratios were by GC analysis

of the crude reaction mixture (ref 14).

occur in shorter time periods, but higher product yields
resulted due to the increased rate of the transformation
of 12 to 13 and 14 relative to the competitive formation
of byproducts. As was observed in the reaction of 10, AlCls
resulted in consumption of 12 without producing 13 or
143 Comparison of relative reaction rates was observed
by the direct competition of 1.0 equiv each of 42 and 12a
promoted by 1.8 equiv of Lewis acid. Results from this
study showed that formation of 13a and 14a was approx-
imately 1.5 times faster than that of 5a when promoted
by Et,0-BF; and roughly 3.0 faster in the presence of ZnCl,
(Table VI).1¢6

A final set of substrates was examined in order to
determine the regioselectivity of the rearrangement with
nmmdaﬂyhcmhumt.mhneem
loctne reaction on the aromatic ring, and uubhsh a

with an unsymmetrical N-((E)-2-hexen-1-yl) substituent
on the aniline (eq 5). Rearrangement of 15 with ZnC); at

“\0\5._&. *'\Q:EO_ ®

140 °C S0% Yiets
B OBF,, 111 °C TI% Yield

140 °C or EtyO-BF; at 111 °C produced 16 in 50% and
T9% isolated yields, respectively. to the
analogous rearrangement of 10a, the use of ZnCl; was
similar, while the reaction promoted by Et,0-BF; was far
moreefficient. Inboth reactions, only [3,3) rearrangement
was evident from analysis of the reaction products; carbon-
carbon bond formation resulting from (1,3} rearrangement
of the substrate through a nonconcerted pathway was not
observed. Most importantly, these reagents efficiently
promoted the regiospecific 3-aza-Cope rearrangement of
N-alkyl-N-allylanilines and produced carbon—carbon bond
formation between an aromatic ring and a secondary alkyl
substituent.

The rearrangement of the corresponding substrate
having a methoxy substituent meta to the amine, 17,
produced results similar to those observed for the rear-
rangement of 12a and 15a (eq 6). As was observed for

(16) Thess values illustrate the of this general trend, but the
m«umhwmwwmumm
of thess reactions.

Beholz and Stille

140°C (0% vy
n.ob::mvmm

17
s

s 8

12a, a mixture of regioisomers was obtained. In the case
of 17, howevez, slightly increased product selectivities of
75:25 and 83:17 for 18:19 were obtained for rearrangement
with Et;0-BF; and ZnCl,, respectively. However, in
contrast to previous rearrangement with the N-allyl
substituents, further [3,3] Cope rearrangement of 18 and/
or 19 in the presence of ZnCl; produced 20, which could
be separated from 18 and 19 in 11% isolated yield. This
product appeared to result from two sequential [3,3]
rearrangements giving only the (E)-2-hexen-1-yl aromatic
substituent. Because of the different rates at which 20

e S

was generated from 18 versus 19, the regioselectivity ratio
based on the direct observation of product distribution
might not directly reflect the actual selectivity of the
relative reaction rates. The similarities in structure of 16,
18, and 19 to the indole alkaloids 21 such as acricine (X!

= X3 = H, X? = OMe),!” reserpinine (X! = OMe, X? = X3
= H),17 ochropposinine (X! = X2 = OMe, X? = H),!8 and
mitragynaline (X! = X? = H, X3 = OMe)"? are striking
lndpmxdeaommtzumn‘potn'bﬂmaforfumgp-
plication of this

Summary

Systematic studies of the aromatic 3-aza-Cope rear-
rangement have been used to examine a number of reaction
variables, and results have shown that reaction conditions
having a substrate concentration of 0.5 M and treatment
with 1.2 equiv of Lewis acid were optimum for obtaining
thedesired product. Of the many Lewis acidsinvestigated,
ZnCl; (140 °C) and Et;0-BF; (111 °C) were the most
generally successful reagents for promoting the 3-aza-Cope
rearrangement. The presence of a methoxy substituent
para to the N-allyl group slowed the reaction slightly, while
a meta substituent greatly accelerated the rate of rear-
rangement to the position ortho or para to the methoxy
group. In this case, site selectivity on the aromatic ring
was moderate. Rearrangement of an unsymmetrically
substituted allyl moiety resulted in tepooekeun (3,31

demonstrated to efficiently accelerate the regiospecific
3-aza-Cope rearrangement of N-alkyl-N-allylanilines for

1’373;’%?' P.; Knolker, HJ.; Winterfeldt, E. Tetrahedron Letz.
lm(l!)?qln.'l‘ s Obbae, M_; Tachinami, T.; Miyajime Chem. Pherm. Bull.
u'smmp J.; Latiff, A; Said, L M. Phytochem. 1991, 30, 347.
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the purpose of forming a carbon—carbon bond between a
secondary alkyl substituent and an sromatic ring.

Experimental Section
Gucnlm All reactions were carried out performing

use. Xylenes and decalin were heated over calcium hydride for
a minimum of 12 h and then distilled prior to use. Petroleum
M(M’Cwlmum)umdmmmfwﬁum

For reactions in which a Dean-Stark trap was used, the trap
was filled with 4-A molecular sieves to a level below that of
returning solvent turbulence. The sieves were changed during
reactions in which additional reagent was added during the course
of the reaction. Molecular sieves were activated by heating in
2 150 °C oven for at least 24 h prior to use. Unless i
concentration of mixtures after workup was performed using a
Bachi rotary evaporator.

General Methed for the N-Allylation of Secendary
Anilines.® The aniline (2.0-50.0 mmol, 1.0 equiv) and the alkyl
bromide or alkyl chloride (1.2-4.0 equiv) were taken up in a 4:1
EtOH/H/O mixture (0.5 M relative to the aniline) along with
NayCO; (0.6 oquiv). mmnmmt«u
h, the EtOH was removed under reduced pressure and the crude
oil purified by flash column chromatography (silica, 230-400
mesh; eluent 595 Et,0/petroleum ether). The solvents were

N-Ally)-N-methylsniline (4a): 91% yield; bp 107-110 °C,
<1.5 mmHg; *H (300 MHz, CDCly) $ 2.78 (s, 3H), 3.76 (dt,J =
5.0, 1.7 Hz, 2H), 5.05 (dq, J = 17.0, 1.7 Hz, 1H), 507 (dq, J =
10.4, 1.7 Hz, 1H), 5.78 (ddt, J = 17.0, 10.4, 5.0 Hz, 1H), 6.60-6.68
(m, 3H), 7.11-7.19 (m, 2H); 3C (75.5 MHz, CDCly) § 37.57, 54.86,
112.16, 115.70, 116.17, 128.82, 133.60, 149.81; IR (0il/NaCl) 3063,
3027, 2980, 2897, 2815, 1644, 1599, 1449 cm-*; HRMS caled for
CrHuN m/z 147.1049, found m/z 147.1010.

N-Ally})-N-benzylaniline (4b): 85% yield; '"H NMR (300
MHz, CDCly) 8 3.85-3.91 (m, 2H), 4.43 (s, 2H), 5.10 (dq, J = 10.5,
1.8 Hz, 1H), 5.12 (dq, J = 17.4, 1.8 Hz, 1H), 5.78 (ddt, J/ = 17.4,
10.5, 4.8 Hz, 1H), 6.59-6.68 (m, 3H), 7.06~7.24 (m, 7TH); ®*C NMR
(75 MHz, CDC)y) $ 52.81, 53.76, 112.24, 116.06, 11643, 126.41,
126.63, 128.40, 128.99, 133.52, 138.76, 148.73; IR (KBr) 3062, 3028,
2862, 1599, 1509 cm-'; HRMS caled for CygHiyN m/z 223.1362,
found m/z 223.1382,

N-Allyl-N-methyl-4-methoxyaniline (10a): 66% yield; bp
80-86 °C, <4 mmHyg; 'H NMR (300 MHz, CDCly) § 2.83 (s, 3H),
3.72 (s, 3H), 3.80 (dt, J = 5.3, 1.7 Hz, 2H), 5.14 (dq, J = 10.5, 1.7
Hze, 1H), 5.16 (dq,J = 17.4, 1.7 Hz, 1H), 5.82 (ddt, J = 17.4, 10.5,
5.3 Hz, 1H), 6.67-6.73 (m, 2H), 6.77-6.84 (m, 2H); *C NMR (75
MHz, CDC)y) 8 38.54, 55.55, 56.44, 114.54, 114.59, 116.26, 134.20,
144.38, 151.64; IR (oil/NaCl) 3077, 2936, 2832, 2809, 1642, 1516
em; HRMS caled for CHuNO m/z 177.1154, found m/z
177.1148.

N-Allyl-N-benzyi-4-methoxyaniline (10b): 75% yield; bp
128-139 °C, <4 mmHg; 'H NMR (300 MHz, CDCly) § 3.72 (s,
3H),3.92(dt,J = 5.1, 1.8 Hz, 2H), 4.46 (s, 2H), 5.16 (dq, / = 10.2,

(20) For more detailed General Experimental procedures from thess
labe, see ref 12.

(21) Prepared from 2-bexen-1-ol by treatment with NBS/PPhg ()

m.l Chem. Soc. 1962, 2337. (b) Bose, A. K.; Lai. B. Tetrehedron
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1.8 Hz, 1H), 5.17 (dq, J = 17.2, L8 Hz, 1H), 5.87 (ddt, J = 17.2,
10.2, 5.1 Hz, 1H), 6.64-6.71 (m, 2H), 6.74-6.80 (m, 2H), 7.18-7.38
(m, 5H); 12C NMR (75 MHz, CDCl,) § 53.78, 54.82, 55.68, 114.35,
114.63, 116.33, 126.71, 126.80, 12846, 134.17, 139.25, 143.61,
151.53; IR (oil/NaCl) 3085, 2934, 2832, 1512 am~*; HRMS caled
for C1:HyNO m/z 253.1468, found 253.1453.

N-Allyl-N-methyl-3-methexyaniline (122): 68% yield; bp
83-87 °C, <4 mmHg; 'H NMR (300 MHz, CDCly) § 2.91 (s, SH),
3.76 (s, 3H), 3.88 (dt, J = 5.1, 1.8 Hz, 2H), 5.13 (dq,J = 10.8, L8
Hz, 1H),5.14 (dq, J = 17.1, 1.8 Hz, 1H), 5.82 (ddt,J = 17.1, 10.8,
§.1 Hz, 1H), 6.22-6.29 (m, 2H), 6.30-6.36 (m, 1H), 7.07-7.15 (m,
1H); C NMR (75 MHz, CDCly) § 37.96, 54.95, 55.16, 98.90, 101.09,
105.50, 116.01, 129.66, 133.66, 150.79, 160.65; IR (oil/NaCl) 3085,
2998, 2938, 2836, 1609, 1503 cm'; HRMS caled for CyyHyyNO
m/z 177.1154, found m/z 177.1156.

N-Ally)-N-benzyl-3-methoxyaniline (12b): 83% yield; bp
130-137 °C, <4 mmHg; *H NMR (300 MHz, CDC)) & 3.68 (s,
3H), 3.96 (dt,J = 4.8, 1.8 Hz, 2H), 4.50 (s, 2H), 5.16 (dq, J = 10.5,
1.8 Hz, 1H), 5.17 (dq, J = 17.1, 1.8 Hz, 1H), 5.85 (ddt, J = 17.1,
10.5, 4.8 Hz, 1H), 6.22-6.35 (m, 3H), 6.32 (ddd, J = 84, 21,08
Hz, 1H), 7.06 (t, J = 8.4 Hz, 1H), 7.17-7.31 (m, 5H); UC NMR
(75 MHz, CDC)y) $ 53.03, 53.89, 54.88,98.91,101.19, 105.46, 116.21,
128.46, 126.71, 128.48, 129.71, 133.50, 138.77, 150.26, 160.63; IR
(oil/NaCl) 3085, 3936, 2836, 1612, 1501, 1453 cmm~; HRMS caled
for C;sHnNO mvz 253.1468, found m/z 253.1465.

N-Allyl-N-isebutyl-3-methoxyaniline (12¢): 80% yield; bp
35-396 °C, <4 'H NMR (300 MHz, CDCly) $092 (d,J =
6.6 Hz, 6H), 2.06 (sept, J = 6.6 Hz, 1H), 3.06 (d, J = 7.2 Hz, 2H),
3.73 (s, 3H), 3.91 (dt, J = 4.8, 1.8 Hz, 2H), 5.09 (dq,/ = 16 8, 1.8
Hz, 1H), 5.10 (dq, J = 11.1, 1.8 Hz, 1H), 5.78 (ddt, J = 16.8, 11.1,
4.8 Hz, 1H), 6.18-6.32 (m, 3H), 7.04-7.11 (m, 1H); *C NMR (75§
MHz, CDClp) § 2033, 27.30, 53.96, 54.82, 58.93, 98.83, 100.27,
105.39, 115.82, 129.51, 133.82, 149.98, 160.58; IR (0il/NaCl) 2865,
2870, 2836, 1611, 1576, 1499 cm-'; HRMS caled for Cy HaNO
m/z 219.1624, found m/z 219.1634.

N-((E)-2-Hezen-1-yl)- N-methyl-4-methoxyaniline (15):
T3% yield; 'H NMR (300 MHz, CDCly) § 0.86 (t, J = 7.4 Hz, 3H),
1.96 (sext, J = 7.4 Hz, 2H), 1.98 (q, J = 7.4 Hz, 2H), 2.78 (s, 3H),
3.70 (s, 3H), 3.73 (bd, J = 5.4 Hz, 2H), 5.43 (dtt, J = 15.3, 5.7,
1.1 Hz, 1H), 5.56 (dtt, J = 18.3, 5.7, 1.1 Hz, 1H), 6.67-6.73 (m,
2H), 6.76-6.82 (m, 2H); “C NMR (75 MHz, CDCly) $ 13.46, 22.99,
34.22, 38.21, 55.41, §5.78, 114.41, 114.81, 125.66, 132.91, 144.55,
151.60; IR (oil/NaCl) 2957, 2932, 2872, 2832, 1620, 1562, 1464
can-’; HRMS caled for C;HaNO m/z 219.1624, found m/z
219.1618

N-((E)-2-Hezen-1-yl)-N-methyl-3-methoxyaniline (17):
72% yield; 'H NMR (300 MHz, CDCy) § 0.86 (t, J = 7.4 Hz, 3H),
1.36 (sext, J = 7.4 Hz, 2H), 1.98 (q, J = 7.4 Hz, 2H), 2.85 (s, 3H),
3.74 (s, 3H), 3.81 (dd, J = 5.4, 0.9 Hz, 2H), 5.42 (m, 1H), 5.5 (m,
1H), 6.21-6.28 (m, 2H), 6.31-6.36 (m, 1H). 7.09 (td, J = 8.0, 0.7
Hg, 1H); 2C NMR (75 MHz, CDCl,) § 13.48, 22.29, 34.20, 37.57,
54.41, 54.80, 98.91, 100.97, 106.58, 125.18, 129.55, 132.63, 150.88,
160.59; IR (oil/NaCl) 2959, 2872, 2836, 1607, 1503, 1456 cm-Y;
HRMS calcd for Ci¢HaNO m/z 219.1624, found m/z 219.1639.

General Method for the Lewis Acid-Promoted Rear-
rangement of N-Allyl-N-alkylanilines. The aniline (0.5-2.0
mmol, 1.0 equiv) and the catalyst (0.6-2.4 mmol, 1.2 equiv) were
sdded to dry xylenes or toluene (0.5 M relative to the aniline)
at-78 °C along with an internal standard of decalin. The reaction
was hested to the appropriate temperature and allowed to react
a8 described in the text. The reaction was then quenched at 0
‘beaddmd’-ls% mNaOH.olmndthm

Eug:mdmﬁhr) Yields for these reactions are provided
in

N-Methyl-2-allylaniline (Sa): 'H NMR (300 MHz, CDCly)
4§ 2.88 (s, 3H), 3.26 (bd, J = 6.1 Hz, 2H), 3.73 (bs, 1H), 5.08 (dq,
J = 16.7, 1.8 Hz, 1H), 5.10 (dq, J = 10.4, 1.8 Hz, 1H), 5.98 (ddt,
J =16.7, 104, 6.1 Hz, 1H), 6.63 (d, J = 8.2 Hz, 1H), 6.70 (td, J
=74, 1.1 Hz, 1H), 7.03 (dd, J = 7.4, 1.1 Hz, 1H), 7.12 (td, J =
7.4, 1.6 Hz, 1H); C (75.5 MHz, CDCly) $ 30.54, 36.21, 109.73,
115.97, 116.93, 123.39, 127.59, 12947, 135.95, 147.22; IR (oil/
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NaCl) 3438 (broad), 3075, 2978, 2804, 2815, 1634, 1605, 1514,
1466 cm~; HRMS caled for CgHisN m/z 147.1049, found m/z

147.0994.

N-Beazyl-2-allylaniline (5b): 'H NMR (300 MHz, CDCly)
$3.34 (bd, J = 6.3 Hz, 2H), 410 (bs, 1H), 4.34 (s, 2H), 5.07 (dq,
J =168, 1.7 Hz, 1H), 5.11 (dq, J = 10.5, 1.7 Hz, 1H), 5.95 (ddt,
J =168, 105, 6.3 Hz, 1H), 6.62 (d. J = 7.4 Hz, 1H), 6.70 (td, J
= 74,09 Hz, 1H), 7.06 (dd, J = 7.4, 12 Hz, 1H), 712 (td, J =
7.4, 1.2 Hz, 1H), 7.22-7.37 (m, 5H); ¥C NMR (75 MHz, CDCY)
$36.50,48.13,110.69,116.29, 117.34,123.49, 127.12, 127.35, 127.68,
128.57,129.78,135.93, 139.41, 146.11; IR (0il/NaCl) 3440 (broad),
3031, 2888, 2843, 1633, 1603, 1510 cmt; HRMS caled for CreHpN
m/z 223.1362, found m/z 223.1373.

N-Methyl-2-allyl-4- (11a): 'H NMR (300
MHz, CDCly) & 2.81 (s, 3H), 3.25 (dt, J = 6.0, 1.7 Hz, 2H), 3.37
(bs, 1H), 3.74 (s, 3H), 5.07 (dq, J = 17.1, 1.7 Hz, 1H), 5.12 (dq,
J =102, 1.7 Hz, 1H), 5.93 (ddt, J = 17.1, 102, 6.0 Hz, 1H), 6.58
(d,J =87 Hz, 1H), 6.70 (d, J = 3.0 Hz, 1H), 6.76 (dd, J = 8.7,
3.0 He, 1H); 3C NMR (75 MHz, CDCly) 3 31.37, 36.31, 55.70,
110.96, 112.02, 116.23, 116.50, 125.45, 135.76, 141.65, 151.81; IR
(oil/NaCl) 3422 (broad), 2938, 2832, 2808, 1638, 1514, 1464 cm;
HRMS caled for C;HyNO m/z 177.1154, found m/z 177.1161.

N-Benryl-2-allyl4-methexyaniline (11b): *H NMR (300
MHz, CDCly) § 3.29 (dt, J = 6.0, L5 Hz, 2H), 3.72 (s, 3H), 3.78
(bs, 1H), 4.28 (s, 2H), 5.06 (dq, J = 17.1, LS Hz, 1H), 5.1
J=10.5, 1.5 Hz, 1H), 5.94 (ddt, J = 17.1, 10.5, 6.0 Hz,
(d,J = 8.4 Hz, 1H), 6.67 (d, J = 3.0 Hz, 1H), 6.66-6.
7.21-7.37 (m, SH); °C NMR (75 MHz, CDCly &
$5.65,111.94,112.02,116.39, 116.55, 125.50, 127.06,
135.69, 139.67, 140.34, 151.93; IR (0il/NaCl) 3430
2938, 2832, 1636, 1509, 1466 cm*; HRMS caled
m/z 253.1468, found m/z 253.1468.
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(bs, 1H), 3.79 (s, 3H), 5.05 (dq, J = 16.8, LBH:. 1H),
J = 108, L8 Hz, 1H), 591 (ddt, J = 16.8, 10.8, 6.0
6.19-6.27 (m, 2H), 6.93 (d, J = 8.1 Hz, 1H); *C NMR (75 MHz,
CDCly) § 30.62, 35.69, 55.10, 97.189, 100.74, 115.79, 116.31,130.17,
136.53, 148.51, 159.83; IR (oil/NaCl) 3438 (broad), 3077, 2938,
2834, 2809, 1617, 1520 cm~; HRMS caled for Cy HiyNO my/z
177.1154, found m/z 177.1145.

N-Methyl-2-allyl-3-methoxyaniline (14a): *H NMR (300
MHz, CDCly) & 284 (s, 3H), 3.38 (dt, J = 6.0, 1.9 Hz, 2H), 3.78
(bs, 1H), 3.80 (s, 3H), 5.02 (dq, J = 17.4, 1.8 Hz, 1H), 5.03 (dq,
J = 9.3, 1.8 Hs, 1H), 588 (ddt, J = 17.4, 9.3, 6.0 Hz, 1H), 6.35
(d,J = 8.4 Hz, 1H), 638 (d, J = 8.4 Hz, 1H), 7.14 (t,J = 84 Hs,
1H); ¥C NMR (75 MHz, CDQYy) $ 27.90, 31.04, 55.78, 100.68,
103.68, 114.76, 125.90, 127.67, 136.05, 148.70, 157.60; IR (oil/
NaCl) 3438 (broad), 3077, 2939, 2836, 2815, 1601, 1591, 1478
an; HRMS caled for CyHNO my/z 177.1154, found m/2
1771142

N-Benzyl-2-allyl-S- (13b): 'H NMR (300
MHz, CDCly) § 3.25 (dt, J = 6.0, 1.8 Hz, 2H), 3.72 (s, 3H), 4.13
(bs, 1H), 4.31 (s, 2H), 5.05 (dq, J = 17.1, 1.8 Hz, 1H), 5.09 (dq,
J = 105, 1.8 Hz, 1H), 5.93 (ddt, J = 17.1, 10.5, 6.0 Hz, 1H),
6.19-6.27 (m, 2H), 6.95 (d, J = 8.1 Hz, 1H), 7.20-7.37 (m, SH);
uC NMR (75 MHz, CDC)y) & 35.82, 48.12, 55.04, 97.96, 10116,
115.95, 116.22, 127.15, 127.38, 128.57, 130.32, 136.41, 139.21,
147.22,159.68; IR (0il/NaCl) 3438 (broad), 3063, 2834, 1617, 1586,
1520, 1466 cio-4; HRMS caled for Cy1HisNO m/z 253.1468, found
m/z 253.1492

N-Benzyi-2-allyl-3-methoxyaniline (14b): 'H NMR (300
MHz, CDCly) & 3.42 (dt, J = 5.4, 1.8 Hz, 2H), 3.79 (s, 3H), 4.16
(bs, 1H), 4.34 (s, 2H), 5.01 (dq, J = 16.8, 1.8 Hz, 1H), 5.02 (dq,
J =110, 1.8 Hz, 1H), 5.89 (ddt, J = 16.8, 11.0, 5.4 Hz, 1H), 6.32
(bd, J = 8.4 Hz, 1H), 6.37 (bd, J = 8.4 Hz, 1H), 7.06 (t, J = 84
Hz, 1H), 7.21-7.36 (m, 5H); ¥C NMR (75 MHz, CDCly) § 28.02,
48.35, 55.77,100.81, 104.50, 114.97, 127.06, 127.30, 127.65, 128.55,
128.62,135.93,139.61, 147.43, 157.90; IR (0il/NaCl) 3440 (broad),
2936, 2836, 1634, 1599, 1476 cm-; HRMS caled for CrtHyyNO
m/z 253.1468, found m/z 253.1436.

N-Isobutyl-2-allyl-5- (13¢): *H NMR (300
MHz, CDCly) $0.98 (d, J = 6.7 Hz, 6H), 1.91 (nonet, J = 6.7 Hz,
1H), 291 (d, J = 6.7 He, 2H), 3.2¢ (dt, J = 6.3, 1.8 Hz, 2H), 3.79
(s, 3H), 3.83 (bs, 1H), 5.06-5.16 (m, 2H), 5.93 (ddt,J = 1.7, 9.6,
6.3 Hz, 1H), 6.17-6.24 (m, 2H), 6.94 (d,J = 8.1 Hz, 1H); “"C NMR

Bebolz and Stille

(75 MHz, CDCly) § 20.58, 27.84, 36.14, 51.59, 56.12, 97.42, 10043,
115.88, 116.08, 130.33, 136.82, 147.74, 159.79; IR (oil/NaCl) 3432
(broad), 3079, 2857, 2870, 2834, 1617, 1588, 1520 cm~; HRMS
caled for C, (HaNO m/z 219.1624, found m/z 219.1641.

N-Isobutyl-2-allyl-3-methoxyaniline (14¢c): *H NMR (300
MHz, CDCl) $0.97 (d, J = 6.6 Hz, 6H), 1.99 (nonet, J = 6.6 Hs,
1H), 2.92 (d, J = 6.6 Hz, 2H), 3.39 (dt, J = 5.7, 1.8 Hz, 2H), 379
(s, 3H), 3.83 (bs, 1H), 5.03 (dq, / = 10.8, 1.8 Hz, 1H), 5.06 (dq,
J = 16.8, 1.8 Hz, 1H), 5.88 (ddt, J = 16.8, 10.8, 5.7 Hz, 1H), 6.31
(d,J = 82 Hz, 1H), 6.33 (d,J/ = 82 Hz, 1H), 7.09 (t, J/ = 82 Hs,
1H); C NMR (75 MHz, CDCly) § 20.57, 28.00, 28.18, 5189, 55.76,
100.17, 104.03, 110.84, 114.91, 127.58, 136.30, 147.90, 157.67; IR
(0il/NaCD) 3430 (broad), 3076, 2959, 2870, 2836, 1635, 1601, 1476
cml; HRMS caled for C,(HaNO m/z 219.1624, found m/z
219.1622.

N-Methyl-2-(1-bezen-3-yi)4-methoxyaniline (16): *H NMR
(300 MHz, CDCly) 8 092 (t, J = 7.4 Hz, 3H), L.22-1.48 (m, 2H),
1.62-1.81 (m, 2H), 2.80 (s, SH), 3.26 (bq, J = 7.4 Hz, 2H), 3.47
(bs, 1H), 3.75 (s, 3H), 5.02 (dt, J = 17.1, L4 Hz, 1H), 5.06 (dt,
J = 102, 1.4 Hz, 1H), 5.81 (ddd, J = 17.1, 10.2, 7.4 Hz, 1H),
6.57-6.66 (m, 1H), 6.71-6.76 (m, 2H); 13C NMR (75 MHz, CDCl)
§ 14.03, 20.65, 31.54, 35.52, 43.50, 55.61, 111.10, 111.38, 114.24,
114.49, 129.87, 141.09, 141.35, 152.04; IR (oill/NaCl) 3413 (m-
broad), 3077, 2957, 2872, 2832, 2809, 1647, 1510, 1458 cm; HRMS
caled for C HuNO m/z 219.1624, found m/z 219.1487.

N-Methyl-3-(1-hezen-3-y1)-5-methoxyaniline (18) 'H NMR
(300 MHzx, CDCly) § 0.92 (¢, J = 7.4, SH), 1.21-148 (m, 2H),
1.62-1.81 (m, 2H), 2.82 (s, 3H), 3.15 (bq, / = 7.4 Hs, 1H), 3.7
(s, 3H), 3.87 (bs, 1H), 5.01 (dt, J = 17.7, 1.4 Hz, 1H), 5.06 (dt,
J = 10.5, 1.4 Hz, 1H), 5.81 (ddd, J = 17.7, 10.5, 7.4 Hz, 1H), 6.22
(d,J =24 Hze 1H), 628 (dd,J = 84,24 Hz,1H), 698 d,J =
8.4 Hz, 1H); 2C NMR (75 MHz, CDCly) § 14.09, 20.75, 30.80,
35.48, 43.19, 55.04, 97.49, 100.92, 114.13, 120.41, 127.59, 141.76,
148.28, 159.31; IR (oil/NaCD) 3438 (broad), 3077, 2958, 2930, 2872,
2836, 2807, 1615, 1586, 1463 em-'; HRMS caled for Co,HaNO
m/z 219.1624, found m/z 219.1650.

N-Methyl-2-(1-hexen-3-y1)-3-methoxyaniline (19): *H NMR
(300 MHz, CDCly) $0.87 (t, J = 7.2 Hz, 3H), L.07-1.37 (m, 2H),
1.70-1.89 (m, 2H), 2.77 (s, 3H), 3.77 (s, 3H), 3.98-4.17 (m, 2H),
5.07 (dt, J = 6.6, 2.4 Hz, 1H), 5.12 (d, J = 2.4 Hz, 1H), 6.11 (m,
1H), 6.30 (bd, J = 81 Hz, 2H), 6.37 (bd, J = 8.1 Hz, 1H), 7.10
(t.J = 8.1 Hz, 1H); ¥C NMR (75 MHz, CDCly) § 1418, 2111,
31.06, 32.49, 37.58, 55.78, 100.89, 104.45, 113.37, 114.28, 127.58,
141.64, 148.91, 158.10; IR (oill/NaCD) 3426 (broad), 2919, 2848,
1588, 1476 cma-}; HRMS calcd for Cy(Hn NO myz 219.1624, found
m/z 219.1635.

N-Methyl-4-((E)-2-hexon-1-yl)-3-methoxyaniline (20): 'H
NMR (300 MHz, CDCly) $ 0.88 (t, J = 7.4 Hz, 3H), 1.37 (sext,
J-74H=.2H).L97(bq,.l-74l-lz.zm 2.32 (s, 3H), 320 (4,

J = 7.4 Hz, 2H), 3.62 (bs, 1H), 3.79 (s, 3H), 543 (dtt, J = 15.0,
6.5, 1.4 Hz, 1H), 555 (dtt, J -15.0.5-5.1. Hz, 1H), 6.13-6.90
(m, 2H), 6.94 (d, J = 7.8 Hz, 1H); ¥C NMR (75 MHz, CDCly) §

13.89,22.69, 31.03,32.21, 34.66,55.25, 96.26, 104.09,118.56,129.18,
130.07, 130.70, 149.08, 158.03; IR (0il/NaCl) 3413 (broad), 2957,
2930, 2872, 2836, 1618, 1516, 1464 cm.
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Aza-Annulation as a Route To Hydroxylated Alkaloid Lipids.
The Synthesis of (+)-Prosopinine.

Gregory R. Cook, Lars G. Beholz, and John R. Stille*
Department of Chemistry, Michigan State University, East Lansing, MI 48824-1322

Abstract: The total synthesis of (+)-prosopinine is described. Aza-annulation was used to generate the
six-membered nitrogen heterocycle, stereochemical conuwrol was achieved through the use of the é-lactam
template. and homologation of the lactam introduced the alkyl chain substituent on the piperidine ring.

Prosopinine (1) and prosophylline (3) arc naturally occurring alkaloids isolated from the leaves of the
African mimosa Prosopis africana Taub. These intriguing molecules possess a variety of antibiotic and
anesthetic propertics due to the blend of physiologically important structural features.! The polar head group of
this class of lipids consists of a piperidine ring with similarities to the alkaloid deoxynorjirimycin (5). a potent
a-glucosidase inhibitor with demonstrated antitumor activity and inhibition of syncytia formation in HIV-1.2
Each of these compounds. in umn. have hydroxyl functionality with the same stereochemistry found at C-4 and
C-6 of glucose (6). The il portion of naturally occurring 1 and 3 produces a striking resemblance to the
membrane lipid sphingosine (7). Previous synthetic efforts directed toward the preparation of Prosopis
alkaloids have resulted in the synthesis of desoxoprosopinine (2),3 prosophylline (3),* and
desoxoprosophylline (4).32.3b.3¢

1: X= «OH HO,, OH
H
Me \_)k/\/\/\/\.o‘ N OH : o (o] o

Our approach to the synthesis of prosopinine involved five phases. Of initial importance was the
construction of the six-membered nitrogen heterocycle, which involved the synthesis of the corresponding 8-
lactam with the use of recently developed aza-annulation methodology.5 Once prepared, this versatile 5-lactam
intermediate served as a framework for the introduction of the correct relative stereochemistry of the -OH and
-CH20R substituents. The third phase of the synthesis addressed the homologation nccessary for the
stereochemically controlled transformation of the lactam carbonyl to the alkyl chain substituent. The
preparation of the tail portion, and subsequent Wittig coupling of this fragment with the hydroxylated
piperidine head group, completed the synthesis.

1669



103

1670

The first facet of this synthesis. the construction of the six-membered nitrogen heterocycle, was
accomplished through aza-annulation methodology for the formation of 10 (Scheme I). Deprotonation and
ethoxycarboxylation of 8 generated 9, the substrate required for the two step annulation procedure. Conjugate
addition of BaNH3 to 9 produced the corresponding f-enamino ester intermediate, which led to the formation
of 10 when treated with acrylic anhydride. Analogous use of acryloyl chloride was less effective for the
transformation of 9 to 10 (35%).

Scheme L. Synthesis and Use of The 5-Lactam Template for The Formation of 14.

. coet ) BN,
) nBuLi #) Acrylc PAC. 1 atm H,
ll nocoE | Anhydride [ 98  NecO, EIOH Okt
L —_— —_— e 0Bn e OBn
oBn  (88%) oBn (62%) & 10 (80%) 8 11
) 9 (trans:cis, 2:>98)
1) NEt3, o
m-CPBA 1) KOH, Ho0
2) DBU. n .-JLM, CF3COH wOA (%) «0Bn
OBn OBn  2) KOH, BnBr OBn
(o) N o] N ’ (o) N
(61%) B 12 (56%) B 13 ) B 14
(trans:cis, 83:17) (trans:cis, >99:1)

The 5-lactam template provided a means through which the relative stereochemistry of the ring
substituents could be controlled in the next stage of this synthesis. Catalytic hydrogenation of 10 was
performed in the presence of NaaCO3, which prevented the deprotection of the hydroxyl group, to
stereoselectively give the reduced §-lactam 11.6 Transformation of 11 to 12 was accomplished through the
use of MeMgBr/NEt3,7 and base catalyzed epimerization at the position a to the ketone produced an
equilibrium 83:17 trans:cis ratio of 12. The subsequent Bacyer-Villiger oxidation produced only the trans
isomer 13 under these conditions, with efficiency of the reaction directly proportional to the original trans:cis
ratio of 12.8 Hydrolysis of the acetyl group, followed by benzyl protection of the resultant hydroxyl group,
gave 14.

Scheme II. Homologation of The Lactam Carbonyl.

Lawesson's
m Reagent «08n E10,CCH,Br #08n
—————
08n OBn E10,C OBn
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———————— —————————
EOL o\, 0Bn Ho NSy 0Bn

(88%) (87%) )

1
(>90:10) Bn 97 Br 18




104

1671

The next segment of this synthesis centered around the homologation of the lactam carbonyl in a
stercosclective manner that would accommodate subsequent elaboration of the molecule (Scheme II).
Conversion of 14 to the thiolactam 15,9 followed by alkylation and Eschenmoser contraction,!0 gave the
vinylogous carbamate 16. Hydride reduction selectively produced 17, with the stereochemical configuration
of 1 rather than 3, and LiAlH4 reduction of the ester functionality gave 18.

Preparation of the phosphonium salt 24, required for Wittig coupling with the aldehyde derived from 18,
is illustrated in Scheme 1. Monobromination of 19 produced 20,!! which was oxidized to the corresponding
aldehyde, 21. Addition of EtMgBr, followed by oxidation gave 22, which was subsequently protected as
dioxolane 23. Treatment with PPh3 resulted in generation of the corresponding phosphonium salt 24.

Scheme IT. Synthetic Preparation of the Aliphatic Wittig Reagent.

1) i. EtMgBr, ii. H4O"*
PCC
oo e e e e 2
19 (56%) 20 (74%) 21 (76%)
HOCH,CH,0H
P
R T T R T i A T s
© (72%) \—/ —/
22 23 24

Extension of the aliphatic chain was performed by Swern oxidation of 18 o 25, followed by Wittig
olefination to give 26 as an 85:15 mixture of cis and trans isomeric alkenes, respectively. The synthesis of
prosopinine was completed by deprotection of the carbonyl followed by hydrogenation of the alkene with
concomitant removal of the benzyl protecting groups to give 1in 3% overall yield from 8.12

Scheme IV. Witig Homologation to Attach the Aliphatic Chain.

DMSO, (COCl),
«08n NE‘,@ +OBn 24, n-BuLi
HO N\ Sy O8n OHC Ny 0Bn
) ) (55% from 18)
Bn 18 Bn 25
OBn
w
ogn 1 HOLHO o o
Me” D % NN Mo A A~~~ N OH
ouo ' 2) H,, Pd/C, HC!I H
26 1

(90%)



1672

105

Acknowledgment. This project was supported initially by BRSG Grant #2-S07 RR07049-15

awarded by the Biomcdical Rescarch Support Grant Program, Division of Research Resources, National
Institutes of Health. Support from the National Institutes of Health (GM44163) is gratefully acknowledged.
GRC acknowledges BASF Corporation for a Graduate Research Fellowship.

REFERENCES AND NOTES

L.

t9

7.
8.
9.
10.

1.

(a) Ratle, G.: Monseur, X.; Das, B.; Yassi. J.; Khuong-Huu, Q.: Goutarel, R. Bull. Soc. Chim. Fr.
1966, 2945, (CA 66:18779h]. (b) Bourrinet, P.; Quevauviller, A. C. R Soc. Biol 1968. 162, 1138,
[CA 70:95233k]. (c) Fr. Patent; FR 1524395 [CA 71:91733w]. (d) Bourrinet, P.; Quevauviller, A.
Ann. Pharm. Fr. 1968, 26, 787, [CA 71:29012g]. (e) Khuong-Huu, Q.; Rate. G.;: Monseur, X.:
Goutarcl, R. Bull. Soc. Chim. Belges 1972, 81, 425. (f) Khuong-Huu, Q.; Ratde, G.; Monseur, X.;
Gouuarel, R. Bull. Soc. Chim. Beiges 1972, 81, 443.

For information on nojirimycin and related hydroxylated piperidines, see the following articles and the
references cited within: (a) van den Brock. L. A. G. M.; Vermaas, D. J.; Heskamp, B. M.; van Boeckel.
C. A. A, Tan, M. C. A. A Bolscher. J. G. M.; Ploegh, H. L.; van Kemenade, F. J.; de Goede, R. E.
Y.: Miedema, F. Recl. Trav. Chim. Pays-Bas 1993, 112, 82. (b) Fairbanks, A. J.; Carpenter, N. C_;
Fleet, G. W. J.; Ramsden. N. G.: de Bello, 1. C.; Winchester, B. G.; Al-Daher, S. S.; Nagahashi, G.
Tetrahedron 1992, 48, 3365. (c) Fleet, G. W. J.; Fellows, L. E.; Winchester, B. Plagiarizing Plants:
Aminosugars as a Classs of Glycosidase Inhibitors, In: Bioactive Compounds from Plants. p 112-125,
Wiley, Chichester (Ciba Foundation Symposium 154) 1990. (d) Legler, G. Adv. in Carbohydr. Chem.
and Biochem. 1990. 48, 319.

(a) Saitoh. Y.; Moriyama. Y.; Takahashi, T. Tetrahedron Lesnt. 1980, 21.75. (b) Saitoh, Y.; Moriyama,
Y.; Hirota, H.; Takahashi, T.. Khuong-Huu, Q. Bull. Chem. Soc. Jpn. 1981. 54, 488. (c) Holmes, A.
B.. Thompson, J.;. Baxter, A. J. G.; Dixon, J. J. Chem. Soc., Chem. Commun. 198S, 37. (d)
Ciufolini, M. A.; Hermann, C. W.; Whiumire, K. H.; Bymne, N. E. J. Am. Chem. Soc. 1989, /11,
3473. (¢) Tadano. K.: Takao, K.: Nigawara, Y.; Nishino, E.; Takagi, L.; Maeda, K.; Ogawa Synlers
1993, 565.

Natsume. M.; Ogawa, M. Hererocycles 1981, 16, 973.

(a) Paulvannan, K.; Stille, J. R. J. Org. Chem. 1992, 57, 5319. (b) Paulvannan, K.; Schwarz, J. B.;
Stille, J. R. Tetrahedron Lent. 1993. 34, 215. (c) Paulvannan, K_; Stille, J. R. Tetrghedron Le:t.
1993, 34, 6673.

(a) Barth, W.; Paquette. L. A. J. Org. Chem. 1985, 50, 2438. (b) Kazmierczak, F.; Helquist, P. J.
Org. Chem. 1989, 54, 3988.

Kikkawa, L.: Yorifugi. T. Synthesis 1980, 877.

Canan Koch, S. S.; Chamberlin. R. Synth. Commun. 1989, 19, 829.

Jain, S.; Sujatha, K.; Rama Krshna. K. V.; Roy. R.; Singh, J.; Anand, N. Terrahedron 1992, 48.
4985.

(a) Hart, D. J.; Kanai. K. J. Am. Chem. Soc. 1983, 105, 1255. (b) Hart, D. J.; Hong, W.-P.; Hsu,
L.-Y. J. Org. Chem. 1987, 52, 4665.

Kang, S.-K.; Kim, W.-S_; Moon, B.-H. Synthesis, 198S, 1161.

12. The physical data for 1 were consistent with those reported for 1 and 2,1-34 and were as follows: |H

NMR (500 MHz, CDCI3) 5 1.05 (1, J = 7.3 Hz, 3 H), 1.23-1.41 (m, 13 H), 1.44-1.61 (m. 5 H), 1.66
(m, 1 H), 1.74 (m, 1 H). 2.07 (bs. 3 H), 2.39 (. / = 7.5 Hz, 2 H), 2.41 (q, / = 7.3 Hz, 2 H), 2.76 (m,
1 H), 2.87 (dt. 7 = 5.5, 7.7 Hz. 1 H), 3.53 (ddd. J = 4.0, 5.6, 6.9 Hz. 1 H), 3.61 (dd. J = 5.4, 10.5 Hz,
1 H), 3.65 (dd. J = 7.8, 10.5 Hz, 1 H); 13C NMR (75.5 MHz. CDCI3) 5 7.8, 23.9, 26.3, 27.4, 28.6.
29.2, 29.3, 29.4, 29.6. 33.9, 35.8, 42.4, 49.7, S8.1, 62.3, 68.1. 212.0.

(Received in USA 29 November 1993; revised 5 January 1994; accepted 11 January 1994)
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Construction of Hydroxylated Alkaloids (+)-Mannonolactam,
(+)-Deoxymannojirimycin, and (+)-Prosopinine through
Aza-Annulation

Gregory R. Cook, Lars G. Beholz, and John R. Stille®
Depertment of Chemistry, Michigan State University, East Lansing, Michigen 48834-1322
Received February 1, 199¢%

‘The aza-ennulation of S-enamino carbonyl substrates with acrylats derivatives provides an efficient
and convenient route for the regioselective construction of é-lactams. This two-ste~ ring-forming
ssquence involved initial generation of the benzyl enamine through either a condensatic o or conjugate
mmmmm.tawwmmmmm«mm

as a valuable i
t.h-&-hcunm:homﬂy

occurring b
ycin, while synthesis of the alkaloid (+)-prosopinine was accomplished through

deoxymannojirim;
bhomologation of the lactam carbonyl

Intreduction

Hydroxylated piperidine alkaloids are found frequently
in living systems,! and the wide range of potent physi-
ological effects stems from their ability to mimic carbo-
hydrate substrates in 2 variety of enzymatic processes.?

Plentx: i a8 a Class of Glycosidase
Compounds from Wiley: Chichestar (Cibs Foundation Symposium
:s&ﬁgxwxuto)uc.amw Biochem.

(3) &) Sharon, N; Lis. H. Sci. Am. 1933, 268. 82. (b) Sharcn. N.: Lis,
as«.mua.m.m (¢) Kariason, K.-A. Trends Pharm. Sci. 1991,

12, 288.
(4) Ibsin. A. D. Ann. Rev. Biochem. 1987, 56. 497.

Chart !
m:m "‘M
. & Sphingosine N
1: D-Giucoss
oH
o ]
N b
Deoxynojsmycn 7: XaO: p-: Proscpinine & XaMM: B-H
x & XaO; at: Proscoiine  10: XeHJt aH
oM
OH
OH Me. N O
3: D-Mannoss 11: Micropine Mo
OH . .
mﬁ:‘w “M{\/(\’C
X : ;“
&: X H: Deoxymannciriewycin 12 Ra <COMs: Prossiitrene
$: XaO; D-Mannonoisctam 13 Re -CHyCOMs; Cassine

]

0 : “Me
18: R = CO;H: Carpamic Acid
10:R » (CHy)sCOMS; Spactaling
mannosidase and a-D-glucosidase.* The piperidine al-
kaloid 2 has exhibited selective inhibition of a-glucosidases
1 and II without effective inhibition of a-manncsidase,2’
and this glucose analog has potential for use in the therapy

14: Fucose

0022-3263/xx/1900-0001$04.50/0  © xxxx American Chemical Society
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of diabetes mellitus, hypertipoproteinemia. cancer, and
arthritis.® Interestingly, when compered to 2, synthetic
derivatives such as N-butyl-2 and N-decyl-2 show pro-
ounced antiviral activity tk b inhibition of .
formation in HIV.1.2

aliphatic appendages, such as the Prosopis (7 and 8) and
Cassia alkaloids (12, 13, 15, and 16), have also been

m“ummydwm

end of the molecule is the polar head group with a
configuration of hydroxyl substituents similar to that
found in 2 and 4, while a lipophilic tail portion resembies
that of the membrane lipid sphingosine (6). Similar
mixtures of alkyl chain “tail” and carbohydrate “head”
structural festures are found in penaresidines A and B,
which display potent ATPase-ectivating properties, and
BAY R 1005, which shows promise for immunization of
petients with defective T-lymphocytes such as patients
with AIDS.22 In each of these molecules, the alkyl chain

L and bypotensive effects).

(1)) Fr. Par FR 15«3’6: Chem. Abstr. 1969, 71, 91733w. (b)
Bouwrrinet, P.; Queveuviller, A. Ann. Pharm. Fr. 1968, 26. T87: Chem.
Abstr. 1969, 71 29012¢. (¢) Bourrinet., P Quevauviller. A. C. R. Soc. Biol
1968, 162, 113& Chem. Abstr. 1969, 1ossm&

(12) o) Penaresidine A and &KMJ-MJ-F-M
M. Wilchli, M. R.: Yamamura, S.; Obizumi. Y. J. Chem. Soc.. Periun
Trana. 1 1981, 1135. (b) BAY R 1005: Lockbof?. O. Angew. Chem.. Int.
Ed. Engl. 1991, 20, 1611.
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Scheme 1. Geseral Appresch for Fermation of
$-Lactams by Aza-Annuistion/Hydrogsnatiea

"J.ﬁ""rg;f'

Scheme 2. Heterocyele Fermation threugh
Ceajugats Additien/Aza-Ansulatien®

O O
O o

* Reagents and coaditions: (a) (i) BaNH,, Cele. 1t, (i) acryloyl
chioride, THF, 08 °C (53% ); (b) 3 atm of Hy, PAC, EXOH (98%); (¢)
(i) NeOH, H20, (i) HCL, HsO (90%); (d) (i) DPPA, NI, ¢-BuOH,
(i) HCL, (iii) NeOH. B0 (24%).

ents in the generation of 17.¥ From this versatile
intermediate, the naturally occurring alkaloids (&)-man-
nonolactam (5), (+)-deoxymannojirimycin (4), and (%)-
prosopinine (7) were prepared.

Results and Discussiea
wnnobmn T‘hemoolhtmoduw

selectivity
of the aza-annulation reaction (Scheme 1; Y = Me, OE?).13
However, several key transformations were required to
adapt this methodology to the synthesis of hydroxylated
alkaloids. Of initial importance was the need for additional
methods of enamine preparation that were compatible
with the subsequent azs-annulation reaction. In conjunc-
tion with these studies, aza-annulation was explored as a
route to 19 in which R » Me, followed by subsequent
sterecselective introduction of the C-5 substituent. In
addition, methods for conversion of the C-4 carbonmyl
substituent to a hydroxyl group and bomologation of the
resulting lactam carbonyl were required.
One approach to the desired é-lactam products involved
the combination of three fragments, an acetylenic ester,
amymcndmwyhudmmwpndm

A variety of reagents, which included MeyCuCNLi;, Mey-
CuCNLiyBFy-OEt,, Me;CuBrLi;, and MeCu-BF;, were
employed for possible introduction of a methyl substituent

(lJ)llelv-‘lLSnth& W.Mlmﬂ.m!.(b)
Pauivennan. K. Sd-u 5
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Hydroxylated Alkaloids through Aza-Annuistion
Scheme 3. Fermatios and Oxidatien of 27¢

DATE: 04/22/9%4

J. Org. Chem. C
Scheme 4. Formatisa and Oxidatien of 31°

;«.ér'—«c.i*-‘-«f‘ R ff.i.,,

(-]
QAc
Me (4
Jog L
) o 2
* Reagents and eonditicns: (a) (i) HyO, TsOH, CeH,, (ii) BaNH,,

Cel,. 80 °C, (i) acryioyl chioride, THF. 68 °C (23%); (b) 1 atm of
Hy, P&/C, EXOH (87%); (c) CFsCOsH, m-CPBA (89%).

8 to the ester, but conjugate addition to the vinylogous
carbamate 21 was not observed.!®

In order to explore modification of the carboxyl sub-
mau.znuuwwmm»

Attempts st oxidative decarboxylation with the use of
established methods were not successful for selective
introduction of the C-4 hydroxyl due to the formation of
complex product mixtures. However, a similar oxidative
procedure for introduction of an amino group resuited in
partial success. Treatment of 23 with DPPA/NEY, in
t-BuOH, followed by hydrolysis of the intermediate tert-
butylcarbamate, provided amine 24 in low yield.!” Op-
timization of this transformation was not pursued.

Related studies were performed with the corresponding
methyl ketone derivative 26 (Scheme 3). Hydrolysis of 25
produced the corresponding aldehyde, which was con-
densed with BaNH; and treated with acryloyl chloride to
give 26. The lowyield obtained for this three-step process
resulted from self-condensation of the intermediate al-
dehyde. As found for 21, conjugate addition of nucleo-
philes to vinylogous imide 26 did not proceed under
established conditions.!* Baeyer-Villiger oxidation of 27
t028 generated very promising results for the introduction
of an oxygen substituent at C-4.!* However, the inability
to introduce substituents at the position 8 to the ester or
ketone group required that the C-5 substituent be in place
prior to aza-annulation.

As previously reported. ¥ 29 was condensed with BaNH,

(MeyCuCNLiy) Dodd. D. Tetrahedron
mnau.n.m«m«wuom Dnbb-ch.c
1989, F Syndlmnl!l‘lm(d)
(MeCu-BFy) Yamamoto, Y.; Yms Yatagai. H.; Ishihara, Y.;
K. J. Org. Chem. 1982, 47, 119. (e) (MeyCuCNLiy) Lipahutz.
B.li..thhh.!LS. Floyd. D. M. J. Am. Chem. Soc. 1381, 103. 7672
tmu) Fang, F. G Denishefsky, S. J. T

(
la.(bbwihn.s-&;DiGnndLM.J.J Org. Chem. 1991, 56. 4766. (c)
i H.: Yameda. S. J. Org. Chemn. 1988, S0, 2489. (d) Baxter. A.
J.G:Holmes. A B.J. Chem. Soc., Perkin Trans. [ 1977, 2343 (¢) Narasaki,

T.: Guédin-Vuong. D. J. Am. Chem. Soc.

E

--.m

* Reagents and conditicns: (a) ( DBINH;C‘H‘.U'C.(IDBVHII
chioride. THF. 88 °C (94%); (b) 1 atm of Hy, Pd/C, NayCO,, EtOH
gl:r (c) DBU; (d) CF;COyH, m-CPBA (45%); (o) NeOH, H,0

4% ).

Scheme S. Homelegation of the Lactam Carbeayl*

LT ’-_I.I”

l

/f“c:r“

* Reagents and conditions: (a) Laweasca's reagent (90% ): (b) Mel;
(e (i) Prugar (ii) NaBH,, (72% from 34); (d) (i) BaOCH4CmCLi,
(ii) NaBH, (45%) from 34).

responding aza-annulation product 30, and catalytic
hydrogenation generated 31 as a 10:90 mixture of trans
and cis isomers (Scheme 4).}* In order to access alkaloids
12 and 16, a variety of conditions were used to affect the
desired Baeyer-Villiger oxidation of cis-31.1* However,
32 was the only acetate derivative generated under these
conditions. Epimerization of 31, by treatment with DBU,
generated an equilibrium ratio of trans/cis isomeric
products (76:24), and oxidation of this predominantly trans
substrate mixture resulted in the formation of 32 in 45%
yield. When compared to the successful oxidation of 27,
steric constraints imposed by the cis methyl substituent
prevented efficient Baeyer-Villiger oxidation of cis-31,
while trans-31 was transformed to the corresponding ester.
Hydrolysis of the acetate resulted in deprotection of the
hydroxyl group to generate 33.

The final stage of method development focused on
homologation of the lactam carbonyl, which was necessary
mwduwwhmhunuumawthodhhd
portion of these molecules. Initial studies of lactam
carbonyl homologation were performed with 22 (Scheme
5). Lawesson's reagent provided an extremely efficient
method for the transformation of 22 to thiolactam 34, and
subsequent S-methylation generated the corresponding
imidate salt 35.° Treatment of 35 with a carbon nucleo-
phile, to generate the intermediate iminium species,

(19) be addition of NayCO, produced opti s
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Scheme 6. Hemologation of 3%

A

————— *
[ S - o
NOBMCI, pH 40 ) .
Hy, 10% POC 18 -
NayCO,

* Reagents and cenditions: (a) Lawesson's reagent ($9%); (b) (D
B0y CCHgBe, (ii) NEte, PPhe (79%).

IMMMH.MMNMUQMM
homologstion of this system. With the use of PrMgBr,
the reaction conditions resulted in formation of 36 as the
only reaction product. In contrast, the addition of an
mtylidcfdb'dbyuumvithNaB}Lmﬂ-
263:37 ratio of diastereomers in 45% yield, with the balance
of the substrate convertad to 36.2 Unfortunately, exten-
dmdthimﬁhodnbowthhnohpﬁmdﬂum&yl-

An alternative route for carbonyl homologation of 38a
was explared through the Eschenmoser contraction/sulfide
extrusion procedure.2 Thiolactam formation of 38b and
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anasie, 299) Menasie, 7228)
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Manais, >65:1)

* Reagents and conditions: (a) (i) BuLi, (ii) CICOsEL, (88%); (b)
(i) BaNH,, THF, 88 °C, (ii) acrylic ankydride, THYF, 88 °C (62% )
(©) 1 stn of He, PA/C, NagCOs, EtOH (80% ); (d) NE2q, MeMgBr: (o)
DBU (63%, 2steps from 45); () CFyCOsH, m-CPBA (85% ): (9) KOH.,
HeO (85%); (h) KOH, BaBr (84%).

different substrates for enamine formation were used. The

formation (35% yield). Catalytic hydrogenation of 44 in
the presence of Na;yCO; stereoselectively generated 45
without deprotection of the hydroxyl group,'® and treat-
ment with NEt; followed by MeMgBr gave the cor-

17.
An alternative route to 17 involved condensation of
BaNH; with tetronic acid (48) to form the required
S-enamino ester intermediate (Scheme 8). Subsequent
aza-annulation with acrylic anhydride (71%) or acryloyl
chioride (70% ) resulted in formation of the corresponding
S-lactam 49. Catalytic hydrogenation generated the cis-
fused bicyclic system 50, and conversion of the lactone to
methyl ketone 51 (2:>98, trans/cis) was performed under
the same conditions used for the transformation of 45 to
46. Benzylation of the hydroxyl group under besic
conditions resulted in formation of an equilibrium mixture

“g.wu.c.n.:mx.a.-sah.&&rmmm. 1954, 35,

(25) nalogous acylation of 42 with acetyi chioride, followed by comjugats
sddition of BaNH; in an attsmpt to access 46 by a more direct routs,
generated a mixture of both pessible S-enamino ketooe regicisomers.
(26) ikkawa, L; Yorifuji. T. Synthesis 1900, 877.
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Hydroxylated Alkaloids through Aza-Annulation
’ Scheme 8. Conversioa of 48 to 46*

=L

unaxis, 298) unsxie, §0:20)

* Resgents and conditions: (a) (i) BaNH,, CeHe, 80 °C, (i) scrylic
anhydride, THF, 68 °C (T1% ) (®) 1 stm of Hy, PA/C, NagCO», BROH
(83%); (¢) NExg, MaMigBr (27%); (d) KOH, BaBr (7T1%).

Scheme 9. Syuhdldbuu—m (1Y)
and Manselactam (85)*

m.,o:_‘:m-

o = ® =

/ .

peepeet peot

* Reagents and conditions: (s) (i) LDA, (ii) PhSeCl, (iii) NalO,
(78%); (b) OeO¢ NMO (4% ); () LVNH, (4% ): (d) (i) LiAlH,, (i)
NsOH. H/O (>98%); (¢) 1 stm of Hy, Pd/C. MeOH (52%).

of 46 (80:20, trans/cis). Although methods for a more
efficient transformation of 50 to §1 were not fully pursued,
this synthetic scheme provided an alternative route to 46,
and ultimately to 17.

(+)-Mannonolactam (5) and (+)-Deoxymannojiri-
myein (4). The conversion of 17 to the tetrahydroxylated
derivatives 4 and 5 was accomplished by introduction of
the cis hydroxyl substituents through OsO, dihydroxyl-
ation (Scheme 9). Treatment of the anion of 17 with
PhSeC], followed by periodate oxidation and elimination
of selenic acid, produced the a.8-unsaturated species 52.7
Dihydroxylation gave 53, which was used for the syntheses
of both 4 and 5.3 Removal of the benzyl protecting groups
from 53 generated 5 in 44 % yield after recrystailization.®
Stepwise reduction of the lactam carbonyl followed by
deprotection with catalytic hydrogenation gave 4 in 52%
yield, and white crystalline material was obtained in 33%
yield after recrystallization. ® Overall, the syntheses of 4
and 5 were both achieved in 3% overall yield from 42.

(+)-Prosopinine. Two representative Prosopis alke-
loids, 7 and 8, isolated from the leaves of the African

(2D o) Clive. D. L. J. Tetrahedron 1978, 3¢, 1049. (b) Reich, H. J. Ace.
Chem. Res. 1979, 12, 22,

(28) o) Nishiyama. S Yamamura. S.: K.:thdn.)l.l-l-*
K. Tetrahedron Lett. 1991, 32, 6753. (b) . Varkados, M.;
Auvin, S:; Le Goffic, F. Tcu-'ndnnuu. 1987, 28, .'-36.

(29) be physical deta with those d: Flost,
G. W. J.. Ramsden, N. G Wlﬂ! D. KTMI”’ €S, 319.

(30) be physical data for
G. W. J.; Rameden, N. G.; Witty, D. &TMI.!.“.:?I
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Schems 16. Hemelogatioa of 17¢

® %0 o
o Xa8
@ ﬂwm
S -
NaBHON, SH 40 »00 0 e
H. 10% POC « Y
"

* Reagents and cenditicas: (a) Lowessea's reagant (4% ): () ()
BtOyCCHeBe, (i) NE2o, PPhy B1%).

mimosa Prosopis africana Taub® differ only in the
stereochemistry of the carbon at which the alkyl chain
and the hetsrocycle are connected. Although thesynthesis
of 7 has not been reported, synthetic efforts have resuited
in the construction of desazoprosopinine (9),3

uring bomologation of the lactam. As observed
during formation of 40 and 41, stereochemical control was
afunction of the reagent used for reduction of the iminium
jon generated from 39 (Scheme 6).

Homologation of the lactam carbonyl of 17 was per-
formed in the same manner described for 38 (Scheme 6).%
Formation of the thiolactam., followed by the Eschenmoser
coatraction/sulfide extrusion procedure, gave 56 in good
overall yield (Scheme 10).2 Hydride reduction of 56
:d.cunlypmduadﬂmn>9&10nnodthmmibh

product
.duﬁnfmﬁond“the}nmmdnurd-udin

g
i
i
i

'rm‘r Kbooeg-H N. MM .

Holmes. A. B.; Thompeon. J.; Baxter,

Chem. Commun. 1988, 37. (d)Cdahn.I.A..Hc_.C.w

K. H.: Byme.N.E.J. Am. Chem. Soc. 1989, 111, 3473. (¢) Tedano.

T::K..Nu-n\' Nid-s&.‘r-ha Maeda, K.
(33) atsume, M_; Ogawa, M. Heterecycies 1981, 16, 973




MSC: jo940171k  BATCH: jogb22

*

F J. Org. Chem.
Scheme 11. Coaversien of 57 te 7*

n.-_.c’v(:?:’;xv?i‘_‘
T el

* Reagents and conditions: (e) (i) LiAlH,, (ii) NeOH (87%); (b)
DMSO0, (COCy, NE2g: (c) 68. PPhg, n-Buli (35% from §9); (d) (i)
HCL, HeO., (ii) 3 atm of Hy, PA/C, HQ1 (90%).

Scheme 12. Preparaties of ¢5°
» ®

A~y — —_—
...Ao(\r- —_— u.?_lqer-

* Reagents and conditions: (2) PCC, CHsCle (74% ); (b) (D EtMgBer,
(ii)l'lsO' (iil) PCC,CHyCly (76% from 63); (¢) HOCH,CHyOH. Hs50,

(Schomll) Further reduction of 57 generated 59, which
mthnp‘nullyondmdtothwmm

60. Chain extension of 60 with the ylide formed from 65
(Scbomeu)uvoﬂunls.&mnmofuamIaaM
isomers on the alkyl appendage. Deprotection of the
carbonyl. followed by reduction of the alkene and deben-
zyhtmgunuhydmcumn.m7m3% overall yield
from 42.

Summary. The aza-annulation of S-enamino ketone
and ester substrates with either acryloyl chloride or acrylic
anhydride has provided an efficient and convenient route
for the regioselective construction of é-lactams. This
annulation procedure was performed in tandem with two
different methods for enamine generation, through con-
jugate addition of BaNH; to an a.8-scetyienic ester or by
condensation of BnNHj with a S-keto ester or ketone to
form the desired é-lactam. Once established, the é-lactam
framework was used to control the stereochemical prefer-
ence of substituents on the ring, and the carbonyl
functionality was transformed into a protected hydroxyl
substituent. From é-lactam 17, the naturally occurring
a-mannosidase inhibitors (+)-mannonolactam and (%)-
deoxymannojirimycin were prepared. In addition, ho-
mologation of the lactam carbonyi of 17 also provided a
route to the alkaloid (+)-prosopinine.

Experimestal Section
General Metheds. All resctions were carried out by per-
forming standard inert stmosphere techniques to exciude
moisture and oxygen. and reactions were carried out under an
atmosphere of either nitrogen or argon.® Azsotropic removal of
HyO was assisted by the use of 3- or 4-A molecular sieves.® In
each case. disstereomeric product ratios were determined by ‘H

(34) he physical and spectral data for 7 were comsistant with those
reportad for 7 and 9.108-8
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4.71 (s, 2 H), 7.19-7.35 (m, 6 H); ®C NMR (78.5 M}z, CDCl)
$ 19.8, 30.7, 49.8, 515, 108.8, 127.6, 127.8, 1288, 1364, 139.4,
166.6, 169.6; IR (neat) 3080, 3065, 3032, 2951, 2906, 2849, 1680,
1649, 1439, 1377, 1294, 1254, 1184, 1121, 729, 700 .
Pormation of 28. Substrate 25(1.32g, 10 mmol) was dissolved
in 20 mL of benzene, and TeOH (15 mg) and HeO (20 mL) were
added. After the mixture was stirred at rt for 12 b, the solution

mcowazuu.au).us-w(nAm.Lnuzm.?u
(s, 1 H), 7.20-7.38 (m, 5 H); ¥C NMR (75.5 MHz, CDC),) § 18.8,
24.7,30.6,49.9,119.4,127.5,128.0,128.9,136.2, 140.3, 169.8,194.8;
IR (neat) 3087, 3065, 3032, 3005, 2967, 2928, 2904, 2849, 1604,
16386, 1373, 1292, 1184, 702 em-*; HRMS caled for Cy JHuuNOy m/z
229.1103, found m/z 229.1109.

General Methed for the Hydrogenatien of Easmides. A
mixture of enamide (1 equiv), NayCO, (3.0 equiv),® and 10% Pd
on carbon (0.1 g/mmol enamide) in EtOH (0.05~0.2 M) was stirred
under an atmosphere of H; (1-3 stm) for 1648 b. The solids
were removed by filtration, the mixture was concentrsted, and
the crude product was purified by chromatography.

22: 5.23¢,21.66 mmol, 88 % yield: 'H NMR (300 MHz, CDCl,)
§1.98 (ddt, J = 6.0, 13.5, 9.6 Hz, 1 H), 212 (m, 1 H), 2.45 (ddd.,
J=63,96,178 Hz, 1 H), 259 (ddd. J = 5.2,63, 178 Hz, 1 H),
276 (dddd. J = 3.9, 5.8,99, 124 H2. 1 H), 3.36 (ddd. J/ = 1.1,
5.8,124 Hz, 1 H), 342 (dd. J = 85,124 H2, 1 H), 3.63 (s, 3 H),
4.50 (d.J = 14.7 Hz, 1 H), 4.67 (d. J = 14.7 Hz, 1 H), 7.20-7.36
(m. 5 H); 3C NMR (7%.5 MHz, CDCly) § 23.8, 0.6, 38.9, 47.9,
50.0, 52.0, 127.4, 128.0, 128.5, 136.6, 168.8, 172.4; IR (neat) 3086,
3063, 3030, 2953, 2875, 1736, 1642, 1495, 1454, 1437, 1381, 1356,
1332, 1264, 1204, 1171, 1013, 727, 700 cm~; HRMS calcd for
CuH11NOs m/z 247.1209, found m/z 247.1208.

27: 0.15¢. 0.65 mmol. 62% yield: 'H NMR (300 MHz, CDCly)
§1.79-1.94 (m, 2 H), 2.14 (s, 3 H), 249 (ddd, J = 16.8, 10.4, 6.4
Hz 1 H),259(ddd. J = 178,64, 44 He, 1 H), 279 (tdd, J =
99,5.2,38 Hz, 1 H),3.29 (ddd. J = 126, 53, 1.4 Hz 1 H), 341
(dd,J = 123,93 Hz, 1 H), 4.47(d. J = 14.7 Hz. 1 H), 4.73 (d.
J=14.7 Hz, 1 H), 7.22-7.36 (m. 5 H); ¥C NMR (75 MHz, CDCly)
§23.79, 28.01, 30.96, 46.58, 47.17, 50.07, 127.40, 128.05, 128.52,
136.70, 168.63, 207.21; IR (oil/ NaCl) 3032, 2932, 2876, 1713, 1642,
1485, 1458, 1262, 1167, cm~'; HRMS caled for Cy H(yNO; m/z
231.1259, found m/z 232.1251.

31: 8.19¢, 33.4 mmol, 81% yield, 90:10 (cis/trans); 'H NMR
(300 MHz, CDCl,, cis isomer) § 1.07 (d, J = 6.6 Hz, 3 H), 2.06
(s, 3 H), 1.92-2.17 (m, 4 H). 2.48 (ddd. J/ = 183,104, 80 Hz, 1
H), 261 (ddd. J = 18.3, 7.4, 20 Hz. 1 H), 2.79 (dt, J = 126, 4.2
Hz.1H),384(m.1 H), 396 (d.J = 1532 Hz, 1 H), 531 d,J =

(35) or more detailed general
laboratories, see: Cook. G. R.; Barta, N. &Sn&.-l R.J Orgaa-.
1992, 57. 461.

to the
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15.2 Ha. 1 H), 7.22-7.36 (m, 5 H); *C NMR (75 MHz. CDCl) (cis
isomer) & 14.52, 17.33, 28.08, 29.96, 47.74. 51.03, 5114, 127.04,
127.36, 128.28, 136.97, 168.67, 206.25; IR (oil/NaCD) 2975, 1713,
1640, 1163 cm-*; HRMS caied for CisHisNOsm/2 245.1416, found
m/z 248.1415.

45: 0.83 g, 1.65 mmol, 80% yield, 962 (cis/trans); 'H NMR
mmm«amam(g.l-uluam.m
(D.ll'l).ﬂl(dd&-l-u'l.&ml'klﬂ).z&(ddd.lﬂlu
xmumxu».w«u:-mu.umxm.zn«d&
J = 150, 9.0 Hz, 1 H), 3.53 (d. J = 5.4 Hz, 2 H), 3.88-4.08 (m,
3H).415(d.J = 152 Hs, 1 H), 437 (s, 2H), 523 (d. /= 152
HI.IH)-‘I.H—'I.S'I(D.IOH):QMOSIHLCDCH(&
isomer) § 13.82, 19.18, 30.07, 42.40, 49.16, 56.17, 60.65, 68.62,
T3.15,127.19,127.44, 127.58, 127.67,128.19, 128.42,137.22,137.31,
168.56, 171.08; IR (oil/NaCD) 2968, 2870, 1734, 1645, 1173 cm;
HRMS calcd for CaHaNO, m/z 381.1940, found m/s 381.1988.

$0: 0.36 g, 1.48 mmol, 9% yield. >98:2 (cis/trane); mp $8-101
*C (from petroleum ether/Et0); 'H NMR (300 MHz, CDClo)
(cis isomer) § 201 (m, 1 H), 230 (m. 1 H), 2.41 (m, 1 H), 252 (m,
1 H), 298 (m, 1 H), 4184.30 (m. ¢ H), 513 d. J = 150 Hz, 1
H), 7.14-7.42 (m. 5 H); ¥C NMR (75 MHz, CDCly) (cis isomer)
$19.88, 29,68, 37.85, 47.94, 55.20, 71.23, 127.83(2), 128.97, 136.15,
168.49, 176.09; IR (solid/KBr) 3032, 2968, 2946, 2922, 1788, 1644,
1470, 1451, 1362, 1163 em~; HRMS ealed for CoHuNO; m/z
245.0806, found m/z 245.1084.

Hydrolysis of 22. A solution of 22 (3.00 g, 12.0 mmol) snd
mam;mmmmammmdm
(200 mL) was stirred for 20 b at rt, and the mixture was adjusted
topH <3.0 by addition of concd HCL. The mixture was
with 3 X 75 mL of CHCls, and the combined organic layers were
dried (MgSO,) and concentrated to give 23 (2.52 g, 10.8 mmol)
in90% yield: mp 156-157 *C (from CHCl/Et,0); 'H NMR (300
MHsz, CDCly) $ 1.96 (m, 1 H), 2.13 (m, 1 H), 250 (ddd. J = 63,
93,179 Hz. 1 H), 263 (dt,J = 179,55 Hz, 1 H), 276 (m. 1 H),
338 (dd, J = 5.8, 125 Hz, 1 H), 3.43 (dd. J = 85, 12.5 Hz. 1 H),
443(d.J = 146 Hz, 1 H), 4.74 (d. J = 146 Hz, 1 H), 7.16-7.35
(m. 5 H), 11.24 (bs, 1 H); BC NMR (75.5 MHz, CDCly) § 23.6,
30.4, 38.8, 480, 50.5, 127.6, 128.1, 128.7, 136.2, 170.0, 175.7; IR
(neat) 3070, 3029, 2330, 2872, 2780, 2670, 2492, 1940, 1713, 1881,
1455, 1421, 1375, 1302, 1223, 980, 752, 698 cm-'; HRMS caicd for
Ci3HyNO; m/z 233.1052, found m/z 233.1038.

General Precedure for DBU Epimerizatien. To a 90:10
solution of cis-31/trans-31 (0.20 g, 1.12 mmol) in THF (2.2 mL)
was added DBU (0.09 g, 0.56 mmol), and the mixture was stirred
strt. After 16 h. the reaction was quenched by addition of 3 mL
of HyO. The organic layers were separated, concentrated, and
purified by chromatographby (EtO) to give 31.

trans-31: 0.20 g, 0.82 mmol, >99% yield. 28:72 (cis/trane); ‘H
NMR (300 MHz, CDCly) (trans isomer) § 1.22 (d. J = 6.6 Hz. 1
H), 1.89 (s. 3 H), 1.91-2.12 (m, 3 H), 2.35-2.63 (m. 3 H), 3.82 (m,
1H), 401 d.J=152H2 1 H), 523d.J = 15.2 Hz. 1 H),
7.22-7.34 (m, 5 H); *C NMR (75 MHz, CDCl,) (trans isomer) §
19.53.19.86, 27.47. 29.39, 46.98, 51.14. 52.26,126.93,127.78, 128.10,
136.97, 168.87, 207.05; IR (0il/NaCl) 2975, 1713, 1640. 1163 cm%;
HRMS calcd for CisHi1sNO; m/z 245.1416, found m/z 245.1418.

trans-46 (from S1): 0.20g, 0.57 mmol, >99% yield. 17:83 (cis/
trans); *H NMR (300 MHz, CDCly) (trans isomer) § 1.89 (s, 3 H),
1.95 (m. 1 H), 2.04 (m. 1 H), 2.44 (dt, J = 17.7, 6.5 Hz, 1 H), 2.58
(ddd, J = 17.7, 7.5, 6.5 Hz, 1 H), 295 (dt,J = 6.3, 48 Hz. 1 H),
3.42-3.52 (m, 2 H), 394 (m, 1 H), 4.10 (d. J = 15.0 Hz, 1 H), 437
d.J = 1.5 Hz, 2 H), 5.14 (d. J = 15.0 Hz, 1 H), 7.16-7.36 (m, 10
H); 8C NMR (75 MHz, CDCly) (trans isomer) $ 19.93, 27.27,
29.58, 47.78, 47.98, 55.17, 69.36, 72.81, 127.01, 127.30, 127.45,
127.53, 127.82, 128.12, 136.91, 137.15. 169.86, 207.06; IR (oil/
NaCl) 3088, 2924, 1713, 1644, 1161, 1101 cm-*; HRMS caled for
CnHuNO; m/z 351.1835, found m/z 351.1818.

General Procedure for Baeyer-Villiger Oxidation. Toa
solution of 27 (0.10 g, 0.43 mmol) in CHyCls (1 mL) were added
m-CPBA (0.39 g, 2.25 mmaol) and CF,COOH (0.05 g, 0.43 mmol)
at 1t, and the reaction was bested at reflux. After 14 b, the
reaction was cooled and concentrated, and the resulting slurry
was purified by chromastograpby (Et{O) to give 28.

28: 0.069g,0.28 mmol, 67% yield: 'H NMR (300 MHz, CDCly)
§2.01 (s, 3 H), 2.02-2.08 (m. 2 H), 252 (ddd. J = 17.9, 6.0, 5.3
Hz, 1 H), 2.67 (ddd. J = 179, 9.6, 7.1 Hz, 1 H), 3.26 (ddd.J =
132,39, 1.3 Hz, 1 H), 3.43 (dd, J/ = 132, 39 Hz, 1 H), 449 (d,
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J=147Hz, 1 HL 471 (d.J = 147 Hz, 1 H), 5.12 (dq, J = 3.8,
3.6 Ha, 1 H), 7.21-7.36 (m, 5 H); 3C NMR (75 MHz, CDCly) é
20.97, 25.49, 27.86, 49.80, 50.46, 66.17, 127.49, 127.99, 128.60,
136.56, 168.73, 170.18; IR (oil/ NaCD) 3063, 2959, 2873, 1738, 1646,
1491, 1365, 1421, 1238, 1182, 1075 em.

32 4.49g.17.2mmol, 41% yield: mp 66-67 °C (from petroleum
ethez/Et0); 'H NMR (300 MHz, CDCL) § 1.24 (d, J = 6.9 Hz,
3H), 189 (s, $ H), 1.97 (m, 1 H), 2.16 (dddd. J = 14.7, 114, 7.5,
2.7 Hz, 1 H), 2.51 (ddd. J = 183, 7.5, 2.1 Hz, 1 H), 2.68 (ddd. J
=183, 114, 7.5 Hz, 1 H), 346 (qt.J = 6.7, 2.0 Hz, 1 H), 3.80 (d,
J=183Hz 1 H), 488 (dt,J=39,21 Hx 1 H), 546 d.J =
15.3 Hz, 1 H), 7.20-7.37 (m, 5 H); “C NMR (75 MHz, CDCl) $
17.80,20.75,21.03, 26.81, 47.18, 54.38, 70.07,127.19, 127.72, 128.32,
136.95, 168.57, 168.89; IR (NaCl) 2975, 2942, 1736, 1634, 1482,
1246, 1179 em-*; HRMS caled for CosHsNOy m/z 261.1365, found
m/z 261.1363.

47: 0.59g, L63 mmol, 60% yield: 'H NMR (300 MHz, CDCl)
$ 188 (s, 3 H), 1.9¢ (m, 1 H), 217 (dddd, J = 138, 10.8, 7.8, 30
Hz, 1 H), 251 (ddd. J = 183, 7.6, 2.7 Hz, 1 H), 263 (ddd. J =
18.3, 10.8, 7.6 Hz. 1 H), 3.45-3.60 (m. 3 H), 3.92(d. J = 15.3 Hz,
1 H), 443 (d. J = 120 Hz, 1 H), 4.50 (d, J = 12.0 Hz, 1 H), 5.16
(m.1 H), 539 (d.J = 15.3 Hz. 1 H), 7.18-740 (m, 10 H); *C NMR
(75 MHz, CDCly) $ 20.86, 22.30, 27.00, 48.12, 58.52, 67.97, 68.74,
73.31,127.37,127.63,127.92, 128.01,128.44, 128.50, 138.91, 13731,
168.72, 169.96; IR (oil/NeCl) 3063, 2934, 2869, 1738, 1647, 1240,
1181 am-*; HRMS caled for CnHauNO, m/z 367.1784, found m/z
367.1768.

Permation of 33. To a solution of 32 (0.10 g, 0.383 mmol) in
HO (0.6 mL) was added crushed NaOH (0.04 g, 1.12 mmol), and
the reaction was heated st approzimately 50 °C for 12h. After
with 6 X 1 mL of CHCl;. The organic layers were combined and
dried. and the solvent was removed under reduced pressure. The
product was recrystallized from Et,O/ petroleum ether to give 33
(0.062 g, 0.283 mmol) in 74% yield: mp 110-113 °C; '*H NMR
(300 MHz, CDCly) é 118 (d. / = 6.6 Hz, 3 H), 1.88 (m, 1 H),
1.96-2.12 (m, 2 H), 242 (ddd. J = 180, 7.1, 28 Hz, 1 H), 271
(ddd. J = 18.0, 10.8, 7.4 Hz, 1 H), 3.34 (m, 1 H), 3.83 (dt.J = 4.8,
28Hz2, 1 H).395(d.J = 152 Hz, 1 H), 535 (d. J = 152 Ha, 1
H), 7.20-7.35 (m, 5§ H); ¥*C NMR (75 MHz, CDCl,) § 18.37, 24.05,
26.92, 47.42, 57.96, 68.45, 127.23, 127.78, 128.56, 137.33, 169.42;
IR (oil/NaCl) 3289, 3023, 2890, 1609, 1453, 1175, cm-'; HRMS
caled for Ci3H;sNO; m/z 219.1259, found m/z 219.1245.

Preparatioa of Thicamides. Lawesson's reagent (0.5 equiv)
‘was added to a solution of the lactam (1.0 equiv) in THF (0.4 M),
and the mixture was stirred for 4~-12 h. After evaporation of the
solvent, the nonvolatile misture was diluted with EtOAc (3 times
the volume of THF), and the solution was washed sequentially
with 3 portions of saturatad squeous NaHCO; (*/; the volume of
EtOAc) followed by 2 portions of ssturated aqueous NaCl (/s
the volume of EtOAc). The aquecus layers were combined and
extracted with 2 portions of EtOAc (/3 the volume of EtOAc).
All organic layers were combined and then dried (NaySOJ).
Purification by i
olactam.

34: 5.36 g, 20.4 mmol, 9% yield; mp 63-65 °C (from Ey0);
'H NMR (300 MHz, CDCly) 4 1.87 (ddt, J = 5.8, 13.7,9.1 Hz, 1
H), 2.00 (dq, J = 13.7, 5.8 Hz, 1 H), 278 (m, 1 H), 2.97 (ddd.J
=6.3,8.8,182Hz, 1 H),3.14 (dt.J = 18.2, 5.8 Hz, 1 H), 3.42-3.56
(m,2 H),356 (s, 3H),5.12(d. /=145 Hz, 1 H), 540 4./ =
145 Hz. 1 H), 7.18-7.29 (m, 5 H); $3C NMR (75.5 MHz, CDCly)
§23.0, 38.6, 40.3, 50.0, 52.0, 57.1, 127.6, 127.7, 128.5, 134.8, 172.0,
199.7; IR (nest) 3080, 3030, 2951, 2860, 1734, 1514, 1453, 1348,
1200, 1169, 1043, 704 cor; HRMS caled for CuHpyNOSS m/z
263.0980, found m/z 263.0962.

38b: 2.28g, 7.82 mmol, 99% yield: 'H NMR (300 MHz. CDCly)
$1L17(d, J = 6.6 Hz, 3 H), 1.18 (t, J = 7.1 Hz, 3 H), 1.83-2.13
(m. 2 H), 277 (ddd, J = 4.7, 5.8, 11.5 Hz. 1 H), 3.14 (dt, J = 85,
19.5 Hz, 1 H), 3.29 (ddd. J = 3.3, 6.6, 19.5 Hz. 1 H), 3.98 (dq,J
=58, 66Hz 1 H),4.09(q,J/ = 7.1 Hz, 2 H), 445 (d, J/ = 148
Hz, 1 H),6.23(d,J = 14.8 Hz, 1 H), 7.23-7.35 (m, § H); “'C NMR
(75.5 MHz, CDCly) & 14.0, 14.7, 18.3, 40.0, 43.5, 54.9, 55.8, 61.0,
127.5,127.7,128.7,135.3,170.8, 199.8: IR (neat) 3087, 3061, 2980,
2938, 1732, 1497, 1452, 1348, 1171, 961, 708 cm; HRMS caled
for CygHz NO,S m/z 291.1293, found m/z 291.1341.
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. 55: 145 g, 3.36 mmol. 94% yield: mp 81-82 °C (from Et,0);
SH NMR (300 MHz. CDCl) § 1.83-2.05 (m, 2 H), 3.10 (ddd. J

H.l. 1 H). 330 (ddd. J = 7.1,9.6, 190 Hz. 1 H),
0.2 Hz, 1 H), 3.58 (dd.J = 44,102 Hz, 1 HD),
&“(Il.lﬂ). n.lH).(JA(d.J-lLlH&lH).‘JS(d.
J = 1L8 Ha, 1 H), 4.40~4.50 (m, 3H), 6.45(d, /= 15.1 Hz, 1 H),
7.14-7.40 (m, 15 H); 2C NMR (75.5 MHs, CDCly $§ 22.7, 373,
§8.5, 61.1, 69.1, 70.0, 72.2, 733, 127.2, 127.4, 1275, 127.6, 1279,
128.2,128.5,135.2,137.1, 137.7, 201.8; IR (neat) 3100, 3000, 3031,
2940, 2867, 1497, 1453, 1345, 1173, 1073, 1028, 733, 696 cm;
HRMS caled for CnHuNO,S m/z 431.1919. found m/z 431.1887.

General Methed for Eschenmeser Sulfide Centractica.
‘The thiolactam (1.0 equiv) and BrCHsCO,EL (1.2 equiv) were
stirred in Et;0 (1 M) for 24-36 h. After removal of solvent, the
thionium salt was dissolved in CH;CN (0.2 M), and PPhy (1.2
equiv) wes added. The mixture was allowed to stir for 10 min,
NE¢, (1.5 equiv) was added. and the solution was heated to reflux.
After 26 b, thesolids were removed by filtration, and the resultant
solution was concentrated. Chromatography (90:10 to 70:30
petroleum ether/Et;0) provided the pure enaminocesters.

39 0.426 g, 1.23 mmol. 79% yield; mp 69-71 °C (from
petroleum ether/Et,0); 'H NMR (300 MHz, CDCly) § 1.12 (d. J
w@4Hz3H), L18(t,J=TOHz, 3H), 124 (t,J =70 Hs, 3
H), 1.89-2.11 (m, 2 H), 2.86-3.00 (m, 2 H), 3.62 (ddd,/ = 3.1,6.7,
18.7 Hz, 1 H), 3.90 (quint, J = 6.3 Hz, 1 H), 3.99 (dq, J = 34,
7.0Hz, 2H), 4.02(dq,J =34, 7.0 H2. 1 H), €14 (3, J = 70 Hs,
2H), 426 (d.J = 16.5 Hz, 1 H), 4.55 (d.J = 165 Hz, 1 H), 463
(5.1 H), .17 (d. J = 7.0 Hz, 2 H), 7.22-7.37 (m, 3 H); C NMR
(75.5 MHz, CDCly) § 14.0, 14.5, 14.6, 17.0, 25.4, 44.1, 54.0, 54.8,
58.2, 60.6, 85.7, 126.4, 127.1, 128.6, 136.1, 159.8, 168.6, 171.8; IR
(neat) 3100, 3080, 3030, 2978, 2920, 2870, 1734, 1682, 1561. 1136,
1060, 1030, 966, 791, 727, 696 cm-*; HRMS caled for CuHnNO,
m/z 345.1940, found m/z 345.1939.

$6: 1.22g,2.51 mmol, 81 % yield; *H NMR (300 MHz, CDCly)
$§L17(t.J = 7.1 Hz,. 3 H), L85 (m, 1 H), 1.95 (m, 1 H), 295 (d¢,
J = 18.1, 6.2 Hz, 1 H), 3.41 (dd. J = 6.7, 9.7 Hz, 1 H), 3.50 (m,
1 H), 351 (dd. J = 45,.9.7Hz, 1 H), 361 (ddd, J = 28,44, 7.1
Hz., 1 H), 3.96 (ddd. J = 3.0, 4.4, 6.9 Hz, 1 H), 3.98 (dq,J = 3.8,
7.1 Hz, 1 H).4.01 (dq,/ = 3.8.7.1 Hz. 1 H), 4.35(d,J/ = 16.5 Hz,
1H), 441(s.2H), ¢.43(d.J =146 H2. 1 H), 4.52(d. J = 14.6
Hz, 1 H), 453 (d.J = 16.5 Hz. 1 H), 4.60 (s. 1 H), 7.18~7.36 (m.
15 H): 3C NMR (75.5 MHz, CDCl,) 8 14.6, 22.2, 22.3, 539, 58.2,
62.5, 70.1, 70.2, 73.2, 73.3, 84.8, 126.6. 127.0, 127.4. 127.5, 127.6.
127.8, 1283, 1284, 1285, 136.3, 137.6, 138.2, 161.7, 168.9; IR
(neat) 3100, 3080, 3031, 2980, 2934, 2867, 1680, 1561, 1497, 1455,
1362, 1142, 1094, 1073, 735, 696 cm-'; HRMS caled for CyHy-
NO, m/z 485.2567, found m/z 485.2559.

Formatioa of 43. To a solution of 42 (1.20 g, 8.19 mmol) in
THF (16 mL) was added BuLi (3.28 mL, 2.5 M in hezane) at -78
*C. After the mixture was stirred for 10 min, CICO,Et (0.89 g,
8.19 mmol) was added dropwise. The resction was slowly warmed
to 0 °C (until a deep red color began to form) and was then
promptly quenched by addition of HO. The organic phase was
separated. and the solvent was removed under reduced pressure
to producs a crude oil. which was purified by chromatography
(petroleum ether) to give 43 (1.61 g, 7.39 mmol) in 91% yield:
1H NMR (300 MHz, CDCly) §1.29 (t,/ = 7.2 Hz, 3 H). 4.22 (q,
J = 7.2 Hz, 2 H), 4.25 (3. 2 H), 4.59 (s, 2 H). 7.22-7.40 (m, 5 H);
1C NMR (75 MHz, CDCly) § 13.78, 56.53, 61.90, 71.81. 78.07,
82.94, 127.87, 127.90, 128.29, 136.59, 152.87; IR (oil/NaCl) 3032,
2964, 2872, 2236, 1713, 1248 cm~!.

Aza-Anzulatien Precedure for Fermation of 44. To a
solution of 43 (1.61 g, 7.37 mmol) in THF (15 mL) was sdded
BaNH; (0.70 g, 7.37 mmol) at rt, and the reaction was heated at
reflux for 12 h. After the mixture was cooled to rt, acrylic
anhydride (1.7 equiv) was added. and the reaction was heated at
reflux for 14 b7 The solution was then cooled to rt and
concentrated, and the crude product was purified by chroma-
tography (10:90 Et,0/petroleum ether) to give 44 (1.73 g, 4.56

(3N eyl hydrid d immedistely prioe to use by adding
wmn\-vmmuauumm-n'cmwm
IiTture to warm 1o rt. Acryloyl chionde (1.0 equiv) was then sdded. and
the mixture was stirred for 1 b. This mizture was transferred tothe resction
vessel e cannala.

(38) ang. S.-K.: Kim, W.-S.; Moon, B.-H. Synthesis 1988, 1161.
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mmol) in 62% yield: mp 84-87 °C (froem Ete0/ ether);
‘H NMR (300 MHz, CDCly) § 1.27 (t.J = 7.0 Hz, 3 H), 249-2.58
(m. 2 H), 262-271 (m. 2 H), 4.17 (q,J = 7.0 Hz, 2 H), 4.57 (s,
2 H), 4.60 (s, 2 H), 5.12 (s, 2 H), 6.97-7.03 (m, 2 H), 7.16-7.39 (m,
8 H); ®C NMR (75 MHz, CDCly) é 14.16, 2069, 30.82, 44.51,
60.76, 63.56, 72.65, 113.54, 126.06, 126.97, 127.93, 128.07, 128.42,
128.63, 137.61, 137.90, 146.08, 166.71, 170.92; IR (NeCl) 2984,
1682, 1636, 1269, 1130 cmm~; HRMS caled for CpHaNO, m/z
379.1784, found m/z 379.177T7.

Geaeral Precedure for Cenversien of Ester to Methyl
Ketone Functisnality. Toasolution of MeMgBr (2.27 mL, 3.0
M in THF) in benzene (19 mL) was added NE3, (2.06 g, 20.4
mmol) a2 0°C. After 10 min, a solution of 45 (1.25 g, 3.41 mmol)
in benzene (5 mL) wes added with vigorous stirring, and the
mixture was stirred for 3 h at 0 °C. The reaction was quenched
byddmud%ul.daumﬂa The organic layer was
separated and concentrsted, and the resulting crude oil was
purified by chromatography (E30) to give 46

cis-46 (irom 45): 0.56 g, 1.60 mmol, 61% yield; *H NMR (300
MHz, CDCly) (cis isomer) § 1.87 (m. 1 H), 2.02 (s, 3 H), 212 (m,
1H),232-264(m,2H), 271 (dt,J = 13.2, 4.1 Hz, 1 H), 3.42(dd.
J=99, 75Hz 1 H),350(dd. J = 99,41 Hz, 1 H), 394 (m, 1
H), 405 (d,J=15.0Hz2, 1 H), 430 (d. /= L8 Hz, 2H), 528 (d,
J = 15.0Hz, 1 H), 7.16-7.36 (m, 10 H); *C NMR (75 MHz, CDCly)
(cis isomer) § 18.07, 28.30, 29.82, 48.85, 49.63, 55.82, 67.99, 72.90,
127.12, 127.34, 12749, 128.03, 128.11, 128.29, 13891, 137.04,
169.23, 206.36; IR (0il/NaCl) 3088, 2924, 1713, 1644, 1161, 1101
car’; HRMS caled for ColigNOy m/z 351.1838, found m/z
351.1818.

81: 0.17 g, 0.65 mmol, 25% yield, >96:2 (cis/trans); 'H NMR
(300 MHz, CDCly) (cis isomeer) § 190 (m, 1 H), 1.91 (s, 3 H), 210
(m, 1 H), 240 (dt,J = 17.7, 6.8 Hz, 1 H), 2.84 (dt, J = 17.7, 68
Hz, 1 H), 3.03 (dt. J = 6.6, 4.8 Hz, 1 H), 3.57 (dd. J = 116,38
Hz, 2H), 3.65 (dd.J = 11.4,6.3 Hz, 1 H), 3.82 (m, 1 H), 3.92 (bs,
1H), 4.08(d.J = 15.0 He, 1 H), 5.19 (d. J = 150 Hz, 1 H), 721
(bd, J = 7.8 Hz, 2 H), 7.20-7.34 (m. 3 H); *C NMR (75 MHz,
CDCly) (cis isomner) § 20.11, 25.58, 29.86, 47.49, 48.03, 57.15,61.87,
127.45,127.91, 128.54, 136.91, 171.06, 207.88; IR (cil/ NaCl) 3374,
3088, 2942, 1711, 1613, 1455, 1256, 1169 cm~}; HRMS caled for
CusHsNO, m/z 261.136S, found m/z 261.1354.

Formatiea of 17. To a solution of 47 (0.30 g, 0.80 mmol) in
HO (1.1 mL) was added crushed KOH (0.20 g, 0.52 mmol) at rt,
and the reaction was beated at approximately 50 °C. After 12
b, the product was extracted from the reaction mixture with 6
x 2 mL of CHCl;, The organic layers were combined and
concentrated, and the resulting crude alcobol was purified by
chromatography (E40) to give an oil (0.22 g, 0.68 mmol) in 85%
yield: 'H NMR (300 MHz, CDCly) § 1.81 (m, 1 H), 2.00 (dddd,
J=126,99.69,30.1H),237(ddd. /= 183,69,48Hz. 1 H),
264 (ddd.J = 16.8,9.3,6.9Hz,2H), 3.39 (m, 1 H), 3.40 s, 1 H),
3.51 (m., 1 H), 4.07 (d. J = 15.3 Hz, 1 H), 4.10 (bs, 1 H), 4.37 (d.
J=120Hz2 1 H),443(d.J=12Hz2, 1 H),518(d. J = 153 Hz,
1 H), 7.16-7.38 (m, 10 H); *C NMR (75 MHz, CDCly) § 25.16,
2137, 48.09, 62.13, 65.65, 69.42, 73.27, 127.15, 127.58, 127.71,
127.86, 128.45. 128.46, 137.23, 137.44, 170.28; IR (oil/ NaCD) 3384
(be), 3063, 2928, 1617, 1453, 1181, 1101 cm*; HRMS caled for
CpHgNO; m/z 325.1678, found m/z 325.1666.

Tollduﬁwdtbcbhd(ng“MhM«nL)
were added crushed KOH (0.23 g, 4.10 mmol) and molecular
sieves (0.40g) atrt. AMS—IOmden&(w;w

gk

concentrated, and the resulting crude oil was purified
chromatography (E;0) to give 17 (0.57 g, 1.37 mmol) in 84%
yield: mp 60-63 °C (from CHClyE/0); 'H NMR (300
CDCly) § 1.91-2.02 (m. 2 H), 240 (ddd. J = 180,62, 39 Hz 1
H), 2.69 (ddd. J = 18.0, 10.4, 8.5 Hz, 1 H), 3.39(dd, J = 99, 7.2
Hz, 1 H), 3.52 (dd. J = 9.9, 3.9 Hz, 1 H), 3.65 (m. I H), 3.83 (dd.
J=62,39H2 1 H),399(d.J=153Hz2,1H),426(d,J/ =120
Hz, 1 H), 435(d.J = 120 Hz, 1 H), 437 (d. J/ = 120 H2, 1 H),
4.41 (d.J = 120 H2, 1 H), 5.36 (d. J = 15.3 Hz. 1 H), 7.14-7.36
(m, 15 H); 3C NMR (75 MHz, CDCl,) § 22.18, 27.22, 47.69, 58.37,
69.16, 69.77, 71.79. 73.03, 126.87, 127.07, 127.28, 127.37, 127.56,
127.65. 128.05, 128.21, 128.26, 137.06, 137.36, 137.85, 169.93; IR

E
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(NaCD 3088. 3030, 2867, 1642, 1453, 1096 cm-*; HRMS caled for
CnHpNO, m/z 4152148, found m/z 415.2142.
Fermation of §2. To a solution of 17 (1.00 g, 241 mmol) in
‘THF (16 mL) wes added BuLi (1.06 mL, 25 M in THF) at -78
*C. After 10 min, PhSeCl (0.51 g, 2.65 mmol) in THF (8 mL)
was edded and the reaction mixture allowed to warm to 0 °C for
dmin 'l'hw-mdbyddmdunbdﬂso
and the mizture was extracted with ¢ X 10 mL of Et{O. The
combined organic layers were concsntrsted under reduced
The residue wes taken up in MeOH/THF/H0 (16

purified by recrystallizstion
petroleus ether to give 52 (0.78 g, 1.88 mmol) in 78% yield: mp
H‘C.’HMMIHLCDCHJ&M(&JG”H&IH).
348 (dd. J = 9.8, 5.0 Hz, 1 H), 3.84 (m, 1 H), 400 (d, J = 185
Hz, 1 H), 408 (dd, J = 69, L4 Hz, 1 H), 427 (d. J = 120 Hs,
1H) 433 (d.J =120 Hz. 1 H), 440 (d, J = 120 Hz, 1 H), 445
(d.J=120Hz2, 1H),537(d.J=155H2, 1 H), 615 (d.J = 9.6
Hz, 1 H), 6.47 (ddd, J = 9.8, 59, L.1 Hz, 1 H), 7.10-7.15 (m, 2 H),
7.19-7.38 (m, 13 H); 13C NMR (7S MHz, CDCly)  48.07, 5740,
68.07, 68.60, 70.11, 73.24, 127.52, 127.52, 127.68, 127.73, 127.87,
128.04, 12834, 128.29, 12844, 128.51, 134.56, 136.91, 13740,
187.52, 162.29; IR (NaCD 3088, 2870, 1689, 1611, 1455, 1262, 1146,
?MM“&%&MCMLM%
413.1999.

Fermation of §3. To & sclution of §2 (0.10 g, 0.24 mmol) in
¢-BuOH (1.4 mL) ware added NMO (excess) and OO, (0.96 mL,
W“nc-mmcn After 3 b, the reaction was quenched

i purified by chromatography (soivent grad-
ient Et/O to 50:50 EtyO/MeOH) to give 53 (0.069 g, 0.154 mmol)
in 64% yisld: mp 9698 °C (from EtsO/MeOH); 'H NMR (300
MHz, CDCly) § 2.96 (d. / = L8 Hz, 1 H), 3.61-3.78 (m, 3 H), 3.54
(d.J=12Hz 1 H),897(t,J/=31Hz 1 H), 432(d.J = 1886,
1H), 437 (td.J = 36,21 Hz. 1 H), 441 3.2 H), 442 (m, 1 H),
44(dJ=120H2, 1 H),450(d.J=120Hz2, 1 H),527(d,J
= 15.6 Hz, 1 H), 7.11-7.21 (m. 4 H), 7.21-7.39 (m, 11 H); ¥C
NMR (75 MHz, CDCl,) 47.56. 58.98, 68.11, 68.85, 69.57, 71.48,
73.13,75.21, 127.39, 127.55, 127.65, 127.74, 127.83, 128.23, 128.35,
128.41, 128.53, 136.83, 137.19, 137.43, 171.20 4 ; IR (NaCl) 3408,
3088, 3031, 2869, 1645, 1455, 1250, 1074 cm-*; HRMS caled for
CnHpNO; m/z 447.2046. found m/z 447.2046.

Fermation of 5. To a solution of 53 (0.06 g, 0.13 mmol) in
NH; (4 mL) was added Li metal at -78 °C until the solution
turned a persistent deep biue. After 3 b at reflux, the solution
was cooled t0 -78 °C and then the resction was quenched by the
sddition of solid NH,CL The mixture was then allowed to warm
wort. Once NH; removal was complete, the reaction mixture was
extracted with 10 X 2 mL of a 2:1 solution of CHCly MeOH and
then filtered. Solvent removal under reduced pressure produced
asolid, which was dissolved in a minimum amount of MeOH and
purified by chromstography (90:10 CHCly MeOH) togive § (0.010
£.0.057 mmol) in 44 % yield: mp 163-168 °C (from CHCly Et/0);
H NMR (300 MHz, CDCly) §3.23 (td,J = 6.3, 3.9 Hz, 1 H), 3.59
(dd.J = 119, 5.9 Hz, 1 H), 3.68 (dd. J = 11.7,5.1 Hz, 1 H), 3.72
(J/=62Hz2, 1 H),389(dd.J=57,39H2 1 H),4.20d. /=
3.9 Hz, 1 H); ¥C NMR (75 MHz, CDCly) 57.30, 61.11, 67.20,
68.14, 71.94, 173.17; IR (0il/NaCl) 3287, 3063, 2941, 2890, 2834,
1608, 1453, 1281, 1175, 1032 cm-'; HRMS caled for CeHyyNO,
m/2 177.0837, found m/z 176.0481.

Formation of 54. To a solution of 53 (0.07 g, 0.16 mmol) in
E40 (1.6 mL) was added excess LiAlH, at rt. After 3 h, the
reaction was quenched at 0 °C uia slow addition of 15% aquecus
NaOH until all visible LiAlH, had been consumed. The reaction
was filtered, dried, and concentrated to give a crude oil. which

was purified by chromatography (Et,0) to give 54 (0.069 g, 0.16
mmol) in >98% yield: 'H NMR (300 MHz, CDCly) (cis isomer)
§2.21(dd,J = 12.2,1.5 Hz, 1 H), 238 (dt,J = 8.7, 2.6 Hz. 1 H),
2.82 (b, 2H), 291 (dd. J = 122, 4.4 H2, 1 H). 327 (d. J = 129
Hz 1 H), 355 (dd. J = 84,33 Hz, 1 H), 364 (1, J = 86 Hz2, 1
H),373(m, 1 H),3.76 (dd.J = 104,26 H2. 1 H),3.83 (dd.J =
10.4, 26 Hz, 1 H), 4.16 (d, / = 13.2 Hz, 1 H), 445 (s, 1 H), 4.56
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(d.J =111 Hz, 2 H), 490 (d. J = 11.1 Hz, 1 H), 7.20-7.40 (m,
15 H); C NMR (75 MF=, CDCl) & 54.71, 56.67, 64.76, 66.87,
68.10, 73.26, 74.61, 75.90, 78.42, 127.16, 127.65, 127.74, 127.79,

Formatien of 4. To a solution of 54 (0.08 g, 0.18 mmol) in
EtOH (2 mL) wes added 10% Pd on carbon (0.18 g) and comed
HCl (1.8 mL), and the mixture was placed under an stmosphere
of Hy and stirred at rt. After 14 b, the resction mixture was
filtsred and the solvent removed under reduced pressure to give
4 (0.014 g, 0.094) as a crude solid (52% yield), which wes
recrystallised to give pure ¢ (0.009 g, 0.059 mmal) in 33% yield:
=mp 184186 °C (from MeOH/Et0); *H NMR (300 MHz, CDCly)
$3.00 (ddd., J = 9.9, 6.6,3.0 Hz, 1 H), 3.10 (dd.J = 138, 1.3 Hs,
1H), 3.27 (dd. J = 138, 3.0 Hz, 1 H), 3.55 (dd. J = 9.6, 3.0 Hz,
1H), 370 (dd.J = 123,60 Hz, 1 H), 374 (¢, J/ ®» 68 Hs, 1 H),
385 (dd. J = 123 35S He 1 H), 410 (m. 1 H).

General Methed for the NaBH,CN Reduction of Enami-
messters. To a solution of the enamino ester (1.0 equiv) and
bromocresol green (trace amounts as an indicator) in MeOH (0.2
M) was added NaBH,CN (1.0 equiv). A 5% methanclic HC1
solution was added dropwise until a yellow color persisted in
solution. While the reaction mixture was stirred for 2 b, periodic
eddition of HCl was made to maintain a yellow color. The mixture
was then diluted with CH,Cl, (5 times the volume of MeOH),
washed with 10% aqueous NaHCO, (V/; the volume of CHsCly),
-dthotmph.o'-dndml%.so. ‘The sclvent was
dadodt.h

4and 41: o.uo;.o.m-d.xoos yi-ld.-hﬂndﬂlu
©90:10); '"H NMR (300 MHz, CDCl) § (major iscmer) 0.98 (d,
J=89Hz,3H), 1.13(t,J= 7.1 He, 3 H), L14 (¢, J = 7.1 Hs,
3H), 1.37 (dq, J = 5.2, 124 Hz, 1 H), 1.56 (dq, J = 13.2, 3.0 Hz,
1 H), 1.72-1.92 (m, 2 H), 219 (dd. J = 7.4, 14.8 Hz, 1 H), 246
(dd,J = 69,148 Hz, 1 H), 278 (dt,J = 4.9, 11.8 H2, 1 H), 3.22
(dq,J = 4.7, 6.9 Hz, 1 H), 3.34 (m, 1 H), 3.67 (s, 2 H), 3.93-4.12
(m. 4 H), 7.12-7.31 (m, § H); (minor isomer) 0.93 (d, J = 7.0 Hz,
3H), 1.19(t,J = 7.3 Hz, 3 H), 1.20 (¢, J = 7.3 Hz, 3 H), 1L62-1.77
(m, 3 H), L84 (m, 1 H), 2.34 (dd. J = 103, 14.2 Hz, 1 H), 285
(dd,J = 3.4,142H2, 1 H). 273 (m. 1 H), 3.22-3.35 (m, 2 H), 3.75
(5.2 H), 4.06 (g, / = 7.3 H2, 2 H), 4.08 (q, J = 73 Hz. 2 H),
7.17-7.34 (m, S H); ¥C NMR (75.5 MHz, CDCly) § (major isomer)
10.4,14.1, 21.2, 28.2, 40.1, 41.5, 50.7, 51.9, 53.2, 60.1, 604, 126.8,
127.8.128.2, 140.6, 172.1, 174.1; IR (neat) 3087, 3063, 3029, 2980,
2940, 2874, 2853, 1734, 1495, 1453, 1370, 1200, 1152, 1034, 733,
::R'QEMQHIQM.NO.N33“M.MN:

57: 0.619 g, 1.27 mmol, 88% yield, mixture of .somers (>90:
10); *H NMR (300 MHz, CDCl,) é (major isomner) 1.17 (t,J = 7.2
Hz,3H), 1.53-1.78 (m.3H). 1.99(m. 1 H), 243 (dd,J = 8.7, 14.2
Hz, 1 H), 260 (dd, J = 5.3, 14.2 Hz, 1 H), 2.85 (dt. J = 7.0, 45
Hz. 1 H),3.24 (m, 1 H), 3.54 (dt, J = 4.2, 7.5 H2, 1 H), 371 (m,
3 H), 4.03 (m, 1 H), .04 (q.J = 7.2 Hz, 2 H), 4.36 (s, 2 H), 442
(d,J = 11.4 Hz, 1 H), 455 (d. J = 11.4 Hz, 1 H), 7.16-7.38 (m,
15 H); ¥C NMR (75.5 MHz, CDC)) § (major isomer) 14.1, 24.7,
25.4,33.9,52.7,59.2,60.2, 68.8, 70.8, 72.9, 74.2, 126.5, 1273, 127.4,
127.5,127.6,128.0, 128.2, 128.3, 128.4, 138.4, 138.8, 140.7, 172.6;
IR (neet) 3087, 3063, 3031, 2980, 2936, 2865, 1732, 1495, 1452,
1368, 1290, 1157, 1096, 1028, 737, 696 cmm-'; HRMS caled for
CnHnNO, m/z 487.2723, found m/z 487.2708.

Reduction of 57 to 53. To a solution of 57 (0.167 g, 0.342
mmol) in EtO was added LiAlH, (0.1 g. 263 mmol). and the
mixture was stirred for 2 h. The reaction was quenched by
addition of H/O (0.1 mL), 15% equeous NaOH (0.1 mL), and
HO (0.3mL). After the mixture was stirred for 1 h, the solution
was filtered, and the solvents were evaporated to give 59 (0.133
8. 0298 mmol) in §7% yield: *H NMR (300 MHz, CDCly) § 1.16
(m. 1 H). 1.27 (s, 1 H), L41 (m. 1 H), 1.68 (m, 1 H), 1.94 (m. 1
H), 2.09 (m, 1 H), 2.27 (m, 1 H), 291 (m. 1 H), 3.40 (dt,J = 2.2,
10.5 Hz, 1 H), 3.48-3.68 (m, 3H), 3.62(d.J = 132 H2, 1 H), 3.74
(dd, J = 8.0, 99 Hz, 1 H), 3.86 (dd. J = 3.7, 99 Hz, 1 H), 411
(d.J=132Hz2 1H),441(d.J=115Hz2 1 H),4.48(d.J =121
Hz,1H), 458(d.J=121Hz 1 H), 461(d, /= 115Hz2, 1 H),
7.20~7.38 (m, 15 H); ¥C NMR (75.5 MHz, CDCly) § 22.6, 26.6,
30.9, 50.6, 54.4.57.1,62.9, 68.2, T0.4, 72.3, 73.3, 126.9, 127.3, 127 4,
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127.6,128.3,129.0, 138.2, 138.7, 140.0; IR (neat) 3405, 3087, 3063,
3029, 2936, 2861, 1496, 1485, 1100, 1075, 733, 698 cxx-; HRMS
caled for CaHuNO; m/z 4459968, found m/z 445.2619.
Swera Oxidaties ¢£59t0 68. Toa solution of azalyl chloride
(0.057 g, 0.45 mmol) in CHyCl; at =70 °C was added & solution
of DMSO (0.070 g, 0.90 mmol) in CHyCls (1 mL). After 10 min,
a solution of §9 (0.133 g, 0.297 mmol) in CHsCl, (2 mL) wes
added. The mixture was aliowed to stir for 45 min at -65 °C, and
then NEtq (0.182 g, 1.8 mmol) was added. After the mixture was
stirred for 20 min at ~65 °C, it was warmed to 1t for 1 b. The
mixture was quenched with 10% aqueous NaHCO, and thea
extracted with 3 % 10 mL of CHCl; The solvents were
wumm—-ﬂmm

MWO‘““CL A mizture of 65 (0.168 g,
0.6 mmol) and PPhg (0.157 g, 0.6 mmol) was heated at reflux in
toluens (2 mL) for 48 h.  After the solution was cooled to rt, the
solvent was removed under vecuuzs and THF (2 mL) was added.
A solution of BaLi (25 M in bexane, 0.24 mL, 0.6 mmol) wes
added to the phosphonium sait at -78 °C and the mixture was
stirred for 15 min st -78 °C and then stirred for L hat rt. The
resulting ylide solution was cooled to -78 °C and 69 (0.137 g,
0.296 mmol) in THF (1 mL) wes added. After the mixture was
warmed to ~45 °C over 2 b, it wes stirved at that tamperature for
anadditional 1 b, warmed to 0 °C for 3 b, and stirred an additional
2hatrt. The reaction was quenched with H;O (10 mL) and then
the solution extracted with 3 X 20 mL of CH,Cl,. The combined
organic layers were dried over NagSO, and concentrated. The
oil was purified by chromatography (90:10 to 80:20 petroleum
ether/E40) to give 61 (0.102 g, 0.163 mmol) in 58% yield (cie/
trans 8515): 'H NMR (300 MHz, CDCly) 4 0.89 (t. J = 74 Hs,
3 H), 1L.20-1.38 (m, 8 H), L44-1.75 (m. 6 H), 1.88-2.20 (m, 4 H),
2.22-2.38 (m, 2 H) 2.58 (m, 1 H, trans isomer), 2.69 (m, 1 H), 2.83
(dt,J = 7.4, 3.8 Hz, 1 H. trans isomer), 3.01 (dt, J = 7.4, 4.3 Ha,
1 H), 3.54 (m. 1 H), 3.68-3.78 (m. 3 H), 3.91 (s, 4 H), 4.06 (d. J
= 14.0 Hz, 1 H, trans isomer), 4.08 (d, / = 13.7 Hz, 1 H), 4.39
(5,2H), 442(d,J=11.5Hs2, 1 H), 443 (d.J = 11.5Hz, 1 H, trans
isomer), 4.55 (d.J = 11.5 Hz, 1 H, trans isomer), 4.56 (d.J = 11.5
Hz, 1 H), 521 (. 1 H), 534 (m. 1 H), 7.16~7.41 (m. 15 H); ®C
NMR (75.5 MHz, CDCly) § (cis isomer) 8.1, 23.7, 25.0, 25.4, 27.4,
29.1. 29.2, 29.4, 29.5, 29.8, 29.7, 29.8, 52.5, 55.0, 58.9, 64.9, 68.7,
70.8,72.9,74.6,112.1,126.4,127.2,1273,127 4, 127.6,128.0, 1283,
128.4, 1311, 1384, 1388, 141.1; (trans isomer) 8.1, 23.5, 23.0,
27.2.29.1, 29.2, 29.4. 29.5, 29.6, 29.7, 29.8, 52.4, 54.8, 58.8, 64.9,
68.7,70.8, 72.9, 74.6,112.0, 126.2, 126.9, 127.3,127.4, 127.7, 121.8,
128.2,128.3,128.4.131.3,138.4, 138.9, 141.2; IR (neat) 3100, 3080,
3029, 2830, 28S5, 1453, 1075, 733, 696 cm~'; HRMS calcd for
CauHuNO, m/z 6254131, found m/s 625.4112.

of 7. To a solution of €1 (0.099 g, 0.158 mmol)
in THF (8 mL) was added 10% aqueous HC1 (¢ mL). After the
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mn“h!l%mﬂnﬂm(m-ﬂ
was added, and the mixture was extracted with CHsCls The

MMMM&HC&MMMC
xm-LolCHCl.ndthmhnd layers were dried
over NapSO, wmmmcna.u

MeOH., followed by removal of solvent, produced crystals, which
m“vﬂhummdwnﬂ“nﬂc

$106(t.J= 1.31'1:.31‘!).1-23-141(&.131{).1.46-131(-.5
1.66 (m, 1 H), L74 (m, 1 H), 207 (bs, 3H), 239 (L, / = 7.5
241(Q.J=73H:.2H). 276 (m. 1 H), 287 (dt.J =

.7 Hz, 1 H), 3.53 (ddd. J = 4.0, 5.6, 69 Hs,
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