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ABSTRACT
Model studies towards and the total synthesis of the Melodan alkaloid (±)meloscine (2-1) are described.

An allenyl azide cycloaddition/diradical cyclization

cascade was employed to form the central azabicyclo[3.3.0]octane ring core of the natural
product.
A model study was conducted to explore approachs to forming the
tetrahydropyridine E-ring of meloscine. Azabicyclo[3.3.0]octene 3-30 was synthesized
from tetrasubstituted allenyl azide 3-31 via a thermal allenyl azide cycloaddition/diradical
cyclization cascade. Bicycle 3-30 was converted to trialkenyl bicycle 3-25 in 10 steps,
including a oxidation/Tollens aldol followed by a double oxidation/olefination sequence
to install the C(20) 1,3-divinyl moiety. Ring-closing metathesis under acidic conditions
afforded model system target 3-1.
Introduction of an ortho bromine substituent on the aryl ring and a terminal OBOprotected orthoester on the vinyl appendage of allenyl azide cyclization precursor 4-30
incorporated the necessary functionality to form the lactam B-ring of meloscine.
Thermolysis of 4-30 afforded azabicyclo[3.3.0]octene 4-31, which was elaborated to 1,3diol 4-36 in 6 steps. Acidic hydrolysis of orthoester 4-36 and aminolysis of the resulting
ester gave primary amide 4-44. Intramolecular Goldberg-type coupling followed by a
water-promoted Dess-Martin oxidation/Wittig olefination sequence gave tetracycle 4-54,
which was converted to (±)-meloscine (2-1) in 3 steps for a total of 19 linear steps with
2.2% overall yield.
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Chapter 1

1,3-Diradical Cyclization and Allenyl Azide Cycloaddition Chemistry

1.1 Overview
The study of 1,3-diradicals has grown into an active and fascinating area of
research. Since first posited by Chambers and Kistiakowsky1 in 1934 to explain the
thermal conversion of cyclopropane to propylene, the field has progressed from
theoretical speculation to concrete evidence for their existence to numerous practical
applications. In particular, the singlet trimethylenemethane diyl (TMM) 1-1/1-2 has
emerged as a readily accessible, highly useful synthon (Figure 1-1).2

Convenient

methods of generation, coupled with the high, predictable reactivity of the diyl species,
contribute to its frequent use in synthesis.

Figure 1-1: Resonance stabilized 1,3-diyls.

The TMM diyl been the subject of extensive theoretical study and practical use.
In contrast, the azatrimethylenemethane (ATMM) diyl 1-3/1-4, the nitrogen-containing
analogue of the TMM diyl, has only recently received as generous a treatment. With the
advent of allenyl azide cycloaddition chemistry in the Feldman group, for the first time
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there is a convenient and general method to access the ATMM diyl and probe its
reactivity and utility in synthesis. This chapter details the historical development of
TMM and ATMM chemistry, including the development of the allenyl azide
cycloaddition/diradical cyclization cascade approach to cyclopentenylated pyrrole and
indole products, in addition to the study of an isoelectronic, nonradical form of ATMM.

1.2 1,3-Diradical Chemistry and the Trimethylenemethane Diyl
Saturated 1,3-diyls remained a theoretical curiosity for over thirty years. 3 They
were invoked to explain the degradation and isomerization of cyclopropanes, but attempts
to trap this intermediate were thwarted by rapid and facile intramolecular isomerization
(Figure 1-2, 1-5→1-6→1-7).

Figure 1-2: Cyclopropane isomerization via a 1,3-diyl intermediate.

The TMM diyl demonstrated comparatively greater stability and vastly superior
synthetic utility than diyl 1-6. Early studies by Dowd 4 confirmed the existence of the
transient TMM species and laid the groundwork for subsequent methods of generation.
He found that irradiation of 4-methylenepyrazoline 1-8 at -196 °C afforded a compound
with an EPR spectrum consistent with a ground state triplet TMM diyl (Figure 1-3). The
diyl was indefinitely stable at -196 °C, but rapidly disappeared at higher temperatures.

3

Methylenepyrazoline decomposition became the standard method for TMM diyl
generation. However, Dowd had limited success with diyl trapping experiments, likely
due to the facile closure of the diyl to methylenecyclopropane (1-10).5

Figure 1-3: Dowd’s generation of TMM diyl 1-9.

The key to exploiting the reactivity of the TMM diyl lay in retarding
cyclopropane closure relative to inter- or intramolecular trapping. Berson and coworkers
reasoned that cyclopropane ring closure of 2-alkylidenecyclopentane diyl 1-12, generated
from diazene 1-11, would be significantly slowed due to the strain of the putative
bicyclo[2.1.0]pentane product. Thus, diyl 1-12 should have an increased lifetime and, by
extension, the chance of intermolecular trapping should be enhanced (Figure 1-4).
Pyrolysis or photolysis of 1-11 produced a mixture of isomeric hydrocarbon dimers in a
statistical distribution.6

Subsequent NMR studies supported the conclusion that the

dimerization is the result of the combination of two triplet diradicals.

4

Figure 1-4: Dimerization of strain-protected TMM diyls.

1.3 Trapping Studies
Little and coworkers sought to extend the scope of TMM trapping to form more
complicated fused polycyclic systems and to apply this methodology to natural product
synthesis. They observed that thermolysis of diazene 1-11 in the presence of excess
cyclopentenone led to a nearly quantitative yield of a mixture of linearly fused ketones 117-1-19 (Figure 1-5).7 Unfortunately, there was essentially no stereo- or regioselectivity
observed in the product distribution.

Figure 1-5: Intermolecular TMM diyl trapping.
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The solution to the lack of regioselectivity was to employ an intramolecular diyl
trap to enforce a single regiochemical outcome.8 Diazene 1-21 with a pendant acrylate
diyl trap was synthesized in 8 steps from 3,3-dimethylglutaric anhydride (1-20) (Figure
1-6).

Thermolysis in refluxing acetonitrile afforded diastereomeric linearly fused

tricyclopentanoids 1-22 and 1-23 in good yield as single regioisomers.

Figure 1-6: Intramolecular TMM diyl trapping.

Little and coworkers successfully applied this methodology to the total synthesis
of a number of linearly fused cyclopentanoid natural products including coriolin (1-24),9
hypnophillin (1-25),9 capnellene (1-26),10 and hirsutene (1-27)11 (Figure 1-7).

Figure 1-7: Natural products synthesized via intramolecular TMM diyl trapping.

Little also demonstrated that it was possible for the TMM diyl to cyclize through
pendant unsaturation to give fused bicyclooctene and bicyclofuran products in good yield

6

(Figure 1-8).12 Thermolysis of diazenes 1-28 or 1-29 led to the formation of
cyclopentadiene 1-32 and furan 1-33, respectively, presumably via the resonance
stabilized diyl 1-30/1-31.

Figure 1-8: Diyl closure through adjacent unsaturation.

1.4 The Azatrimethylenemethane Diyl
The ATMM diyl was first posited by Bingham and Gilbert13 in 1975 to explain
the formation of the 2-methylene-N-carbethoxyaziridine 1-38 upon addition of triplet
nitrene 1-35 to substituted allene 1-34 (Figure 1-9).

Figure 1-9: First proposed ATMM diyl.
The radical-like triplet carbethoxynitrene (1-35) could add to the central sp carbon
of allene 1-34 to give the triplet ATMM diyl 1-36/1-37 according to Gilbert’s
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speculation.14 Spin relaxation to the singlet diyl and diradical recombination would
afford the observed aziridine 1-38.

Although the reaction conditions favored the

formation of the triplet nitrene, Bingham and Gilbert could not discount the possibility of
a concerted addition of a singlet nitrene to give the observed product directly.

1.4.1 Evidence for the Existence of the ATMM Diyl
Quast and coworkers15 extensively investigated the ATMM diyl. They provided
the most compelling evidence to date for the existence of this elusive intermediate. It
was observed that upon thermolysis or irradiation, 5-methylene triazoline 1-39 was
converted to cyclopropane imine 1-42 in quantitative yield with almost complete (>95%)
regioselectivity (Figure 1-10, eq. 1).15c Similarly, irradiation of cis- or trans-tetraalkyl-4imino-1-pyrazolines 1-43 and 1-45 afforded primarily cyclopropane imines 1-44 and 146, respectively, with almost complete retention of configuration. 15d

Figure 1-10: Quast’s ATMM diyl studies.
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These results are best explained by the intermediacy of ATMM diyls 1-40/1-41.
Quast proposed that the loss of nitrogen by a least-motion path leads to ATMM diradical
1-47/1-49, similar to the TMM diyl systems generated by the deazatization of 4methylenepyrazolines (Figure 1-11).16 Methyleneaziridine 1-48, the product of C–N diyl
closure, was not detected. For diazene 1-43, the stereospecificity of the cyclization
implies that the chiral bis-orthogonal diradical 1-47, rather than the planar monoorthogonal diyl 1-49, is formed directly. Closure to imine 1-44 must be fast relative to
isomerization to mono-orthogonal diyl 1-49, as otherwise the stereochemical information
would have been lost prior to closure (Figure 1-11). The trace (<5%) amounts of
diastereomeric product 1-46 presumably results from equilibration of 1-47 to the monoorthogonal diyl species before cyclization.

Figure 1-11: Quast’s ATMM mechanistic proposal for the conversion of diazene 1-43 to
cyclopropane imines 1-44 and 1-46.

Quast proposed an initial homolytic cleavage of the more labile carbon-nitrogen
bond in 5-methylenetriazole 1-39 to give the diazenylazaallyl diradical 1-51. Loss of N2
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affords the mono-orthogonal ATMM diyl, which can convert to bis-orthogonal diradical
1-52 with nearly complete retention of stereochemistry.

In both cases, subsequent

carbon-carbon diradical closure leads to the observed cyclopropane imine 1-42. None of
the carbon-nitrogen diradical cyclization product 1-53 was detected, consistent with the
speculation that the cyclization regioselectivity is determined by product stability.

Figure 1-12: Quast’s ATMM mechanistic proposal for the conversion of triazoline 1-39
to cyclopropane imine 1-42.

1.4 Allenyl Azide Cycloaddition/Diradical Cyclization Chemistry
Quast’s observation that the ATMM diyl species could be accessed by the thermal
and photochemical decomposition of 5-methylenetriazolines laid the groundwork for the
subsequent studies conducted in the Feldman lab. If a rapid and convenient method to
form functionalized 5-methylenetriazolenes was available, then a path for accessing the
elusive ATMM intermediate in a synthetically viable fashion would be in hand.
Retrosynthetically, the requisite triazoline might be accessed via the [3+2] cycloaddition
of an allene and an azide (Figure 1-13).

10

Figure 1-13: Allenyl azide [3+2]-cycloaddition approach to ATMM precursors.

There were several practical challenges to implementing this simple idea. The
cycloaddtion of unsymmetrically substituted allenes and an organic azide has been shown
to form exclusively the undesired regioisomers 1-59 and 1-60, which are useless for
ATMM diyl generation (Figures 1-14 and 1-15).17

Figure 1-14: Regioselectivity of [3+2] cycloaddition of allenes and azides.

Figure 1-15: Intermolecular allene/azide cycloadditions.
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The solution to this regioselectivity problem was found in the work of Mukai and
coworkers.18 They demonstrated that tethering the azide to the allene by a short linker
would enforce the desired regioselectivity (Figure 1-16). They also observed that the
triazoline product underwent rapid isomerization to give aromatic triazole 1-69, a species
that is unsuitable for diyl generation. This problem potentially could be overcome by
utilizing a terminally disubstituted allene, thereby eliminating the possibility of
isomerization and aromatization.

Figure 1-16: Cyclization and aromatization of terminally unsubstituted allenyl azides.

Utilizing a short linker has the added benefit of potentially retarding the closure of
the diyl to the cyclopropane imine.

Earlier studies by Berson 6 and by Feldman19

demonstrated that closure of the diyl to form a bicyclo[3.1.0]pentene fused ring system is
energetically unfavorable and reversible, thus extending the lifetime of the diyl species to
the point that it could engage in other, more productive cyclization events. The final
issue involved the question of inter- vs. intramolecular trapping of the ATMM diyl.
Whereas the lifetime of the TMM diyl is sufficient for it to be trapped intermolecularly,
no trace of the intermolecular radical dimerization product 1-70 was observed for the
ATMM diyl formed in Figure 1-17. Therefore it was likely that it would be necessary to
incorporate a diyl trap into the substrate.

12

Figure 1-17: Inter- versus intramolecular ATMM cyclization.

1.5 Initial Cyclization Studies
The seminal investigations into the allenyl azide cycloaddition/diradical
cyclization methodology were conducted by Dr. Maliga Iyer. 20 The initial target was
allenyl azide 1-71 (Figure 1-18), which contains all of the requisite functionality to
circumvent the potential problems discussed in Section 1.4: the azide was tethered to the
allene by a two carbon linker to (1) enforce the desired regioselectivity and (2) prevent
cyclopropane formation.

The allene was terminally disubstituted to prevent

isomerization/aromatization, and the system contained a pendant diyl trap in the form of
an aryl ring. It was anticipated that under thermal or photochemical conditions, the
allenyl azide would undergo a [3+2] cycloaddition to give methylenetriazoline 1-72.
Subsequent loss of N2 would give the ATMM diyl, which could cyclize to give
dihydropyrrole 1-77 (C–N cyclization) or 1-78 (C–C cyclization) after rearomatization.
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Figure 1-18: Proposed allenyl azide cycloaddition/diradical cyclization cascade.

Allene 1-71 was synthesized in four steps from acrolein (Figure 1-19). Addition
of 1-propynyl magnesium bromide to 2-azidopropionaldehyde (1-79) and then
mesylation of the resultant alcohol with MsCl/Et 3N gave propargyl mesylate 1-80 in
modest yield.

Treatment of mesylate 1-80 with phenyl zincate in the presence of

catalytic Pd(PPh3)4 afforded trisubstituted allene 1-71 in 80% yield.21 Thermolysis of
this allene (100 °C, toluene) gave an unstable product that decomposed to form ketolactam 1-81 upon exposure to air. Treatment of the crude thermolysis product with TMSCN exclusively formed linearly fused tricyclic tetrahydropyrrole 1-82 in 50% yield.
None of the C–N cyclized product 1-77 was detected. Mechanistically, formation of the
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the two products can be explained through the intermediacy of highly reactive imine 178.

Formal addition of molecular oxygen to enamine 1-83 followed by a [2+2]

retrocycloaddition would give keto-lactam 1-81, whereas the addition of cyanide to
dihydropyrrole 1-78 would afford cyanoamine 1-82.

Figure 1-19: Thermal cyclization of allenyl azide 1-71.

1.6 Cyclization of Alkyl-Tethered Allenyl Azides
A brief survey of aryl-substituted allenyl azide cyclizations was conducted by Dr.
Iyer to study the effect of substituent electron demand on the cyclization cascade. Aryl
substituted allenes 1-86a-e were synthesized by the addition of aryl zincates to propargyl
mesylates 1-85a-e and subjected to the thermolytic cyclization/TMSCN trapping
sequence to give tetrahydropyrroles 1-87a-e (Table 1-1).22

Both electron-rich and

15

electron-poor aryl azides were amenable to the cyclization cascade.

Electron rich

substrates affording slightly higher yields, perhaps in response to the intermediacy of an
inherently electron deficient nitrogen radical-containing species.

Table 1-1: Cyclizations of aryl-substituted allenyl azides.

Entry
a
b
c
d
e

R
-H
-Me
-OMe
-Cl
-CO2Et

Yield 1-86 (%)
85
67
81
77
63

Yield 1-87 (%)
50
52
63
47
38

Very promising results also were obtained from vinyl-substituted allenyl azides.
Vinyl allenyl azides 1-89a-c were synthesized from propargyl mesylate 1-88a-c in
moderate-to-poor yield and subjected to the standard thermal cyclization/trapping
conditions (Table 1-2). Bicyclic cyanoamines 1-90a-c were isolated in high yields as a
single syn diastereomer, as confirmed by NMR studies.
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Table 1-2: Cyclizations of vinyl-substituted allenyl azides.

Entry

R1

X

a
b
c

-H
-Ph
-CO2Et

-ZnCl
(E) -B(OH)2
(Z) -ZnI

Yield 1-89
(%)
76
59
31

Yield 1-90
(%)
96
84
90

1.7 Cyclizations of Aryl-Tethered Allenyl Azides
The initial success of the ATMM diyl cyclizations to give cyclopentenylated
dihydropyrroles inspired further study.

Feldman and Iyer sought to extend the

methodology to access a wider range of molecular architectures. 23 In theory, replacing
the alkyl tether with an aryl ring would provide access to C(2)–C(3)-cyclopentenylated
indoles 1-95 (Figure 1-20). An unexpected development occurred while pursuing this
objective which led to a new mechanistic insight for the cyclization cascade.
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Figure 1-20: Planned ATMM cyclization cascade to access cyclopentannelated indoles.

A series of aryl-tethered allenyl azides were synthesized using an analogous
procedure to the alkyl tethered case (Table 1-3).

Addition of substituted alkynyl

Grignards to 2-azidobenzaldehyde (1-96), followed by acylation of the crude alcohol
gave propargyl acetates 1-97a-i, which were converted to aryl allenes 1-98a-i by either
Konno’s21 palladium-mediated zincate coupling or Palenzuela’s24 cuprate addition
methodology.
Table 1-3: Synthesis of aryl-tethered allenyl azides 1-98a-i.

Entry
a
b
c
d
e
f
g
h
i

R3
-Me
-Me
-Me
PhCH=CH1-cyclohexenyl
1-cyclopentenyl
CH2OTBS
CH2CH2OTBS
t-Bu

R4
H2C=CHH2C=C(Ph)H2C=C(CH3)-Me
-Me
-Me
H2C=CHH2C=CHH2C=CH-

Yield 1-97 (%)
48
48
48
47
31
49
91
73
78

Yield 1-98 (%)
58
67
59
34
37
30
55
57
63
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Thermolysis of a 0.1 M solution of the allenes 1-98a-i in toluene afforded a
mixture of the anticipated 2,3-annelated product 1-99a-i (C–C cyclization) and the
unexpected 1,2-cyclopentannelated indole 1-100a-i (C–N cyclization) in good yield.
Indoles 1-100a-i isomerized to pyrroles 1-101a-i upon SiO2 chromatography to provide
an almost unbiased ratio in all but the most sterically demanding case (Table 1-4).

Table 1-4: Thermolysis of aryl-tethered allenyl azides 1-98a-i.

Entry
a
b
c
d
e
f
g
h
i

R

R1

-H
-H
-Ph
-H
-Me
-Ph
-H
-Ph
-(CH2)4-(CH2)3-H
-H
-H
-H
-H
-H

R2

Yield
1-99 (%)

Yield
1-101 (%)

-Me
-Me
-Me
-Me
-Me
-Me
CH2OTBS
CH2CH2OTBS
t-Bu

40
40
36
36
22
52
57

56
30
36
35
51
40
29
43
20

Ratio
1-99/1100
1:1.2
1:1.2
1:1.3
1:1.1
1:1.4
1:1.5
1.2:1
1.5:1
2.7:1

1.8 Computational Studies
These results were in stark contrast to the exclusive formation of the C–C bonded
cyclization product observed in the alkyl-tethered cases and in the earlier observations by
Quast. The lack of selectivity pointed to the possibility that a different mechanistic
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pathway intervened for the cyclization of the aryl tethered species. To further investigate
the source of the differences, Professor Feldman and Dr. Iyer entered into a collaboration
with Dr. Carlos Silva Lόpez, a computational chemist at Universidade de Vigo, to probe
the mechanistic underpinnings of the cyclizations. 23 The two reactions were analyzed
using density functional theory (DFT) calculations, employing the Kohn-Sham
formulation

and

the

B3LYP/6-311+G(d,p)//B3LYP/6-31G(d,p)

computational

approach.25 This basis set and calculation approach had been previously employed to
analyze TMM diyl systems with great success, making it an excellent choice to analyze
the ATMM diyl’s behavior. 26
The rate determining step for the cyclization cascade of alkyl-tethered allenyl
azide 1-102 was determined to be the [3+2]-cycloaddition to give methylenetriazoline 1103 (Figure 1-21).23b Loss of N2 leads to either singlet enamine diyl 1-105 or singlet
imine diyl 1-106. There is a slight (0.7 kcal/mol) energetic preference for the formation
of 1-106, but the extremely low (2 kcal/mol) barrier to interconversion leads to a CurtinHammet situation, where the rapid interconversion between 1-105 and 1-106 leads to a
product ratio determined by the rate of the subsequent irreversible steps. The 8 kcal/mol
different in the C–C versus C–N cyclization activation energy therefore leads to exclusive
formation of 1-107.
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Figure 1-21: Calculated reaction profile of the cyclization cascade of allene 1-102.

A model for rationalizing the syn stereoselectivity observed upon cyclization
also emerged from this calculational study. 23b The computational analysis found that,
unlike in the all-carbon TMM cases, the ATMM diyl prefers to exist as a planar, 6atom/6-electron array 1-108/1-109 with significant zwitterionic character (Figure 1-22).
For the C–C cyclization, this array approximates a 4π-electron system, which undergoes
thermal cyclization in a conrotatory fashion. Although the computational model lacked
stereochemical markers, this prediction is born out with the experimental system 1-89bc→1-90b-c (vide supra).
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Figure 1-22: Mechanistic proposal for the observed syn stereoselectivity.

The calculations painted a dramatically different picture for the aryl tethered
allenyl azide cyclization.23c Again the rate determining step was the [3+2]-cyclization to
give triazole 1-114 (Figure 1-23).

In contrast to the alkyl-tethered system, these

calculations suggested that concerted loss of nitrogen led to closed shell indolidene
species 1-117/1-118. The final cyclization to give the observed indole products is a 12π
electron electrocyclization rather than a diyl ring closure. The barrier to 1-117:1-118
interconversion is calculated to be insurmountably high relative to the activation energy
of the subsequent cyclization, and so the product ratio is determined by the initial 1117:1-118 isomer ratio i.e., non-Curtin-Hammet conditions.
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Figure 1-23: Calculation reaction profile of the cyclization cascade of allene 1-113.

The basis for the difference in the initial 1-122:1-123 ratio can be understood by
analyzing the rotation of the vinyl and R 2 groups during the loss of nitrogen (Figure 124). During the loss of N2 and subsequent formation of the exocyclic double bond, the
CH(vinyl) group must rotate to planarize the incipient sp2 center. The direction of the
rotation around bond a in 1-121 dictates the final geometry of the indolidene intermediate
and, by extension, the regioselectivity of the cyclization. As the size of R 2 increases,
steric interactions between R1 and R2 favor the formation of 1-122. Estimations of the 1122:1-123 distribution for R1=H, R2=t-Bu at 110 °C, by calculation leads to a predicted
2:8:1 ratio, matching the observed product ratio of 2.7:1 quite closely.
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Figure 1-24: Model for steric influences on the 1-122:1-123 ratio.

The DFT calculations successfully accounted for the observed results. However,
one major issue with this mechanistic proposal is that the proposed concerted loss of N 2
from 1-114 is apparently a [10π+2π]-suprafacial pericyclic retrocyclization, which is
forbidden by the Woodward-Hoffman rules.27

The concerted loss of nitrogen was

supported not only by the DFT calculations, but also by CASSAF (Complete Active
Space Self-Consistent Field) calculations, which found a 17.4 kcal/mol activation barrier
for the concerted loss of N2 from triazoline 1-114 versus a 25.0 kcal/mol barrier for
homolytic C–N bond cleavage to give diazo diradical 1-115 (Figure 1-23). The key to
reconciling this apparent contradiction lay in further analysis of the π-system of the
triazoline intermediate 1-114. The electron density in the off-atom region of space
between the breaking C–N bond and the N-N bond was analyzed using ACID
(Anisotropy of the Current Induced Density) and NICS (Nucleus Independent Chemical
Shift) computational techniques.28,29 These calculations found that, unlike in typical
[4n+2] π-electron heterocyclic cycloreversions, there was practically no electron density
between the indole and the N2 π-systems. In fact, for 1-114→1-117/1-118, the two πsystems are essentially orthogonal.

The lack of “communication” means that the
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molecule does not behave like a normal 12π-electron system, effectively removing it
from the purview of the Woodward-Hoffman rules.

1.9 Conclusions
For the first time, a general method to access the ATMM diradical system has
been developed.

The allenyl azide cycloaddition/diradical cyclization methodology

affords rapid access to the putative diyl intermediate from simple proparyl acetates and
mesylates. The nature of the group tethering the allene to the azide had profound and
unexpected consequences on the outcome of the cyclization cascade: alkyl tethers lead to
the exclusive formation of the C–C cyclized product, while the aryl tether led to a
mixture of C–C and C–N cyclization. Detailed computational studies pointed to two
distinct mechanisms to explain this difference: a more conventional diradical cyclization
for the alkyl-tethered allenyl azides and an indolidene-based electrocyclization
mechanism for the aryl-tethered systems. Attention now turned to the possible synthetic
applications of this new methodology in synthesis.
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Chapter 2

Meloscine Isolation and Synthesis Studies

2.1 Overview
The total synthesis of complex, polycyclic natural products continues to be an
active area of research. The unique reactivity profile of diradical cyclizations and their
facile generation from allenyl azide precursors make them promising tools in the
synthesis of sterically congested polycyclic alkaloids. One such alkaloid, meloscine, is
an appropriate target to highlight the synthetic utility of the ATMM diradical cyclization.
Herein is reported the isolation and previous synthesis studies on meloscine, including
three biomimetic semisyntheses, several approaches to the core, four total syntheses, and
the previous work in the Feldman lab towards the synthesis of (±)-meloscine.

2.2 Isolation and Biosynthesis
Meloscine (2-1) was first isolated from Apocynaceae Melodinus scandens Forst.
in 1969 by Weiss et al.,30 along with epimeloscine (2-2), and scandine (2-3). They are
representative members of the small (14 members) but structurally intriguing Melodan
family of monomeric monoterpenoid alkaloids containing a B-ring expanded, C-ring
contracted Aspidosperma core (Figure 2-1).
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Figure 2-1: Representative Melodan alkaloids.

Szabό31 proposed a common biosynthetic precursor for the Melodan core in
18,19-dehydrotabersonine (2-4). Oxidative rearrangement of 2-4 would give scandine (23) and subsequent decarboxylation would afford (+)-meloscine (2-1) and (+)epimeloscine (2-2) (Figure 2-2, 2-4→2-3).32 Whereas some members of the Melodinus
genus are used in folk remedies, no biological activity has been reported for meloscine
since its isolation, as opposed to some of the other major families of B-ring expanded
indole alkaloids, such as the Cinchona and Camptotheca alkaloids, which are renowned
for their biological activity. 33

Bach posited that this lack of activity was due to the

presence of the lactam moiety which impaired transport across cell membranes. 34
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Figure 2-2: Proposed biosynthesis of the Melodan alkaloids.

2.3 Synthesis Studies on the Melodan Alkaloids

Meloscine has garnered significant interest in the synthesis community despite its
lack of biological activity. The alkaloid contains four contiguous stereocenters, two of
which are all-carbon, around a central cis-fused azabicyclo[3.3.0]octane core.

This

complex structure lends itself to a multitude of synthesis approaches. Five total syntheses
of meloscine, including this work, have been reported in the literature, along with several
semisyntheses and approaches to the polycyclic core.
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2.3.1 Biomimetic Approaches to Meloscine
Palmisano et al.3 demonstrated the plausibility of the oxidative rearrangement
route to the Melodan core via a base promoted α-ketol rearrangement of 2-10, derived
from vincadifformine (14,15-dihydrotabersonine), to give the Melodan core (Figure 2-3).
Barton-McCombie-type deoxygenation within 2-12 gave N-methyl tetrahydromeloscine
(2-13) in good yield.

Figure 2-3: Palmisano’s biomimetic semisynthesis of the Melodan core.

Lévy et al.35 completed the first semisynthesis of (+)-scandine and (+)-meloscine
in 1986. Following their initial work on the thermal rearrangement of aziridines derived
from vincadifformine,36 chlorination of 18,19-dehydrotabersonine (2-4) and reductive
aziridination (NaBH3CN/AcOH) of the derived imine afforded unstable aziridine 2-15
(Figure 2-4). Flow thermolysis (500 °C, 1:1 MeOH:benzene) of aziridine 2-15 afforded
a mixture of starting material, regenerated 2-4 and ring-expanded imine 2-16.37 Low
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temperature Jones oxidation converted 2-16 to (+)-scandine (2-3) in 35% yield, with 25%
of the starting imine recovered.

Ester hydrolysis within 2-3 was followed by

decarboxylation to afford (+)-meloscine in 84% yield.

Figure 2-4: Lévy’s synthesis of scandine and meloscine.

2.3.2 Approaches to the Core of Meloscine.
Schultz and Dai38 reported an approach to the CDE ring system of the Melodan
core that utilized an asymmetric alkylative Birch reduction to set the key C(20)
stereochemistry and an intramolecular Mannich cyclization to form the cis-pyrindin-6one core (Figure 2-5). Chiral benzamide 2-1739 was treated with K/NH3 followed by
ethyl iodide to give 1,4-cyclohexadiene 2-18 in 93% yield.

Allylic oxidation
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(PDC/tBuOOH) of the diene system within 2-18 gave chiral cross-conjugated 1,4cyclohexadienone 2-19 with a >20:1 dr.

Figure 2-5: Schultz’s synthesis of the meloscine core.

Two-stage alkene reduction of 2-19, Bayer-Villiger oxidation of the product
ketone 2-20, and acid catalyzed translactonization within 2-21 gave butyrolactone 2-22.
After extensive optimization, an N-allyl amide was determined to be the optimal substrate
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to promote the Mannich cyclization cascade. EDC-mediated coupling of allyl amine with
the free acid within 2-22, reduction of the lactone of 2-23 with LiBH4, and Swern
oxidation of the resulting diol afforded Mannich precursor 2-24.

The triflic acid

promoted Mannich cascade of 2-24 yielded a 3:1 mixture of the desired bicycle 2-26 and
cyclopentenone 2-25 in a 72% combined yield.

The 2-26/2-25 ratio was highly

dependent on the nitrogen substituent, with N-benzyl- and N-PMB-substituted amides
giving a dramatically improved (10:1 and 15:1, respectively) product ratio and N-methyl
amides leading to a 1:10 reversal of selectivity. Unfortunately, it was not possible to
further elaborate the N-benzyl or N-PMB cyclization products to the tricyclic core.
Therefore, the N-allyl substrate was carried forward in the synthesis. Oxidative cleavage
of the allyl residue, acid-catalyzed aldol cyclization of the resulting aldehyde, and radical
deoxygenation of the derived alcohol gave the tricycle 2-29 in 13 steps from known
benzamide 2-17.
Denmark and Cottell40 published an approach to the pentacyclic core of scandine
and meloscine using a tandem nitroalkene Michael addition/[3+2]-cycloaddition
methodology (Figure 2-6).41 Conjugate addition of the enolate of tert-butyl or methyl
acetate to nitroalkene 2-30, followed by treatment of the resulting Michael adduct with
TESCl, gave silyl nitroso acetal 2-31 in 98% yield as a 6:1 mixture of C(7) diastereomers
favoring the undesired trans C(7)-C(21) stereochemistry.

A hydroboration/

oxidation/tosylation sequence applied to the vinyl unit of 2-31 gave tosylate 2-32 in
excellent yield. Reduction of the nitroso acetal within 2-32 (Raney nickel/H2) did not
give the desired tricyclic lactam 2-33, but instead afforded bicyclic ester 2-34. Attempts
to force the cyclization of 2-32 yielded only traces of lactam 2-33. This failure is likely
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due to the formation of a tricyclic lactam that would contain a highly strained trans-fused
azabicyclo[3.3.0]octane ring.

Figure 2-6: Denmark’s synthesis of the core of scandine and meloscine.

Denmark et al. opted to pursue a Heck coupling/reductive amination sequence on
the t-butyl species 2-34 (R = t-Bu) to circumvent the problematic lactamization step.
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Planarization of the C(7) center within 2-34 might render the undesirable stereochemical
outcome of the key cyclization cascade moot. Protection of both the amine and hydroxyl
moieties within 2-34 followed by formal dehydrogenation of the ester chain via a
selenation/oxidation/elimination sequence gave unsaturated ester 2-36.

Nucleophilic

substitution of o-iodoaniline into the sterically more accessable methyl ester followed by
methylation of the derived secondary amide gave tertiary amide 2-37 in 6:1 dr at C(16).
Cleavage of the t-butyl ester within 2-37 and borane reduction of the resultant acid gave
alcohol 2-38, which was protected as its TBS ether 2-39. After extensive optimization,
conditions for the intramolecular Heck coupling were found to give the tetracycle 2-40 in
88% yield. Debenzylation within 2-40 with concomitant reductive amination gave the
pentacyclic core 2-41, lacking only the C(20) vinyl group and C(14)-C(15) unsaturation.
Stoltz and coworkers recently reported a concise route to the ABCE ring system
of scandine and meloscine (Figure 2-7). 42 Employing a palladium-catalyzed [3+2] vinyl
cyclopropane cycloaddition, they were able to form the highly-functionalized
cyclopentane C ring 2-44 from known vinyl cyclopropane 2-42 and commercially
available trans-β,2-dinitrostyrene 2-43.43 Whereas this method successfully installed the
C(16) quaternary center and preserved the trans C(7)/C(21) relationship, subsequent
global reduction of the nitro groups with concomitant lactamization revealed that the
cycloaddition produced a 1:2 mixture of C(20) epimers favoring the undesired product.
Semiempirical calculations indicated that this preference may be due to the lower ground
state energy of the trans isomer of 2-45. Reductive amination of the primary amine
within 2-45 with cinnamaldehyde afforded secondary amine 2-46. Acylation of this
derived secondary amine and ring-closing metathesis of the bis olefins within 2-46 with
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Grubb’s 2nd generation catalyst afforded the tetracyclic ABCE core of scandine and
meloscine 2-47 in 6 steps from commercial sources, with the challenges of installing the
D-ring and vinyl appendage remaining.

Figure 2-7: Stoltz’s synthesis of the core of meloscine.

2.3.3 Overman’s Synthesis of (±)-Meloscine
In 1989 Overman et al. reported the first total synthesis of (±)-meloscine in 24
steps from ethyl 2-oxocyclopentaneacetate (2-54).44 Their synthesis approach revolved
around the use of the aza-Cope/Mannich cyclization cascade pioneered in the Overman
group (Figure 2-8).45 The lactam B-ring was formed via intramolecular amidation of
methyl ester 2-48, synthesized via ring contraction of 9a-arylhydrolilolidine 2-49.
Hydrolilolidine 2-49 was accessed via an aza-Cope/Mannich cyclization of in situ
generated iminium ion 2-50 (Figure 2-9). The iminium ion precursor 2-51 was formed
from the union of nucleophilic styrene derivative 2-52 and bicyclic ketone 2-53.
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Figure 2-8: Overman’s retrosynthesis strategy.

The synthesis began with the straightforward 12-step conversion of 2-54 to ketone
2-60 (Figure 2-10). Protection of the ketone of ethyl 2-oxocyclopentane acetate (2-54) as
its ethylene ketal and reduction of the ester moiety afforded alcohol 2-55 in 79% yield.
Benzylation of this alcohol followed by treatment of the derived benzyl ether with PPTS
gave ketone 2-56. Addition of the silylenol ether of 2-56 to freshly prepared 1,3dichloro-1-(phenylthio)propane and a catalytic amount of ZnBr2 gave chloride 2-57. A
Finkelstein-type conversion of the alkyl chloride within 2-57 to the alkyl iodide, followed
by treatment of this iodide with liquid ammonia and methyl chloroformate, produced
enamine 2-58 in 72% overall yield. Hydroboration-oxidation of the olefin within 2-58
(BH3/H2O2) and Swern oxidation of the resulting alcohol gave cyclopentanone 2-59. A
final sulfide oxidation/elimination sequence within 2-59 produced pyrindinone 2-60 in
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38% yield from enamine 2-58. This procedure was readily scalable and allowed for the
synthesis of multigram quantities of 2-60.

Figure 2-9: Synthesis of ketone 2-60.

Addition of the dianion of cyanohydrin 2-61 to 2-60, followed by acidic treatment
of the crude product alcohol at -70 °C and warming to 0 °C before LiOH mediated
decomposition of the resulting cyanohydrins, afforded the desired cyclic carbamate 2-62.
Performing the acidic quench at 0 °C led to extensive formation of bicyclic ketone 2-63
via α-ketol rearrangement within 2-62. Wittig olefination of the ketone within 2-62 and
hydrolysis of the cyclic carbamate within the product 2-64 gave the key cyclization
cascade precursor 2-65.

Treatment of 2-65 with an excess of paraformaldehyde in the

presence of 0.9 equivalents camphorsulfonic acid in refluxing benzene gave
hydrolilolidine 2-66 in 82% yield. Diazo addition adjacent to the ketone within 2-66
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gave Wolff ring-contraction precursor 2-67.46 Irradiation of 2-67 in methanol solvent
gave the desired ring-contracted methyl ester 2-68 in 94% yield over two steps as a 4:1
mixture of diastereomers. Careful hydrolysis of the methyl ester within 2-68 using
KOH/EtOH at 0 °C with slow warming to 150 °C afforded the pentacyclic core of (±)meloscine, 2-69, in excellent yield. A 4-step selenylation/oxidation/elimination sequence
converted the benzyl-protected alcohol within 2-70 to the requisite C(20) vinyl moiety to
complete the total synthesis of (±)-meloscine in 24 steps from ethyl 2-oxocyclopentane
acetate in a 4% overall yield.
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Figure 2-10: Overman’s synthesis of (±)-meloscine from ketone 2-60

2.3.4 Bach’s Synthesis of (+)-Meloscine
The first enantioselective synthesis of (+)-meloscine was reported by Bach et al.
in 2008.47 They utilized a template-controlled, enantioselective [2+2] photocycloaddition
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to set the C(7)/C(16) stereocenters.

The initial strategy was to close the

tetrahydropyridine ring of 2-1 at C(20) via a diastereoselective Heck coupling within allyl
amine 2-73, accessable from fused tricycle 2-75 via simple functional group
manipulation. Ring-expansion of the cyclobutane ring within 2-76, which itself is the
photocycloaddition product of quinolone 2-77 and enol ether 2-78 in the presence of a
chiral complexing agent, would give the desired 6,6,5-fused tricycle with the requisite
stereochemistry for (+)-meloscine (Figure 2-11).

Figure 2-11: Bach’s retrosynthetic strategy for (+)-melsocine.

The

template-controlled

photocycloaddition

of

known

quinolone

2-81,

synthesized in 6 steps from 4-methyl-2-(1H)-quinolone (2-79), and the trimethylsilylenol
ether of methyl pyruvate in the presence of chiral complexing agent 2-86 gave the desired
cyclobutane 2-82 in 98% yield and with >98:2 dr and >99% ee (Figure 2-12).48
Treatment of 2-82 with potassium carbonate cleaved the trimethylsilyl group and initiated
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a retro-benzilic acid rearrangement of the derived cyclobutanol 2-83 to give
cyclopentenone 2-85 in 98% yield.

Figure 2-12: Synthesis of cyclopentenone 2-85.

Attempts at the formation of the D-ring of meloscine were complicated by
unproductive side reactions. Removal of the Boc group of 2-85 followed by basic
workup gave heminaminal 2-87 in excellent yield, but all attempts at reductive
deoxygenation (Na(CN)BH3, Et3SiH/TFA, TMS-I) rapidly decomposed the molecule.
Acylation of the enol 2-85 with acetyl chloride before Boc removal led to the formation
of azabicyclo[3.2.1]octane 2-88. The solution to the problem was the observation that the
formation of 2-88 was fully suppressed as long as the liberated amine remained
protonated. Therefore, after Boc deprotection, the acidic reaction mixture was taken on
crude through a reduction/reprotection sequence to give the tetracycle 2-93 in 78% yield
over 5 steps (Figure 2-13, 2-85→2-93).
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Figure 2-13: Synthesis of tetracycle 2-93.

Bach next sought to install the C(20) side chain via Wittig olefination of 2-95 to
set up a final Heck-type cyclization to close the E-ring and form the desired vinyl moiety.
Hydrolysis of the acyl group in 2-93 and oxidation of the resulting alcohol with IBX
proceeded smoothly to give ketone 2-95, but olefination with simple alkyl Wittig
reagents was not successful, likely due to the rapid and facile enolization of the C(20)
ketone (Figure 2-14). It was only possible to affect efficient olefination with stabilized
ester ylides, resulting in an α,β-unsaturated ester 2-97 and rendering the Heck coupling
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strategy untenable.

In addition, all attempts at intramolecular ring closure of any

olefinated/N-allylated substrate failed completely.
They instead opted to pursue the installation of the vinyl moiety separately from
E-ring closure. Attempted Michael addition of soft nucleophiles and radicals to enoate 297 failed to give any of the desired β-addition products.

The solution to C(20)

quaternization in 2-97 was a Johnson-Claisen rearrangement protocol that allowed for the
diastereoselective formation of the C(20) quaternary center with the requisite
functionality for both the introduction of the C(20) vinyl group and the closure of the E
ring.49

Reduction of the ester in 2-97 with DIBAL-H to allylic alcohol 2-98 and

treatment of this alcohol with methyl orthoacetate in the presence of hydroquinone led to
the formation of homoallylic ester 2-99 as a 70:30 mixture of diastereomers.

N-

Deprotection of 2-99 with TFA and allylation (allyl bromide/K2CO3) of the resulting
secondary amine led to a mixture of the desired N-allyl tetracycle 2-101 and lactam 2100. This latter compound resulted from nucleophilic addition of the free amine to the
methyl ester of the minor diastereomer. Treatment of tetracycle 2-101 with Grubb’s 2nd
generation ring closing metathesis catalyst gave the pentacyclic core of (+)-meloscine.
Installation of the C(20) vinyl unit proceeded via a selenylation/elimination sequence
similar to that reported earlier by Overman. Protonation of the C(21) amine prior to the
oxidation/elimination sequence was vital to obtaining a good yield.

This sequence

completed the first enantioselective synthesis of (+)-meloscine in 21 steps from 4methylquinolone in an overall 3.4% yield.
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Figure 2-14: Bach’s completion of (+)-melsocine.
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2.3.5 Mukai’s Synthesis of (±)-Meloscine
In early 2011, Mukai and coworkers50 completed the synthesis of (±)-meloscine
(2-1). They employed a Pauson-Khand cyclization to construct the ABCD ring system in
a single transformation from dihydropyrrole-propiolamide 2-106 (Figure 2-15).51 The
resulting tetracyclic enone 2-105 was analogous to ketone 2-95 in Bach’s synthesis and
could have been elaborated to (±)-meloscine in an almost identical fashion, but Mukai
opted to diverge from Bach’s approach to circumvent the diastereoselectivity issue in the
Johnson-Claisen rearrangement. Bach had formed the tetrahydropyridine E-ring before
the formation of the C(20) vinyl group, which meant that the minor diastereomer from
the Johnson-Claisen rearrangement essentially was useless.

Mukai opted for a

convergent approach in which both diastereomers would be converted to the same divinyl
compound 2-104 and the final ring would be formed via a diastereoselective ring-closing
metathesis reaction.

Figure 2-15: Mukai’s retrosynthetic strategy for (±)-meloscine.

The synthesis began with the construction of the dihydropyrrole-propiolamide
cyclization precursor 2-111 utilizing a procedure developed by Rawal et al.52 Treatment
of o-nitrophenylacetonitrile (2-107) with 1,2-dibromoethane under phase transfer
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alkylation conditions followed by reduction of the nitrile and acidic workup gave
cyclopropyl aldehyde 2-108 (Figure 2-16). Following a modified cyclopropyl iminium
ion ring expansion procedure developed by Stevens, 53 the aldehyde was converted to the
benzyl imine (BnNH2, MgSO4) and then treated with catalytic ammonium chloride in
acetonitrile at 120 °C to give pyrroline 2-109 in 86% yield. Unfortunately this reaction
was not scalable, so a new procedure was developed wherein the imine was treated with
TMS-I in DMF at 60 °C to give 2-109 in 96% yield on a >25 g scale. Conversion of the
benzylamine within 2-109 to the methyl carbamate and chemoselective reduction of the
nitro group under transfer hydrogenation conditions gave aniline 2-110, which was
coupled with propiolic acid to give amide 2-111 in 66% yield over 7 steps. Treatment of
amide 2-111 with dicobalt octacarbonyl followed by trimethylamine N-oxide gave
tetracycle 2-112 in 56% yield. The stereochemistry of the azabicyclo[3.3.0]octane ring
system was confirmed by NOESY studies. The stereochemical outcome is likely a result
of the ca. 6 kcal/mol difference in strain energy between the cis- and trans-fused ring
systems.54
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Figure 2-16: Mukai’s synthesis of (±)-melsocine.

Reduction of the enone in 2-112 (Pd/C, H2), removal of the methyl carbamate
with TMS-I, and N-allylation of the resulting secondary amine gave 2-114 in 73% yield
over 3 steps as a 3.5:1-3:1 mixture of C(16) diastereomers. Reasoning that the variable
diastereomeric ratio was due to partial epimerization of the C(16) center during the
course of the reaction sequence, the mixture was carried forward with the hope that the
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two C(16) epimers ultimately would converge to the desired stereochemistry. Addition
of vinylmagnesium chloride to 2-114 gave allylic alcohol 2-115, which was treated with
refluxing H2SO4/AcOH followed by basic hydrolysis to migrate the double bond and
cleave the resulting acetate, furnishing alcohol 2-116 as a 4:1 mixture of C(16)
diastereomers. A microwave promoted Johnson-Claisen rearrangement on the allylic
alcohol within 2-116 not only afforded homoallylic ester 2-101 in a 73% as a 3:1 mixture
of C(20) diastereomers, but also completely isomerized the C(16) center to the desired
stereochemistry. Reduction of the ester moiety in 2-101 with lithium aluminum hydride
gave alcohol 2-117. Tosylation of the alcohol within 2-117, treatment of the resulting
tosylate with sodium phenylselenide, oxidation of the product selenide with NCS, and
heating the derived selenoxide in benzene produced C(20) divinyl tetracycle 2-118.
Finally, the alkenyl compound 2-118 was treated with Hoveyda-Grubb’s 2nd generation
metathesis catalyst to give (±)-meloscine (2-1) in 99% yield, completing the synthesis of
(±)-meloscine in a total of 21 steps from 2–nitrophenylacetonitrile in 6% overall yield.
None of the C(20) epimeric ring-closed product could be detected by 1H NMR
spectroscopy.

2.3.5 Curran’s Synthesis of (±)-Meloscine
One of the lessons of Bach’s and Mukai’s syntheses of meloscine is that the
installation of the C(20) vinyl functionality in a stepwise fashion can be a long and
laborious process. Curran and Zhang55 sought to overcome this problem by employing a
strategy wherein the gem divinyl substituents are installed during the key cyclization
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event (Figure 2-17). Similar to Mukai’s synthesis, the final ring would be closed via
diastereoselective ring-closing metathesis of a trivinyl substrate 2-119. The ABCD ring
system was formed via a vinyl cyclopropane radical cyclization cascade, initially
developed independently by Feldman56 and by Oshima,57 of divinyl cyclopropyl amide 2120. This key amide was available from the union of aniline 2-122 and divinyl
cyclopropane carboxylic acid 2-121.

Figure 2-17: Curran’s retrosynthetic strategy for (±)-meloscine.

The synthesis began with the construction of the divinyl cyclopropane fragment
2-121 via the rhodium-catalyzed cyclopropanation of benzyl ether 2-123 to give
cyclopropane 2-124 (Figure 2-18). Hydrogenolysis of the benzyl groups within 2-124
and TEMPO-mediated oxidation of the resulting 1,3-diol afforded 1,3-dialdehyde 2-125
in good yield. Double olefination of this dialdehyde with methyltriphenylphosphonium
bromide/NaHMDS followed by hydrolysis of the ester moiety gave divinyl cyclopropane
carboxylic acid 2-121 in 5 steps in an overall 34% yield. The aniline portion 2-130 was
synthesized in three steps from N-Boc-2,3-dihydropyrrole (2-126) (Figure 2-19).
Iodomethoxylation with ICl/MeOH gave iodide 2-127, which was subjected to an acid-
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catalyzed elimination to give vinyl iodide 2-128. Suzuki coupling of 2-128 with aryl
boronate 2-129 gave aniline 2-130 in three steps in a 26% overall yield.

Figure 2-18: Curran’s synthesis of carboxylic acid 2-121.

Figure 2-19: Curran’s synthesis of aniline 2-130

Figure 2-20: Curran’s synthesis of (±)-meloscine
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Carboxylic acid 2-121 was converted to acid chloride 2-131 with Ghosez’s
reagent and this crude acid chloride was added to a solution of aniline 2-130, DMAP, and
pyridine to give amide 2-132 in 77% yield. Slow addition of AIBN (0.5 eq.) and Bu 3SnH
(2 eq.) to a solution of amide 2-132 in refluxing toluene gave tetracycle 2-133 in 38%
yield, with the opposite C(16) stereochemistry of naturally occurring meloscine. The
yield of tetracycle 2-133 could be increased by benzylating the aniline nitrogen before the
acid chloride coupling, but that route was deemed untenable due to the difficulties in latestage removal of the protecting group.

Boc removal, allylation and ring-closing

metathesis on substrate 2-134 proceeded smoothly to give (±)-epimeloscine (2-2) in 65%
yield from 2-133. Epimerization of C(16) in 2-2 with KOtBu gave the natural product
(±)-meloscine (2-1) in 83% yield, for a total of 11 linear steps and an overall yield of 6%.

2.4 Previous Work in the Feldman Group
The initial work towards the total synthesis of (±)-meloscine in the Feldman
group was conducted by Dr. Maliga Iyer (Pennyslvania State University) as an extension
of allenyl azide cycloaddition/diradical cyclization chemistry. 58 The facile cyclization of
highly

functionalized

alkyl-tethered

allenyl

azides

to

give

cis-fused

azabicyclo[3.3.0]octenes might allow for rapid entry to the core of meloscine. Indeed,
both the core structure and the relative stereochemistry of the substituents of the newly
formed rings map perfectly onto the structure of meloscine (vide supra). There were still
numerous questions about the functional group tolerance of the cyclization cascade and
the best method to elaborate the peripheral functionality before a total synthesis could be
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attempted, so a model study was conducted based on a plausible retrosynthesis (Figure 221). The tetrahydropyridine ring of meloscine might be closed via an intramolecular
Heck coupling within vinyl iodide 2-135.

Iodide 2-135 could be synthesized from

pyrrolidine 2-136 by alkylation of the secondary amine and installation of the exocyclic
olefin. Pyrrolidine 2-136 should be accessible from cyclopentenylated dihydropyrrole 2137 via selective reduction of the imine moiety and closure of the lactam B-ring.
Dihydropyrrole 2-137 is the product of the ATMM diradical cyclization cascade of
allenyl azide 2-138. The requisite allene would be formed via palladium mediated
zincate coupling of a propargyl acetate (or carbonate) 2-139, accessible from aldehyde 2140.59

Figure 2-21: First generation retrosythetic analysis of meloscine by Feldman and Iyer.

A simplified allenyl azide substrate 2-145 was selected for preliminary model
studies (Figure 2-22). The aniline moiety was masked as an aryl nitro group. Synthesis
of allene 2-145 began with the addition of vinylmagnesium bromide to 2-
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nitrobenzaldehyde (2-141), followed by a chromium(VI) trioxide-mediated oxidation of
the resulting alcohol to give enone 2-142. Conjugate addition of sodium azide to enone
2-142 gave azido-ketone 2-143 in moderate yield. Treatment of ketone 2-143 with 1propynylmagnesium bromide, followed by acylation of the product alcohol with
Ac2O/DMAP, afforded propargyl acetate 2-144 in low yield over two steps. Treatment
of acetate 2-144 with the standard palladium mediated zincate addition conditions
(vinylmagnesium bromide/ZnCl2/Pd(PPh3)4) gave vinyl allene 2-145.21,24 Allene 2-145
was highly unstable and all cyclization attempts to form bicycle 2-146 led only to
decomposition.

Figure 2-22: Attempted nitro-allenyl azide cyclization.

Reasoning that the nitro group was the source of the allene substrate instability,
the nitro group was replaced with a Boc-protected aniline (Figure 2-23). The synthesis of
the Boc-protected acetate 2-148 proceeded in an almost identical fashion to the nitro
substrate 2-144, albeit with superior yields. Allene synthesis proceeded much more
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smoothy, affording the desired tetrasubstituted allene 2-149 in 56% yield. Unfortunately,
all cyclization attempts led to either complete decomposition or a complex mixture of
uncharacterized products.

Figure 2-23: Synthesis and attempted cyclization of allenyl azide 2-149 to bicycle 2-150.

It was apparent that the cyclization cascade would not tolerate an amide or nitro
appendage at the ortho position of the aromatic ring. An aryl bromide was selected as a
reasonable alternative to allow for the late stage formation of the lactam ring via
palladium- or copper-catalyzed amidation (Figure 2-24).60

To that end, 2-

bromobenzaldehyde was converted to propargyl acetate 2-154 by a similar sequence of
transformations to those used on the nitro and N-Boc analogues (vide supra). Palladiummediate allene formation gave the stable allene 2-155 in 55% yield.

Gratifyingly,

thermolysis of allene 2-155 in deoxygenated toluene gave the cyclopentenylated
dihydropyrrole 2-156 in good yield as a single, stable compound. NMR and X-ray
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crystallographic analysis confirmed the structure and cemented the choice of an aryl
bromide as the best substrate for further cyclization studies.

Figure 2-24: Cyclization of allene 2-155 to bicycle 2-156.

The next variable investigated was the substituent on the vinyl terminus. This
substituent would serve as a handle to form the tetrahydroquinoline B-ring of meloscine.
Earlier studies on the cyclizations of alkyl-tethered allenyl azides indicated that the
cyclization would tolerate esters on the vinyl appendage (vide supra), a valuable
discovery since an ester moiety subsequently could be converted to the amide moiety
necessary for the final ring closure. Alternatively, a protected primary alcohol that could
be subjected to a late-stage oxidation to afford a carboxylic acid or ester, which could be
elaborated to the lactam ring in a similar fashion, might prove useful.
Efforts to introduce the unsaturated ester during the allene formation step ran
afoul of inconsistent reactivity in the activated zinc reagents. Treatment of propargyl
acetate 2-154 with known vinyl zincate 2-157, generated via the Knochel protocol,61 led
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to poor and irreproducible yields of the desired allene 2-158 (Figure 2-25). Thermolysis
of a dilute solution of allene 2-158 in toluene-d8 at 110 °C gave bicycle 2-159 in good
yield. The cis relative stereochemistry of the aryl and ester substitutents was determined
by extensive 2-D NMR analysis.

Figure 2-25: Vinyl functionalization studies.

An alternative route was pursued in which the vinyl substituent was introduced
prior to allene formation. Addition of the lithiate of TBS-protected 2-penten-4-yn-1-ol to
ketone 2-153 followed by acylation of the resulting alcohol gave propargyl acetate 2-160.
Conjugate addition of methyl cuprate to acetate 2-160 gave allene 2-161 in low yield.
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This allene was subjected to similar thermolytic conditions to give bicycle 2-162. Once
again, 2-D NMR studies confirmed the relative stereochemistry of the cyclization
product. The subsequent deprotection and oxidation steps were not attempted on this
model compound.
Due to the scarcity of the more functionalized cyclized products 2-159 and 2-162,
further studies on the elaboration of the meloscine core were conducted on the simpler
and more readily synthesized bicycle 2-156.

The planned Heck coupling strategy

necessitated the chemoselective reduction of the imine functionality in the presence of the
olefin moiety. Sodium borohydride and borane-THF both gave a mixture of starting
material and conjugate reduction products 2-163 and 2-164 (Table 2-1).

Sodium

cyanoborohydride completely reduced the unsaturated imine functionality. Attempts to
activate the imine via allylation before the addition of sodium borohydride led to
complete reduction with concomitant allylation of the nitrogen (Figure 2-26). In the end,
no conditions could be found to effect selective imine reduction.

Table 2-1: Attempted reductions of imine 2-156.

Conditions
NaBH4, CeCl3, -78 °C

Yield 2-156

Yield 2-163

Yield 2-164

(%)

(%)

(%)

90%

10%

-
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BH3-THF, succinic acid, -78 °C

40%

25%

-

-

-

80%

NaBH3CN, HCl, 0 °C

Figure 2-26: Reductive allylation of 2-156

2.5 Conclusion
The structural complexity of meloscine has simultaneously fascinated synthesis
chemists and afforded ample opportunity to explore numerous strategically distinct
approaches. A summary of the successful syntheses of meloscine is given in Table 2-2.

Table 2-2: Summary of the previous syntheses of meloscine.

Principal

Year

Investigator

Published

Overman

1989

Bach

2008

Mukai

2011

Curran

2011

Key Step
Aza-Cope/Mannich cyclization
Asymmetric [2+2]
photocycloaddition
Pauson-Khand cyclization
Vinyl cyclopropane radical
cyclization

Longest
Linear
Sequence
24 steps

Overall

21 steps

3.4%

21 steps

6.0%

11 steps

6.0%

Yield
4.0%
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One of the key differences between the syntheses by Overman, Bach, and Mukai
and the synthesis by Curran was avoiding the lengthy and laborious introduction of the
C(20) vinyl substituent. Curran dramatically shortened the length of the synthesis by
incorporating the vinyl moiety during the key cyclization step, cutting the length of his
synthesis almost in half relative to the shortest earlier synthesis. Unfortunately, the
overall yield of his route suffered due to the poor yield of his key radical cyclization step.
Initial studies in the Feldman group have demonstrated the viability of the allenyl
azide cycloaddition/diradical cyclization approach to the core of meloscine. The next
step was to develop an optimal method for the elaboration of the diradical cyclization
product to meloscine.
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Chapter 3

Meloscine Model Studies

3.1 Overview
The earlier approaches to meloscine were thwarted by the functional group
intolerance of the ATMM cyclization cascade and by the difficulties in manipulating the
cyclization products. A new strategy was needed to elaborate the core of meloscine.
Herein we report our approaches towards, and ultimately the synthesis of, the CDE-ring
system of meloscine, which formed the basis for the subsequent work towards the total
synthesis of (±)-melsocine.

3.2 Second Generation Model System
The new model system was based on a late-stage ring-rearrangement metathesis
cascade (Figure 3-1).62 The conversion of tosylamide 3-3 to the requisite vinyl moiety
potentially is problematic. No direct method exists for the conversion of secondary
tosylamides to alcohols or aldehydes. Removal of the tosyl group and hydrolysis of the
enamine would give a primary alkyl amine 3-2.

Alkyl amine 3-2 would then be

converted to an alcohol or aldehyde, which could be readily elaborated to the desired
olefin.63,64 Tetrahydropyridine 3-3 would be accessed by a strain-driven ring
rearrangement metathesis cascade from dihydropyrrole 3-4. Dihydropyrrole 3-4 would
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be accessed via the stereospecific insertion of an alkylidine carbene, which would be
generated from tosylamide 3-5 and phenyl(propynyl)iodonium triflate (3-6).65

This

approach required access to the cis diastereomer of tetrahydropyrrole 3-5. Conjugate
hydride addition to cyclopentenylated dihydropyrrole 3-7 should afford the desired cis
stereoisomer as the major product based on the observed diastereoselective hydride
reduction of bicycle 2-156 (vide supra). Cyclopentenylated dihydropyrrole 3-7 is the
product of the ATMM cyclization cascade of tetrasubstituted allene 3-8. Allene 3-8
would be accessed via a palladium mediated zincate addition to propargyl acetate 3-9,
synthesized from azido-ketone 3-10 and propargyl tosylamide 3-11.

Figure 3-1: Second generation model system retrosynthesis.

65

The synthesis of 3-20 began with the addition of sodium azide to 3chloroproiophenone (3-12) to give known azido-ketone 3-10 in 85% yield.66 Known
tosylamide 3-14 was synthesized from propargyl alcohol under Mitsunobu conditions in
75% yield.67 Initial attempts to add lithiate 3-15 to 3-10 afforded a complex mixture of
products but none of the desired alcohol. Switching from the lithiate to the less basic,
more oxophillic organocerium reagent 3-16 allowed for the smooth addition of 3-16 to
ketone 3-10 to give alcohol 3-17.68 The resulting crude alcohol mixture was acylated to
give propargyl acetate 3-18 in moderate yield. Palladium-mediated addition of vinyl
zincate, generated in situ from vinylmagnesium bromide and zinc chloride, to 3-18 gave
allene 3-19 in good yield.

Thermolysis of a dilute solution of allene 3-19 gave

cyclopentenylated dihydropyrrole 3-20 in moderate yield.

Figure 3-2: Synthesis of cyclopentenylated dihydropyrrole 3-20.
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The next step involved diastereoselective hydride reduction of 3-20 in order to
give the bicyclic imine with the appropriate stereochemistry for the alkylidene carbene
insertion. Attempts at conjugate hydride reduction failed to reduce either the olefin or the
imine functionalities (Figure 3-3).

Interestingly, trace quantites of desamino

dihydropyrrole 3-22 were detected in the reaction mixture. It was possible that the
presence of the Boc group rendered the tosylamide sufficiently labile so that it was
partially cleaved during the hydride reduction. The Boc group of 3-20 was removed with
TFA to give tosylamide 3-23 in order to test this theory. A series of reductions were
attempted in order to saturate the olefin moiety. The only procedure that reduced either
the imine or the olefin was a palladium-catalyzed hydrogenation, which afforded
primarily the undesired trans product 3-24.

Figure 3-3: Reduction of cyclopentenylated dihydropyrrole 3-20.
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3.3 Third Generation Model System
The failure of the hydride reduction and undesired diastereoselectivity upon
heterogeneous hydrogenation of 3-20 rendered the ring-rearrangement metathesis
approach unworkable. Instead, we opted to pursue an approach to forming the E-ring that
did not rely on generating a single C(20) diastereomer during the olefin reduction (Figure
3-4).

The new approach relied on the intrinsic cup shape of the cis-fused

azabicyclo[3.3.0]octane ring system. Installation of the 1,3-divinyl moiety at C(20)
followed by late stage ring-closing metathesis should preferentially close to form the less
strained tetrahydropyridine with the desired stereochemical outcome for natural
meloscine, as closure to form the undesired C(20) diastereomer would place the terminal
olefin moiety in the concave face of the CDE-ring system.

At the point in this

investigation, Mukai’s work on this particular closure was not yet reported (vide supra).

Figure 3-4: Third generation model system retrosynthetic analysis.

68

Tricycle 3-1 would be accessed via diastereoselective ring-closing metathesis of
triolefin 3-25, the product of an oxidation/olefination sequence on diol 3-27. Diol 3-27
would be synthesized by methoxycarbonylation of ester 3-28 and reduction of the
resulting 1,3-diester. Ester 3-28 would be generated from alcohol 3-29, which could be
synthesized via a reduction/alkylation/deprotection sequence from cyclopentenylated
dihydropyrrole 3-30, the product of the ATMM cyclization cascade of tetrasubstituted
allene 3-31.
The synthesis of 3-30 commenced with the addition of the lithiate of TBSprotected propargyl alcohol69 to azido-ketone 3-10 to give alcohol 3-32. The resulting
alcohol was acylated to give propargyl acetate 3-33 in excellent yield over two steps
(Figure 3-5). Treatment of this acetate with catalytic Pd(PPh 3)4 and vinyl zincate gave
allene 3-31 in moderate yield. Theromolysis of allene 3-31 in deoxygenated toluene gave
the desired cyclization product 3-30 in good yield. Hydrogenation (Pd/C, H2) of this
bicyclic species afforded imine 3-34 in good yield as a mixture of unassigned
diastereomers. Since both diastereomers should converge to a single diol product, no
effort was made to separate the diastereomeric mixture.
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Figure 3-5: Synthesis of imine 3-34.

3.3.1 N-Allyl Model System.
Attempts at the reductive allylation of the imine functionality within 3-34 under
the previously established conditions (NaBH4/AgClO4/allyl iodide) met with limited,
inconsistent success.

A more reliable, 2-step Super Hydride reduction/allylation

sequence was developed to give allyl amine 3-36 in 35% yield. Deprotection of the silyl
ether within 3-36 using Bu4NF gave alcohol 3-29 in 59% yield (Figure 3-6).
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Figure 3-6: Synthesis and attempted oxidation of alcohol 3-29.

The next goal was to convert alcohol 3-29 to methyl ester 3-28. A number of
one- and two-step oxidations of the alcohol 3-29 to carboxylic acid 3-37 or methyl ester
3-28 were attempted. However, no conditions could be found to oxidize 3-29 with
consistency. The only approach that did not lead to complete decomposition of 3-29 was
a two-stage Swern/PCC oxidation, which sporadically afforded small quantities of methyl
ester 3-28.

3.3.2 N-Boc Model System
The inconsistent behavior of the oxidation sequences with alcohol 3-29 prompted
a change in strategy.

We reasoned that the difficulties with the ostensibly simple

oxidation of the primary alcohol were due to the presence of the basic nitrogen moiety.
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Earlier protection of the nitrogen with an electron-withdrawing group should alleviate
this problem. To that end, crude Super Hydride reduction product 3-35 was protected as
tert-butyl carbamate 3-38 (Figure 3-7). The standard protection conditions (Boc2O/Et3N)
afforded only trace consumption of starting material, presumably due to the low
reactivity of the pyrrolidine nitrogen.

It was necessary to use the more reactive

Boc2O/H2NOH adduct 3-40, generated in situ, to effect complete conversion.70 The
excess of reagents necessary to fully consume the starting amine rendered purification of
fully protected bicycle 3-38 impossible. Instead, the crude mixture was treated with
Bu4NF to cleave the TBS group and give chromatographically isolable alcohol 3-39.

Figure 3-7: Synthesis of alcohol 3-39.

The N-Boc-protected substrate 3-39 was significantly more amenable to oxidation
than N-allyl substrate 3-29.

Treatment of 3-39 with Dess-Martin periodinane gave

aldehyde 3-42, which was used without purification (Figure 3-8).

Rather than the
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oxidation/enolization/reduction sequence initially planned, a succinct two step
oxidation/Tollens aldol procedure was employed to directly convert aldehyde 3-41 into
diol 3-40.71 The crude aldehyde was treated with potassium hydroxide and formalin in
MeOH/H2O to give 1,3-diol 3-41 in 54% yield over two steps. A plausible mechanistic
pathway for this transformation might involve the addition of the enolate of aldehyde 342 to formaldehyde to give the expected aldol product 3-43.72 Addition of alcohol 3-43
to a second molecule of formaldehyde would give hemiacetal 3-44. Internal hydride
delivery would reduce the remaining aldehyde to give formate ester 3-45, which is
hydrolyzed in situ to give 1,3-diol 3-41.

Figure 3-8: Synthesis of 1,3-diol 3-41 via Tollens aldol.

The double oxidation/olefination of 1,3-diol 3-41 to 1,3-dialdehyde 3-46 proved
difficult (Table 3-1). There was scant precedent in the literature for the oxidation of 1,3diols to dialdehydes and the few examples that were reported operated on simple,
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sterically uncongested substrates.73 Most oxidation conditions failed to give the desired
dialdehyde. TPAP oxidation returned starting material, while Dess-Martin periodinane,
SO3-pyridine, and PCC led to formation of traces of unidentifed aldehyde-containing
products.

Table 3-1: Oxidation of diol 3-41.

Oxidant

Product (% conversion)

TPAP, NMO, CH2Cl2
Dess-Martin, CH2Cl2
SO3–pyridine, DMSO
PCC, CH2Cl2

Starting material
Trace unidentifed aldehyde
Trace unidentifed aldehyde
Trace unidentifed aldehyde
3-46 90% + 10% unidentified
aldehyde and starting material

(COCl)2, DMSO, -60 to room temperature
Dess-Martin, H2O saturated CH2Cl2, 65 °C μwave

3-46 100%

The first successful and reproducible double oxidation procedure featured a
Swern oxidation under carefully controlled conditions. It was imperative to use a large (8
fold) excess of freshly distilled oxalyl chloride and strictly anhydrous DMSO to ensure
complete consumption of the starting material.

Even under carefully controlled

conditions, there were traces of mono-oxidized and deformylated products in the reaction
mixture detectable by mass spectrometry.
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It was anticipated that dialdehyde 3-46 would be unstable, rendering
chromatographic purification risky. The crude dialdehyde material was instead treated
with Schlosser’s instant ylide (Ph3PCH3Br/NaNH2) in THF to give diolefin 3-47 in 56%
yield over two steps (Figure 3-9).74 After the completion of this model study, a superior
oxidation/olefination protocol was developed (vide infra), which was applied to the
conversion of 3-41 to 3-47. Specifically, a water-promoted Dess-Martin oxidation of diol
3-46 followed by a NaHMDS/Ph3PCH3Br based olefination of the resulting crude
dialdehyde gave diolefin 3-47 in a vastly improved 91% yield.

Figure 3-9: Synthesis of tricycle 3-1.

Removal of the Boc group from 3-47 with TFA and allylation of the derived
amine with allyl bromide/LiOH afforded trialkenyl bicycle 3-25 in 70% yield over two
steps. Treatment of trialkenyl bicycle 3-25 with Grubb’s 2nd generation ring-closing
metathesis catalyst in refluxing CH2Cl2 led to decomposition of the starting material.
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None of the desired tricyclic product 3-1 was detected by mass spectrometry or 1H NMR
spectroscopy. This result was not entirely surprising, as the ruthenium carbine metathesis
catalysts are known to form adducts with the lone pair of amines.75 The solution to this
problem was to protonate the amine, thereby engaging the lone pair and preventing any
undesired side reactions.76 Treatment of 3-25 with an excess of tosic acid before the
addition of the metathesis catalyst led to the clean conversion of 3-25 to tricycle 3-1
following basic workup, in 79% yield as a single diastereomer, as confirmed by NMR
studies.

3.4 Conclusion
Meloscine model tricycle 3-1 was synthesized in 16 steps from 3chloropropiophenone. The synthesis utilized the key allenyl azide cycloaddition/ATMM
diradical cyclization cascade to forge the azabicyclo[3.3.0]octane core of meloscine from
readily accessable allene 3-31. Complete reduction of the α,β-unsaturated imine moiety
within 3-30 required a 2-step heterogeneous hydrogenation/Super Hydride reduction
sequence. It was necessary to protect the pyrrolidine nitrogen of secondary amine 3-35
as the t-butyl carbamate to enable the subsequent oxidation chemistry. Installation of the
C(20) 1,3-methylene by an oxidation/Tollens aldol sequence, followed by a double
oxidation/olefination of this diol, afforded the divinyl units.

The final ring-closing

metathesis afforded tricycle 3-1 as a single diastereomer. This study not only served to
confirm the viability of the cyclization cascade approach to the meloscine core, but also
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provided valuable insight into how the cyclopentenylated dihydropyrrole product of the
cyclization cascade might be elaborated to a meloscine-like structure.
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Chapter 4

Total Synthesis of (±)-Meloscine

4.1 Overview
Application of the lessons learned during the synthesis of the CDE-ring system of
meloscine to the total synthesis of (±)-meloscine was the next step. Previous attempts at
extending the diradical cyclization methodology to highly functionalized substrates were
impeded by low yields and poor functional group tolerance. This chapter details the
successful application of the ATMM diradical cyclization methodology to the most
elaborate substrates to date, ultimately leading to the completion of a total synthesis of
(±)-meloscine.77

4.2 Synthesis Strategy
The substantive structural difference between the model study target 3-1 and
meloscine (2-1) is the presence of the lactam B-ring in the natural product. Setting up a
late-stage lactamization to install the B-ring necessitated the early introduction of the
requisite carbonyl functionality. Retrosynthetically, the ring-closing metathesis endgame
strategy developed during the model study leads from meloscine to ring-opened trivinyl
tetracycle 4-1 (Figure 4-1).
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Figure 4-1: Retrosynthetic analysis of (±)-meloscine.
The lactam ring within 4-2 could be formed via an intermolecular amidation of
aryl halide 4-3. The introduction of the requisite amide functionality poses an interesting
challenge due to the functional group intolerance of the key cyclization cascade and the
harsh conditions necessary for the subsequent manipulation of the unsaturated core (vide
supra).

Arguably the simplest approach would be to introduce a precursor ester

functionality during the allene synthesis. Unfortunately, not only was the generation and
cyclization of acrylate-substituted allenes irreproducible and low yielding when it did
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work, but also the ester likely would not survive the subsequent harsh reduction
conditions (vide supra). A potential solution is to introduce the ester masked as a 4methyl-2,6,7-trioxabicyclo[2.2.2]octane (OBO) orthoester 4-4, which should survive the
basic, nucleophilic, and reducing conditions necessary to elaborate the bicyclic ring
system. The ester could then be revealed under mildly acidic conditions and converted to
primary amide 4-3.78 Diol 4-4 would be synthesized from bicycle 4-5 utilizing a similar
procedure to the one developed in the model study. Bicycle 4-5 is the product of the
ATMM diradical cyclization cascade of tetrasubstituted allene 4-6, synthesized from
propargyl acetate 4-7 and vinyl zincate 4-8. The acetate would be accessable from 2bromobenzaldehyde (4-9) utilizing established methodologies (vide supra). The OBOsubstituted vinyl zincate would be generated from known vinyl iodode 4-10, synthesized
from commercially available propiolic acid (4-11).

4.3 Synthesis and Cyclization of OTBS/OBO Vinyl Allene 4-20
The initial synthesis target was propargyl acetate 4-16, almost identical to the
propargyl acetate used in the model study save for the presence of the aryl ring bromine
(Figure 4-2). The synthesis began with commercially available 2-bromobenzaldehyde (49). Addition of vinylmagnesium bromide, followed by oxidation of the resultant alcohol
with freshly prepared Jones reagent gave enone 4-13. Use of freshly prepared Jones
reagent was essential, as stored reagents led to formation of an unidentified aromatic
byproduct and a dramatic drop in yield. Conjugate addition of sodium azide in 3:1
H2O:AcOH afforded known azido-ketone 4-14 in 70% yield over three steps. Addition
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of the lithiate of OTBS-protected propargyl alcohol79 to ketone 4-14 gave alcohol 4-15,
which was taken on crude through standard acylation conditions (Ac2O, DMAP) to give
the desired propargyl acetate 4-16 in an unoptimized 59% yield over two steps.

Figure 4-2: Synthesis of acetate 4-16 and vinyl iodide 4-10.

The requisite OBO-vinyl iodide 4-10 was synthesized by application of the
procedure developed by Suh et al.80 Hydroiodination of propiolic acid 4-12 with HI/H2O
gave the Z-iodoacrylic acid (4-17) in 80% yield. This species was coupled with 3methyl-3-hydroxymethyloxetane to give ester 4-18 in good yield. A BF3-Et2O catalyzed
rearrangement with concomitant (Z)-to-(E) isomerization of 4-18 gave the desired OBOsubstituted vinyl iodide 4-10 in 77% yield.
The first attempts at palladium-catalyzed allene formation met with little success.
Following the procedure developed by Dr. Keith Hester (Pennsylvania State University),
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the vinyl iodide 4-10 in Et2O was treated with 2.2 eq. of t-butyllithium at -78 °C,
followed by the addition of ZnCl2 in THF and warming to room temperature before
sequential addition of catalytic Pd(PPh3)4 and propargyl acetate 4-16 in THF (Figure 43).81 Unfortunately, none of the desired allene product was produced and the starting
acetate was recovered. A series of test reactions were run to confirm the formation of the
zincate 4-19 and the viability of 4-16 as an allene precursor. To this end, treatment of
model propargyl acetate 3-32 with zincate 4-19 under the same palladium-catalyzed
reaction conditions afforded allene 4-21, whose structure was confirmed by IR and 1H
and

13

C NMR spectroscopy. It was also possible to generate vinyl allene 4-23 from

acetate 4-16 and simple vinyl zincate 4-22. There was no obvious reason for the reaction
of acetate 4-16 and zincate 4-19 to return only starting material.
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Figure 4-3: Attempted conversion of acetate 4-16 to allene 4-20.

The solution was to switch from the propargyl acetate to the more reactive
propargyl carbonate.

Treatment of the alcoholate 4-24 with methyl chloroformate

afforded propargyl carbonate 4-25 (Figure 4-4). Gratifyingly, carbonate 4-25 could be
converted to tetrasubstituted allene 4-20 using the previously described conditions.

84

Figure 4-4: Synthesis and cyclization of allene 4-20.

This allene was unstable to every chromatographic condition attempted, including
water deactivated silica gel, alumina, and using Et 3N in the eluent.

All efforts at

purification led to extensive decomposition without yielding any analytically pure
product. Instead, opting to exploit the intramolecular nature of the ATMM cascade, the
crude reaction mixture was subjected to the cyclization conditions without purification.
Attempts at photochemical initiation lead to complete decomposition of the allene
without the formation of any identifiable cyclization products, possibly due to the
photolabile aryl halide, however, thermolysis of the crude allene in deoxygenated toluene
(0.003 M, 110 °C) gave the desired cyclopentenylated dihydropyrrole 4-26 as a single
diastereomer in an unoptimized 34% yield over two steps. The relative stereochemistry
of this bicyclic material was confirmed by single crystal X-ray diffraction (Figure 4-5)
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Figure 4-5: ORTEP structure of 4-26.

4.4 Hydrogenation of cyclopentenylated dihydropyrrole 4-26
The next challenge was the reduction of the olefin moiety now that the viability
and the stereochemical outcome of the cyclization cascade were confirmed.

The

structural changes from the model system necessitated significant modifications to the
hydrogenation procedure. Specifically, the presence of the aryl bromide meant switching
from palladium-based catalysts to one less prone to C–Br hydrogenolysis, and the
presence of the acid sensitive OBO group meant steps were needed to prevent any trace
HBr liberated during the reaction from prematurely cleaving the orthoester. A range of
transition metal catalysts (Pt/C, Pd/C, Raney nickel, Crabtree’s catalyst), solvents
(benzene, MeOH, THF, toluene, 1,4-dioxane), hydrogen pressure (15-1100 PSI), and
base additives (Et3N, pyridine, 2,6-lutidine, proton sponge) were screened to find
effective reduction conditions. In the end, the only conditions that selectively reduced
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the olefin were 5% Pt/C at 1100 PSI of H2 in benzene/Et3N with portionwise addition of
catalyst over 3-4 days.

This procedure gave a ~1:1 mixutre of imine 4-27 and

reduction/OTBS hydrogenolysis product 4-28 in a combined 59% yield (Figure 4-6).

Figure 4-6: Hydrogenation of bicycle 4-26.

4.5 Modification of the Cyclization Substrate
The unanticipated hydrogenolysis of the silyl ether was a major setback for the
planned synthetic route and the recalcitrant nature of the hydrogenation severely limited
the optimizable reaction parameters. Since no other conditions were found to be effective
at reducing the olefin, the only viable option was to alter the substrate to mitigate the C-O
hydrogenolysis.

A potential solution lay in the well-established sensitivity of

heterogenous hydrogenation catalysts to steric influence.82

Reasoning that a more

sterically bulky protecting group would hinder any reactions at the proximal C-O bond,
propargyl carbonate 4-29 was synthesized via an analogous procedure (Figure 4-7),
replacing the OTBS group with the bulkier OTIPS ether at the lithiate addition step.83 At
this juncture, several modifications were made to the carbonate synthesis to alleviate
some of the longstanding problems. Switching solvents from THF to CH2Cl2 suppressed
the undesired elimination of the azide from 4-14 during the lithiate addition step, and
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allowing the reaction to warm to room temperature before the addition of methyl
chloroformate led to complete consumption of the intermediate alchoholate to give
propargyl carbonate 4-29 in 84% yield from azido-ketone 4-14.

Figure 4-7: Synthesis and cyclization of allene 4-30.
Treatment of propargyl carbonate 4-29 with OBO vinyl zincate and a catalytic
amount of Pd(PPh3)4 gave unstable allene 4-30.
purification led to near complete decomposition.

Once again, chromatographic
Therefore, the crude allene was

thermolyzed in a dilute toluene solution (0.003 M) to give the desired bicycle 4-31 in
55% yield over two steps as a single diastereomer. X-Ray diffraction confirmed the synrelative stereochemistry of the OBO group and the aryl ring, consistent with the previous
observations on this and other similar systems (Figure 4-8).
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Figure 4-8: ORTEP structure of 4-31.

4.6 Elaboration of the Meloscine Core
Gratifyingly, the steric hindrance hypothesis bore rapid fruit, with the
hydrogenation proceeding in good yield after minor modifications to give imine 4-32
(Figure 4-9). Nominally more forcing conditions (1300 PSI H2, 40 °C) were necessary to
effect complete conversion. Only traces of the C-OTIPS hydrogenolysis product could
be detected by 1H NMR spectroscopy or mass spectrometry.
The Super Hydride reduction of the imine 4-32 required significantly harsher
conditions relative to the model system. Furthermore it was necessary to purify the
hydrogenation product before hydride reduction.

Attempts to use the crude

hydrogenation product 4-32, as in the model system, in the Super Hydride reduction only
afforded starting material, even with a large (>20 eq.) excess of the hydride reagent. A
15-fold excess of Super Hydride, along with an extended reaction time at elevated
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temperature were necessary to convert 4-32 to amine 4-33 after an ammonium chloride
workup to cleave the amine-borane complex formed during the reduction.
Hydroxylamine-promoted Boc protection of the pyrrolidine nitrogen and removal of the
TIPS group with Bu4NF group gave alcohol 4-35 in 59% yield over three steps.

Figure 4-9: Peripheral functional group manipulation.

The oxidation/Tollens aldol sequence that converts alcohol 4-35 to diol 4-36
required modifications to compensate for the acid sensitivity and lower reactivity of the
OBO-functionalized substrate. The optimal oxidation conditions for alcohol 4-35 were
found to be a water-promoted, 2,6-lutidine-buffered Dess-Martin oxidation (vide infra).
Treatment of alcohol 4-35 in water-saturated CH2Cl2 with 2,6-lutidine and 10 eq. of
Dess-Martin reagent at 65 °C under microwave irradiation cleanly afforded the desired
aldehyde, which was subjected as a crude mixture to the Tollens aldol conditions. The
optimized conditions for the Tollens aldol from the model study (formalin, KOH, room
temperature) led to complete decomposition of the starting material with no identifiable
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products. However, elevating the reaction temperature to 55 °C afforded diol 4-36 in
84% yield over two steps.

4.7 Attempts at E-Ring Formation
Two different strategic approaches from diol 4-36 to the completion of meloscine
can be envisioned: closure of the tetrahydropyridine E-ring before lactamization, or
aminolysis of the orthoester and closure of the quinolone ring before forming the E-ring
(Figure 4-10).

Figure 4-10: Strategic approaches to the meloscine core.
It seemed prudent to pursue the formation of the E-ring before unmasking the
amide moiety based on the sensitive nature of the oxidation/olefination sequence revealed
during the model system work (vide supra). To that end, diol 4-36 was subjected to
similar oxidation/olefination conditions as used on the model system (Swern oxidation,
Ph3PCH3Br/NaNH2 olefination), to form divinyl bicycle 4-39 in moderate yield. The
Swern oxidation, while efficacious, suffered from irreproducibility. Application of the
later-developed water-promoted Dess-Martin oxidation protocol afforded diolefin 4-39 in
comparable yield and improved reproducibility (vide infra). Cleavage of the tert-butyl

91

carbamate was performed under Ohfune conditions84 to preserve the acid-sensitive OBO
functionality. Allylation (allyl bromide/LiOH) of the resulting secondary amine gave
triolefin 4-40 in 16% yield over 3 steps. The yield of this sequence was untenably low at
this point in the synthesis that the early formation of the E-ring strategy was abandoned.

Figure 4-11: Synthesis of trivinyl bicycle 4-40.

4.8 Initial Aminolysis Studies
It is possible that the poor performance of the deprotection/allylation sequence is
caused by the difficulty in removing the Boc protecting group under basic conditions.
We sought to reroute and first contend with the aminolysis of the OBO-group, thereby
permitting the use of acidic conditions later for Boc removal. As there is substantial
precedent for the aminolysis of methyl esters under mild conditions and comparatively
few examples of converting OBO orthoesters directly to amides, particularly primary
amides, the first approach explored was to open and hydrolyze the orthoester to the
carboxylic acid 4-42 and esterify the nascent acid with TMS-diazomethane to give
methyl ester 4-43 (Figure 4-12).
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Figure 4-12: Aminolysis of orthoester 4-36.

Early aminolysis attempts on crude ester 4-43 met with limited success.85
Treating the crude ester 4-43 with ammonium hydroxide or commercially available 7 N
ammonia in methanol did not promote a reaction, even at elevated temperatures. The
only effective conditions found involved treatment of the methyl ester 4-43 with 100 PSI
of NH3 gas at 150 °C in a Parr bomb, and even then only 17% of the desired primary
amide 4-44 was isolated.
The crude ester tetrol 4-41 was subjected to direct aminolysis conditions, as
passing through the methyl ester did not offer any distinct advantages in terms of yield or
synthesis efficiency. The only change relative to the aminolysis attempts with 4-43 was
that the Parr bomb was connected to the ammonia supply tank for 30 minutes to ensure
that the excess acid was completely neutralized and that the solvent was saturated with
ammonia. Whereas the starting material was completely consumed and the desired
amide was detectable by 1H NMR spectroscopy and mass spectrometry, the reaction
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product was an inseparable mixture of 4-44, methyl ester 4-43, and an unidentifiable
yellow oil byproduct in an undetermined ratio (Figure 4-13).

Figure 4-13: Aminolysis of tetrol 4-41.

The presence of the methyl ester 4-43 in the reaction of 4-41 with ammonia
provided a valuable clue, even if the particular experimental procedure was not useful. It
suggested that the initial hypothesis – i.e., that the methyl ester would be more reactive –
wasn’t just incorrect; the exact opposite was true. The presence of the methyl ester after
extended reaction times indicated that it was significantly less reactive than tetrol 4-41 to
aminolysis, so any of the methyl ester that formed during the course of the reaction in
fact impedes the formation of the desired product. The logical solution would be to
switch to a less nucleophilic solvent in order to minimize the undesired
transesterification. Gratifyingly, switching from methanol to isopropanol allowed the
desired primary amide 4-44 to be isolated cleanly in 68% yield from orthoester 4-36 with
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none of the transesterification product detected by 1H NMR spectroscopy or mass
spectrometry.

4.8 Initial Oxidation Studies
The oxidation of the 1,3-diol of amide 4-44 was surprisingly challenging. The
various attempts are summarized in Table 4-1.

Table 4-1: Oxidation of diol 4-44.

Conditions
(ClCO)2, DMSO, Et3N, -78 to room
temperature

Products Detected via NMR and MS
(% conversion)
Starting material

SO3-pyridine, DMSO, Et3N

Decomposition

trifluoroacetic anhydride, DMSO, Et3N

Starting Material

TPAP, NMO, 4 Å molecular sieves, CH2Cl2

Starting material + >5% 4-45 + decomposition

pyridinium dichromate, CH2Cl2

Decomposition

pyridinium chlorocromate, CH2Cl2

Decomposition, >5% 4-45

Dess-Martin periodinane, room temperature,
3h
Dess-Martin periodinane, room temperature,

4-44 90% + 4-45 10%
4-46 25% + decomposition
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18 h
Dess-Martin periodinane, 2,6-lutidine 60 °C,
μ-wave, 15 min
Dess-Martin periodinane, 2,6-lutidine 100
°C, μ-wave, 15 min
Dess-Martin periodinane, water saturated
CH2Cl2, room temperature, 72 h
Dess-Martin periodinane, water saturated
CH2Cl2, 40 °C, 72 h
Dess-Martin periodinane, water saturated
CH2Cl2, 65 °C, μ-wave , 30 min

4-44 25% + 4-45 50% + 4-46 25%

4-45 75% + 4-46 25%

4-46 30% + decomp

4-46 50% + decomp
4-46 100%

The Swern oxidation conditions from the model study failed to give any of the
desired dialdehyde.

Indeed none of the activated DMSO-based oxidants examined

afforded any identifiable oxidation products. Use of chromium- and ruthenium-based
oxidants led to extensive decomposition of the starting material with trace quantities of
mono-aldehyde 4-45 detected. The first oxidant to afford even traces of the desired
double oxidation product 4-46 was Dess-Martin periodinane, but the reaction could not
be driven to completion even with extended reaction times and elevated temperatures.
The first part of the solution was the application of Schreiber’s water-mediated oxidation
protocol,86 in which the alcohol is treated with an excess of the oxidant in water-saturated
CH2Cl2 to accelerate the oxidation. Even in the presence of water, the oxidation was
slow and led to gradual decomposition of the unstable dialdehyde. Conventional heating
accelerated the oxidation but still led to extensive decomposition. The key was to utilize
rapid microwave heating of the water-promoted oxidation reaction.

Dess-Martin

oxidation of alcohol 4-44 in water-saturated CH2Cl2 at 65 °C in the microwave led to
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rapid, clean oxidation of the diol to 1,3-dialdehyde 4-46.

Due to its anticipated

instability, no attempts were made to purify dialdehyde 4-46 (vide supra).

4.9 Attempted Olefination of 4-46
The crude dialdehyde 4-46 was subjected directly to the olefination conditions.
The results are summarized in Table 4-2.

Table 4-2: Attempted olefination of dialdehyde 4-46.

Conditions
Ph3PCH3Br, NaNH2, room temperature

Products Detected via NMR and MS
Starting material + decomposition

Ph3PCH3Br, n-BuLi, 0 to room temperature

Decomposition

Ph3PCH3I, n-BuLi, 0 to room temperature

Decomposition

Tebbe’s reagent, 0 to room temperature

Decomposition

Cp2TiCl2, 0 to room temperature

Decomposition

Triethyl phosphonoacetate, MgBr2, Et3N,
room temperature
Diethylbenzyl phosphonate, KOtBu, 0 to
room temperature
Diethylcyanomethyl phosphonate, n-BuLi, 78 to room temperature

Starting material + Decomposition

Decomposition

Decomposition
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No conditions could be found to affect the mono- or diolefination of 4-46. Wittig
conditions that were effective on similar systems returned only starting material. The use
of alkyllithium bases or more reactive ylide precursors did nothing to alleviate the lack of
reactivity. Titanium carbene olefinating reagents fared worse, completely decomposing
the dialdehyde. Even stabilized phosphonate ylides were ineffective at even monoolefination.

These results are not surprising, as there are few examples of Wittig-type

olefinations in the presence of primary amides, and most of these examples contain either
an aromatic ylide or aldehyde. 87
This approach did yield the most rapid, clean, and efficient conditions to date for
the diol oxidation, even if the olefination of the resulting dialdehyde in the presence of
the primary amide was ultimately unsuccessful. It was possible to apply the waterpromoted Dess-Martin oxidations conditions to a number of oxidations on both the model
system and the real system with excellent results (vide supra, vide infra).

These

conditions had the distinct advantage of speed and reproducibility over the Swern
oxidation conditions used for the previous diol oxidations. With a more convenient
oxidation sequence, it was possible to access significant quantities of diolefin 4-39 for
subsequent study.

4.10 Attempted Aminolysis of Diolefin 4-39
The difficulties with the olefination sequence in the presence of the primary
amide, and the knowledge from Bach’s and Mukai’s work that it was possible to form the
E-ring in the presence of the B ring lactam, lent support to an alternative endgame. We

98

sought to couple the successful oxidation/olefination methodology with the successful
orthoester opening/aminolysis sequence used on diol 4-36. Since the structural changes
between diol 4-36 and diolefin 4-39 were significant but distal, we reasoned that they
should have a minimal effect on the reactivity of the molecule.
Once again our hypothesis proved to be incorrect. As described previously,
orthoester 4-39 was converted to ester diol 4-48 by treatment with H3PO4, but in this case
all attempts at aminolysis of the ester let to either its recovery or decomposition of the
starting material with no nitrogen incorporation detected by mass spectrometry (Table 43).

Weinreb’s aluminum amide methodology had similar disappointing results. 88

Attempted cyanide catalyzed ammonia addition also decomposed the molecule. The only
conditions that that actually afforded a recognizable product were magnesium nitride in
methanol, which gave methyl ester 4-49 by mass spectrometry.89

Table 4-3: Attempted aminolysis of diolefin 4-39.

Conditions

Products Detected via NMR and MS
(% conversion)

100PSI NH3, i-PrOH, 150 °C, 24hr

Starting material

100PSI NH3/i-PrOH, 150 °C, 96hr

Decomposition

Me3Al/NH4Cl, room temperature

Starting material

Me3Al/NH4Cl, room temperature

Decomposition
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Mg2N3/MeOH, 80 °C

Methyl Ester 4-49 ~10%

NH3/NaCN/MeOH room temperature

Starting material + decomposition

NH3/NaCN/MeOH 100 °C

Starting material + decomposition

We next attempted to employ intramolecular nitrogen addition to form the lactam
ring since intermolecular aminolysis of the ester was not feasible. If the aryl bromide
could be converted to a primary or secondary aniline, then the lactam could form
spontaneously upon opening of the orthoester. While great strides have been made in the
field of Buchwald-Hartwig and Goldberg-type couplings over the past decade, two of the
greatest challenges are still ortho-substituted aryl halides and the use of ammonia as a
coupling partner.90 Unfortunately, both of these challenges are present in this system.
The results of the attempted coupling reactions are summarized in Table 4-4.

Table 4-4: Attempted intramolecular C-N couplings.

Products Detected via NMR and
Conditions
Cu2O, NMP, NH4OH, 110 °C
Cu, 2-aminoethanol, TMSN3 , 110 °C
CuI, 1,10-phenanthroline, benzophenone imine,
MTBD
CuI, DMEDA, BocNH2, K2CO3

MS
Decomposition
Starting material
Starting material
Starting material
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CuI, DMEDA, BocNH2, MTBD

Starting material

Mor-Dalphos, KOtBu, (Pd(cinnamyl)Cl)2, NH3, 65
°C
Josiphos, K3PO4, Pd(o-tolyl)3P2, NH3, 65 °C

Starting material

Xphos, Pd2dba3, MTBD, benzophenone imine, 150
°C
Xphos, Pd(OAc)2, Cs2CO3, BocNH2, 100 °C

Decomposition

Xphos, Pd(OAc)2, Cs2CO3, BocNH2, 120 °C uwave
Xphos, Pd2dba3–CHCl3, NaOtBu, BocNH2, 65 °C
u-wave
Xphos, Pd2dba3–CHCl3, NaOtBu, BocNH2, 120 °C
u-wave
Mor-Dalphos, KOtBu, (Pd(cinnamyl)Cl)2, NH3, 65
°C

Starting material

Starting material
Decomposition
Starting material
Decomposition
Starting material

Both copper- and palladium catalyzed approaches failed to deliver useful results.
Notable failures include Buchwald’s biaryl Xphos ligand 91 and Mor-Dalphos,92 a ligand
designed specifically for aryl halide-ammonia couplings. In addition to the failure of
direct amine or carbamate couplings, ammonia surrogates such as benzophenone imine 93
and TMSN394 were also ineffective.

4.11 Olefination Studies and the Completion of the Total Synthesis of (±)-Meloscine
We returned to diol amide 4-44 as the most promising advanced intermediate after
numerous fruitless attempts to install a nitrogen on the diolefin system. Whereas the
olefination failed on the primary amide substrate, the more extensive precedents for
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olefinations in the presence of secondary amides and lactams gave hope that the
olefination of lactam 4-51 would fare better.95 Amide 4-44 was converted to lactam 4-51
via a microwave promoted Goldberg-type coupling in good yield (Table 4-5).96 Once
again, a microwave-heated, water-promoted Dess-Martin oxidation was employed to
afford dialdehyde 4-52, which was subjected as crude material to a range of
methylenylation conditions

Table 4-4: Olefination of 4-52.

Base and Conditions

Products Detected via NMR and MS
(% conversion)

n-BuLi, THF, room temperature
NaNH2, THF, room temperature

4-53 25% + SM
4-53 30% + SM

NaNH2, THF, 25 to 40 °C

4-53 50% + SM

NaNH2, THF room temperature

4-53 50% + Decomposition

to reflux
NaHMDS, -78 °C to RT, 72 h

4-54 100%
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Initial efforts were more promising with secondary amide 4-52 than on the
primary amide substrate. Treatment of dialdehyde 4-52 with Ph3PCH3Br/NaNH2 gave
mono-olefinated lactam 4-53, but nothing could be done to drive the reaction to
completion. Increased equivalents of the ylide and extended reaction times did not lead
to any of the desired 1,3-divinyl compound. Switching to n-butyllithium instead of
NaNH2 as base gave similar results. Increasing the reaction temperature led to extensive
decomposition of dialdehyde 4-52 but none of the desired diolefin. Somewhat ironically,
the solution to driving the diolefination reaction to completion was the use of less forcing
conditions rather than more.

Addition of dialdehyde 4-52 to a 19-fold excess of

methylene ylide generated with NaHMDS at -78 °C, followed by gradual warming to
room temperature, led to complete conversion of 4-52 to divinyl lactam 4-54 with no
detectable quantities of the mono-olefinated product in the crude reaction mixture.
The large excess of Wittig reagent necessary to affect complete conversion of
dialdehyde 4-52 to 4-54, coupled with similar chromatographical behavior of the product
4-54 and unidentified reaction contaminants, made purification of 4-54 impractical at this
stage.

Instead, the crude diolefination mixture was subjected to the standard

deprotection/allylation sequence to give isolable triolefin 4-1 in 57% yield over 4 steps
(Figure 4-14).

Finally, treatment of 4-1 with Hoveyda-Grubbs 2nd generation ring-

closing metathesis catalyst afforded (±)-meloscine (2-1) in 79% yield as a single
diastereomer, in agreement with Mukai’s observations. 97
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Figure 4-14: Completion of the total synthesis of (±)-meloscine (2-1).

4.12 Conclusions
(±)-Meloscine was synthesized in 19 steps from 2-bromobenzaldehyde in an
overall yield of 2.2% (Figure 4-15).

Rapid access to the highly functionalized

azabicyclo[3.3.0]octane skeleton via an allenyl azide cycloaddition/diradical cyclization
cascade of a tetrasubstituted vinyl allene 4-30 allowed for an efficient entry into the core
ring system of the molecule. Elaboration of the cyclization product proceeded in a
similar fashion to the model system, with minor changes necessary to accommodate the
new functionalities and increased steric hinderance of the real system. The unforeseen
difficulties in introducing the primary amide functionality and in the oxidation/olefination
of the C(20) 1,3-diol necessitated significant modification of the order of events in the
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synthesis. The development of an effective water-promoted Dess-Martin oxidation
protocol allowed for the installation of the 1,3-divinyl moiety in the presence of the
lactam ring. Diastereoselective ring closing metathesis to form the E-ring allowed for the
completion of the molecule. This synthesis demonstrates the utility of the diradical
cascade in complex molecule synthesis and illustrates the challenges that were met in
elaborating the sterically congested core of meloscine.
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Figure 4-15: The total synthesis of (±)-meloscine, full route.
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Chapter 5

Experimental Section

General Experimentals

Unless otherwise stated all, moisture- and oxygen-sensitive reactions were carried
out in flame-dried glassware under a nitrogen atmosphere.

Dry acetonitrile,

dichloromethane, diethyl ether, tetrahydrofuran, toluene, and triethylamine were obtained
by passing these solvents through activated alumina columns. Reagents were purchased
at the highest commercial quality and used without further purification, unless otherwise
stated. Thin layer chromatography was carried out on EMD 0.25 mm silica gel plates
with UV visualization or by potassium permanganate or ceric ammonium molybdate
stain. Purification of products via flash chromatography was performed with 40-63 µm
silica gel and the solvent system indicated.

Melting points are uncorrected. High

resolution mass spectra were obtained according to the specified technique and were
performed at the Pennsylvania State University Proteomics and Mass Spectrometry Core
Facility, University Park, PA. X-Ray data was obtained at Pennsylvania State University
X-Ray Crystallography Facility, University Park, PA.
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1-Azido-6-(N-(tert-butoxycarbonyl)-4-methylphenylsulfonamido)-3phenylhex-4-yn-3-yl

Acetate

(3-18).

A

solution

of

tert-butylprop-2-yn-1-

yl(tosyl)carbamate (3-14, 2.65 g, 8.56 mmol) in THF (30 mL) was cooled to -78 °C and
n-butyllithium (2.5 M in hexanes, 3.20 mL, 7.99 mmol) was added dropwise. The
reaction mixture was stirred for 1 h at -78 °C, after which time the solution was
transfered via cannula into a suspension of

freshly dried cerium(III) chloride

heptahydrate (4.25 g, 11.4 mmol) and THF (20 mL) at -78 °C. The solution was stirred
for 1 h, at which time a solution of 3-azido-1-phenylpropan-1-one (3-10, 1.05 g, 0.957
mmol) in THF (10 mL) was added via cannula. The reaction mixture was allowed to
warm to room temperature while stirring for 18 h. The reaction mixture was poured into
water (150 mL) and ethyl acetate (50 mL). The organic layer was separated and the
aqueous phase was extracted with ethyl acetate (3 x 50 mL). The combined organics
were washed with water (2 x 100 mL), brine (100 mL), dried over Na 2SO4, filtered, and
concentrated in vacuo to give alcohol 3-17 as a yellow oil.
The crude alcohol was dissolved in CH2Cl2 (50 mL), cooled to 0 °C and treated
with 4-dimethylaminopyridine (0.986 g, 8.21 mmol) and acetic anhydride (0.412 g, 4.03
mmol). The solution was allowed to warm to room temperature while stirring 16 h and
warmed to room temperature. The reaction mixture was treated with 1 M H3PO4 (50
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mL). The organic layer was separated and the aqueous phase was extracted with CH2Cl2
(3 x 50 mL). The combined organics were washed with water (2 x 100 mL), brine (100
mL), and dried over Na2SO4. The solution was filtered and concentrated in vacuo. The
crude mixture was purified by column chromatography on SiO 2 (10% to 40% ethyl
acetate in hexanes) to give acetate 3-18 as a yellow oil (0.52 g, 42%, mixture of
rotamers). IR (thin film) 2099, 1732 cm-1; 1H NMR (360 MHz, CDCl3) δ 7.93 (d, J = 8.2
Hz, 2H), 7.45-7.42 (m, 2H), 7.29-7.18 (m, 3H), 7.17 (d, J = 8.1 Hz, 2H), 4.84 (d, J =
18.1, 1H), 4.75 (d, J = 18.1, 1H),3.44 (m, 1H), 3.24 (m, 1H), 2.34 (m, 1H), 2.15 (m, 1H),
2.07 (s, 3H), 1.34 (s, 9H) ;

13

C NMR (90 MHz, CDCl3, both rotamers) δ 167.8, 150.0,

144.2, 140.2, 136.3, 129.2, 129.1, 128.3, 128.0, 127.9, 124.8, 84.7, 84.5, 80.9, 78.7, 76.5,
72.4, 72.0, 46.8, 43.0, 35.9, 35.5, 27.6, 21.4.

tert-Butyl-(6-azido-4-phenyl-2-vinylhexa-2,3-dien-1-yl)(tosyl)carbamate
19).

(3-

To a solution of ZnCl2 (0.399 g, 2.92 mmol) in THF (15 mL) was added

vinylmagnesium bromide (1 M in THF, 2.92 mL, 2.92 mmol). The solution was stirred at
room temperature for 80 min, at which time solutions of Pd(PPh3)4 (0.084 g, 0.0732
mmol) in THF (5 mL) and acetate 3-18 (0.770 g, 1.46 mmol) in THF (10 mL) were added
sequentially via cannual. The mixture was stirred for 1 h, at which time the reaction
mixture was poured into an ice-cold saturated NH4Cl solution (50 mL) and Et2O (50 mL)

111

was added. The organic layer was drawn off and the aqueous phase was extracted with
Et2O (3 x 25 mL). The combined organic layers were washed with water (2x 75 mL) and
brine (75 mL), dried over Na2SO4, filtered, and concentrated in vacuo. The crude product
was purified by column chromatography on SiO2 (2% to 10% EtOAc in hexanes) to give
allene 3-19 (0.420 g, 58%, 5:1 mixture of rotamers) as a clear oil. IR (thin film) 2096,
1731 cm-1; 1H NMR (300 MHz, CDCl3, major rotamer) δ 7.72 (d, J = 8.2 Hz, 1H), 7.407.20 (m, 7H), 6.41 (dd, J = 17.8, 11.0 Hz, 1H), 5.30 (d, J = 17.8 Hz, 1H), 5.20 (d, J =
11.0 Hz, 1H), 4.72 (s, 2H), 3.66-3.46 (m, 2H), 2.88 (m, 1H), 2.73 (m, 1H), 2.41 (s, 3H),
1.11 (s, 9H);

13

C NMR (75 MHz, CDCl3, both rotamers) δ 205.4, 150.5, 144.4, 144.1,

137.4, 136.5, 135.2, 132.2, 129.2, 129.1, 128.4, 128.2, 127.7, 127.3, 126.3, 114.2, 108.6,
108.6, 108.0, 84.9, 84.4, 72.1, 49.2, 45.5, 35.6, 29.6, 27.8, 27.5, 21.6; HRMS (TOF MS
ES+) [M+NH4+] calcd for C26H34N5O4S 512.2332, found 512.2305.

tert-Butyl-((3a-phenyl-2,3,3a,4-tetrahydrocyclopenta[b]pyrrol-6-yl)methyl)
(tosyl)carbamate (3-20). Allene 3-19 (0.420 g, 0.849 mmol) was dissolved in toluene
(200 mL, 0.00425 M) and sparged with a stream of nitrogen for 30 min. The solution
was heated at 110 °C for 1 h and then concentrated in vacuo to give a brown oil. The oil
was purified by column chromatography on SiO2 (10% to 40% ethyl acetate/hexanes) to
give 3-20 (0.246 g , 62%, 5:1 mixture of rotamers) as a brown oil. IR (thin film) 1731,
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1643 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.78 (d, J = 8.3 Hz, 1H), 7.33-7.14 (m, 7H),
6.50 (s, 1H), 4.88 (s, 2H), 4.15 (dd, J = 14.9, 7.0 Hz, 1H), 3.83 (tt, J = 10.2, 4.5 Hz, 1H),
2.70 (s, 2H), 2.41 (s, 3 H), 2.23 (dd, J = 11.8, 4.6 Hz, 1H), 2.08 (m, 1H), 1.31 (s, 9H); 13C
NMR (75 Hz, CDCl3) δ 188.5, 150.6, 146.3, 144.2, 136.9, 136.3, 129.4, 129.1, 128.3,
128.2, 128.1, 126.4, 84.3, 64.4, 63.8, 43.5, 41.4, 27.9, 27.8, 21.6.

4-Methyl-N-(3a-phenyl-2,3,3a,4-tetrahydro-cyclopenta[b]pyrrol-6-ylmethyl)benzenesulfonamide (3-23). Bicycle 3-20 (0.240 g, 0.514 mmol) was dissolved in
CH2Cl2 and cooled to 0 °C. Trifluoroacetic acid (0.469 g, 4.11 mmol, 0.317 mL) was
added and the solution was allowed to warm to room temperature while stirring for 18 h.
The solution was concentrated in vacuo to give a brown residue. The residue was
purified via column chromatography on SiO2 (40% to 100% EtOAc/hexanes) to give
tosylamide 3-23 (0.090 g, 47%) as a clear oil. IR (thin film) 1731, 1642 cm-1; 1H NMR
(360 MHz, CDCl3) δ 7.73 (d, J = 8.3 Hz, 2H), 7.27-7.17 (m, 5H), 7.06-7.03 (m, 2H), 6.44
(s, 1H), 5.86 (t, 5.8 Hz, 1H), 4.15-3.98 (m, 3H), 3.75 (ddd, J = 15.0, 10.5, 4.6 Hz, 1H),
2.63 (dt, J = 17.0, 1.31 Hz), 2.41 (s, 3H), 2.15 (dd, J = 9.9, 3.9 Hz, 1H), 1.87 (td, J =
11.0, 7.3 Hz, 1H);

13

C NMR (360 MHz, CDCl3) δ 189.4, 147.2, 143.7, 143.3, 137.1,

134.2, 129.5, 128.5, 127.4, 126.7, 126.3, 64.3, 63.4, 43.6, 41.3, 40.7, 21.5.
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4-Methyl-N-((3a-phenyl-2,3,3a,4,5,6-hexahydrocyclopenta[b]pyrrol-6yl)methyl)benzenesulfonamide (3-24). To a solution of tosylamide 3-23 (0.050 g, 0.136
mmol) in EtOAc (1 mL) was added 10% palladium on carbon (0.020 g). The suspension
was stirred under 1 atm H2 for 72 h, then filtered through Celite and concentrated in
vacuo to give a clear oil. This crude oil was purified by column chromatography on SiO2
(2 % Et3N in ethyl acetate) to give imine 3-24 (0.959 g, 95%, 10:1 mixture of
diasteromers) as a clear oil. IR (thin film) 1665 cm-1; 1H NMR (360 MHz, CDCl3, major
diastereomer) δ 7.78 (d, J = 8 Hz, 2H), 7.32-7.17 (m, 5H), 7.06 (d, J = 8.1 Hz, 2H), 6.45
(s, 1H), 4.07 (m, 1H), 3.90 (m, 1H), 3.30 (dd, J = 12.1, 4.7 Hz, 1H), 2.95 (dd, J = 12.2,
9.4 Hz, 1H), 2.65 (m, 1H), 2.43 (s, 3H), 2.33 (m, 1H), 2.04-1.99 (m, 3H), 1.75-1.65 (m,
2H);

13

C NMR (90 MHz, CDCl3, major diastereomer) δ 192.2, 143.1, 142.7, 137.5,

129.7, 128.8, 127.1, 126.8, 125.8, 65.8, 64.8, 45.2, 41.7, 36.1, 34.9, 28.8, 21.6.

114

Acetic Acid 1-(2-Azido-ethyl)-4-(tert-butyldimethylsilanyloxy)-1-phenyl-but2-ynyl Ester (3-33). A solution of tert-butyldimethyl-2-propynyloxysilane (13.9 g, 81.6
mmol) in THF (150 mL) was cooled to -78 °C and n-butyllithium (2.5 M in hexanes, 30.1
mL, 75.4 mmol) was added dropwise. The reaction mixture was stirred for 1 h at -78 °C,
after which a solution of 3-azido-1-phenylpropan-1-one (3-10, 11.0 g, 62.8 mmol) in
THF (150 mL) was added via canula. The mixture was stirred at -78 °C for 1.5 h, and
then treated with saturated aqueous NH4Cl (150 mL). The organic layer was separated
and the aqueous phase was extracted with diethyl ether (3x150 mL). The combined
organics were washed with water (2 x 200 mL), brine (150 mL), and then dried over
Na2SO4. The solution was concentrated in vacuo to give alcohol 3-32 as a clear yellow
oil.
The crude alcohol was dissolved in CH2Cl2 (300 mL), cooled to 0 °C and treated
with 4-dimethylaminopyridine (26.1 g, 214 mmol) and acetic anhydride (10.9 g, 107
mmol). The reaction solution was allowed to warm to room temperature while stirring
for 16 h. The reaction mixture was then treated with 1 M H3PO4 (100 mL). The organic
layer was separated and the aqueous phase was extracted with CH2Cl2 (3 x 75 mL). The
combined organics were washed with water (2 x 100 mL), brine (100 mL), and dried over
Na2SO4. The solution was filtered and concentrated in vacuo. The crude mixture was
purified by column chromatography on SiO2 (5% ethyl acetate in hexanes) to give acetate
3-33 as a yellow oil (18.4 g, 75%). IR (thin film) 2099, 1754 cm -1; 1H NMR (360 MHz,
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CDCl3) δ 7.53 (d, J = 8.3 Hz, 2H), 7.38-7.27 (m, 3H), 4.49 (s, 2H), 3.53 (ddd, J = 12.4,
10.0, 5.8 Hz, 1H), 3.34 (ddd, J = 12.5, 9.9, 5.4 Hz, 1H), 2.46 (ddd, J = 13.4, 9.6, 5.6 Hz,
1H), 2.21 (ddd, J = 13.6, 9.8, 5.6 Hz, 1H), 2.07 (s, 3H), 0.96 (s, 9H), 0.17 (s, 6H);

13

C

NMR (90 MHz, CDCl3) δ 167.8, 140.5, 128.4, 128.0, 124.8, 88.0, 81.5, 76.8, 51.6, 47.0,
42.9, 25.6, 21.4, 18.1, -5.3; HRMS (TOF MS ES+) [M+H+] calcd for C20H30N3O3Si
388.2056, found 388.2050.

(6-Azido-4-phenyl-2-vinylhexa-2,3-dienyloxy)-tert-butyldimethylsilane (3-31).
To a solution of ZnCl2 (2.81 g, 2.84 mmol) in THF (150 mL) was added vinylmagnesium
bromide (1 M in THF, 20.6 mL, 20.6 mmol). The solution was stirred at room
temperature for 80 min. Solutions of Pd(PPh3)4 (0.596 g, 0.516 mmol) in THF (25 mL)
and acetate 3-33 (4.00 g, 10.3 mmol) in THF (25 mL) were added sequentially via
canual. The mixture was stirred for 1 h, then saturated NH4Cl solution (150 mL) and
Et2O (150 mL) were added. The organic layer was separated and the aqueous layer was
extracted with Et2O (3 x 150 mL). The combined organic layers were washed with water
(2x 100 mL) and brine (150 mL), dried over Na2SO4, and concentrated in vacuo. The
crude product was purified by column chromatography on SiO2 using hexanes as the
eluant to give allene 3-31 (2.44 g, 66%) as a clear oil. IR (thin film) 2097, 1930 cm -1; 1H
NMR (300 MHz, CDCl3) δ 7.37-7.22 (m, 5H), 6.28 (dd, J = 17.7, 10.9 Hz, 1H), 5.32 (d, J
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= 17.7 Hz, 1H), 5.13 (d, J = 10.9 Hz, 1H), 4.35 (s, 2H), 3.47 (t, J = 7.1 Hz, 1H), 2.76 (t, J
= 7.2 Hz, 1H), 0.86 (s, 9H), 0.03 (d, J = 8.0 Hz, 6H); 13C NMR (75 Hz, CDCl3) δ 206.2,
135.7, 131.9, 128.5, 127.2, 126.1, 114.5, 109.9, 105.1, 61.2, 49.8, 29.7, 25.7, 18.2, 5.4;
HRMS (TOF MS ES+) [M-N2+H+] calcd for C20H30NOSi 328.2097, found 328.2093.

6-(((tert-Butyldimethylsilyl)oxy)methyl)-3a-phenyl-2,3,3a,4tetrahydrocyclopenta[b]pyrrole (3-30). Allene 3-31 (1.73 g, 4.87 mmol) was dissolved
in toluene (300 mL, 0.016 M) and sparged with a stream of nitrogen for 30 minutes. The
solution was heated to 110 °C for 1 h and then concentrated in vacuo to give a yellow oil.
The oil was purified by column chromatography on SiO 2 (2% to 5% ethyl
acetate/hexanes) to give 3-30 (1.08 g , 68%) as a clear oil. IR (thin film) 2359, 1637 cm 1 1

; H NMR (300 MHz, CDCl3) δ 7.29-7.15 (m, 5H), 6.63 (s, 1H), 4.63 (d, J = 2.7 Hz,

2H), 4.12 (dd, J = 14.9, 7.2 Hz, 1H), 3.79 (ddd, J = 18.0, 10.5, 4.8 Hz, 1H), 2.70 (m, 2H),
2.21 (dd, J = 11.8, 4.7 Hz, 1H), 2.05 (td, J = 11.2, 7.2 Hz, 1H), 0.93 (s, 9H), 0.01 (s, 6H);
13

C NMR (75 Hz, CDCl3) δ 188.7, 144.4, 144.0, 140.0, 128.2, 126.41, 126.40, 64.4, 64.0,

58.9, 43.3, 41.1, 25.8, 18.3, -5.0; HRMS (TOF MS ES+) [M+H+] calcd for C20H30NOSi
328.2097, found 328.2099.
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6-(((tert-Butyldimethylsilyl)oxy)methyl)-3a-phenyl-2,3,3a,4,5,6hexahydrocyclopenta[b]pyrrole (3-34). To a solution of 3-30 (1.00 g, 3.05 mmol) in
Et2O (30 mL) was added 10% palladium on carbon (0.300 g 0.156 mmol, 5 mol%). The
suspension was stirred under 1 atm H2 for 72 h, then filtered through Celite and
concentrated in vacuo to give a yellow oil. This crude oil was purified by column
chromatography on SiO2 (2% to 5% ethyl acetate in hexanes) to give imine 3-34 (0.959
g, 95%, 1:1 mixture of diastereomers) as a clear oil. IR (thin film) 1665 cm -1; 1H NMR
(400 MHz, CDCl3) δ 7.31-7.26 (m, 2H), 7.21-7.16 (m, 3H), 4.13 (m, 1H), 4.00 (dd, J =
9.9, 4.3 Hz, 1H), 3.90 (m, 1H), 3.68 (dd, J = 9.8, 7.9 Hz, 1H), 2.74 (m, 1H), 2.29 (ddd, J
= 12.3, 6.7, 1.5 Hz, 1H), 2.08-1.95 (m, 4H), 1.74 (dt, J = 11.7, 8.4 Hz, 1H), 0.88 (s, 9H),
0.05 (s, 6H);

13

C NMR (both diastereomers, CDCl3, 90 MHz) δ 190.9, 143.1, 128.5,

126.4, 126.0, 66.1, 64.9, 64.0, 41.5, 38.6, 36.0, 29.2, 25.8, 18.1, -5.5; HRMS (TOF MS
ES+) [M+H]+ calc’d for C20H32NOSi 330.2253, found 330.2250.
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1-Allyl-6-(((tert-butyldimethylsilyl)oxy)methyl)-3aphenyloctahydrocyclopenta[b]pyrrole (3-36). A solution of Super Hydride (1.0 M in
THF, 6.8 mL, 6.8 mmol) was added dropwise to a solution of imine 3-34 (0.75 g, 2.3
mmol) in THF (23 mL). There was an initial vigorous evolution of gas that subsided
quickly. The mixture was heated at 65 °C for 48 h, then cooled to 0 °C, and the excess
hydride was destroyed by the slow addition of ice. Ethyl acetate (10 mL) and water (20
mL) were added and the organic layer was removed. The aqueous layer was extracted
with ethyl acetate (3 x 10 mL) and the combined organic layers were washed with brine
(1 x 15 mL) and dried over Na2SO4. The solution was filtered and concentrated in vacuo.
This crude amine was dissolved in DMF (22 mL), and K2CO3 (0.79 g, 5.7 mmol)
and allyl iodide (1.0 g, 5.7 mmol, 0.52 mL) were added sequentially. The reaction
mixture was stirred for 48 h at room temperature. Water (30 mL) and CH2Cl2 (20 mL)
were added and the organic layer was separated. The aqueous layer was extracted with
CH2Cl2 (3 x 20 mL). The combined organic layers were washed with water (30 mL) and
brine (30 mL), and dried over Na2SO4. The solution was filtered and concentrated in
vacuo to give a brown oil. This oil was purified via column chromatography on SiO 2
(hexanes to 2% ethyl acetate in hexanes) to give N-allyl amine 3-36 as a clear oil (0.30 g,
35%).

IR (thin film) 1642, 1600 cm-1; 1H NMR (300 MHz, CDCl3, mixture of
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diastereomers) δ 7.33-7.28 (m, 4H), 7.19 (m, 1H), 5.95 (dddd, J = 17.7, 10.1, 7.7, 4.9 Hz,
1H), 5.19 (dd, J = 17.1, 1 Hz, 1H), 5.07 (d, J = 10.1 Hz, 1H), 3.96 (dd, J = 9.8, 8.5 Hz,
1H), 3.77 (ddt, J = 13.8, 3.2, 1.7 Hz, 1H), 3.65 (dd, J = 9.9, 5.5 Hz, 1H), 3.41 (d, J = 6.2
Hz, 1H), 2.98 (app dd, J = 14.2, 8.1 Hz, 2H), 2.33 (ddd, J = 12.0, 9.1, 5.3 Hz, 1H), 2.061.52 (m, 8H), 0.90 (s 9H), 0.05 (s, 6H);

13

C NMR (75 MHz, CDCl3, mixture of

diastereomers ) δ 150.4, 136.9, 128.1, 126.2, 125.5, 115.8, 74.2, 62.6, 59.1, 59.0, 53.0,
49.1, 40.6, 40.2, 27.3, 25.9, 18.2, -5.3; HRMS (TOF MS ES+) [M+H+] calcd for
C23H38NOSi 372.2723, found 372.2734.

1-Allyl-3a-phenyloctahydrocyclopenta[b]pyrrol-6-yl)methanol

(3-29).

A

solution of Bu4NF (1.0 M in THF, 7.3 mL, 7.3 mmol) was added to N-allyl amine 3-36
(0.30 g, 0.81 mmol) in THF (8.10 mL). The reaction mixture was stirred for 18 h at room
temperature and then was diluted with water (20 mL) and ethyl acetate (15 mL). The
layers were separated and the aqueous layer was extracted with ethyl acetate (1 x 15 mL)
and dichloromethane (2 x 15 mL). The combined organic layers were dried over Na 2SO4,
filtered, and concentrated in vacuo to give a yellow oil. The crude oil was purified by
column chromatography on SiO2 (1% to 4% to 10% to 30% ethyl acetate in hexanes) to
give alcohol 3-29 (0.11 g, 59%) as a clear oil. IR (thin film) 3412 cm -1; 1H NMR (300
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MHz, CDCl3 mixture of diastereomers) δ 7.36-7.19 (m, 5H), 5.94 (dddd, J = 17.4, 10.1,
8.0, 5.3 Hz, 1H), 5.22 (d, J = 17.1 Hz, 1H), 5.13 (d, J = 10.1 Hz, 1H), 4.19 (dd, J = 11.5,
1.9 Hz, 1H), 3.78 (dd, J = 11.5, 3.2 Hz, 1H), 3.69-3.60 (m, 2H), 3.18 (dd, J = 13.1, 8.0
Hz, 1H), 3.00 (m, 1 H), 2.38-1.89 (m, 6H), 1.80-1.61 (m, 2H);

13

C NMR (75 MHz,

CDCl3, mixture of diastereomers) δ 149.3, 135.6, 128.2, 126.1, 125.7, 117.6, 76.6, 62.4,
60.1, 59.8, 52.6, 45.0, 39.4, 39.2, 26.3; HRMS (TOF MS ES+) [M+H+] calcd for
C17H24NO 258.1858, found 258.1851.

tert-Butyl

6-(Hydroxymethyl)-3a-phenylhexahydrocyclopenta[b]

pyrrole-

1(2H) Carboxylate (3-38). A solution of Super Hydride (1.0 M in THF, 9.1 mL, 9.1
mmol) was added dropwise to a solution of imine 3-34 (1.00 g, 3.0 mmol) in THF (30
mL). There was an initial vigorous evolution of gas that subsided quickly. The mixture
was heated at 65 °C for 48 h, then cooled to 0 °C, and the excess hydride was neutralized
by the slow addition of ice. Ethyl acetate (20 mL) and water (30 mL) were added and the
organic layer was drawn off. The aqueous layer was extracted with ethyl acetate (3 x 20
mL) and the combined organic layers were washed with brine (1 x 30 mL) and dried over
Na2SO4. The solution was filtered and concentrated in vacuo to give the secondary
amine as a clear oil.
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The crude amine was dissolved in CH2Cl2 (30 mL) and triethylamine (2.9 mL, 21
mmol), Boc2O (2.3 g, 11 mmol), and hydroxylamine hydrochloride (0.42 g, 6 mmol)
were added sequentially. The mixture was stirred for 24 h at room temperature and an
additional 1 equivalent of Boc2O (0.66 g, 3.0 mmol) was added. The solution was stirred
for an additional 48 h and then concentrated in vacuo to give a yellow oil. This crude oil
was dissolved in hexanes and passed through a short plug of SiO 2 (2% ethyl acetate in
hexanes) to remove the bulk of the contaminants and then concentrated in vacuo to give a
clear oil. The oil was dissolved in THF (30 mL) and Bu 4NF (1.0 M in THF, 10 mL, 10
mmol) was added. The solution was stirred for 18 h at room temperature then was
diluted with water (30 mL) and ethyl acetate (20 mL) was added. The layers were
separated and the aqueous layer was extracted with ethyl acetate (1 x 20 mL) and CH 2Cl2
(2 x 20 mL). The combined organics were dried over Na 2SO4, filtered, and concentrated
in vacuo to give a yellow oil. The crude alcohol was purified by column chromatography
on SiO2 (5% to 10% to 15% ethyl acetate/hexanes) to give alcohol 3-39 (0.20 g, 20%,
mixture of rotamers) as a yellow oil. IR (thin film) 3432, 1667 cm -1; 1H NMR (major
rotamer, 300 MHz, CDCl3) 7.34-7.18 (m, 5H), 4.72 (dd, J = 11.3, 2.9 Hz, 1H), 4.63 (d, J
= 6.1 Hz, 1H), 3.73 (ddd, J = 11.6, 7.5, 5.4 Hz, 1H), 3.60 (td, J = 11.5, 3.7 Hz, 1H), 3.47
(td, J = 10.9, 3.5 Hz, 1H), 3.29 (dt, J = 11.5, 7.6 Hz, 1H), 2.49 (m, 1H), 2.21-1.93 (m,
4H), 1.76 (dd, J = 12.6, 6.4 Hz, 1H), 1.49 (s, 9H), 1.33 (m, 1H);

13

C NMR (75 MHz,

CDCl3) δ 156.5, 148.5, 128.5, 126.1, 125.4, 80.6, 67.8, 62.3, 58.1, 49.7, 47.5, 40.1, 39.8,
28.4, 28.3; HRMS (TOF MS ES+) [M+H]+ calc’d for C19H27NO3 318.2069, found
318.2060.
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tert-Butyl 6,6-Bis(hydroxymethyl)-3a-phenylhexahydrocyclopenta[b]pyrrole1(2H) Carboxylate (3-40). To a solution of alcohol 3-39 (0.114 g, 0.359 mmol) in
CH2Cl2 (15.0 mL) was added Dess-Martin periodinane (0.457 g, 1.08 mmol) in one
portion. The reaction mixture was stirred at room temperature for 45 min. A 1:1 solution
(10.0 mL) of saturated aqueous NaHCO3: saturated aqueous Na2S2O3 was added and the
biphasic mixture was stirred until all of the solids had dissolved and the mixture was
clear. The mixture was poured into a separatory funnel and the organic layer was drawn
off.

The aqueous layer was extracted with dichloromethane (3 x 15.0 mL).

The

combined organic layers were dried over Na2SO4 and concentrated in vacuo to give a
yellow oil. The oil was dissolved in methanol (7 mL), and aqueous formaldehyde (37%
w/w, 1.43 mL, 19.1 mmol) and potassium hydroxide (0.371 g, 5.62 mmol) were added
sequentially. The solution was stirred at room temperature for 48 h. The reaction
solution was diluted with brine (15.0 mL) and extracted with dichloromethane (4x10.0
mL). The combined organic layers were dried over Na 2SO4, filtered and concentrated in
vacuo to give a yellow oil. The oil was purified by column chromatography (10% to
15% to 30% to 35% ethyl acetate/hexanes) to give diol 3-41 (0.064 g, 51%) as a clear oil.
IR (thin film) 3398, 1660 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.32 (app t, J = 7.5 Hz,
2H), 7.23-7.18 (m, 3H), 4.27 (s, 1H), 3.90 (s, 1H), 3.68 (app t, J = 9.6 Hz, 1H), 3.51-3.31
(m, 4H), 2.21-2.10 (m, 2H), 2.03-1.85 (m, 2H), 1.69-1.64 (m, 2H), 1.49 (s, 9H);

13

C
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NMR (75 MHz, CDCl3) δ 156.3, 147.3, 128.5, 126.3, 125.4, 80.8, 70.7, 66.3, 65.1, 58.7,
52.7, 46.6, 38.5, 34.9, 30.5, 28.4; HRMS (TOF MS ES+) [M+H]+ calc’d for C20H30NO4
348.2175, found 348.2194.

tert-Butyl-3a-Phenyl-6,6-divinylhexahydrocyclopenta[b]pyrrole-1(2H)
Carboxylate (3-47). Method 1: A solution of anhydrous dimethyl sulfoxide (0.243 g,
3.11 mmol, 0.220 mL) in CH2Cl2 (1.5 mL) was cooled to -60 °C. Oxalyl chloride (0.175
g, 1.38 mmol, 0.117 mL) was added dropwise. The reaction mixture was stirred at -60
°C for 1h, at which time diol 3-41 (0.060 g, 0.173 mmol) in CH2Cl2 (2.0 mL) was added
via cannula.

The resulting solution was stirred at -60 °C for 2 h, at which point

triethylamine (0.350 g, 3.46 mmol, 0.482 mL) was added. The resulting solution was
warmed to room temperature while stirring for 16 h. The solution was poured into ice
cold saturated NH4Cl and the layers were separated. The aqueous layer was extracted
with CH2Cl2 (3 x 5 mL). The combined organic layers were dried over Na 2SO4, filtered,
and concentrated in vacuo to give dialdehyde 3-46.
THF (1 mL) was added to a 1:1 mixture of commercially available
methyltriphenylphosphonium bromide:sodium amide (0.288 g, 0.691 mmol).

The

resulting mixture was stirred at room temperature for 1 h, at which time a solution of
dialdehyde 3-46 in THF (1 mL) was added via cannula to the ylide suspension. The
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resulting mixture was stirred for 16 h at room temperature. The solution was poured into
saturated aqueous NH4Cl (10 mL) and EtOAc (10 mL). The organic layer was separated
and the aqueous phase was extracted with EtOAc (3 x 10 mL). The combined organic
layers were washed with water (1 x 20 mL), brine (1 x 20 mL), dried over Na 2SO4,
filtered, and concentrated in vacuo to give a brown oil. The oil was purified by SiO2
column chromatography (1%-5% EtOAc/hexanes) to give 3-47 as a clear oil (0.033 g,
56%, 1:2 mixture of rotamers).
Method 2: A microwave reaction tube was charged with alcohol 3-41 (0.055 g,
0.158 mmol), water saturated dichloromethane (1.5 mL).

Dess-Martin periodinane

(0.336 g, 0.791 mmol) was added in a single portion and the tube was flushed with
nitrogen and then sealed with a Teflon cap.

The reaction mixture was heated via

microwave irradiation at 65 °C for 30 min and then cooled to room temperature. A 1:1
solution of saturated aqueous NaHCO3: saturated aqueous Na2S2O3 (6 mL) was added
and the biphasic mixture was stirred until all of the solids had dissolved and the mixture
was clear. The mixture was poured into a separatory funnel and the organic layer was
drawn off. The aqueous layer was extracted with dichloromethane (3 x 5 mL). The
combined organic layers were dried over Na2SO4 and concentrated in vacuo to give
dialdehyde 3-46 as a pale yellow oil.
A suspension of methyltriphenylphosphonium bromide (0.565 g, 0.1.58 mmol) in
THF (0.200 mL) was cooled to -78 °C and a solution of NaHMDS (1.0 M in THF, 1.50
mL, 1.50 mmol) was added dropwise. The suspension was stirred at -78 °C for 1.5 h.
Dialdehyde 3-46 was dissolved in 0.200 mL of THF and added via cannula to the ylide
suspension, rinsing the flask with an additional 0.150 mL of THF. The reaction mixture
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was allowed to warm to room temperature and stirred at that temperature for 72 h.
Saturated aqueous ammonium chloride (5 mL) and ethyl acetate (5 mL) were added. The
organic layer was drawn off and the aqueous layer was extracted with ethyl acetate (1 x
5.00 mL) and CH2Cl2 (2 x 5.00 mL). The combined organics were dried over Na 2SO4,
filtered, and concentrated in vacuo to give a brown oil. The oil was purified by SiO2
column chromatography (hexanes to 1% to 5% EtOAc/hexanes) to give 3-47 as a clear
oil (0.049 g, 91%, 1:2 mixture of rotamers). IR (thin film) 1894 cm -1; 1H NMR (300
MHz, CDCl3, major rotamer) δ 7.34-7.20 (m, 5H), 6.17-5.92 (m, 2H), 5.10-5.00 (m, 4H),
4.35 (s, 1H), 3.65-3.36 (m, 2H), 2.21-1.92 (m, 6H), 1.49 (s, 9H);

13

C NMR (75 MHz,

CDCl3, both rotamers) 154.3, 148.4, 148.3, 144.3, 143.9, 141.3, 128.4, 126.1, 125.7,
125.5, 113.2, 112.5, 112.4, 112.2, 79.9, 79.2, 75.3, 75.0, 59.1, 58.0, 55.3, 54.7, 46.4, 46.1,
39.0, 38.0, 36.4, 36.0, 33.4, 32.6, 29.7, 28.5; HRMS (TOF MS ES+) [M+H]+ calc’d for
C22H30NO2 340.2277, found 340.2279.

1-Allyl-3a-phenyl-6,6-divinyloctahydrocyclopenta[b]pyrrole(3-25). Carbamate
3-47 (0.012 g, 0.0354 mmol) was dissolved in 10% trifluoroacetic acid/CH2Cl2 (1 mL)
and stirred for 16 h at room temperature. The reaction mixture was concentrated in vacuo
to give a brown oil. This oil was redissolved in CH2Cl2 (5 mL), washed with saturated
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sodium bicarbonate (10 mL) and brine (10 mL), dried over Na 2SO4, filtered, and
concentrated in vacuo to give amine 3-48 as a brown oil. This crude oil was dissolved in
THF (0.5 mL).

Allyl bromide (0.040 mL, 0.531 mmol) and lithium hydroxide

monohydrate (0.106 g, 1.41 mmol) were added sequentially. The resulting solution was
heated at 65 °C for 18 h. The reaction mixture then was cooled to room temperature and
diluted with water (5 mL) and EtOAc (5 mL). The layers were separated, and the
aqueous layer was extracted with EtOAc (3 x 5 mL), washed with water (10 mL) and
brine (10 mL), dried over Na2SO4, filtered, and concentrated in vacuo to give a brown oil.
This oil was purified by SiO2 column chromatography to give 3-25 as a clear oil (0.007 g,
70%). IR (thin film) 2360 cm-1; 1H NMR (400 MHz, CDCl 3) δ 7.34-7.27 (m, 4H), 7.18
(m, 1H), 6.26 (dd, J = 17.7, 10.7 Hz, 1H), 5.94 (dddd, J = 15.1, 10.1, 7.9, 4.9 Hz, 1H),
5.70 (dd, J = 17.8, 11.0 Hz, 1H), 5.21 (d, J = 12.8 Hz, 1H), 5.11-5.01 (m, 4H), 4.92 (d, J
= 13.3 Hz, 1H), 3.55 (dd, J = 13.5, 4.9 Hz, 1H), 3.36 (s, 1H), 3.03-2.98 (m, 2H), 2.39
(ddd, J = 12.2, 9.0, 5.3 Hz, 1H), 2.18-1.89 (m, 5H), 1.71 (dd, J = 12.1, 5.3 Hz, 1H), 13C
NMR (75 MHz, CDCl3) δ 150.1, 143.3, 142.8, 136.3, 128.0, 126.3, 125.4, 116.3, 114.6,
113.2, 80.8, 59.0, 58.9, 55.1, 52.5, 41.6, 38.3, 34.4; HRMS (TOF MS ES+) [M+H]+
calc’d for C20H26N 280.2065, found 280.2051.
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1-Azido-3-(2-bromophenyl)-6-((tert-butyldimethylsilyl)oxy)hex-4-yn-3-yl
Acetate (4-16).

A solution of tert-butyldimethyl-2-propynyloxysilane (7.58 g, 44.5

mmol) in THF (175 mL) was cooled to -78 °C and n-butyllithium (2.5 M in hexanes, 16.4
mL, 41.0 mmol) was added dropwise. The reaction mixture was stirred for 1 h at -78 °C
and then a solution of 3-azido-1-(2-bromophenyl)propan-1-one (4-14, 6.00 g, 34.2 mmol)
in THF (50 mL) was added via canula. The mixture was stirred at -78 °C for 1.5 h and
then treated with saturated aqueous NH4Cl (150 mL). The organic layer was separated
and the aqueous was extracted with diethyl ether (3x150 mL). The combined organic
layers were washed with water (2 x 200 mL), brine (150 mL), and dried over Na 2SO4.
The solution was concentrated in vacuo to give the crude lithiate addition product a clear
yellow oil.
This crude alcohol was dissolved in CH2Cl2 (200 mL), cooled to 0 °C, and treated
with 4-dimethylaminopyridine (14.2 g, 116 mmol) and acetic anhydride (5.94, 58.2
mmol, 5.50 mL). The solution was stirred for 16 h, warming to room temperature. The
reaction was then treated with 1 M H3PO4 (100 mL). The organic layer was drawn off
and the aqueous phase was extracted with CH2Cl2 (3 x 75 mL). The combined organics
were washed with water (2 x 100 mL), brine (100 mL), and dried over Na2SO4. The
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solution was filtered and concentrated in vacuo. The crude reaction mixture was purified
by column chromatography on SiO2 (5% ethyl acetate in hexanes) to give acetate 4-16 as
a yellow oil (7.82 g, 59%). IR (thin film) 2098, 1754 cm -1; 1H NMR(300 MHz, CDCl3) δ
7.94 (dd, J = 7.9, 1.7 Hz, 1H), 7.57 (dd, J = 7.9, 1.3 Hz, 1H), 7.32 (td, J = 7.6, 1.3 Hz,
1H), 7.14 (td, J = 7.6, 1.7 Hz, 1H), 4.48 (s, 2H), 3.59 (ddd, J = 12.4, 9.6, 5.9 Hz, 1H),
3.39 (ddd, J = 12.4, 9.5, 5.7 Hz, 1H), 2.79 (ddd, J = 13.7, 9.5, 5.9 Hz, 1H), 2.38 (ddd, J =
13.7, 9.6, 5.6 Hz, 1H), 2.11 (s, 3H), 0.93 (s, 9H), 0.14 (s, 6H);
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H NMR (75 MHz,

CDCl3) δ 168.1, 138.1, 137.5, 135.5, 130.3, 129.6, 127.4, 118.6, 88.5, 81.5, 77.7, 51.7,
47.3, 38.9, 25.7, 21.1, 18.2, -5.2.

1-Azido-3-(2-bromophenyl)-6-((tert-butyldimethylsilyl)oxy)hex-4-yn3-yl Methyl Carbonate (4-25). A solution of tert-butyldimethyl(prop-2-yn-1yloxy)silane (12.7 g, 62.8 mmol) in THF (100 mL) was cooled to -78 °C and nbutyllithium (2.5 M in hexanes, 23.9 mL, 59.8 mmol) was added dropwise. The reaction
mixture was stirred for 0.5 h at -78 °C, after which time a solution of 3-azido-1-(2bromophenyl)propan-1-one (7.60 g, 29.9 mmol) in CH2Cl2 (150 mL) was added via
cannula. The mixture was stirred for 1.5 h at -78 °C, and then methyl chloroformate
(14.1 g, 149 mmol, 11.6 mL) was added dropwise. The solution was allowed to warm to
room temperature while stirring for 16 h. Water (100 ml) was added and the organic
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layer was separated. The aqueous layer was extracted with EtOAc (3 x 150 mL). The
combined organics were dried over Na 2SO4, filtered, and concentrated in vacuo to give a
dark yellow oil that was purified by column chromatography on SiO2 (5% ethyl acetate in
hexanes) to give carbonate 4-25 as a pale yellow oil (3.59 g, 30%). IR (thin film) 2096,
1760 cm-1; 1H NMR (300 MHz, CDCl3) δ 7.93 (dd, J = 7.9, 1.7 Hz, 1H), 7.59 (dd, J =
7.9, 1.3 Hz, 1H), 7.33 (td, J = 7.6, 1.3 Hz, 1H), 7.18 (td, J = 7.6, 1.7 Hz, 1H), 4.49 (s,
2H), 4.49 (s, 3H), 3.59 (ddd, J = 12.4, 9.8, 5.7 Hz, 1H), 3.41 (ddd, J = 12.4, 9.6, 5.7 Hz,
1H), 2.82 (ddd, J = 13.7, 9.6, 5.7 Hz, 1H), 2.47 (ddd, J = 13.7, 9.7, 5.7 Hz, 1H), 0.93 (s,
9H), 0.15 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 152.7, 136.9, 135.6, 130.3, 130.0, 127.3,
118.7, 89.0, 81.0, 80.0, 54.8, 51.7, 47.1, 38.9, 25.7, 18.2, -5.3.

3a-(2-Bromophenyl)-6-(((tert-butyldimethylsilyl)oxy)methyl)-4-(4-methyl2,6,7-trioxabicyclo[2.2.2]octan-1-yl)-2,3,3a,4-tetrahydrocyclopenta[b]pyrrole (4-26).
A solution of 1-[(E)-2-iodoethenyl]-4-methyl-2,6,7-trioxabicyclo[2.2.2]octane (4-10,
1.10 g, 3.90 mmol) in Et2O (20 mL) was cooled to -78 °C and tert-butyllithium (1.7 M in
n-pentane, 5.30 mL, 8.97 mmol) was added dropwise. The reaction mixture was stirred
for 1 h, at which time a solution of zinc chloride (0.611 g, 4.48 mmol) in THF (10 mL)
was added via cannula. The cooling bath was removed and the solution was allowed to
warm to room temperature and then stirred for 1 h. A solution of Pd(PPh3)4 (0.225 g,
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0.195 mmol) in THF (5 mL) and carbonate 4-25 (0.941 g, 1.95 mmol) in THF (5 mL)
were added sequentially via cannula.

The reaction mixture was stirred at room

temperature until TLC (10:90 ethyl acetate:hexanes) indicated that the starting material
was consumed. The reaction mixture was poured into a separatory funnel containing ice
and saturated aqueous ammonium chloride (40 mL). The organic layer was drawn off
and the aqueous layer was extracted with Et 2O (3 x 20 mL), washed with brine (1 x 40
mL) and dried over Na2SO4. The solution was filtered and concentrated in vacuo at a
bath temperature not exceeding 40 °C to give unstable allene 4-20.
The crude allene mixture was dissolved in toluene (750 mL, 0.003 M) and
sparged with a stream of nitrogen for 30 min. The solution was heated at 110 °C for 1.5
h and then concentrated in vacuo. The residue was purified by column chromatography
on SiO2 (5% to 10% EtOAc/3% triethylamine/hexanes) to give a yellow solid. The solid
was triturated with hexanes and the crystals were collected by vacuum filtration to give 426 (0.350 g 34%) as a white solid. mp 150-153 °C; IR (thin film) 1638 cm-1; 1H NMR
(300 MHz, CDCl3) δ 7.44 (d, J = 7.9 Hz, 1H), 7.38 (br s, 1H), 7.11 (td, J = 7.6, 1.0 Hz,
1H), 6.93 (td, J = 7.6, 1.6 Hz, 1H), 6.64 (s, 1H), 4.63 (s, 2H), 3.93 (dd, J = 14.6, 6.7 Hz,
1H), 3.66-3.48 (m, 7H), 3.33 (br s, 1H), 3.03 (d, J = 2 Hz, 1H), 1.93 (m, 1H), 0.90 (s,
9H), 0.64 (s, 3H), 0.08 (s, 6H); 13C NMR (75 MHz, CDCl3) δ 188.1, 142.6, 141.3, 138.9,
134.5, 133.5, 127.5, 125.5, 122.9, 108.1, 72.0, 66.1, 63.4, 59.3, 58.9, 42.7, 30.2, 25.8,
18.2, 14.3, -5.5; HRMS (TOF MS ES+) [M+H]+ calc’d for C26H37NO4SiBr 534.1675,
found 534.1669.
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X-Ray Analysis of 4-26.

A colorless block shaped crystal of 4-26 (C26H36BrNO4Si) with approximate
dimensions 0.11 x 0.18 x 0.26 mm, was used for the X-ray crystallographic analysis. The
X-ray intensity data were measured at 108(2) K, cooled by Rigaku-MSC X-Stream 2000,
on a Bruker SMART APEX CCD area detector system equipped with a graphite
monochromator and a MoK fine-focus sealed tube ( = 0.71073Å) operated at 1600
watts power (50 kV, 32 mA). The detector was placed at a distance of 5.8 cm from the
crystal.
A total of 1850 frames were collected with a scan width of 0.3º in  and an
exposure time of 10 seconds/frame. The total data collection time was about 8 hours.
The frames were integrated with the Bruker SAINT software package using a narrowframe integration algorithm. The integration of the data using a Triclinic unit cell yielded
a total of 11457 reflections to a maximum  angle of 28.35 (0.90 Å resolution), of which
6427 were independent, completeness = 96.7 %, Rint = 0.0152, Rsig = 0.0310 and 5342
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were greater than 2(I). The final cell constants: a = 8.3629(19)Å, b = 12.242(3)Å, c =
14.098(3)Å,  = 74.530(4)°,  = 79.328(4)°,  = 74.614(4)°, volume = 1331.0(5)Å3, are
based upon the refinement of the XYZ-centroids of 4479 reflections above 20(I) with
2.573° < <27.889° . Analysis of the data showed negligible decay during data
collection. Data were corrected for absorption effects using the multiscan technique
(SADABS). The ratio of minimum to maximum apparent transmission was 0.7795.
The structure was solved and refined using the Bruker SHELXTL (Version 6.1)
Software Package, using the space group P-1, with Z = 2 for the formula unit, C26 H36
Br N O4 Si . The final anisotropic full-matrix least-squares refinement on F2 with 304
variables converged at R1 = 5.20%, for the observed data and wR2 = 14.48% for all data.
The goodness-of-fit was 1.035. The largest peak on the final difference map was 0.994 e/Å3 and the largest hole was -0.769 e-/Å3. Based on the final model, the calculated density
of the crystal is 1.334 g/cm3 and F(000) amounts to 560 electrons.

Hydrogenation of Cyclopentenylated Dihydropyrrole 4-26.

A Parr

bomb was charged with 4-26 (0.050 g, 0.094 mmol), benzene (5.0 mL), triethylamine
(0.014 mL, 0.10 mmol,), and 5% platinum on carbon (0.010 g). The bomb was sealed,
purged with hydrogen gas three times, and then pressurized with hydrogen gas (1100
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PSI), and stirred at 40 °C for 18 h. The gas was vented and an additional 0.010 g of 5%
platinum on carbon was added. The bomb was then resealed, purged with hydrogen gas
three times, pressurized to 1100 PSI of hydrogen gas, and stirred at 40 °C for 18 h. This
sequence was repeated until TLC (10:90 ethyl acetate:hexanes) indicated that the starting
material was completely consumed. The reaction mixture was filtered through Celite,
rinsing with EtOAc, and concentrated in vacuo to give a light yellow oil, which was
purified

by

column

chromatography

on

SiO2

(5%

to

10%

EtOAc/3%

triethylamine/hexanes) to give 4-27 (0.014 g, 28%) as a clear oil and 4-28 (0.012 g, 31%
6:1 dr) as a yellow oil. 4-27: IR (thin film) 1662 cm-1; 1H NMR (300 MHz, CDCl3) δ
7.53 (dd, J = 7.9, 1.4 Hz, 1H), 7.32 (dd, J = 8.0, 1.5 Hz, 1H), 7.17 (td, J = 7.6, 1.4 Hz,
1H), 7.01 (td, J = 7.0, 1.7 Hz, 1H), 4.02-3.93 (m, 2H), 3.79-3.71 (m, 6H), 3.68-3.57 (m,
2H), 3.21 (dd, J = 12.8, 4.8 Hz, 2H), 2.30-2.14 (m, 3H), 2.04 (td, J = 12.2, 7.6 Hz, 1H),
0.90 (s, 9H), 0.74 (s, 3H), 0.07 (d, J = 3 Hz, 6H); 13C NMR (90 MHz, CDCl3) δ 191.1,
138.5, 134.9, 132.4, 127.9, 125.8, 124.2, 108.7, 72.3, 66.9, 64.8, 64.2, 53.4, 41.8, 31.0,
30.0, 25.9, 25.6, 18.3, 14.6, -5.4, -5.3.
4-28: IR (thin film) 1665 cm-1; 1H NMR (360 MHz, CDCl3) δ 7.53 (dd, J = 7.9,
1.4 Hz, 1H), 7.29 (dd, J = 7.9, 1.6 Hz, 1H), 7.16 (td, J = 7.6, 1.3 Hz, 1H), 7.01 (td, J =
7.6, 1.7 Hz, 1H), 3.96 (dd, J = 14.3, 7.5 Hz, 1H), 3.80-3.67 (m, 6H), 3.61 (m, 1H), 3.25
(dd, J = 12.8, 4.9 Hz, 1H), 3.12 (m, 1H), 2.36-2.23 (m, 2H), 2.06 (m, 1H), 1.74 (m, 1H),
1.24 (app s, 3H), 0.71 (s, 3H); 13C NMR (90 MHz, CDCl3) δ 194.9, 138.5, 134.8, 132.3,
127.8, 125.7, 124.6, 108.9, 72.2, 66.6, 63.7, 52.5, 42.3, 35.6, 33.5, 30.0, 18.9, 14.6.
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1-Azido-3-(2-bromophenyl)-6-(triisopropylsilyloxy)hex-4-yn-3-yl

Methyl

Carbonate (4-29). A solution of triisopropyl(prop-2-ynyloxy)silane (9.78 g, 46.0 mmol)
in CH2Cl2 (150 mL) was cooled to -78 °C and n-butyllithium (2.5 M in hexanes, 18.4
mL, 46.0 mmol) was added dropwise. The reaction mixture was stirred for 1.5 h at -78
°C, after which time a solution of 3-azido-1-(2-bromophenyl)propan-1-one (4-14) (9.00
g, 35.4 mmol) in CH2Cl2 (150 mL) was added by canula. The mixture was allowed to
warm to room temperature while stirring for 18 h. The mixture was cooled to 0 °C and
methyl chloroformate (11.7 g, 123 mmol, 9.58 mL) was added dropwise. The cooling
bath was removed and the solution was allowed to stir for 18 h. Water (100 mL) was
added and the organic layer was separated. The aqueous layer was extracted with CH2Cl2
(3 x 150 mL).

The combined organics were dried over Na 2SO4, filtered, and

concentrated in vacuo to give a dark yellow oil which was purified by column
chromatography on SiO2 (5% ethyl acetate in hexanes) to give carbonate 4-29 as a pale
yellow oil (14.0 g, 84%). IR (thin film) 2099, 1762 cm-1; 1H NMR (300 MHz, CDCl3) δ
7.94 (dd, J = 7.9, 1.7 Hz, 1H), 7.59 (dd, J = 7.9, 1.3 Hz, 1H), 7.33 (dt, J = 7.6, 1.3 Hz,
1H), 7.18 (td, J = 7.6, 1.7 Hz, 1H), 4.57 (s, 2H), 3.73 (s, 3H), 3.60 (m, 1H), 3.41 (m, 1H),
2.82 (m, 1H), 2.47 (m, 1H), 1.21-1.05 (m, 21H);

13

C NMR (75 MHz, CDCl3) 152.7,

137.0, 135.6, 130.4, 130.0, 127.3, 118.8, 89.1, 80.8, 80.0, 54.8, 52.0, 47.2, 38.9, 17.9,
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11.9; HRMS (TOF MS ES+) [M+NH4+] calcd for C23H38N4O4SiBr 541.1846, found
541.1866.

3a-(2-Bromophenyl)-4-(4-methyl-2,6,7-trioxabicyclo[2.2.2]octan-1-yl)-6((triisopropylsilyloxy)methyl)-2,3,3a,4-tetrahydrocyclopenta[b]pyrrole (4-31).

A

solution of 1-[(E)-2-iodoethenyl]-4-methyl-2,6,7-trioxabicyclo[2.2.2]octane (4-10, 0.200
g, 0.709 mmol) in Et2O (3 mL) was cooled to -78 °C and tert-butyllithium (1.7 M in npentane, 2.0 mL, 2.0 mmol) was added dropwise. The reaction mixture was stirred for 1
h, at which time a solution of zinc chloride (0.106 g, 0.780 mmol) in THF (3 mL) was
added via cannula. The cooling bath was removed and the solution was allowed to warm
to room temperature and then stirred for 1 h. A solution of Pd(PPh3)4 (0.041 g, 0.036
mmol) in THF (1 mL) and carbonate 4-29 in THF (1 mL) were added sequentially via
cannula. The reaction mixture was stirred at room temperature until TLC (10:90 ethyl
acetate:hexanes) indicated that the starting material was consumed. The reaction mixture
was poured into a separatory funnel containing ice and saturated aqueous ammonium
chloride (10 mL). The organic layer was drawn off and the aqueous layer was extracted
with Et2O (3 x 5 mL), washed with brine (1 x 10 mL) and dried over Na2SO4. The
solution was filtered and concentrated in vacuo at a bath temperature not exceeding 40 °C
to give crude unstable allene 4-30.
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The crude allene mixture was dissolved in toluene (75 mL, 0.003 M) and sparged
with a stream of nitrogen for 30 min. The solution was heated to 110 °C for 1.5 h and
then concentrated in vacuo. The residue was purified by column chromatography on
SiO2 (5% to 10% to 20 % EtOAc/3% triethylamine/hexanes) to give a yellow solid. The
solid was triturated with hexanes and the crystals were collected by vacuum filtration to
give 0.069 g (55%) of 4-31 as a white solid. Conducting the above reaction on the
following scale: 1-[(E)-2-iodoethenyl]-4-methyl-2,6,7-trioxabicyclo[2.2.2]octane (3.10 g,
11.0 mmol), tert-butyllithium (1.7 M in n-pentane, 17.1 mL, 29 mmol), zinc chloride
(1.94 g, 14.3 mmol), Pd(PPh3)4 (0.63 g, 0.55 mmol), 4-29 (3.75 g, 7.15 mmol) gave 4-31
(0.98 g, 43%). mp 159-163 °C; IR (thin film) 1639 cm-1; 1H NMR (400 MHz, CDCl3) δ
7.45 (d, J= 7.9 Hz, 1H), 7.39 (br s, 1H), 7.12 (t, J = 7.4 Hz, 1H), 6.94 (td, J = 7.5, 1.3,
1H), 6.70 (s, 1H), 4.74 (s, 2H), 3.94 (dd, J = 14.6, 6.7 Hz, 1H), 3.64-3.51 (m, 7H), 3.32
(br s, 1H), 3.05 (s, 1H), 1.93 (td, J=11.4, 6.8 Hz, 1H), 1.19-1.07 (m, 21H), 0.66 (s, 3H);
13

C NMR (100 MHz, CDCl3) δ 188.8, 143.2, 141.9, 139.5, 135.0, 134.1, 128.0, 126.0,

123.5, 108.7, 72.5, 66.7, 63.9, 60.2, 59.5, 43.5, 30.7, 18.4, 14.9, 12.3; HRMS (TOF MS
ES+) [M+NH4+] calcd for C29H43NO4BrSi 576.2145, found 576.2128.
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X-Ray Analysis of 4-31.

A colorless plate shaped crystal of 4-31 (C29H42BrNO4Si) with approximate
dimensions 0.10 x 0.33 x 0.50 mm, was used for the X-ray crystallographic analysis. The
X-ray intensity data were measured at 123(2) K, cooled by Rigaku-MSC X-Stream 2000,
on a Bruker SMART APEX CCD area detector system equipped with a graphite
monochromator and a MoK fine-focus sealed tube ( = 0.71073Å) operated at 1600
watts power (50 kV, 32 mA). The detector was placed at a distance of 5.8 cm from the
crystal.
A total of 1950 frames were collected with a scan width of 0.3º in  and an
exposure time of 5 seconds/frame. The total data collection time was about 6 hours. The
frames were integrated with the Bruker SAINT software package using a narrow-frame
integration algorithm. The integration of the data using a Triclinic unit cell yielded a total
of 21654 reflections to a maximum  angle of 28.27 (0.90 Å resolution), of which 7066
were independent, completeness = 98.8%, R int = 0.0437, Rsig = 0.0601 and 4654 were
greater than 2(I). The final cell constants:

a = 8.533(4)Å, b = 12.505(5)Å, c =

14.664(6)Å,  = 72.580(7)°,  = 77.245(6)°,  = 78.328(6)°, volume = 1440.3(11)Å3, are
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based upon the refinement of the XYZ-centroids of 2022 reflections above 20(I) with
2.474° < <24.214°. Analysis of the data showed negligible decay during data collection.
Data were corrected for absorption effects using the multiscan technique (SADABS). The
ratio of minimum to maximum apparent transmission was 0.5071.
The structure was solved and refined using the Bruker SHELXTL (Version 6.1)
Software Package, using the space group P-1, with Z = 2 for the formula unit, C29 H42
Br N O4 Si . The final anisotropic full-matrix least-squares refinement on F2 with 332
variables converged at R1 = 8.09%, for the observed data and wR2 = 26.17% for all data.
The goodness-of-fit was 1.096 . The largest peak on the final difference map was 2.075
e-/Å3 and the largest hole was -1.763 e-/Å3. Based on the final model, the calculated
density of the crystal is 1.330 g/cm3 and F(000) amounts to 608 electrons.

3a-(2-Bromophenyl)-4-(4-methyl-2,6,7-trioxabicyclo[2.2.2]octan-1-yl)-6(((triisopropylsilyl)oxy)methyl)-2,3,3a,4,5,6-hexahydrocyclopenta[b]pyrrole

(4-32).

A Parr bomb was charged with 4-31 (0.700 g, 1.21 mmol), 1,4-dioxane (12.0 mL),
triethylamine (0.085 mL, 0.61g, 0.61 mmol), and 5% platinum on carbon (0.311 g, 0.061
mmol, 5 mol%). The bomb was sealed, purged with hydrogen gas three times, and then
pressurized with hydrogen gas (1400 PSI), and stirred at 40 °C for 18 h. The gas was
vented and an additional 0.05 equivalents of 5% platinum on carbon were added. The
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bomb was then resealed, purged with hydrogen gas three times, pressurized to 1400 PSI
of hydrogen gas, and stirred at 40 °C for 18 h. This sequence was repeated until TLC
(10:90 ethyl acetate:hexanes) indicated that the starting material was completely
consumed. The reaction mixture was filtered through Celite, rinsing with EtOAc, and
concentrated in vacuo to give a light yellow oil, which was purified by column
chromatography on SiO2 (5% EtOAc/3% triethylamine/hexanes) to give imine 4-32
(0.566 g, 80%) as a clear oil. IR (thin film) 2246, 2215, 1667cm -1; 1H NMR (major
isomer, 300 MHz, CDCl3) δ 7.52 (dd, J = 7.9, 1.4 Hz, 1H), 7.32 (d, J = 8.0, 1.5 Hz, 1H),
7.17 (app td, J = 7.6, 1.4 Hz, 1H), 7.01 (app td, J = 7.6, 1.6 Hz, 1H), 4.07 (dd, J = 9.7, 4.3
Hz, 1H), 3.96 (dd, J = 14.4, 7.6 Hz, 1H), 3.79-3.60 (m, 8H), 3.21 (app dd, J = 12.8, 3.2
Hz, 2H), 2.12-2.35 (m, 3H), 2.05 (m, 1H), 1.12-1.04 (m, 21H), 0.73 (s, 3H); 13C (major
isomer, 75 MHz, CDCl3) δ 191.1, 138.5, 134.9, 132.3, 127.8, 125.7, 124.2, 108.7, 72.2,
66.8, 65.0, 64.2, 53.4, 41.9, 41.7, 31.0, 29.9, 18.0, 14.6, 12.0; HRMS (TOF MS ES+)
[M+H+] calcd for C29H45NO4BrSi 578.2301, found 578.2298.

tert-Butyl-3a-(2-Bromophenyl)-6-(hydroxymethyl)-4-(4-methyl-2,6,7trioxabicyclo [2.2.2] octan-1-yl)hexahydrocyclopenta[b]pyrrole-1(2H) Carboxylate
(4-35). A solution of Super Hydride (1.0 M in THF, 10 mL, 10 mmol) was added
dropwise to a solution of 4-32 (0.586 g, 1.01 mmol) in THF (10.1 mL). There was an
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initial vigorous evolution of gas that subsided quickly. The mixture was heated at reflux
for 72 h and then cooled to 0 °C, and the excess hydride was destroyed by the slow
addition of ice. Saturated ammonium chloride solution (10 mL) was added and the
biphasic solution was stirred for 1 h. Ethyl acetate (10 mL) was added and the organic
layer was drawn off. The aqueous layer was extracted with ethyl acetate (3 x 10 mL) and
the combined organic layers were washed with brine (1 x 15 mL) and dried over Na2SO4.
The solution was filtered and concentrated in vacuo. The crude amine was dissolved in
CH2Cl2 (10.0 mL) and triethylamine (0.706 mL, 0.512 g, 5.06 mmol), Boc 2O (0.442 g,
2.03 mmol), and hydroxylamine hydrochloride (0.035 g, 0.506 mmol) were added
sequentially. The reaction mixture was stirred for 24 h at room temperature and an
additional portion of Boc2O (0.111 g, 0.506 mmol) was added. The solution was stirred
for an additional 48 h and then concentrated in vacuo to give a white oil. This crude
mixture was dissolved in acetonitrile (10 mL) and extracted with hexanes (5 x 10 mL).
The combined hexanes extracts were concentrated in vacuo to give a clear oil.
The crude oil was dissolved in THF (10 mL) and n-Bu4NF solution (1.0 M in
THF, 5.0 mL, 5.0 mmol) was added. The reaction mixture was stirred for 18 h at room
temperature and then was diluted with water (20 mL) and ethyl acetate (15 mL) was
added. The layers were separated and the aqueous layer was extracted with ethyl acetate
(1 x 10 mL) and dichloromethane (2 x 10 mL). The combined organic layers were dried
over Na2SO4, filtered, and concentrated in vacuo. The crude alcohol was purified by
column

chromatography

on

SiO2

(1%

to

4%

to

10%

ethyl

acetate/3%

triethylamine/hexanes) to give alcohol 4-35 (0.317 g, 59%) as white crystals. mp 82-86
°C; IR (thin film) 3441, 2244, 1667 cm-1; 1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 7.8
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Hz, 1H), 7.23 (d, J = 7.7 Hz, 1H), 7.14 (app. t, J = 7.5 Hz, 1H), 6.99 (app t, J = 7.4 Hz,
1H), 5.17 (d, J = 9.5, 1H), 3.51-3.37 (m, 9H), 3.30 (d, J = 7.2 Hz, 1H), 3.21 (t, J = 9.5
Hz, 1H), 2.88-2.75 (m, 3H), 2.31 (dd, J = 8.8, 6.9 Hz, 1H), 1.94 (app. q, J = 11.7 Hz,
1H), 1.57 (m, 1H, overlapping with H2O), 1.43 (s, 9H), 0.56 (s, 3H);

13

C NMR (100

MHz, CDCl3) δ 156.5, 141.1, 134.1, 129.0, 127.1, 126.0, 125.8, 109.5, 80.3, 71.8, 65.3,
64.4, 61.4, 47.6, 45.1, 42.3, 34.8, 30.0, 28.3, 28.1, 14.2; HRMS (TOF MS ES+) [M+H+]
calcd for C25H35NO6Br 524.1648, found 524.1657.

tert-Butyl-3a-(2-Bromophenyl)-6,6-bis(hydroxymethyl)-4-(4-methyl-2,6,7trioxabicyclo[2.2.2]octan-1-yl)-hexahydrocyclopenta[b]pyrrole-1(2H)

Carboxylate

(4-36). A microwave reaction tube was charged with alcohol 4-35 (0.167 g, 0.318
mmol), water saturated dichloromethane (3.20 mL) and 2,6-lutidine (0.184 mL, 0.171 g,
1.59 mmol). Dess-Martin periodinane (0.405 g, 0.955 mmol) was added in a single
portion and the tube was flushed with nitrogen and then sealed with a Teflon cap. The
reaction mixture was heated via microwave irradiation at 65 °C for 30 min and then
cooled to room temperature. A 1:1 solution (3 mL) of saturated aqueous NaHCO3:
saturated aqueous Na2S2O3 was added and the biphasic mixture was stirred until all of the
solids had dissolved and the mixture was clear. The mixture was poured into a separatory
funnel and the organic layer was drawn off. The aqueous layer was extracted with
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dichloromethane (3 x 5 mL). The combined organic layers were dried over Na 2SO4 and
concentrated in vacuo to give a pale yellow oil.
This oil was dissolved in ethylene glycol (3.18 mL) and dichloromethane (0.100
mL). Aqueous formaldehyde (37% w/w, 1.43 mL, 1.56 g, 19.1 mmol) and potassium
hydroxide (0.371 g, 5.62 mmol) were added sequentially. The reaction solution was
heated to 55 °C and stirred at that temperature for 48 h. The reaction solution was cooled
to room temperature, diluted with brine (15 mL), and extracted with dichloromethane
(4x10 mL).

The combined organic layers were dried over Na 2SO4, filtered and

concentrated in vacuo to give a white foam.

The foam was purified by column

chromatography (1% to 5% to 10% MeOH/CH2Cl2) to give diol 4-36 (0.149 g, 84%,
mixture of rotamers) as a white solid. mp 208-212 °C; IR (thin film) 3492, 1659 cm-1; 1H
NMR (major rotamer, 300 MHz CDCl3) δ 7.54 (app dd, J = 7.8, 1.0 Hz, 1H), 7.21-7.11
(m, 2H), 7.01 (app dt, J = 7.3, 2.0 Hz, 1H), 4.9 (s, 1H), 4.55 (d, J = 11.2 Hz, 1H), 4.02 (d,
J = 10.8 Hz, 1H), 3.82 (dd, J = 11.0, 6.0 Hz, 1H), 3.61 (app t, J = 11.1 Hz, 1H), 3.48-3.38
(m, 7H), 3.32 (dd, J = 6.7, 3.0 Hz, 1H), 3.23 (app t, J = 9.9 Hz, 1H), 2.99 (dd, J = 13.1,
6.7 Hz, 1H) 2.88 (dt, J = 11.2, 7.0 Hz, 1H), 2.42 (t, J = 6.1 Hz, 1H), 2.14, (dt, J = 12.3,
9.5 Hz, 1H), 2.07-1.98 (m, 2H), 1.43 (s, 9H), 0.59 (s, 3H); 13C NMR (major rotamer, 75
MHz, CDCl3) δ 155.6, 140.6, 134.1, 129.1, 127.2, 126.1, 126.0, 109.3, 80.4, 71.8, 69.6,
68.1, 67.9, 61.7, 49.1, 47.1, 45.0, 34.3, 31.8, 30.1, 28.4, 14,3; HRMS (TOF MS ES+)
[M+H+] calc’d for C26H37NO7Br 554.1753, found 554.1773.
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tert-Butyl-3a-(2-bromophenyl)-4-carbamoyl-6,6-bis(hydroxymethyl)hexahydrocyclopenta[b]pyrrole-1(2H) Carboxylate (4-44). Orthoester 4-36 (0.119 g,
0.0214 mmol) was dissolved in 10% (v/v) H3PO4/THF (3.00 mL). The solution was
stirred at room temperature until consumption of the orthoester was indicated by TLC (10
MeOH:CH2Cl2). The solution was transferred to a Parr bomb and isopropyl alcohol (5.00
mL) was added. The bomb was purged with NH3 gas three times, pressurized with 100
PSI NH3 gas, and stirred for 30 min while connected to the NH3 tank. The bomb was
sealed and heated to 110 °C for 20 h. The bomb was cooled to room temperature, the
ammonia gas was vented, and the reaction solution in the bomb was allowed to sit for 1 h
to give a milky suspension. The suspension was filtered through Celite and concentrated
in vacuo to give a yellow solid. The solid was purified via column chromatography on
SiO2 (1%-5%-10% MeOH/CH2Cl2) to give 4-44 as a white solid, as a 2:1 mixture of
rotamers (0.068 g, 68%). mp 206 °C (decomp); IR (solid) 3331, 2151, 1662 cm -1; 1H
NMR (major rotamer, 300 MHz, CD3OD) δ 7.59 (d, J = 8.0 Hz, 1H), 7.25 (m, 1H), 7.147.07 (m, 2H), 4.95 (s, 1H, overlapping with HOD), 4.17 (d, J = 8.9 Hz, 1H), 3.95 (m,
1H), 3.71 (d, J = 10.7 Hz, 1H), 3.61 (d, J = 10.7 Hz, 1H), 3.48 (m, 1H), 3.36 (m, 1H),
2.87 (m, 1H), 2.64-2.26 (m, 3H), 1.66 (d, J = 14.9 Hz, 1H), 1.48 (s, 9H); 13C NMR (both
rotamers, 75 MHz, CD3OD) δ 179.6, 179.4, 157.1, 156.2, 143.1, 142.9, 136.4, 130.1,
130.0, 129.5, 129.4, 128.3, 128.2, 123.0, 122.9, 82.0, 81.9, 72.0, 71.3, 68.6, 67.9, 67.2,
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66.3, 65.3, 63.2, 62.9, 51.4, 50.5, 50.4, 50.3, 46.5, 46.3, 36.4, 34.9, 34.1, 34.1, 28.9, 28.7;
HRMS (TOF MS ES+) [M+H+] calc’d for C21H30N2O5Br 469.1361, found 469.1338.

tert-Butyl-4,4-Bis(hydroxymethyl)-6-oxo-3a,4,5,5a,6,7-hexahydro-1Hpyrrolo[3',2':2,3]cyclopenta[1,2-c]quinoline-3(2H) Carboxylate (4-51). To a solution
of primary amide 4-44 (0.008 g, 1.44x10-2 mmol) in DMSO (0.200 mL) in a microwave
reactor tube was added Cs2CO3 (0.650 g, 0.198 mmol), copper (I) iodide (0.004 g,
1.98x10-2 mmol), and 1,10-phenanthroline (0.007 g, 3.97x10-2 mmol). The tube was
flushed with N2, sealed with a Teflon cap, and heated at 110 °C via microwave irradiation
for 30 min. The solution was cooled to room temperature, filtered through Celite, rinsing
with CH2Cl2, and concentrated in vacuo to give a blue residue. The residue was purified
by preparative thin layer chromatography on SiO2 (5% MeOH/CH2Cl2, applying the
crude mixture to the TLC plate using no more than 10% MeOH/CH2Cl2) to give lactam
4-51 as a yellow solid (0.006 g, 78%, mixture of rotamers). mp 218-221 °C; IR (thin
film) 3241, 1661 cm-1; 1H NMR (both rotamers, 500 MHz, CD3OD) δ 7.30 (m, 1H), 7.19
(t, J = 6.9 Hz, 1H), 7.10 (t, J = 7.5 Hz, 1H), 6.87 (d, J = 7.9 Hz, 1H), 4.46 (s, 0.6H, major
rotamer), 4.42 (s, 0.4H, minor rotamer), 3.99 (t, J = 9.9 Hz, 1H), 3.59 (d, J = 12.8 Hz,
1H), 3.54-3.37 (m, 3H), 2.98 (dd, J = 12.0, 6.6 Hz, 1H), 2.30 (dd, J = 12.9, 6.6 Hz, 1H),
2.19-1.80 (m, 3H), 1.64 (t, J = 12.5 Hz, 1H), 1.51 (s, 6H), 1.28 (s, 3H);

13

C NMR (both
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rotamers, 125 MHz, CD3OD) δ 173.6, 173.1, 156.7, 155.9, 136.8, 129.2, 129.0, 128.0,
127.6, 125.3, 125.1, 116.9, 116.8, 82.0, 81.9, 76.6, 75.0, 68.0, 67.2, 64.0, 62.0, 60.0, 58.9,
53.4, 52.6; 48.2, 47.9 (overlapping with CD3OD), 40.5, 39.8, 37.2, 36.5, 30.8, 28.8, 28.6;
HRMS (TOF MS ES+) [M+H+] calc’d for C21H29N2O5 389.2076, found 389.2103.

3-Allyl-4,4-divinyl-2,3,3a,4,5,5a-hexahydro-1H-pyrrolo[3',2':2,3]
cyclopenta[1,2-c]quinolin-6(7H)-one (4-54).

To a solution of lactam 4-51 (0.007 g,

1.80 x10-2 mmol) in water saturated CH2Cl2 (0.180 mL) in a microwave reactor tube was
added Dess-Martin periodinane (0.076 g, 0.180 mmol). The tube was flushed with
nitrogen, sealed with a Teflon cap, and heated to 65 °C via microwave irradiation for 30
min. The reaction mixture was cooled to room temperature and 3.0 mL of a 1:1 mixture
of saturated aqueous sodium bicarbonate:saturated aqueous Na 2S2O3 was added and the
biphasic solution was stirred until all of the solids had dissolved and the mixture was
clear. The mixture was poured into a separatory funnel and the organic layer was
removed. The aqueous layer was extracted with CH2Cl2 (3 x 5 mL). The combined
organic layers were dried over Na2SO4, filtered, and concentrated in vacuo to give the
unstable 1,3-dialdehyde as a pale yellow oil.
A suspension of methyltriphenylphosphonium bromide (0.129 g, 0.360
mmol) in THF (0.300 mL) was cooled to -78 °C and a solution of NaHMDS (1.0 M in
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THF, 0.34 mL, 0.34 mmol) was added dropwise. The suspension was stirred at -78 °C
for 1.5 h. The previously prepared 1,3-dialdehyde was dissolved in 0.150 mL of THF
and added via cannula to the ylide suspension, rinsing the flask with an additional 0.150
mL of THF. The reaction mixture was allowed to warm to room temperature and stirred
at that temperature for 72 h. Saturated aqueous ammonium chloride (5.00 mL) and ethyl
acetate (5.00 mL) were added. The organic layer was removed and the aqueous layer
was extracted with ethyl acetate (1 x 5mL) and CH2Cl2 (2 x 5mL). The combined
organics were dried over Na2SO4, filtered, and concentrated in vacuo to give 4-53 as a
brown oil.
This crude oil was dissolved in 10% (v/v) TFA/CH2Cl2 (3.00 mL) and stirred for
4 h at room temperature. The reaction solution was concentrated in vacuo and saturated
aqueous sodium bicarbonate (3 mL) and CH2Cl2 (5 mL) were added. The organic layer
was drawn off and the aqueous layer was extracted with CH2Cl2 (3 x 5 mL). The
combined organic layers were dried over Na 2SO4, filtered, and concentrated in vacuo to
give the crude free amine as a brown oil. The oil was dissolved in MeCN (0.500 mL),
and K2CO3 (0.015 g, 0.11 mmol) and allyl bromide (0.010 mL, 0.11 mmol) were added
sequentially. The reaction mixture was stirred for 24 h at room temperature, then water
(3 mL) and CH2Cl2 (3 mL) were added. The mixture was transferred to a separatory
funnel, the organic layer was drawn off, and the aqueous layer was extracted with CH2Cl2
(3 x 3.00 mL). The combined organic layers were dried over Na 2SO4, filtered, and
concentrated in vacuo to give a brown residue. The residue was purified on SiO 2 (5% to
15% EtOAc/hexanes) to give 4-54 as a colorless oil (0.004 g, 57%). IR (thin film) 1674
cm-1; 1H NMR (300 MHz, CDCl3) δ 7.79 (br s, 1H), 7.31 (d, J = 7.2 Hz, 1H), 7.15 (td, J

147

= 7.6, 1.4 Hz, 1H), 7.05 (td, J = 7.5, 1.3 Hz, 1H), 6.65 (dd, J = 7.8, 1.2 Hz, 1H), 6.24 (dd,
J = 17.7, 10.9 Hz, 1H), 5.93 (dddd, J = 17.4, 10.2, 7.5, 5.1 Hz, 1H), 5.74 (dd, J = 17.5,
10.8 Hz, 1H), 5.30-5.09 (m, 4H), 4.94 (dd, J = 10.8, 0.8 Hz, 1H), 4.88 (dd, J = 17.6, 0.8
Hz, 1H), 3.51 (m, 1H), 3.43 (s, 1H), 3.29 (dt, J = 10.1, 5.0 Hz, 1H), 3.04 (dd, J = 13.7,
7.5, 1H), 2.94 (dd, J = 8.8, 7.0 Hz, 1H), 2.84 (dt, J = 10.0, 8.1 Hz, 1H), 2.41 (dd, J =
12.6, 6.9 Hz, 1H), 2.17 (dd, J = 12.6, 8.9 Hz, 1H), 2.02-1.97 (m, 2H);

13

C (150 Hz,

CDCl3) δ 171.5, 143.0, 140.6, 135.8, 134.4, 130.0, 127.7, 127.3, 123.7, 116.9, 115.3,
114.4, 113.7, 87.6, 58.6, 56.9, 55.6, 53.4, 50.5, 43.7, 41.4; HRMS (TOF MS ES+)
[M+H+] calc’d for C21H25N2O 321.1967, found 321.1961.

12a-Vinyl-2,6b1,7,8,10,12a,13,13a-octahydro-1H-indolizino[1',8':2,3,4]
cyclopenta[1,2-c]quinolin-1-one (±-Meloscine) (2-1). To a solution of 4-54 (0.0023 g,
0.0072 mmol) in toluene (2.0 mL) was added Hoveyda-Grubb’s 2nd generation catalyst
(0.00023 g, 0.00036 mmol) in toluene (0.10 mL). The reaction mixture was heated to 60
°C for 24 h and then cooled to room temperature and concentrated in vacuo to give a
brown residue. The residue was purified via column chromatography on SiO2 (hexanes1%-2%-4% MeOH/CH2Cl2) to give 2-1 as a white solid (0.0014 g, 76%). mp 205-210
°C (lit50 208-209); IR (thin film) 1672 cm-1; 1H NMR (500 MHz, CDCl3) δ 7.58 (s, 1H),
7.39 (d, J = 7.9 Hz, 1H), 7.15 (t, J = 7.7 Hz, 1H), 7.05 (t, J = 7.6 Hz, 1H), 6.65 (d, J = 7.9
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Hz, 1H), 6.01 (ddd, J = 10.0, 5.5, 2.2 Hz, 1H), 5.72 (dd, J = 9.9, 2.4 Hz, 1H), 5.53 (dd, J
= 17.4, 10.5 Hz, 1H), 4.91 (d, J = 17.3 Hz, 1H), 4.79 (d, J = 10.5 Hz, 1H), 3.51 (s, 1H),
3.30 (dd, J = 16.1, 5.5 Hz, 1H), 3.25 – 3.08 (m, 2H), 2.96 (t, J = 8.8 Hz, 1H), 2.88 (td, J =
8.0, 4.5 Hz, 1H), 2.31 (dd, J = 12.7, 8.3 Hz, 1H), 2.22 – 2.08 (m, 2H), 1.96 (dt, J = 12.8,
7.5 Hz, 1H);

13

C NMR (125 MHz, CDCl3) δ 171.4, 143.2, 135.0, 132.4, 127.9, 127.7,

127.6, 127.0, 123.9, 115.1, 112.6, 82.5, 56.8, 53.0, 51.0, 48.1, 46.8, 43.4, 42.2; HRMS
(TOF MS ES+) [M+H+] calc’d for C19H21N2O 293.1654, found 293.1643.
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