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Palau’amine is a natural product originally isolated in 1993 from the marine 

sponge Stylotella aurantium. It is reported to posess impressive biological activities, 

including:  antifungal, antibacterial, and antineoplastic characters.. Moreover, it is a 

strong immunosuppressant (IC50<18ng/mL, allogenic lymphocyte reaction). The 

molecule has a complex polycyclic structure having a contiguous array of eight 

stereogenic centers. It is unusually rich in heteroatoms. A recent revision of its relating 

stereochemistry has brought further attention to this fascinating molecule. The current 

strategy of our group features a chlorination initiated cascade process on a symmetric 

precursor that assembles the skeleton of palau’amine with in a single operation. A 

symmetric bisalkylidene precursor for this process was synthesized. During the process, 



 

vii 

two new methodologies were developed: a titanocene dichloride mediated regioselective 

and stereoselective dimerization of heterocyclic dineolates; and a chemoselective Rh(I) 

carbene complexes catalyzed conjugation hydrosilylation of enamides. Our core idea was 

subsequently validated by the formation of the spirocyclopentane motif in palau’amine 

by an electrophilic halogen induced desymmetrization.
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CHAPTER ONE 
 

INTRODUCTION 

 
 Marine sponges have become the new rich sources for discovery of natural 

products with unprecedented structures. The discovery of palau’amine 1 is a good 

example. Palau’amine 1 was isolated in 1993 by the Kinnel and Sheuer groups 

from marine sponge Stylotella aurantium. It contains a unique polycyclic 

structure and two guanidine motifs. It is identified as a strong 

immunosuppressant, however its structure is very different from the known 

immunosuppresants, such as cyclpsporin A, FK506 and rapamycin (Figure 1.1). 

This indicates it is very possible that palau’amine 1 functions via a new 

mechanism.  Palau’amine belongs to the imidazole-pyrrole group of alkaloids.  
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Figure 1.1 
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1.1 Pyrrole-Imidazole Alkaloids 

 Pyrrole-imidazole group alkaloids have been isolated from the following 

families of marine sponges: Agelasidae, Axinellidae and Halichondridae1. More 

than one hundred members have been discovered. Oroidin 2 and dispacamide 3 

are the simpliest members of this group (Figure 1.2). All the other members can 

be traced back to these two molecules. No direct evidence of supporting either 
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one of them to be the biosynthetic precursor has been found (Section 1.2). To 

simplify the discussion, the oroidin 2 is used as the basic building block to 

categorize the group of alkaloids.  

Figure 1.2 
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  Dispacamide 3 is the oxidized form of oroidin 2. Recent studies have 

suggested that dispacamide 3 could also be the biosynthetic precursor of this 

family of alkaloids (section 1.2.2). The tetracyclic Dibromophakellin 6 was 

discovered in 1971 by the Sharma group3. It represents the most complex 

structure of the members derived from one molecule of oroidin 2 (Figure 1.2).   

 The alkaloid derived from two oroidin 2 molecules can be further 

categorized into three sub-groups (Figure 1.3).  One C-C bond formation between 

two oroidin moieties affords a group of noncyclized dimers. Two C-C bonds 
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between two oroidin moieties result in a new ring formation, such as: sceptrin4 9, 

ageliferin5 10 and nagelamide6 11. If three or more bonds form between two 

oroidin moieties, then more complex ring systems result, such as: palau’amine7 

11, axinellamine8 12 and massadine9 13.  

Figure 1.3 
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1.2 The Biosynthetic Origin  

1.2.1 Kerr’s Biosynthetic Studies of Stevensin 3 

 Due to the difficulty of culturing marine organisms in the laboratory 

environment, reports on biosynthetic studies of marine-sponge derived alkaloids 

are very limited. For pyrrole-imidazole group alkaloids, there is only one 

biosynthetic study, which was conducted by the Kerr group in 199910 (Figure 

1.4). Their study shows that 14C-labeled histidine, ornithine and proline were 

involved in the biosynthesis of stevensine11 14. The experiments were done with a 

cell culture of marine sponge Teichaxinella morchella.  

Figure 1.4 
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1.2.2 Al-Mourabit’s Proposal of Dispacamide 3 as Biosynthetic Forerunner 

of Oroidin. 

 In an interesting study12 done by the Al-Mourabit group in France, 

dispacamide 3 was synthesized from three simple units: proline 17, pyrrole-2-
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carboxylic acid 16 and guanidine 19 (Scheme 1.1). Diketopiperazine 18 was 

obtained from condensation of 16 and 17. When it was exposed to air and 

guanidine 19, compound 21 was generated directly through dioxetanone 20 as the 

intermediate. After dehydration and bromination, dispacamide 2 was synthesized 

in good yield.  

Scheme 1.112 
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 Based on this biomimetic synthesis, they proposed that oroidin 2 was the 

reduced product of dispacamide 3 biosynthetically. The hypothesis of 

dispacamide 3 being biosynthetic forerunner of oroidine 2 was also supported by 

the successful isolation of verpacamides A-D13 (Figure 1.5). Verpacamide A 22 

can be seen as the condensation product of amino acids proline and arginine. 

Verpacamide B-D (23-25) can be viewed as the products of subsequent oxidation 
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of verpacamide A 22. The authors also proposed that dispacamide 3 could be 

generated from compound 20 through a dioxetanone intermediate 26. 

Figure 1.513 

N

H
N

NH

NH

H2N

O

O N

N

NH

NH

H2N

O

O N

N

NH

NH

H2N

O

OHO
MeO

Verpacamide A

N

H
N

NH

NH

H2N

O

O

Verpacamide B Verpacamide C Verpacamide D

22 23 24 25

L-proline

L-arginine
+

N

N
H

H2N H
N

O
N
H

Br

Br

Oroidin 1

N

N
H

H2N H
N

O
N
H

Br

Br

O

Dispacamide 2

N

HN

NH

NH

H2N

O

O
O

O

26

 

1.2.3 Kinnel and Sheuer’s Biosynthetic Proposal of Palau’amine 1 

 For the biosynthesis of palau’amine, Kinnel and Scheuer7 proposed a 

Diels-Alder reaction between 3-amino-1-(2-aminoimidazolyl)prop-1-ene (AAPE) 

14 and 11,12-dehydrophakellin 27 to afford intermediate 28 (Scheme 1.2). After 

chlorination and bond migration, the resulting iminium ion 29 was trapped with 

one molecule of water to produce palau’amine 1. This hypothesis has gained 
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considerable attention from the synthetic community. The Romo14 and Lovely15 

groups have been pursuing synthetic pathways along this approach.   

Scheme 1.2 
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1.2.4 A Universal Chemical Pathway to Pyrrole-Imidazole Family Alkaloids 

Proposed by Al Mourabit. 

 In 2001, Potier and Al Mourabit16 proposed biogenetic pathways that can 

explain the formation of almost all members of this group. They ingeniously 

recognized that the same carbon center, in the molecule of AAPE 14, can be 

either electrophilic or nucleophilic depending on its tautomeric form (see Figure 

1.6).  They proposed that the host enzyme could control the tautomeric forms by 

exchanging protons with its substrate, thus resulting in the amazing diversity 

observed in these alkaloids.  
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Figure 1.6 
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 With respect to the palau’amine family of alkaloids, they proposed that the 

AAPE 14 and oroidin 2 dimerized at the C7 position to produce intermediate 30 

(Scheme 1.3). Intermediate 30 could then go through “chlorohydroxylation” to 

give intermediate 31. Different cyclization modes (Scheme 1.2) can lead to the 

formation of palau’amine 1 styloguanidine 33, or axinellamine 12 skeletons.  
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Scheme 1.3 
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1.3 The Revisions of Palau’amine’s Stereochemisty  

 Early in 2007, the Köck group in Germany17, the Quinn group in 

Australia18 and the Matsunaga group in Japan19 independently questioned the 

original assignment of palau’amine relative stereochemistry. In their revised 

version 34, the relative stereochemistries of chlorinated carbon C17 and of C12 at 

the junction of the azabicyclo[3,3,0]- octane  were reversed (Figure 1.7).  

 In the original assignment7, Kinnel and Scheuer observed that the coupling 

constant between H11 and H12 was 14.1 Hz. Despite this large coupling constant 

and the absence of correlation between H11 and H12 in a ROESY spectrum, they 

made the assumption that the bicyclo[3,3,0]-azaoctane “has to be cis  fused”, 

perhaps based on the well-accepted theory that the cis fused 5,5-bicycle is much 

more thermodynamically stable than the trans20.  

Figure 1.7 
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 Characterization of newly discovered relatives, along with re-

interpretation of spectroscopic data collected on palau’amine itself18b made the 

other three groups conclude that the 5,5-bicycle contained a trans fusion. The 

change of the stereochemistry of C12 called for the alternation of the 

stereochemistry of C17 as well, based on the NOESY spectrum. The 

stereochemistry revisions also applied to palau’amine’s constitutional isomer 

styloguanidine 33. Their revisions not only explained the existing NMR data, but 

were supported by computational studies combined with 2D-NMR studies 

performed by the Köck group17. The distances between protons were obtained 

from the quantitative ROESY analysis. The distance geometry (DG)20 and 

distance-bounds-driven dynamics (DDD)21computational methods were used to 

find the best fit relative stereochemistry of the eight stereogenic centers. 

 With the revised structure 34, palau’amine now has the same relative 

stereochemistry as massadine 13 and axinellamine 12 around the central 

cyclopentane ring. The revised structure 34 is more feasible from a biosynthetic 

point of view. In Baran and Köck’s biosynthetic proposal in 200722 (Scheme 1.4), 

which is parallel to Al Mourabit and Potier’s in 200121 (section 1.2.4). Two 

intermediates were named pre-axinellamine 35-36. From these intermediates and 

through different cyclization modes, palau’amine 1, axinellamine 12 and 

massadine chloride 37 could derive. Massadine 13 is proposed to be generated 

from massadine chloride 37 through an aziridine intermediate 3823. This 
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hypothesis was supported by a experiments performed done by Köck and Baran24, 

in which massadine chloride 37 was in fact isolated from a Caribbean sponge 

Stylissa caribica. Compound 37 was smoothly converted to 13 in a warm aqueous 

DMSO solution. The revised stereochemistry of palau’amine 34 is also supported 

by the NMR data of palau’amine congeners 46-47 synthesized by the Overman 

laboratory (section 1.4.1) 
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Scheme 1.4 
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 Based on all of the present data, the revised palau’amine stereochemistry 

34 is more supported. Since there is no crystallographic data, the synthesis of 

either structure will be meaningful in the final structure elucidation. 
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1.4 Palau’amine and Its Biological Activities 

 Palau’amine was isolated from the marine sponge Stylotella aurantiuem in 

19937a. It is a potent immunosuppressant (IC50 < 35nM in allogenic lymphocyte 

reaction). Other biological activities25 include: anti-bacterial (S. saureus, B. 

subtillis – 10 μg/disk), anti-fungal (Pencillium notatium – 24 mm zone at 50 

μg/disk) and anti-tumor (P-388, IC50 = 0.1 μg/mL and A-549, IC50 = 0.2μg/mL).  

  In addition to its impressive biological activities, the hexacyclic ring 

structure represents unique synthetic challenges. It contains eight contiguous 

stereogenic centers. In the original cis bicyclo[3,3,0]-azaoctane structure 1, the 

chlorine containing cyclopentane ring has “all-syn” relative stereochemistry of 

their tertiary substituents. To construct this extremely congested ring is a difficult 

task. In the case of the revised structure 34, to synthesize the unusual trans 

bicyclo[3,3,0]-azaoctane is not a trivial problem either. The computational studies 

show that the revised structure 34 is energetically less stable26 than the cis one 1 

by 27.3 KJ/mol-1. Interestingly, palau’amine starts to decompose once the pH>67b. 

This brings more limitations into the last stage of the synthesis. Therefore, the 

synthesis of palau’amine challenges the current capacity of synthetic chemisty 

with its high density of functionality and stereochemistry, highly polar nature due 

to the bisguanidine motif and high hetero-atom content.    
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1.5 Recent Progress Towards the Total Synthesis of Palau’amine Family 

Alkaloids 

 Palau’amine has become one of the most attractive synthetic targets to the 

synthetic community1b. Even though the total synthesis has not yet been achieved 

after thirteen years, extensive efforts invested by a number of research groups 

have led to some creative chemisty.  

1.5.1 Büchi’s Biomimetic Synthesis of Dibromophakellin 

 The biomimetic synthesis of the tetracyclic dibromophakellin 4 was 

achieved by Foley and Büchi27 in 1982 (Scheme 1.5). Dihydrooroidin 39 was 

treated with bromine to generate intermediate 40, followed by treatment with base 

to generate dibromophakellin 4 in quantitive yield. Because of the structural 

similarity between dibromophakellin 6 and palau’amine, this synthesis has a 

major influence on the current pursuits of palau’amine’s synthesis. 

 Scheme 1.5 
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1.5.2 Cycloaddition Approaches  

 Overman’s group has been actively pursuing the synthesis of palau’amine 

ever since its structure was disclosed28. Their approach focuses on constructing 
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the cis-3-azobicycle[3,3,0]octane using an intramolecular [3+2] cycloaddition of 

azomethine imine 43 to afford triazatriquinane 44 (Scheme 1.6). Intermediate 44 

eventually rendered palau’amine congeners 46-4729.  

Scheme 1.6 
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 The hexacyclic 46 and 47 differ from the originally assigned palau’amine 

structure 11 by lacking the chlorine at C17 position and different substituents at 

C18 (Scheme 1.6). Based on this synthetic achievement, they were able to directly 

compare the NMR data of 46-47 to palau’amine’s. The coupling constants 

between H11 and H12 in 46 and 47 are 12.0 and 10.7 Hz respectively. In 

comparison palau’amine’s coupling constant value is over 14 Hz. Unlike 

palau’amine, a strong correlation between H11 and H12 was observed in the 

NOESY spectrum of compounds 46 and 47. Combined with computational 
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studies17, they concluded that the relative stereochemistries of C12 and C11 in the 

derivatives are the opposite of the natural product itself. Thus their data support 

the trans relation of the azobicycle[3,3,0]octane newly proposed by Köck17, 

Quinn18, Matsunaga19 groups. 

 The Romo14 and Lovely15 groups pursued the Diels-Alder reaction 

followed by ring contraction to construct the core of palau’amine. In Romo’s 

synthesis (Scheme 1.7), the Diels-Alder product 50 was treated with DMDO to 

afford allylic alcohol 51. The fully functionalized cyclopentane 52 was formed by 

an intermolecular chlorination and a ring contraction of compound 48. Even 

though it was not mentioned in their publications, the revised palau’amine 

stereochemistry 34 could be obtained by a simple epimerization of compound 53.  
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Scheme 1.7 
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1.5.3 Baran Group’s Progress in Palau’amine Family Synthesis 

 The Baran group is interested in using sceptrin 9 or ageliferin 10 as the 

starting material to perform either a ring expansion or ring contraction to directly 

synthesize the palau’amine family of alkaloid30.  

 In 2004, the Baran group published the total synthesis of sceptrin31 8 and 

ageliferin32 10 (Scheme 1.8). The trans, trans, trans-cyclobutane core of sceptrin 

8 was quickly assembled by the rearrangement of 3-oxaquadricyclane 56 under 

acidic conditions. Ageliferin 9 was synthesized in one step from sceptrin 9 though 
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an aqueous microwave reaction. The Baran group later achieved enantioselective 

syntheses of sceptrin 9 and ageliferin 10 based on the above work. 

 Scheme 1.8 
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1.5.4 Chen Group’s Strategy Towards Palau’amine Family Alkaloids 

 Chen’s group is interested in a Mn (III) mediated free radical reaction to 

synthesize the core structures of the palau’amine family alkaloids33 (Scheme 1.9). 

Mn(III) treatment on (E)-allylic-β-ketone ester 58 afforded cyclic compound 59 

and another diastereomer. In this impressive oxidation, two C-C bonds and three 

stereogenic centers were generated. The ageliferin core in 59 was rearranged to 

the massadine 13 core and the original palau’amine core 1 via an mCPBA 

oxidation14,15.  
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Scheme 1.9 
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1.6 Our Approach- Symmetry Based Strategy 

 As mentioned previously (section 1.1), the palau’amine family of 

alkaloids (1, 12-13) can be seen as dimeric structures formed from two oroidin 

motifs (Figure 1.8). They all share the common cyclopentane ring, which is 

formed by two carbon-carbon bonds between the 7→7’ and 5→6’ positions34. As 

for the original assignment of palau’amine 1, axinellamine 12 and massadine 13 

are the epimers at the C12 and C17 centers. However, based on the revised 
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stereochemistry 34, this family of alkaloids shares the same stereochemistry 

around the central ring. 

Figure 1.8 
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 Our strategy34 to target this family of alkaloids is to design a route to form 

the central cyclopentane ring with selected stereochemistry (Scheme 1.10). 

Particularly in the case of the palau’amine 1, the natural product can be 

potentially obtained from its higher oxidation form 64. The diaminoketal on the 

right hand part of 64 is reminiscent of the intermediate 40 proposed in the 

oxidative synthesis of dibromophakellin from dihydrooroidin by Buchi27 (section 

1.4.1). Analogously, this portion of the structure could arise from an internal 

trapping of a C-acyl iminium ion 65 with the adjacent amide nitrogen. The 

intermediate 65 could be in equilibrium with the fragmented species 66, another 

C-acyl iminium ion. The latter could be formed by the addition of a chloronium 

ion on the pseudosymmetric meso-bisalkylidene 67. If this were possible, then 

hypohalite oxidation of 67 could initiate the formation of two rings and four new 

stereocenters in a single operation. 
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Scheme 1.10 

N
N

NHN
NH

N

Cl
O

H2NNH2

HO

NHN
NHHN

Cl

NH
NH2

NH
N

NH2

O
Cl+

N
H

N
O

NH2

NH
N

NH2

O N
H

N
O

NH2

Cl

N

NHN
NH

N

Cl

H2NNH2

O

H
N

O

64

65 66

67

O

H2N RHN RHN

RHN
HN

O

HN
O

O

RHN
HN

O

HN

HN

O

HN
Cl+

20 6

1

 

 We believe our strategy could be biologically relevant. The intermediate 

67 could be viewed as two dispacamide molecules joined at their 7 positions 

(Figure 1.9). New evidences (section 1.2.2) show dispacamide35 3- the oxidized 

form of oroidin, could potentially be the biogenetic forerunner for this group.  

Figure 1.9 
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 Another important advantage of our approach is that it can target both the 

proposed stereochemistries of palau’amine, 1 and 34.  By starting with the C2-

bisalkylidene 68, a similar strategy can be applied to the synthesis of revised 

palau’amine stereochemistry 34, axinellamine 12 and massadine 13 (Scheme 

1.11). 

Scheme 1.11 
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CHAPTER TWO 
 

THE INITIAL REACTIVITY STUDY 

 
2.1 Model Study I 

 In our ambitious retrosynthetic analysis, we are planning on building two 

rings and four stereocenters in a single step (Scheme 2.1). The primary 

requirement for such a cascade reaction to occur is that the two glycocyamidine 

rings have to pack in parallel which forces both the external electrophile and 

internal nucleophile1 to approach from trajectories peripheral to this self-

assembled unit. In other words, the stereochemical outcome will depend on the 

reactive conformer of the bisalkylidene structure 67, given that the reaction is 

performed under kinetic conditions. 

Scheme 2.1 
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 We first needed to assess the behavior of an isolated alkylidene 

glycocyamidine toward an electrophilic halogen. This work was performed by 

previous post-doctoral scholar Masakazu Nakadai. Heterocycle2 69 was 

condensed with isobutyraldehyde in the presence of catalytic N, N-

dimethylethylene diamine monotosylate to afford alkylidene 703 (Scheme 2.2). 
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When this material was treated with t-BuOCl in glacial AcOH, epimeric vicinal 

chloroacetoxylation products 71 were produced efficiently. Angular acetates 71 

are unstable, methanolysis affords isolable congener 72. These results confirm a 

desired “enamine” type reactivity of alkylidene in 70 towards hypohalite4. 

Scheme 2.2 
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Conditions: a). isobutyraldehyde (1.2 eq),N,N-dimethylethylene diamine (30 mol%), pTsOH (30
mol%), DMF, μW (150 °C), 50 min (41%, E/Z=5:1); b). t-BuOCl (1.1 eq, neat), glacial AcOH, rt, 1 h (>
80%, 1H NMR); c). silica gel, MeOH, rt, 6 h (95 %).

69 70

 

2.2 Model Study II 

 After the “enamine” type acitivity was demonstrated in an isolated 

alkylidene glycocyamidine, we then examined if similar chemistry executed on a 

dimeric substrate would result in spirocyclization (Figure 2.1).  

 The original plan was to retain the substitution pattern of 69 in this dimer. 

As the condensation of 69 with dialdehyde 75 was unproductive, we decided to 

install the bisalkylidene motif using SeO2
5 from the bisglycocyamidine 76.  
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Figure 2.1 
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 A synthesis of 76 was developed that began with 1,4-dibromo-2-butyne 77 

and elaborated symmetrically in two directions (Scheme 2.3). This part of the 

work was performed by post-doctoral researcher Hugo Garrido-Hernandez. 

Interestingly, with 76 in hand, its properties were apparently not those intended. 

The substance readily formed insoluble aggregates. Under conditions in which 

dehydrogenation to 73 was possible, both the starting material 76 and the product 

73 were almost completely insoluble.  
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Scheme 2.3 

 

Conditions: a). NaH (1.06 eq), 85 °C, 1.5 h, rt, 20 h; b). HCl (1N), rt, 14h; c) PhCHO (4.5 eq), TEA (2 eq),
MgSO4, THF, rt, 14 h; d). NaBH4 (3 eq), MeOH, 0 °C, 15 min, rt, 0.5 h; e). BrCN (1.1 eq), NaHCO3, CHCl3,
rt, 14 h; f) NH3, rt, 24 h; g). H2, 10%w/w Pd/C, rt, 2 h; h). SeO2 (4 eq), t -BuOH, 80 °C, 5 h.
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 Compound 73 has all of the functionality to test our key idea. However it 

is proved to be a poor model because of its poor solubility. The unit cell of its 

crystal structure contains four molecules of 73, each in extended conformation 

with their glycocyamidine rings interacting bimolecularly through multiple H 

bonds (Figure 2.2).  
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Figure 2.2 

 

  

 As a means to disrupt the multiple bimolecular hydrogen bonding 

observed in compound 73, we considered repositioning the N1 benzyl unit on 

each heterocycle to N2. Alone, the change was synthetically awkward, but the 

incorporation of both N2 and N3 into a 2,4-benzodiazepine appeared workable 

(Figure 2.3). Compound 83 became the target. After the unsuccessful attempts of 

using SeO2 and Br2 methodologies to install the exo-cyclic double bond from 

compound 84, we eventually adopted the approach based on basic degradation6of 

sulfonamides 86 (Scheme 2.4).  
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Figure 2.3 
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 Condensing compound 85 with a twofold excess of o-xylyldiamine-

derived methylisothiourea 777 provided 86 directly. The seco amides presumably 

formed transiently in the reaction and cyclized spontaneously, with the ejection of 

methanethiol at each end of the molecule (Scheme 2.4). 

 With 86 available, we examined its response to base. Exposure to 

KHMDS caused degradation. However, when the compound was treated with 

DBU in DMF, monoalkylidene 87 formed rapidly. This material was isolated 

without incident. When 87 was re-exposed to DBU, two new products emerged in 

high yield. Surprisingly, neither was found to be bisalkylidene 83. Rather, they 

proved to be geometric isomers of spirocycloisomerization product 88-89.  
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Scheme 2.4 

Conditions: a). TBTU, DIPEA, 77 (2.2 eq), CH2Cl2, rt (35 %); b) DBU (2.2 eq), DMF, rt, 14 h.
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 This is precisely the behavior we wanted to see. Whereas 83 was designed 

to participate in a spirocyclization initiated by hypohalite, this molecule is 

apparently so well-poised for the reaction that a proton is sufficient provocation. 

Nevertheless, this outcome validated the central tenet of our approach to 1 and 12-

13.  

2.3 The Design of Substrate that Leads to the Synthesis of Palau’amine 1. 

 We are facing a much more complicated stereochemistry problem for the 

chlorination reactons on the substrates that can potentially lead to the synthesis of 

palau’amine 1. If the cyclization process does happen as planned, the 
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stereochemistry of the four newly-established chiral centers should highly depend 

on the reactive conformers of the substrate given the reaction is under kinetic 

control. 

 Computational calculations8 were employed to study the conformations of 

potential starting materials. Starting with a Z,Z C12/C18-anti configured 90, the 

calculations suggest the two heterocycles stack in parallel in the low energy 

conformers (Figure 2.5). The chain connecting the two glycocyamidines readily 

adopt either boat 92 or chair like 91 orientation to minimize A1,3 strain9 by 

eclipsing the C18-H to C16-N bond. 

 Based on the seminal work of the Beak group on the mechanistic studies 

on the electrophilic chlorination reactions10, a trigonal bipyramidal transition 

structure with a 180° bond angle between the nucleophile and the leaving group is 

required for the chlorine atom transfer (Figure 2.4). With the stereochemistry of 

palau’amine 11 in mind, it is very possiblethe kinetically controlled cyclization 

initiated by chlorination would expectedly lead to products having trans 

stereochemistry between C17 and C18 (93/94), which is the unnatural relative 

stereochemistry, from the stable conformers. 

Figure 2.4 
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Figure 2.5 
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 A way to achieve natural stereochemical outcome is by using the 

constrained starting material. For example, the operation of tethering the primary 

amine to the N1 nitrogen of the same side glycocyamidine ring will lead to a 

hydrazine complex 95 (Figure 2.6). In complex 95, not only is C16/C17 Z-alkene 

geometry assured but the rotational orientation of the C18/C19 bond is fixed. 

Oxidative spiroannulation executed on this material should initiate at the more 
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electron rich and sterically accessible olefin (the vinyl hydrazine) and precede 

through conformers 96 and /or 97 to afford pentacyclic products 98/99. It is 

difficult to predict which precise pathway will predominate, although the trans 

C11/C12 ring fusion in 98 is strained and this material might not form at all. The 

important point from this analysis is that the all-syn relationship between 

substituents at C16, C17, and C18 can be established beginning with 95. 
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Figure 2.6 
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CHAPTER THREE 
 

SYNTHESES AND DIMERIZATION STUDIES OF 

MONOMERS 

 

 In order to achieve the stereochemistry in palau’amine 1, we decided to 

perform the electrophilic chlorination on substrates like 95 (Scheme 3.1). The 

next question is how to synthesize a compound of 95 types. The 2, 4-

benzodiazepine protecting group strategy will still be adopted in the real system. 

This makes 101 the target compound (Scheme 3.1). It can be potentially obtained 

from meso compound 102 via N-N bond cleavage. Due to the dimeric nature of 

compound 102, the most direct way to generate it is from the monomeric form 

103.  Among possible means to dimerize 103, we chose a radical manifold 106 

available via one-electron oxidation of a carbanion of 103. The heterocyclic ring 

system of 103 is not known in the literature, but it can be quickly traced back to 

three simpler components, 2,5-dihydro-3-(methylthio)-1H-2,4-benzodiazepine 77, 

hydrazine 104, and  5-bromo-2-oxopentanoic acid 105.  
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Scheme 3.1 
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3.1 Boc-Monomer Synthesis  

 2,5-dihydro-3-(methylthio)-1H-2,4-benzodiazepine 110 is a known 

compound1. Started with dibromide 106, compound 110 can be synthesized after 

seven steps with overall 70% yield (Scheme 3.2). As the free base form 110 can 
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be obtained via base treatment of the HI salt 77, the methyl group migration from 

N to S occurred even under the condition of being stored as solid at −12 °C in a 

freezer. Due to this instability, the HI salt form 77 was used directly for the 

reactions.  

Scheme 3.2 

Conditions: a) NaN3 (2.18 eq),THF/EtOH/H2O, 110 °C, 1 h, b). PPh3 (2.5 eq), 110 °C, 1 h; c) HCl (35% aq),
reflux, 2 h; d) NaOH; e) CS2 (2 eq), EtOH, rt, overnight; f) 2-methoxyethanol, 130 °C, 1 h; g) CH3I (1.2 eq),
MeOH, 70 °C, 4 h (70% from 96), ; h) NaOH; e). solid state, -12 °C, 1 month (30% conversion).
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 The Claisen condensation product of γ-butyrolactone 103 and (CO2Et)2 

114 was degraded with HBr/AcOH and the crude reaction mixture was treated 

with MeOH with a catalytic amount of concentrated H2SO4 to afford α-keto ester 

1162 (Scheme 3.3). This material was exposed to hydrazine to generate a 

tetrahydropyridine carboxylate 1173.  
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Scheme 3.3 

Conditions: a) Na (1.1 eq), EtOH, rt, overnight (100% conversion by 1H NMR); b) HBr/HOAc
(35%), 120 °C, 3h; c) H2SO4, MeOH (85%); d) NH2NH2, (1 eq), AcOH (10 eq), MeOH/H2O, rt to
62 °C (>95%).
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 Initially we chose the easy removal Boc protecting group. Compound 117 

was protected and hydrolyzed to afford acid 119 (Scheme 3.4). The acid was 

coupled with 77 and was subsequently treated with HgCl2 to afford Boc-monomer 

1224.  

Scheme 3.4 
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3.2 Oxidative Dimerization of Boc Monomer 122 

 With the successful synthesis of Boc monomer 122, the next question is 

now to generate the dimer directly from the monomer moiety. Conventional 

oxidative enolates dimerization appeared to be an attractive means to achieve this 

transformation.  
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 Oxidative enolate dimerization methodology has a long history. Its first 

report appeared in 1934, where the magnesium enolate of phenylacetate was 

oxidized by molecular bromine and afforded the dimer in 22% yield5. Up to 

today, there are numerous literature articles in this field. Its substrate scope has 

been expanded to ketones6, esters7, carboxylic acids8, silyl enol ethers9, and 

titanocene enolates10. A wide range of oxidants have been utilized. 

Electrochemistry11 had been successfully utilized as the oxidation method too. 

Even with the extensive study in this field, little is known about its detailed 

mechanism12 and the results of the reaction depend on the substrates and 

conditions employed.  

 There are relatively few reports about regioselectivity of the oxidation of 

dienolates. Even in the existing ones, they are mainly observations of what 

happened instead of solutions on how to achieve the desired regioselectivity.  In 

the study conducted by the Saegusa group13, the oxidative coupling of enolates of 

vinylogous ester 123 produced γ,γ-coupling dimer 124 and α, γ-coupling dimer 

125 as major products and no α,α region-isomer was found (Scheme 3.5). 
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Scheme 3.5 
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Conditions: LDA, CuCl2, –78 °C, 124 (33%), 125 (33%).  

 The Paquette group14 reported an interesting correlation between 

regioselectivity and the oxidants employed in the reactions. When CuCl2 was 

utilized as an oxidant for the oxidative coupling of (1R)-(+)-verbenone 126, the 

γ,γ regio-isomer 127 was obtained as the major product (Scheme 3.6). However 

when Fe(III) was used as the oxidant, the selectivity for γ,γ regio-isomer 127 was  

largely diminished.  

Scheme 3.6 
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 For the transformation we wanted to achieve, oxidative dimerization of 

compound 122 to product the γ,γ-coupling dimer, we were facing several 

challenges. In addition to the regioselectivity metioned above, we also needed to 

achieve the diastereo-selectivity since two new chiral centers were going to be 

created in the process.   

 Bearing in mind the above concerns the oxidative dimerization of 122 was 

attempted. The THF solution of 122 at −78 °C was treated with freshly prepared 

LDA, the dark brown solution was stirred at −78 °C for 30 minutes before adding 

a DMF solution of CuCl2. No dimers or any identifiable products were isolated 

from the reaction. Then the stability of the lithium dienolate was tested. Instead of 

adding oxidants, acetic acid was added to quench the reaction after the LDA 

treatment. No starting material was recovered from the reaction; only 

decomposition was observed.  

 This instability could be due to the electron-withdrawing nature of the Boc 

protecting group. As shown in Scheme 3.7, there are two potential pathways. 

Further reactions among these products (129-131) are very likely, such as: 

cycloaddition or polymerization. This presumption is also supported by the 

similar behavior of Teoc-monomer and SEM-pyrrole monomer 150 for the 

KHMDS treatment. In SEM-pyrrole monomer 150 case, a small percentage of 

compound 132 was isolated.  

 



48 

 

Scheme 3.7 
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3.3 Allyl-Monomer Synthesis 

 We next turned our attention to electron-donating protecting groups on the 

nitrogen. The allyl- protecting group was eventually chosen. We intended to take 

advantage of Noyori’s asymmetric isomerization of allylic amines15 to achieve an 

enantioselective synthesis of the natural product (Scheme 3.8). 
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Scheme 3.8 
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 The synthesis of the allyl monomer 135 started with allylation of 

compound 117 with allyl bromide (Scheme 3.9). The resultant ester was 

saponified and condensed with 77. Unlike the Boc monomer synthesis, the adduct 

134 could be induced to cyclize in situ by concentrating the reaction mixture at 70 

°C under vacuum, without isolating isothiourea 134 and the mercuric salt 

treatment. The target N-amino glycocyamidine 135 was generated via net 

extrusion of methyl mercaptan. 

Scheme 3.9 
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3.4 Allyl-Monomer’s Potassium Enolate Dimerization Study 

 With 135 in hand, the conventional enolate oxidation chemistry was 

reexamined. First, its stability toward the basic conditions was tested. The 

KHMDS solution was added to the THF solution of 135 at −78 °C. The resultant 

red brown solution was stirred at −78 °C for half an hour and then quenched with 

deuterated acetic acid. The starting material was recovered from the reaction in 

good yield and deuterium was incorporated at the γ position.  

 Encouraged by the stability of the dienolate, its behaviors toward different 

oxidants were studied next. Iodine was tested first. Under strict deoxygenated and 

anhydrous conditions, the stock solution of half equivalent iodine in THF was 

added to the dienolate solution at −78 °C. The yellow solution was continually 

stirred at −78 °C for another hour. The reaction afforded two regio-isomers 

(Scheme 3.10, entry 1). The α,α regio-isomer 137 was isolated in 50% yield as a 

single d.l diastereoisomer, which was established by X-ray crystallography 

(Figure 3.1). The α,γ  regio-isomers 136 were isolated in 24% yield. A single 

crystal of one of the diastereoisomers was also obtained from a dilute acetonitrile 

solution (Figure 3.1).  
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Figure 3.1 
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 Unfortunately, no desired γ, γ regio-isomer 138 was detected from the 

reaction. It was rationalized that the reactive intermediates in this reaction have 

more carbon centered radical character16. The α position was stabilized by a 

neighboring heteroatom, an electron-withdrawing carbonyl group and a double 

bond. Under kinetic conditions17, the most sterically hindered α,α regio-isomer 

127 was formed quickly and isolated as major product. Since the reaction was not 

in equilibrium, the thermodynamic product γ,γ regio-isomer 138 was not observed 

from the reaction.  
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 Next, I turned my attention to the Fe (III) oxidants. The DMF complex of 

ferric chloride was employed. Compared to normal Fe (III) salts, the DMF 

complex of ferric chloride has the advantages of being non-hygroscopic, and good 

solubilities in organic solvents, such as: DMF or THF18. The oxidative 

dimerization reaction was executed under similar conditions as in the I2 case. And 

under these conditions, the reaction favored the formation of the α,γ regio-isomer 

136. It was isolated in 55%, together with the α,α regio-isomer 137 in 11% and 

γ,γ 138 in 11% (Scheme 3.10, entry 2).  

 The next oxidant screened was copper triflate. It was added to the reaction 

as a fine suspension in THF. And in this case, the α,α regio-isomer 137 was 

isolated in 24%, α, γ regio-isomer 136 in 37% and γ, γ regio-isomer 138 in 25%. 

Even though the regio-selectivity for the γ,γ dimers 138 is the best compared to 

the results of the other oxidants, it is still not synthetically useful because of the 

low yield. A lot other oxidants were screened also, including: silver nitrate19, 

[Cu(S,S)-tert-butylbis(oxazolinyl)]Cl2
20, ferrocenium hexafluorophosphate21, 

Copper (II) benzylacetonate and tris(4-bromophenyl)aminium 

hexachloroantimonate, however none of them provided better selectivity than 

copper triflate.  
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Scheme 3.10 
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Conditions: a) KHMDS (1.05 eq), degassed THF, –78 °C, 0.5 h; b) oxidants (see table below), 1 h, –78 °C.

entry oxidants αυ : αα : γγ combined yield(%)

2

1

3

I2

Cu(OTf)2

5.4 : 1.0 : 1.0

1.0 : 2.0 : --

1.5 : 1.0 : 1.0

77

71

86

[Fe(DMF)3Cl2][FeCl4]

 

3.5 The Thermal and Photolytic Properties of the Allyl-Dimers 

 I next explored the possibility of regenerating the radical intermediate 

from the “wrong” regio-isomer 136 and 137. Theoretically, the reaction should 

afford the most stable products 138 under thermodynamic conditions.  

 I first investigated the thermal properties of the two regio-isomers. When 

the α,α isomer 137 was heated in toluene at 95 °C, it converted to the α,γ isomers 

136 in 2.5 hours, however no γ,γ regio-isomer 138 was detected from the reaction. 

Since none of the desired regioisomer 138 was detected, the α,γ regioisomer was 
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further resubjected to thermal conditions to see if there would be a second net 

[1,3] sigmatropic rearrangement to yield the γ,γ regioisomer. Unfortunately major 

decompositions occurred, when the isomers of 136 were heated up in various 

solvents. In several cases, very small amounts of monomer were recovered from 

the reaction.  

 Then photolytic conditions were examined. The acetonitrile solution of the 

α,γ isomers 136 was proven inert at 300 nm and 350 nm even after prolonged 

irradiation. The α,γ isomers 136 decomposed when they were exposed to 250 nm.  

However the α,α isomer 137 rearranged to the α,γ regio-isomers 136 and γ,γ 

isomers 138 at 250 nm (Scheme 3.11). As a control experiment, one reaction was 

wrapped with aluminum-foil and set up under the identical reaction conditions as 

others.  After exposure to UV light for the same amount time, the starting material 

of the control experiment was left intact while the starting material of other 

reactions was consumed completely. This indicated that the reaction was initiated 

by light and not heat.  

 Under optimal reaction conditions, 0.01 M solution of α,α dimer 137 in 

benzene was deoxygenated via freeze-pump-thaw method (Scheme 3.11). It was 

irradiated at 250 nm for two hours before the reaction went to completion. At the 

end of the reaction, 136 was isolated in 36% yield and the desired isomer 138 was 

isolated in 20%. Even though the results are interesting, the chemistry is not 

synthetically useful to generate compound 138. 
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Scheme 3.11 
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a) deoxygenated toluene (0.02 M), 95 °C, 1 h (81%). b) hv (Rayonet-254 nm bulb
set), in deoxygenated PhH (0.01 M), 2 h (36% 136, 20% 138)  

3.6 Allyl-Monomer’s Titanocene Enolate  Dimerization Study 

 In many cases, the counter-ions of the corresponding enolates play a big 

role for the outcomes of the chemistry20. In our case, we were especially 

interested in the generation of the monomer’s titanocene dienolate.  It should be 

readily generated from the potassium enolate by transmetallation due to the high 

oxophilicity of Ti (IV). The bulkiness of titanocene would make the α position of 

the dienolate sterically hindered. If the carbon-carbon bond formation occurred 

before the breakage of the titanium oxygen bond23, the desired regiochemistry 

could be achieved. 
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 The yield of the desired regioisomers 138 was largely improved to 40% 

when the potassium dienolate was treated with an equivalent of Cp2TiCl2 prior to 

oxidation (Scheme 3.12). When [i-PrCp]2TiCl2 was used, the selectivity for 138 is 

essentially complete – region-iosmers 136 or 137 could no longer be detected in 

the crude reaction mixture. Further increase in the size of the substituents of 

cyclopentadiene, from the i-Pr to t-Bu, did not improve the results further but 

rather afforded lower selectivity for 138, possibly due to the inefficient 

transmetallation step. 

Scheme 3.12 
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eq), –78 °C, 3 h; Cu(OTf)2 (1.6 eq), –78 °C, 3.5 h.
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3.7 The Determination of Diastereoisomers Ratio of 138 

  The regioisomers 138 were isolated as a diastereoisomeric mixture. Many 

solvent systems were used in an effort to separate them by chromatographic 

means, but without success. The Chiralcel® OD-H column from Chiral 

Technologies Inc was employed to separate the stereoisomeric the mixture of the 

γ, γ regioisomers 138. Using i-propanol and hexanes as eluents, there were three 

peaks (Scheme 3.13). Presumably, the two similar size peaks belong to the two 

enantiomers of C2. 

 By studying the 1H NMR of 138 regioisomers obtained from the oxidative 

dimerization mediated by [i-PrCp]2TiCl2, there are two apparent singlets at 5.5 

and 5.4 ppm with an integration ratio of 2:1 which were identified as the vinyl 

protons (Scheme 3.13). Combining the assumption that the two diastereoisomers 

have the same absorption coefficient at the wavelength used in the HPLC analysis 

and the integration data of the 1H NMR, it is reasonable to determine the ratio 

between the meso and C2 diastereoismer to be 2:1. Using the same method, the 

diastereoisomeric ratio was determined to be 1:1 in the potassium dienolate 

oxidation (Scheme 3.10, entry 3).  
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Scheme 3.13 
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Conditions: a). KHMDS (1.1 eq), THF, –78 °C, 30 min; [i-Pr-Cp]2TiCl2 (1.15 eq), –78 °C, 3 h;
Cu(OTf)2 (1.6 eq), –78 °C, 3.5 h (81%).
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3.8 The Synthesis of SEM Pyrrole Monomer 150  

 Previous studies showed that the potassium enolate of the monomers with 

an electron-withdrawing protecting group are not stable under the oxidative 

dimerization reaction conditions (Scheme 3.7). We solved this instablility issue by 
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switching to the monomer with an allyl protection group. Even though the 

dimerization of the allyl monomer was efficient, the desired regioselectivity was 

poor.  And so, to our satisfaction, the regioselectivity problem was solved by the 

use of the allyl monomer’s titanocene enolate.  

 Inspired by the efficient and regioselective dimerization of the allyl 

monomer’s titanocene enolate, we thought that the titanocene enolates of the 

monomers with an electron-withdrawing group could be stable, unlike the 

potassium forms, considering the high bond energy between titanium and 

oxygen24. Moreover, as the acyl pyrrole motif was found in the natural product 

itself, direct dimerization of compound 150 is highly desired (Figure 3.2).  

Figure 3.2 
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 Nucleophilic substitution of ketone 139 with NaOEt affords ester (Scheme 

3.14). The compound 140 was obtained after bromination and SEM protection. It 

was subsequently hydrolyzed to provide acid 142.  

Scheme 3.14 
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Conditions: a). NaOEt (12%), EtOH, rt, 10 min, (>95%); b). Br2 (2 eq), AcOH, rt, 2 h, (>95%); c).
Et3N (1.1 eq), SEM-Cl (1.05 eq), THF, r t, 2h, (>95%); d). NaOH (2 eq), THF/H2O/MeOH, 65 °C,
4 h, (>95%).
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 Compound 117 was acylated with acyl chloride 145, which was generate 

by treating acid 142 with oxalyl chloride and catalytic DMF (Scheme 3.15). The 

ester was carefully hydrolyzed with LiOH at 0 °C to afford acid 147 in 

quantitative yield.  

Scheme 3.15 

Conditions: a). (COCl)2 (2 eq), DMF (0.1 ml), CH2Cl2, rt, 3 h, (> 95%); b). Pyr (2 eq),
117 (1.05 eq), DMAP (0.1 eq), CH3CN, rt, 3 h, (> 95%). c), LiOH (1.1 eq), THF/H2O,
0 °C, 2.5 h, (> 95%).
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 Then acid 147 was coupled with the HI salt of methylisothiourea 77. The 

coupled product 148 was treated with HgCl2 (Scheme 3.16). The reaction mixture 
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was heated in refluxing CH3CN and the desired cyclized compound was obtained 

in 52% yield together with the side product 149. When 149 was resubjected to the 

same HgCl2 conditions, it smoothly converted to 150. Thus the yield of this step 

was improved to 70% simply by increasing the amount of HgCl2 utilized in the 

reaction.  

 One thing worthy of mentioning is that during the whole monomer 

synthesis, the yield of each step before the mercury chloride treatment is 

quantitative and no purification is needed. More impressively, the yield does not 

diminish when the reaction sequence is scaled up to over a hundred grams.  

Scheme 3.16 
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3.9 The Dimerization Study of SEM Pyrrole Monomer 150 

 With an efficient monomer synthesis in hand, the oxidative dimerization 

was pursued promptly. Unlike in the case of the allyl monomer 135, the 
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potassium enolate of 150 was not stable even at low temperature, so the 

transmetallation step was avoided. Instead, the titanocene enolate of 150 was 

directly generated from the reaction by premixing [i-PrCp]2TiCl2 and 150 before 

the KHMDS addition. After the oxidation step, the desired regioisomers were 

produced efficiently.  

 Fortunately, the diastereoisomers 151 and 152 can be separated from each 

other by column chromatography. Their stereochemistries were established based 

on the X-ray crystallography of a single crystal of meso form 151 (Figure 3.3). 

Figure 3.3 

 

  

 

  

 

 

 The diastereoselectivity was achieved by employing different oxidizing 

reagents.  The oxidation reaction using Cu(OTf)2 as an oxidant is selective for the 

meso isomer 151, while the one using [Fe(DMF)3Cl2][FeCl4] is selective for C2 

isomer 152 with a better ratio (Scheme 3.17). The ability to attain the selectivity 

at this step is very important for our ultimate goal, which is not only to achieve 

the synthesis of palau’amine 11 but also the syntheses of styloguanidine 33, 
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axinellamine 12 and massadine 13. Also considering the recent revisions of 

palau’amine’s stereochemisty, it offers a good opportunity to access both 

proposed structures. The slightly diminished yield of this dimerization is due to 

the competitive formation of α,γ dimers. In each case, the α,γ dimers were 

isolated in 13-15% and the structure was verified via X-ray crystallography 

(Scheme 3.17). 
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Scheme 3.17 
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3.10 Experimental Section 

3.10.1 Materials and Methods 

 Unless stated otherwise, reactions were performed under an argon 

atmosphere in flame-dried glassware. Tetrahydrofuran (THF), dichloromethane 

(CH2Cl2), diethyl ether (Et2O), toluene (C7H8), benzene (C6H6) and acetonitrile 

(CH3CN) were passed through Glass Contour solvent drying systems prior to use. 

Fine chemical reagents were obtained from commercial sources and used without 

further purification. Column chromatography was performed on E. Merck silica 

gel 60 (240-400 mesh). Thin layer chromatography and preparative layer 

chromatography utilized pre-coated plates from E. Merck (silica gel 60 PF254, 

0.25mm or 0.5mm). Nuclear Magnetic Resonance (NMR) spectra were recorded 

on either a Varian Inova-600, Inova-400 or Mercury-300 magnetic resonance 

spectrometer. 1H NMR chemical shifts are given in parts per million (δ) relative 

to a residual solvent signal. Infrared spectra were recorded on a Perkin-Elmer FT-

IR spectrum 1000 using samples prepared as thin films between salt plates. 

Electrospray-ionization mass spectra (LRMS) were measured on a Shimadzu 

LCMS-2010 single quadrupole. 

3.10.2 Preparative Procedures 

Br
Br

NH2

NH2

106 107  
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o-Xylylene diamine (107). To a solution of o-xylylene dibromide (Aldrich – 100 

g, 378 mmol) in THF (1.3 L), EtOH (1 L) and H2O (0.33 L) was added NaN3 

(53.7 g, 826 mmol) in H2O (0.33 L). The solution was heated at reflux for 1 h. 

After cooling to rt, PPh3 (248 g, 947 mmol) was added in small portions. When 

the evolution of N2 (g) ceased, the solution was heated at reflux for 2h. Upon 

cooling to rt and standing overnight, needle shaped crystals had formed, which 

partially dissolved with the addition of 100 mL H2O. Solid NaOH was added to 

the aqueous solution until a pink oily layer appeared. The organic layer was 

separated and the aqueous layer was extracted with Et2O (2 × 50 mL). The 

combined organic layers were dried over Na2SO4, filtered and concentrated in 

vacuo. The slightly pink oil obtained was used without further purification. 
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SMe
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107 108 109 77  

2, 5-Dihydro-3-(methylthio)-1H-2,4-benzodiazepine Hydroiodide (77). The 

compound was synthesis as the procedure in Ref 1.  
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α-Ethoxalybutyrolactone (115). EtOH used in this reation was refluxed and 

distilled from magnesium turnings. The compound was synthesized as the 

procedure in Ref 2 (b), without modification. 

 

O

OHO

O

OEt

MeO Br

O

O
115 116

 

Methyl 5-bromo-2-oxopentanoate (116). A solution of lactone 115 in 30% 

HBr/AcOH (150 mL) was heated at 110°C for 2h. An additional 100 mL of 30% 

HBr/HOAc was added and the reaction maintained at 110°C for 14h. The mixture 

was concentrated in vacuo to afford a brown oil that was dissolved in 250 mL 

MeOH. Concentrated aqueous H2SO4 (0.5 mL) was added and the solution stirred 

at rt for 14h. The reaction was concentrated and the incipient residue dissolved in 

Et2O. Saturated aqueous NaHCO3 was carefully added until gas evolution ceased. 

The organic layer was separated and washed with H2O and dried over Na2SO4. 

Concentration in vacuo provided a brown oil that was used without further 

purification. 

MeO Br

O

O

HN
N

COOMe116
117  

Methyl-1,4,5,6-tetrahydro-3-pyridazinecarboxylate (117). Hydrazine hydrate 

(20.4 g, 398 mmol) was dissolved in a mixture of MeOH (300 mL) and water 
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(37.5 mL). Glacial AcOH (7 mL) was added and the solution cooled in an ice-

bath. A solution of crude 116 in MeOH (50 mL) was added over 30 min wherein 

a white precipitate formed. The ice-bath was removed wherein the solids 

dissolved. The pH of the mixture was maintained between 4 and 7 with 3M aq 

K2CO3. After the pH had stabilized at rt, the reaction was immersed into an oil-

bath pre-heated to 60 °C and 3M aq K2CO3 was used to adjust the pH to ~5. The 

reaction was heated at 60 °C for 1 h at which time the pH was 6. After removing 

MeOH in vacuo, the residue was dissolved in a minimum amount of water and 

extracted with EtOAc. The organic layer was dried over Na2SO4, filtered and 

concentrated to afford a solid that was recrystallized from EtOAc to afford 117 

(42.5 g, 81%). 

117: colorless crystals [m.p. 72 °C]; Rf = 0.5 (2:3 EtOAc/CH2Cl2); IR (film): 

3200, 2957, 1694, 1588, 1442, 1303, 1237, 1190, 115, 972, 743 cm-1; 1H NMR 

(400 MHz, CDCl3): δ 5.1-5.9 (bs, 1H), 3.78 (s, 3H), 3.23 (t, 2H, J = 5.2 Hz), 2.45 

(t, 2H, J = 6.8 Hz,), 1.90 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 165.8, 132.0, 

52.1, 41.9, 21.2, 17.6. MS (positive electrospray) calc’d for (C6H10N2O2+H)+: 

143.07, found: 143.06. 
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1-tert-butyl 3-methyl 5,6-dihydropyridazine-1,3(4H)-dicarboxylate (118). A 

solution of Methyl ester 117 (5 g, 35.2 mmol) in THF (80 mL) was cooled to 0 

°C. Pyridine (3.2 mL, 40 mmol) and DMAP (0.86 g, 7 mmol) were added, 

followed by (Boc)2O (1M, 38.7 mL). The resulting solution was stirred at room 

temperature overnight. Volatiles were removed in vacuo and the residue dissolved 

in EtOAc, washed with water and brine, dried over Na2SO4. Concentration in 

vacuo followed by flash chromatography on silica gel (EtOAc/Hexanes, 3:7) 

afford 118 (7.88 g, 92%) as white solid. 

118: colorless solid; Rf = 0.8 (EtOAc/CH2Cl2 = 2:3); IR (film, cm-1): 2358, 2088, 

1698, 1644, 1446, 1367, 1280, 1149, 1069, 971;  1H NMR (300 MHz, CDCl3): δ 

3.80 (s, 3H), 3.67 (m, 2H), 2.46 (t, 2H, J = 6.5 Hz), 1.87 (m, 2H), 1.52 (s, 9H); 

13C NMR (75 MHz, CDCl3): δ165.0, 139.8, 82.9, 52.7, 41.7, 28.3, 21.8, 17.1; MS 

(positive electrospray) calcd for (C11H18N2O4+H)+: 243.13, found: 243.30. 
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119  

1-(tert-butoxycarbonyl)-1,4,5,6-tetrahydropyridazine-3-carboxylic acid (119). 

Aqueous solution (12 mL) of LiOH (1.43 g, 34.17 mmol) was added to solution 

of 118 (7.88 g, 32.54 mmol) in THF (100 mL). The resultant solution was stirred 

at rt for 0.5 hour. The reaction was quenched by citric acid. The organic solvent 
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was removed. The residue was taken up in ethyl acetate and washed with water 

and brine, died over Na2SO4. The solvent was removed and the resultant oil was 

used directly for the next step. 

N
N

COOH

O

O

NH

N
SMe

•HI
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N

N
SMe

O

NN
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77 119
120  

(E)-tert-butyl 3-(3-(methylthio)-2,5-dihydro-1H-benzo[e][1,3]diazepine-2-

carbonyl)-5,6-dihydropyridazine-1(4H)-carboxylate (120). HI salt 77 (0.677 g, 

3.52 mmol) was added to the DMF (16.8 mL) solution of acid 119 (0.77 g, 3.36 

mmol) cooling in ice-bath, followed by HATU (1.4 g, 3.7 mmol). DIPEA (0.70 

mL, 4.03 mmol) was added slowly to the above yellow solution. The reaction was 

stirred at rt for 3 hours before the TLC indicating the completion of the reaction. 

The reaction mixture was diluted with EtOAc and washed with sat. NH4Cl, water, 

brine and dried over Na2SO4. The solvent was removed and the residue was 

purified by the second silica gel column chromatography (EtOAc:Hex = 2:8) (1 g, 

74%) 

120: white foam; Rf = 0.8 (EtOAc/hex, 1:1); IR (film, cm-1)1645, 1416, 1333, 

1241, 1127; 1H NMR (400 MHz, CD3CN): δ 7.01-7.38 (m, 4H), 4.93 (s, 2H), 4.87 

(s, 2H), 3.68 ( m, 2H), 2.51 (m, 2H), 1.90 (m, 2H), 1.56 (s, 9H), 13C NMR (75 

MHz, CD3CN): δ 134.8, 134.5, 129.5, 128.0, 127.6, 127.1, , 81.6, 55.2, 45.5, 
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41.4, 27.8, 22.4, 17.1, 14.6; MS (positive electrospray) calcd for 

(C20H26N4O3S+H)+: 403.17, found: 403.40. 
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Boc-Monomer (122). The reaction mixture of 120 (3.52 g, 8.74 mmol) and HgCl2 

(2.61 g, 9.62 mmol) in pyridine (43 mL) was heated to 120 °C for 3 hours. The 

white solid was filtered and the solvent was removed in vacuo. The reaction 

mixture was taken up in EtOAc. The organic layer was washed with 1N NaOH 

solution, water, brine and dried over NaSO4. After the solvent removal in vacuo 

the residue was purified by silica gel column chromatography (CH3CN:CHCl3 = 

1:19) to afford white foam (2.3 g, 75%).  

122: white foam; Rf = 0.2 (ETOAC/hex, 1:1); IR (film, cm-1): 2978, 1691, 1454, 

1402, 1309, 1246, 1155, 1015, 845, 734;  1H NMR (400 MHz, CD3CN): δ 6.93-

7.78 (m, 4H), 5.70 (t, 2H, J = 4.6 Hz), 4.95 (s, 2H), 4.69 ( appr s, 2H), 4.21 (appr 

s, 1H), 2.88 (appr s, 1H), 2.23 (appr s, 2H), 1.30 (s, 9H); 13C NMR (75 MHz, 

CD3CN): δ 160.0, 156.7, 142.4, 135.6, 129.8, 129.5, 129.4, 129.0, 103.9, 83.3, 

49.8, 43.9, 28.2, 22.6; MS (positive electrospray) calcd for (C19H22N4O3+H)+: 

355.17, found: 355.30. 
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COOMe

N
N

COOMe117 132  

A solution of 117 (5.2 g, 35.9 mmol) in THF (180 mL) was cooled to −30 °C. 

KHMDS (0.5 M in toluene, 73.3 mL) was added over 5 min. The reaction was 

stirred for 10 min before adding allyl bromide (3.8 mL, 43.2 mmol). The reaction 

was stirred at −25 °C for 1h, quenched with MeOH, warmed to rt, and filtered 

through a pad of Celite. Concentration in vacuo followed by flash 

chromatography on silica gel (3:7 EtOAc/hexanes) afforded 132 (5.88 g, 90%) as 

colorless solid. 

132: Rf= 0.5 (1:1 EtOAc/Hexanes); IR (film): 3079, 2925, 2844, 1700, 1562, 

1439, 1261, 1108, 983, 744 cm-1; 1H NMR (400 MHz, CDCl3): δ 5.84 (m, 1H), 

5.21 (tdd, 2H, J = 6.2, 10.1, 16.5 Hz), 4.99 (m, 2H), 3.78 (s, 3H), 3.06 (m, 2H), 

2.39 (t, 2H, J = 6.7 Hz), 1.89 (m, 2H); 13C NMR (75 MHz, CDCl3): δ 132.5, 

117.2, 60.3, 43.6, 19.3, 16.6. MS (positive electrospray) calcd for (C9H14N2O2+ 

H)+: 183.11, found: 183.11. 
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1-Allyl-1,4,5,6-tetrahydro-3-pyridazinecarboxylic acid (133). Solid LiOH 

(0.78 g, 32.7 mmol) was added to a solution of ester 132 (5.4 g, 29.7 mmol) in 

THF/MeOH/H2O (40 mL/15 mL/20 mL). The resultant solution was stirred at rt 

for 3h and then neutralized with 10% aq citric acid. The solvents were removed in 

vacuo and the residue dissolved in EtOAc. The solution was washed with H2O 

and brine, dried over Na2SO4, filtered and concentrated. The crude acid was used 

in the next step without purification. 

 

NH
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+
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133 135  

TBTU (0.27 g, 0.84 mmol) was added to a solution of 133 (0.14 g, 0.94 mmol) 

and 77 (0.3 g, 0.94mmol) in DMF (4.5 mL). DIPEA(0.44 mL, 2.51 mmol) was 

added and the resultant yellow solution stirred at rt for 2 h. The mixture was 

placed under house vacuum and heated at 70 °C overnight. The residue was 

dissolved in 20 mL EtOAc and washed with saturated NaHCO3, water and brine. 

The organic layer was dried over Na2SO4, filtered and concentrated in vacuo. 

Purification by silica gel chromatography (4:1 EtOAc/hexanes) provided 135 

(0.173 g, 71%) as a light brown solid. 
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135: Rf = 0.45 (2:3 EtOAc/CH2Cl2); IR (film): 3411, 2947, 1734, 1620, 1451, 

1409, 1180, 1013, 761, 667 cm-1; 1H NMR (500 MHz, DMSO-d6): δ 7.25-7.40 

(4H, m), 5.87 (tdd, 1H, J = 6.7, 10.2, 17 Hz), 5.7 (t, 1H, J = 4.6Hz), 5.20 (d, 1H, J 

= 17.2Hz), 5.11 (d, 1H, J = 10.1Hz), 4.94, (s, 2H), 4.65 (s, 2H), 3.33 (d, 2H, J = 

6.6Hz), 2.92 (t, 2H, J = 5.5Hz), 2.21 (dd, 2H, J = 5.3, 10.3Hz); 13C NMR (125 

MHz, DMSOd6):δ 158.8, 141.0, 140.1, 134.2, 133.6, 128.3, 128.0, 127.9, 127.5, 

127.1, 118.7, 101.7, 56.0, 48.2, 44.8, 42.2, 16.2. MS (positive electrospray) calcd 

for (C17H18N4O+H)+: 295.15, found: 295.10. 
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The dimerization reactions of allyl monomer (135) 

Procedure A. I2 as oxidant 
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The THF used in this reaction was degassed via the freeze-pump-thaw method 

prior to use. Monomer 135 (1.03 g, 3.51 mmol) was dissolved in THF (10 mL) 

and cooled to −78 °C. This solution was added via cannulating needle to a flask 

containing KHMDS (7.38 mL, 0.5M in toluene) at −78 °C and the resulting dark 

red mixture was stirred at −78 °C for 30 minutes. A solution of I2 (0.445 g, 1.76 

mmol) in THF (0.5 mL) was then added and the reaction was stirred at −78 °C for 

3 h. The solvent was removed in vacuo and the residue purified by silica gel 

chromatography (4:1 EtOAc/hexanes) to afford 485 mg 

(47%) of α,α dimer 137 and 250 mg (24%) of α,γ dimers 136. 

137: light pink solid; Rf = 0.75 (EtOAc); IR (film): 3412, 1743, 1671, 1394, 1371, 

1287, 1154, 1064, 968, 741, 667 cm-1; 1H NMR (400 MHz, DMSO-d6) δ 7.29 

(m, 8H), 5.97 (dd, 2H, J = 4.0, 9.9Hz), 5.79 (d, 2H, J = 9.9Hz), 5.62 (tdd, 2H, J = 

6.2, 10.3, 12.3 Hz), 5.07 (d, 2H, J =17.2Hz), 4.92 (d, 2H, J = 10.3Hz), 4.67 (m, 

8H), 3.80 (d, 4H, J = 5.8Hz), 3.50 (d, 2H, J = 16.8Hz), 2.87 (ddd, 2H, J = 1.3, 5, 

16.6Hz). MS (Positive electrospray) for (C34H34N8O2+H)+ calcd: 587.28, 

found: 587.25.  

α,γ dimers 136: yellow solid; Rf = 0.3 (EtOAc). Two diastereomers of this 

material were separated by preparative thin layer chromatography (1:19 

MeOH/PhH). 

Diastereomer 1: yellow crystals, Rf = 0.65 (1:19 MeOH/PhH), IR (film): 3640, 

2980, 1739, 1675, 1413, 1150, 820, 740. 558 cm-1; 1H NMR (400 MHz,CD3CN): 
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δ 7.22-7.40 (m, 8H), 6.05 (ddd, 1H, J =1.4, 5.2, 9.9 Hz), 5.85 (m, 2H), 5.68 

(dddd, 1H, J = 5.5, 7.2, 10.2, 17.4 Hz), 5.42 (t, 1H, J = 1.7Hz), 5.13 (m, 3H), 4.91 

(s, 2H), 4.88 (m, 1H), 4.81 (s, 2H), 4.61 (m, 4H), 3.99 (tdd, 1H, J = 1.5, 5.3, 13.8 

Hz), 3.78 (dd, 1H, J = 7.2, 13.8Hz), 3.63 (m, 1H), 3.48 (dd, 1H, J = 5.0, 13.2Hz), 

3.25 (m, 3H), 3.11 (ddd, 1H, J = 2.4, 5.0, 10.5Hz), 2.92 (m, 2H), 2.26 (m, 1H); 

MS (positive electrospray) for (C34H34N8O2+H)+ calc’d:587.28, found: 587.25. 

Crystals of this material suitable for X-ray diffraction were grown from a mixture 

of CH2Cl2 and CH3CN (slow evaporation).  

Diastereomer 2. yellow solid, Rf = 0.60 (1:19 MeOH/PhH), IR (film): 3640, 

2980, 1739, 1675, 1413, 1150, 820, 740. 558 cm-1; 1H NMR (400 MHz, 

CD3CN): δ 7.2-7.4 (m, 8H), 6.08 (ddd, 1H, J = 1.5, 5.2, 9.9Hz), 5.85 (m, 2H), 

5.66 (m, 2H), 5.11 (m, 4H), 4.91 (s, 2H), 4.81 (m, 2H), 4.62 (m, 4H), 4.00 (m, 

1H), 3.67 (ddd, 1H, J =1.7, 4.9, 13.5 Hz), 3.48 (m, 1H), 3.25 (m, 1H), 3.12 (m, 

1H), 2.97 (m, 1H), 2.27 (m, 1H). MS (positive electrospray) for 

(C34H34N8O2+H)+: calcd: 587.28, found: 587.25. 

Procedure B. FeCl2(DMF)3FeCl4 as oxidant 

The THF used in this reaction was degassed via the freeze-pump-thaw method 

prior to use. Monomer 135 (0.150 g, 0.51 mmol) in THF (2.6 mL) was cooled to 

−78 °C and added via cannulating needle to a flask containing KHMDS (1.12 mL, 

0.5M in toluene) at −78°C. After stirring the resulting dark red mixture at −78 °C 

for 30 minutes, a solution of [FeCl2(DMF)3][FeCl4] (0.141 g, 0.26 mmol) in THF 
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(0.4 mL) was added via syringe. The reaction was stirred at −78 °C for 3 hours. 

The reaction was quenched with pH 8.0 EDTA (3 mL). The majority of the 

solvent was removed in vacuo and the residue 

diluted in CH2Cl2. The solution was washed with pH 8.0 EDTA (0.35M, 3 x10 

mL), water and brine. The organic layer was dried over Na2SO4, filtered and 

concentrated in vacuo. Purification by silica gel chromatography (progression 

from 4:1 EtOAc/hexanes → EtOAc → 99:1 EtOAc/MeOH) to afford 

α,α dimer 137 (16 mg, 11%), α,γ dimers 136 (87 mg, 55%) and γ,γ dimers 128 as 

an orange solid (16mg, 11%) . 

128; Rf = 0.2 (3:7 CH3CN:CHCl3); IR (film): 3400, 1669, 1456, 1404, 1181, 1066 

cm-1; 

1H NMR (400 MHz, CDCl3): δ 7.25-7.35 (m, 4H), 5.97 (m, 1H), 5.57 (s, 0.32H), 

5.55 (s, 0.63H), 5.15 (m, 2H), 4.95 (m, 2H), 4.73 (m, 2H), 3.58 (m, 1H), 3.26 (m, 

2H), 2.64 (m, 2H). 13C NMR (75MHz, CDCl3): δ 159.7, 141.2, 140.9, 134.0, 

133.2, 133.2, 129.1, 128.9, 128.8, 128.7, 120.0, 119.9, 102.4, 101.8, 58.2, 58.1, 

49.7, 49.3, 48.4, 29.2, 28.5. MS (positive electrospray) for (C34H34N8O2+H)+: 

calcd: 587.28, found: 587.25. 

Procedure C. Cu(OTf)2 as oxidant. 

The THF used in this reaction was degassed via the freeze-pump-thaw method 

prior to use. Monomer 135 (0.20 g, 0.68 mmol) was dissolved in THF (3.4 mL) 

and cooled to −78 °C. This solution was added via cannulating needle to a flask 
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containing KHMDS (1.23 mL, 0.5M in toluene) at −78 °C. After stirring the 

resulting dark red mixture at −78 °C for 30 min, a solution of Cu(OTf)2 (0.177 g, 

0.7 mmol) in THF (0.7 mL) was added via syringe. The reaction was stirred at 

−78 °C for 3 h and quenched with aq pH 8.0 EDTA (0.35M) solution (3 mL). The 

mixture was concentrated in vacuo and diluted in 

CH2Cl2. The solution was washed with aqueous pH 8.0 EDTA solution (3 x 10 

mL), water and brine. The organic layer was dried over Na2SO4, filtered and 

concentrated in vacuo. The residue was purified by silica gel chromatography 

(progression from 4:1 EtOAc/Hexanes → EtOAc → 99:1 EtOAc/MeOH) to 

afford α,α dimer 137 (47 mg, 24%), α,γ dimers 136 (73 mg, 37%) and γ,γ dimers 

138 as an orange solid (50 mg, 25%) . 

Procedure D. Using [i-PrCp]2TiCl2 additive and Cu(OTf)2 as oxidant. 

The THF used in this reaction was degassed via the freeze-pump-thaw method 

prior to use. KHMDS (7.3 mL, 0.5 M in toluene) was added dropwise to a 

solution of 135 (0.98 g, 3.33 mmol) in THF (18 mL) 

at −78°C. After stirring at −78°C for 30 min, the reaction mixture was added to a 

solution of [i-PrCp]2TiCl2 (1.2 g, 3.53 mmol) in THF (24 mL). The reaction 

mixture was stirred at −78 °C for 3 h before being added to a solution of Cu(OTf)2 

(1.97 g, 5.39 mmol) in THF (26.7 mL) at −78 °C. The resulting mixture was 

stirred at −78 °C for an additional 3.75 hours and quenched with aq pH 8.0 EDTA 
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(0.35M) solution (20 mL). The reaction mixture was concentrated in vacuo and 

diluted in CH2Cl2. The solution was washed with aqueous pH 8.0 EDTA solution 

(3 x 50 mL), water, brine and dried over Na2SO4. After removal of solvent in 

vacuo, the residue was purified by silica gel chromatography (gradient from 

EtOAc to 99:1 EtOAc/MeOH) to afford 138 as an orange solid (0.78 g, 80%). 
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139 140  

4,5-dibromo-1H-pyrrole-2-carboxylate Ethyl ester (140). Sodium (0.66 g, 28.7 

mmol) was dissolved in dry 180 mL EtOH. 2-(trichloroacetyl) pyrrole 139 (50 g, 

235 mmol) was added to the NaOEt solution over 10 minutes. The resultant dark 

red solution was stirred at rt for 40 min. The solvent was removed in vacuo and 

the residue diluted in Et2O. The ether solution was washed with 3N HCl. The 

black cotton-like solid was removed by filtration. The acidic aqueous washings 

were extracted with ether. The combined organic layers were washed the 

saturated NaHCO3, dried over MgSO4, filtered and concentrated in vacuo to give 

a light brown solid (32.1 g, 98%) that was used without further purification. The 

crude ester from the previous step was dissolved in glacial AcOH (1275 mL). A 

solution of bromine (23.7 mL, 462 mmol) in AcOH (272 mL) was added via 

addition funnel over 2 h. The resultant solution was stirred at rt for 3 h. Removal 
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of acetic acid in vacuo provided a pink solid (67.6 g, 99%). That was used without 

further purification 
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4,5-dibromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrrole-2-carboxylate 

Ethyl Ester (141). Et3N (38.4 mL, 274 mmol) was slowly added to a solution of 

140 (67.6 g, 228 mmol) in THF (900 mL). The reaction was stirred at rt for 10 

minutes and treated with SEM-Cl (38.34 g, 230 mmol). The reaction was stirred 

at rt for 2 h. The mixture was concentrated and the residue was taken up in 

CH2Cl2. The resulting solution was washed with water and brine, dried over 

Na2SO4, filtered and concentrated in vacuo to afford 141 as a brown oil (94.4 g, 

97%). This material was used without further purification. 
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4,5-dibromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrrole-2-carboxylic 

acid (142). A solution of NaOH (17.6 g, 439 mmol) in H2O (218 mL) was added 

to a solution of 141 (94.4 g, 221 mmol) in THF/MeOH (1000 mL / 70 mL). The 

resulting solution was stirred at 65 °C for 5 hours. The reaction was quenched 
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with 10% aq citric acid. The solvents were removed in vacuo and the residue 

taken up in CH2Cl2. The solution was washed with saturated NH4Cl, water and 

brine. The organic layer was dried over Na2SO4, filtered and concentrated in 

vacuo to give 142 as an off white solid (86.5g, 98%). This material was used 

without further purification. 

142: IR (film): 3400, 1652, 1635, 1338, 1250, 1148, 667 cm-1; 1H NMR (400 

MHz, CDCl3): δ 7.21 (s, 1H), 5.81 (s, 2H), 3.60 (t, 2H, J = 8.4Hz), 0.91 (t, 2H, J 

= 8.4Hz), 0.02 (s, 9H). 13C NMR (75MHz, CDCl3): δ 164.3, 123.2, 122.7, 115.3, 

101.1, 75.5, 66.3, 17.8, -1.5. MS (positive electrospray) for 

(C11H17Br2NO3Si+H)+ calcd: 399.93, found: 400.10. 
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methyl 1-(4,5-dibromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrrole-2-

carbonyl)-1,4,5,6-tetrahydropyridazine-3-carboxylate (146). Oxalyl chloride 

(20.3 mL, 236 mmol) was added to a solution of acid 142 (47.1 g, 118 mmol) in 

CH2Cl2 (400 mL). DMF (0.5 mL) was added and the resulting mixture was stirred 

at rt for 1 hour. The solvent was removed in vacuo to give a brown oily residue 

that was dissolved in CH3CN (370 mL). To this solution was added 117 (16.8 g, 

118 mmol), pyridine (19 mL, 236 mmol) and DMAP (50 mg) and the resulting 
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mixture was stirred at rt overnight. The solvent was removed in vacuo and the 

residue taken up in CH2Cl2. The solution was washed with water and brine. The 

organic layer was dried over 

Na2SO4, filtered and concentrated in vacuo. Purification by silica gel 

chromatography (10→20% EtOAc/hexanes) provided 146 (58 g, 94%) as a white 

solid. 

146: Rf = 0.3 (1:4 EtOAc/CH2Cl2); IR (film): 1711, 1648, 1413, 1337, 1267, 

1239, 1090, 973, 834 cm-1; 1H NMR (400 MHz, CDCl3): δ 7.50 (s, 1H ), 5.84 (s, 

2H), 3.88, (s, 3H), 3.86 (m, 2H), 3.56 (t, 2H, J = 8Hz), 2.56 (t, 2H, J = 6.4Hz), 

1.96 (td, 2H, J = 6.3, 12.4Hz), 0.89 (t, 2H, J = 8Hz), 0.04 (s, 9H); 13C NMR 

(75MHz, CDCl3): δ 164.5, 160.0, 139.3, 125.2, 124.1, 113.2, 100.3, 76.0, 66.0, 

52.5, 39.6, 21.8, 17.8, 16.6, -1.5. MS (positive electrospray) for 

(C17H25Br2N3O4Si+H)+ calcd: 524.00, found: 524.10. 
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1-(4,5-dibromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrrole-2-carbonyl)-

1,4,5,6-tetrahydropyridazine-3-carboxylic acid (147). A solution of ester 146 

(66 g, 126 mmol) in THF/H2O (520 mL / 250 mL) was stirred for 30 min in an 

ice-water bath. A solution of LiOH (30 mL. aq 0.5M) was added and the resulting 
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mixture stirred at 4 °C for 1 h. The reaction was quenched with 10% aq citric acid 

and concentrated in vacuo. The residue was taken up in EtOAc and washed with 

saturated NH4Cl, water and brine. The organic layer was dried over Na2SO4, 

filtered and concentrated in vacuo. The resulting white solid (62.2 g, 97%) was 

used without further purification. 

147: IR (film): 3203, 2951, 1715, 1652, 1422, 1240, 1179, 1096, 1096, 969, 860. 

742, 684, 612 cm-1; 1H NMR (400 MHz, CDCl3): δ 7.36 (s, 1H), 6.95 (bs, 1H) 

5.74 (s, 2H), 3.86 (t, 2H, J = 5.6Hz), 3.55 (t, 2H, J = 8Hz), 2.61 (t, 2H, J = 

6.4Hz), 2.01 (td, 2H, J = 6.3, 12.3Hz), 0.88 (t, 2H, J = 8Hz), 0.06 (s, 9H). 13C 

NMR (75MHz, CDCl3): δ 163.8, 160.5, 139.8, 128.3, 125.2, 121.5, 113.0, 100.4, 

75.8, 66.4, 40.0, 21.0, 17.7, 16.4, -1.5. MS (positive electrospray) for 

(C16H23Br2N3O4Si+H)+ calcd: 509.98, found: 510.05. 
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(4,5-dibromo-1-((2-(trimethylsilyl)ethoxy)methyl)-1H-pyrrol-2-yl)(3-(3-

(methylthio)-2,5-dihydro-1H-benzo[e][1,3]diazepine-2-carbonyl)-5,6-

dihydropyridazin-1(4H)-yl)methanone (148). HI salt 77 (9.2 g, 28.9 mmol) was 

added to a solution of 147 (14 g, 27.5 mmol) in DMF (183 mL) at 0 °C. TBTU 

(9.7 g, 30.3 mmol) was added, followed by the slow addition of DIPEA (14.4 mL, 
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82.5 mmol). The resulting mixture was stirred at rt for 3 h. The reaction mixture 

was diluted with 1L EtOAc and washed with sat. NH4Cl (2 x 200 mL), water (8 x 

200 mL) and brine (200 mL). The organic layer was dried over Na2SO4, filtered 

and concentrated in vacuo to afford 148 as a slightly pink foam (18.5 g, 99%). 

This material was used without further purification. 

148: Rf = 0.9 (1:9 CH3CN/CHCl3); IR (film): 3420, 1645, 1430, 1340, 1241, 

1130, 835, 750, 697 cm-1; 1H NMR (400 MHz, CDCl3): δ 7.15 (m, 4H), 6.68 (s, 

1H), 5.65 (s, 2H), 4.90 (s, 2H), 4.44 (s, 2H), 3.84 (t, 2H, J = 5.6Hz), 3.46( t, 2H, J 

= 8Hz), 2.63 (t, 2H, J = 5.6Hz), 2.31 (s, 3H), 2.02 (m, 2H), 0.86 (t, 2H, J = 8Hz), 

-0.07 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 165.7, 161.8, 157.4, 146.6, 134.02, 

133.8, 129.7, 127.9, 127.7, 127.2, 126.1, 120.9, 111.3, 99.9, 75.8, 66.2, 54.8, 45.9, 

40.4, 23.9, 17.9, 17.3, 15.3, -1.2. MS (positive electrospray) for 

(C26H33Br2N5O3SSi+H)+ calcd: 684.04, found: 683.90. 
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SEM Monomer (150). A mixture of 148 (34 g, 50 mmol), HgCl2 (19 g, 67 mmol) 

and pyridine (12.1 mL, 150 mmol) in CH3CN (250 mL) was heated at reflux for 3 

h. A second portion of HgCl2 (2.7 g, 13.4 mmol) was added and reflux continued 
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for 1 h. Upon cooling to rt, a white solid was removed by filtration and the solvent 

evaporated in vacuo. The reaction mixture was taken up in EtOAc and 

undissolved solids were removed by filtration. The organic layer was washed with 

1N NaOH whereupon a white precipitate formed. The precipitate was filtered and 

the NaOH wash / filtration sequence continued until no further solid formed (6-7 

x). The organic layer was then washed with water and brine and dried over 

Na2SO4. Concentration in vacuo and purification by silica gel chromatography 

(1:3 EtOAc/hexanes) afforded 150 as a white foam (15.0 g). Mixed fractions were 

purified on a second silica gel column (1:9 EtOAc/CH2Cl2) to provide a further 

5.0 g of 150 (total yield = 70%). 

150: Rf = 0.7 (1:9 CH3CN:CHCl3); IR (film): 2951, 1741, 1635, 1402, 1093, 859, 

758, 793 cm-1. 1H NMR (400 MHz, CD3CN): δ 7.28-7.38 (m, 4H), 6.81 (s, 1H), 

5.82 (t, 1H, J = 4.7Hz), 4.89 (s, 2H), 4.66 (s, 2H), 3.80 (m, 2H), 3.57 (t, 2H, J = 

12Hz), 2.33 (dd, 2H, J = 5.3, 10.4Hz), 0.883 (t, 2H, J =12Hz), 0.0 (s, 9H). 13C 

NMR (75 MHz, CD3CN): δ 163.8, 159.3, 141.6, 141.4, 134.9, 129.5, 129.2, 

129.1, 129.0, 126.3, 118.7, 118.0, 112.6, 104.2, 100.2, 76.1, 66.7, 49.5, 45.7, 43.6, 

23.5, 18.2, -1.3. MS (positive electrospray) for (C25H29Br2N5O3Si+H)+ calcd: 

636.04, found: 636.10. 
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SEM Dimers (151 and 152). Monomer 150 (311 mg, 0.49 mmol) and solid [i-

PrCp]2TiCl2 (190 mg, 0.57 mmol) were dissolved in 2.5 mL anhydrous THF. The 

brandy colored solution was degassed via consecutive freeze-pump-thaw cycles 

(3x) and cooled to −78 °C. KHMDS (1.08 mL, 0.5M toluene) was added 

dropwise and the resultant dark green slurry was stirred at −78°C for 1.5 hours. A 

fine suspension of Cu(OTf)2 (260 mg, 0.74 mmol) in dry, degassed THF was 

added over 15 minutes and the dark red/brown slurry stirred at −78 °C for 3h and 

then at rt for 1.5 h. The reaction was treated with 5 mL pH 8.0 aq EDTA (0.35M) 

and the volatiles were removed in vacuo. The residue was diluted in EtOAc, 

washed with additional pH 8.0 EDTA solution (until blue color no longer 

observed), H2O and brine. The organics were dried over Na2SO4, filtered and 

concentrated. Purification by column chromatography on silica gel (1% 

CH3CN/CHCl3) afforded 151 meso (150 mg, 49%) and 152 C2 (45 mg, 15%). 
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151 meso: light yellow solid; Rf = 0.35 (10% CH3CN/CHCl3); IR (film): 1745, 

1745, 1698, 1447, 1396, 1093, 934, 836 cm-1; 1H NMR (400 MHz, CD3CN, 70 

°C): δ 7.40-7.20 (m, 8H), 6.71 (s,2H), 5.66-5.48 (m, 6H), 4.95 (s, 4H), 4.62 (s, 

4H), 3.77 (bs, 2H), 3.57 (t, J = 8Hz, 4H), 2.49 (s, 2H), 0.86 (t, J = 8Hz, 4H), 0.01 

(s, 18H); 13C NMR (75 MHz, CDCl3, 55 °C): δ 163.0, 158.4, 140.7, 140.2, 133.6, 

130.3, 129.3, 128.8, 128.7, 128.5, 125.3, 118.0, 112.4, 104.0, 100.2, 75.6, 66.5, 

49.6, 45.6, 43.6, 36.5, 18.2, −1.2; MS (positive electrospray) calc’d for 

(C50H56Br4N10O6Si2+H)+: 1269.06, found 1268.80. Crystals of 151 meso 

suitable for X-ray diffraction were grown from MeOH (slow evaporation).  

152 C2: light yellow solid; Rf = 0.2 (10% CH3CN/CHCl3); IR (film): 1745, 1698, 

1448, 1397, 1093, 934, 836 cm-1; 1H NMR (400 MHz, CD3CN, 70 °C): δ 7.40-

7.20 (m, 8H), 6.72 (s, 2H), 5.72 (s, 2H), 5.51(s, 4H), 4.95 (s, 4H), 4.61(S, 4H), 

3.87 (bs, 2H), 3.58 (t, J = 8Hz, 4H), 2.49 (s, 2H), 0.86 (t, J = 8Hz, 4H), 0.01 (s, 

18H); 13C NMR (75 MHz, CDCl3, 55 °C): δ 163.0, 158.5, 140.7, 140.2, 133.6, 

130.2, 129.3, 128.8, 128.8, 128.5, 125.0, 118.1, 112.5, 103.7, 100.2, 75.6, 66.6, 

49.6, 46.4, 43.6, 36.7, 18.2, -1.2; MS (positive electrospray) calc’d for 

(C50H56Br4N10O6Si2+H)+: 1269.06, found 1268.94. 
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APPENDIX A 
Spectra of Compounds Appearing In Chapter 3 
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APPENDIX B 

X-ray Crystallographic Data for 136 
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Table 1.  Crystal data and structure refinement for 136 

Empirical formula                  C34 H34 N8 O2 

Formula weight                     586.70 

Wavelength                         0.71073 A 

Crystal system, space group        Triclinic,  P -1 

Unit cell dimensions               a = 10.5970(4) Å   alpha = 101.7740(18)°  

                                         b = 11.4680(5) Å    beta = 101.7910(16)°  

                                         c = 13.4690(7) Å   gamma = 97.4190(19)° 

Volume                             1543.47(12) A^3 

Z, Calculated density              2,  1.262 Mg/m^3 

Absorption coefficient             0.082 mm^-1 

 

  Intensity Measurements 

Diffractometer                      Enraf-Nonius  

Detector                            Kappa CCD 

Radiation                           RMoKa (l=0.71069A) 

Temperature                         293(2) K 

Scan-Type                           w-2theta 

Theta range for data collection    2.91 to 25.81 deg. 

Reflections collected / unique     5686 / 5686 [R(int) = 0.0900] 
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  Structure Solution and Refinement 

Refinement method                  Full-matrix least-squares on F^2 

Data / restraints / parameters     5686 / 0 / 533 

Goodness-of-fit on F^2             0.992 

Final R indices [I>2sigma(I)]  R1 = 0.0524, wR2 = 0.1257 

R indices (all data)   R1 = 0.0851, wR2 = 0.1432 

Largest diff. peak and hole       0.178 and -0.255 e.A^-3 

  

Table 2.  Atomic coordinates ( x 104) and equivalent isotropic  displacement 

parameters (Å2 x 103) for qingyi6. U(eq) is defined as one third of the trace of 

the orthogonalized Uij tensor.      

________________________________________________________________ 

                                x                 y                 z             U(eq) 

 ________________________________________________________________ 

          C(1)         2543(3)       8596(3)       4703(2)       63(1) 

          C(2)         1572(3)       7623(3)       4592(3)       76(1) 

          C(3)          676(3)       7139(3)       3651(3)       78(1) 

          C(4)          747(3)       7662(3)       2810(2)       64(1) 

          C(5)         1713(2)       8635(2)       2912(2)       51(1) 

          C(6)         2623(3)       9113(2)       3868(2)       52(1) 
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          C(7)         3693(3)      10165(2)       3959(2)       54(1) 

          C(8)         4318(2)       9391(2)       2403(2)       43(1) 

          C(9)         1824(3)       9195(3)       2008(2)       52(1) 

          C(10)        3133(3)       8669(2)        696(2)       45(1) 

          C(11)        4535(2)       8680(2)        726(2)       43(1) 

          C(12)        6991(3)       8332(3)       1416(2)       49(1) 

          C(13)        6587(3)       8384(2)        262(2)       45(1) 

          C(14)        5139(3)       8314(2)        -26(2)       46(1) 

          C(15)        7192(3)      10494(2)       2253(2)       51(1) 

          C(16)        8581(3)      10686(3)       2838(2)       66(1) 

          C(17)        9569(4)      11246(4)       2564(4)       95(1) 

          O(1)         2204(2)       8394(2)        -62(1)       59(1) 

          N(1)         4684(2)       9847(2)       3375(2)       48(1) 

          N(2)         3069(2)       9057(2)       1711(2)       44(1) 

          N(3)         5171(2)       9125(2)       1767(2)       49(1) 

          N(4)         6543(2)       9238(2)       2138(2)       47(1) 

          C(18)        7072(2)       7433(2)       -481(2)       44(1) 

          C(19)        8554(3)       7646(3)       -339(2)       55(1) 

          C(20)        9252(3)       6805(3)       -166(2)       60(1) 

          C(21)        8691(3)       5660(3)         61(3)       56(1) 

          C(22)        6810(3)       4773(3)        653(2)       54(1) 
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          C(23)        7467(3)       4839(3)       1758(2)       61(1) 

          C(24)        8010(4)       3985(3)       2076(3)       79(1) 

          C(25)        6291(2)       5461(2)      -1516(2)       44(1) 

          C(26)        6513(3)       7436(2)      -1617(2)       52(1) 

          C(27)        5910(4)       3660(3)      -2838(2)       66(1) 

          C(28)        4645(3)       3797(2)      -3498(2)       59(1) 

          C(29)        4503(3)       4915(2)      -3719(2)       60(1) 

          C(30)        5626(4)       5967(3)      -3314(2)       66(1) 

          C(31)        3610(4)       2829(3)      -3888(2)       75(1) 

          C(32)        2459(4)       2956(5)      -4500(3)       90(1) 

          C(33)        2309(4)       4059(5)      -4730(3)       90(1) 

          C(34)        3334(4)       5048(4)      -4333(2)       79(1) 

          O(2)         6492(2)       8328(2)      -1977(1)       73(1) 

          N(5)         7434(2)       5795(2)        313(2)       45(1) 

          N(6)         6593(2)       6174(2)       -483(2)       42(1) 

          N(7)         6212(2)       4329(2)      -1742(2)       56(1) 

          N(8)         6089(2)       6272(2)      -2167(2)       51(1) 

      _______________________________________________________________ 

 

Table 3.  Bond lengths [Å] for qingyi6. Estimated standard deviations in the 

least significant figures are given in parentheses. 
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      _____________________________________________________________ 

            C(1)-C(2)       1.379(4) 

            C(1)-C(6)       1.386(4) 

            C(2)-C(3)       1.378(5) 

            C(3)-C(4)       1.396(4) 

            C(4)-C(5)       1.377(4) 

            C(5)-C(6)       1.400(3) 

            C(5)-C(9)       1.505(4) 

            C(6)-C(7)       1.512(4) 

            C(7)-N(1)       1.474(3) 

            C(8)-N(1)       1.265(3) 

            C(8)-N(3)       1.388(3) 

            C(8)-N(2)       1.409(3) 

            C(9)-N(2)       1.473(3) 

            C(10)-O(1)      1.220(3) 

            C(10)-N(2)      1.367(3) 

            C(10)-C(11)     1.476(4) 

            C(11)-C(14)     1.331(3) 

            C(11)-N(3)      1.383(3) 

            C(12)-N(4)      1.467(3) 

            C(12)-C(13)     1.542(4) 

            C(13)-C(14)    1.492(4) 

            C(13)-C(18)    1.537(3) 

            C(15)-N(4)     1.477(3) 

            C(15)-C(16)    1.485(4) 

            C(16)-C(17)    1.314(5) 

            N(3)-N(4)      1.417(3) 

            C(18)-N(6)     1.467(3) 

            C(18)-C(19)    1.523(4) 

            C(18)-C(26)    1.524(3) 

            C(19)-C(20)    1.318(4) 

            C(20)-C(21)    1.486(4) 

            C(21)-N(5)     1.459(3) 

            C(22)-N(5)     1.470(3) 

            C(22)-C(23)    1.492(4) 

            C(23)-C(24)    1.300(4) 

            C(25)-N(7)     1.259(3) 

            C(25)-N(8)     1.409(3) 

            C(25)-N(6)     1.411(3) 

            C(26)-O(2)     1.220(3) 

            C(26)-N(8)     1.356(3) 
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            C(27)-N(7)     1.467(3) 

            C(27)-C(28)    1.495(4) 

            C(28)-C(31)    1.386(4) 

            C(28)-C(29)    1.394(4) 

            C(29)-C(34)    1.386(4) 

            C(29)-C(30)    1.505(4) 

            C(30)-N(8)     1.476(3) 

            C(31)-C(32)    1.369(5) 

            C(32)-C(33)    1.383(5) 

            C(33)-C(34)    1.396(5) 

            N(5)-N(6)      1.426(3)

_____________________________________________________________ 

 

Table 4.  Bond Angles [°] for qingyi6. Estimated standard deviations in the 

least significant figures are given in parentheses.  

_____________________________________________________________ 

   C(2)-C(1)-C(6)     120.2(3) 

   C(3)-C(2)-C(1)     120.8(3) 

   C(2)-C(3)-C(4)     119.1(3) 

   C(5)-C(4)-C(3)     120.5(3) 

   C(4)-C(5)-C(6)     119.8(3) 

   C(4)-C(5)-C(9)     121.4(2) 

   C(6)-C(5)-C(9)     118.8(2) 

   C(1)-C(6)-C(5)     119.4(3) 

   C(1)-C(6)-C(7)     121.5(3) 

   C(5)-C(6)-C(7)     119.1(2) 

   N(1)-C(7)-C(6)     113.9(2) 

   N(1)-C(8)-N(3)     123.8(2) 

   N(1)-C(8)-N(2)     132.1(2) 

   N(3)-C(8)-N(2)     104.0(2) 

   N(2)-C(9)-C(5)     110.7(2) 

   O(1)-C(10)-N(2)    125.7(2) 

   O(1)-C(10)-C(11)   128.5(2) 

   N(2)-C(10)-C(11)   105.7(2) 

   C(14)-C(11)-N(3)   123.9(2) 

   C(14)-C(11)-C(10)  131.1(2) 
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   N(3)-C(11)-C(10)   105.0(2) 

   N(4)-C(12)-C(13)   114.3(2) 

   C(14)-C(13)-C(18)  113.1(2) 

   C(14)-C(13)-C(12)  108.2(2) 

   C(18)-C(13)-C(12)  113.6(2) 

   C(11)-C(14)-C(13)  118.6(2) 

   N(4)-C(15)-C(16)   110.4(2) 

   C(17)-C(16)-C(15)  124.2(4) 

   C(8)-N(1)-C(7)     119.0(2) 

   C(10)-N(2)-C(8)    112.4(2) 

   C(10)-N(2)-C(9)    122.3(2) 

   C(8)-N(2)-C(9)     125.1(2) 

   C(11)-N(3)-C(8)    112.8(2) 

   C(11)-N(3)-N(4)    122.9(2) 

   C(8)-N(3)-N(4)     124.1(2) 

   N(3)-N(4)-C(12)    107.6(2) 

   N(3)-N(4)-C(15)    109.9(2) 

   C(12)-N(4)-C(15)   113.9(2) 

   N(6)-C(18)-C(19)   110.0(2) 

   N(6)-C(18)-C(26)   100.8(2) 

   C(19)-C(18)-C(26)  105.4(2) 

   N(6)-C(18)-C(13)   114.6(2) 

   C(19)-C(18)-C(13)  113.8(2) 

   C(26)-C(18)-C(13)  111.0(2) 

   C(20)-C(19)-C(18)  122.1(3) 

   C(19)-C(20)-C(21)  122.5(3) 

   N(5)-C(21)-C(20)   108.4(2) 

   N(5)-C(22)-C(23)   109.4(2) 

   C(24)-C(23)-C(22)  124.6(3) 

   N(7)-C(25)-N(8)    130.4(2) 

   N(7)-C(25)-N(6)    123.7(2) 

   N(8)-C(25)-N(6)    105.8(2) 

   O(2)-C(26)-N(8)    125.8(2) 

   O(2)-C(26)-C(18)   125.9(2) 

   N(8)-C(26)-C(18)   108.2(2) 

   N(7)-C(27)-C(28)   115.4(2) 

   C(31)-C(28)-C(29)  119.6(3) 

   C(31)-C(28)-C(27)  120.9(3) 

   C(29)-C(28)-C(27)  119.5(3) 

   C(34)-C(29)-C(28)  119.8(3) 

   C(34)-C(29)-C(30)  120.1(3) 

   C(28)-C(29)-C(30)  120.1(3) 
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   N(8)-C(30)-C(29)   113.0(2) 

   C(32)-C(31)-C(28)  120.7(4) 

   C(31)-C(32)-C(33)  120.2(4) 

   C(32)-C(33)-C(34)  119.9(4) 

   C(29)-C(34)-C(33)  119.8(4) 

   N(6)-N(5)-C(21)    111.3(2) 

   N(6)-N(5)-C(22)    114.4(2) 

   C(21)-N(5)-C(22)   114.9(2) 

   C(25)-N(6)-N(5)    118.6(2) 

   C(25)-N(6)-C(18)   109.1(2) 

   N(5)-N(6)-C(18)    110.6(2) 

   C(25)-N(7)-C(27)   120.1(2) 

   C(26)-N(8)-C(25)   111.2(2) 

   C(26)-N(8)-C(30)   121.2(2) 

   C(25)-N(8)-C(30)   127.3(2) 

____________________________



132 

 

 Table 5.  Anisotropic displacement parameters (Å2 x 103) for 136. The 

anisotropic displacement factor exponent takes the form:    -2 pi2 [ h^2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

__________________________________________________________________ 

              U11        U22        U33        U23        U13        U12 

__________________________________________________________________ 

    C(1)     59(2)      83(2)      49(2)      15(2)      21(2)       6(2) 

    C(2)     76(2)      96(2)      62(2)      30(2)      28(2)       4(2) 

    C(3)     73(2)      85(2)      77(2)      19(2)      33(2)      -9(2) 

    C(4)     55(2)      75(2)      60(2)      10(2)      20(2)       0(2) 

    C(5)     45(2)      59(2)      50(2)       8(1)      18(1)       8(1) 

    C(6)     50(2)      58(2)      50(2)       8(1)      20(1)       9(1) 

    C(7)     53(2)      60(2)      45(2)       1(1)      15(1)       7(1) 

    C(8)     44(2)      39(1)      45(2)       7(1)      14(1)       7(1) 

    C(9)     44(2)      61(2)      52(2)      11(1)      15(1)      11(1) 

    C(10)    48(2)      43(1)      42(2)      10(1)      11(1)       6(1) 

    C(11)    49(2)      34(1)      44(2)       9(1)      11(1)       4(1) 

    C(12)    52(2)      49(2)      51(2)      11(1)      17(1)      16(1) 

    C(13)    50(2)      42(1)      46(2)       9(1)      17(1)      10(1) 

    C(14)    55(2)      41(1)      44(2)      10(1)      14(1)       7(1) 

    C(15)    49(2)      48(2)      51(2)       2(1)      15(1)       5(1) 
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    C(16)    50(2)      72(2)      65(2)       1(2)       9(2)       6(2) 

    C(17)    57(2)      97(3)     123(4)       1(2)      26(2)      14(2) 

    O(1)     50(1)      76(1)      45(1)      10(1)       7(1)       6(1) 

    N(1)     49(1)      50(1)      44(1)       3(1)      16(1)       7(1) 

    N(2)     41(1)      48(1)      42(1)       7(1)      10(1)       8(1) 

    N(3)     40(1)      59(1)      43(1)       2(1)       9(1)       7(1) 

    N(4)     42(1)      47(1)      48(1)       5(1)      12(1)       8(1) 

    C(18)    47(2)      41(1)      47(2)      10(1)      19(1)       5(1) 

    C(19)    54(2)      46(2)      63(2)       5(1)      26(1)      -6(2) 

    C(20)    44(2)      68(2)      67(2)       4(1)      25(1)       4(2) 

    C(21)    46(2)      57(2)      63(2)       6(2)      17(2)      12(1) 

    C(22)    53(2)      53(2)      61(2)      21(1)      16(1)      11(1) 

    C(23)    74(2)      61(2)      51(2)      14(2)      20(2)      19(2) 

    C(24)   105(3)      75(2)      57(2)      20(2)       8(2)      34(2) 

    C(25)    43(2)      45(2)      47(2)      10(1)      19(1)       9(1) 

    C(26)    65(2)      46(2)      52(2)      11(1)      27(1)      10(1) 

    C(27)    85(2)      49(2)      60(2)      -3(1)      18(2)      17(2) 

    C(28)    68(2)      56(2)      47(2)       1(1)      19(1)       8(2) 

    C(29)    73(2)      66(2)      41(2)       5(1)      20(2)      13(2) 

    C(30)    93(3)      64(2)      43(2)      13(1)      22(2)       8(2) 

    C(31)    87(3)      72(2)      55(2)      -5(2)      21(2)       0(2) 



134 

 

    C(32)    81(3)     110(3)      63(2)      -4(2)      19(2)      -3(3) 

    C(33)    70(3)     136(4)      54(2)       1(2)      12(2)      24(3) 

    C(34)    95(3)      96(3)      48(2)      13(2)      18(2)      32(2) 

    O(2)    114(2)      48(1)      62(1)      20(1)      29(1)       8(1) 

    N(5)     36(1)      50(1)      53(1)      15(1)      15(1)      12(1) 

    N(6)     43(1)      39(1)      45(1)      11(1)      15(1)       9(1) 

    N(7)     65(2)      47(1)      55(1)       4(1)      15(1)      14(1) 

    N(8)     66(2)      46(1)      45(1)      11(1)      20(1)       9(1) 

_________________________________________________________________ 

  

Table 6.  Hydrogen coordinates ( x 10^4) and isotropic  displacement 

parameters (A^2 x 10^3) for 136 

    ________________________________________________________________ 

                                x                  y              z                  U(eq) 

    ________________________________________________________________ 

          H(1)         3180(30)      8920(30)      5390(30)      82(9) 

          H(2)         1510(30)      7270(30)      5180(30)      90(10) 

          H(3)          -30(30)        6470(30)      3590(20)      98(11) 

          H(4)           70(30)        7300(20)      2090(20)      74(8) 

          H(71)        4190(20)     10503(19)      4709(19)      42(6) 

          H(72)        3270(30)     10870(20)      3722(19)      64(8) 
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          H(91)        1810(30)     10120(30)      2160(20)      67(8) 

          H(92)        1020(30)      8760(20)      1350(20)      64(8) 

          H(121)       6650(20)      7570(20)      1510(17)      49(7) 

          H(122)       7980(30)      8460(20)      1675(19)      61(8) 

          H(13)        7010(20)       9170(20)       189(19)      63(8) 

          H(14)        4590(20)      8002(19)      -739(19)        44(6) 

          H(151)       6720(20)     11020(20)      2660(20)     56(7) 

          H(152)       7170(20)     10730(20)      1580(20)     58(7) 

          H(16)        8780(30)      10260(20)      3450(20)     67(8) 

          H(171)      10500(40)     11430(30)      2980(20)    90(10) 

          H(172)       9440(60)     11490(50)      1830(50)     200(30) 

          H(19)        8940(20)      8420(20)      -453(17)      50(7) 

          H(20)       10160(30)      6950(20)      -160(20)      69(8) 

          H(211)       8610(20)      4960(20)      -544(18)      47(6) 

          H(212)       9320(30)      5540(20)       710(20)      63(8) 

          H(221)       5870(30)      4930(20)       627(19)      64(8) 

          H(222)       6850(30)      3960(30)       180(20)      65(8) 

          H(23)        7420(30)      5530(30)      2250(30)      95(11) 

          H(241)       8400(30)      4060(30)      2810(30)      91(10) 

          H(242)       8070(30)      3200(30)      1530(30)     104(11) 

          H(271)       5900(30)      2830(30)     -2820(20)      80(9) 
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          H(272)       6620(30)      3940(30)     -3170(30)      99(12) 

          H(301)       6400(30)      5800(30)     -3570(20)      81(10) 

          H(302)       5390(30)      6740(30)     -3540(20)      79(9) 

          H(31)        3670(30)      2000(30)     -3720(20)      95(11) 

          H(32)        1680(40)      2290(40)     -4810(30)     125(14) 

          H(33)        1510(40)      4230(30)     -5160(30)     133(15) 

          H(34)        3290(30)      5850(30)     -4490(20)      78(10) 

_____________________________________________________________ 
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Table 1.  Crystal data and structure refinement for 137 

Empirical formula                   C34 H32 N8 O2 

Formula weight                      584.68 

Wavelength                          0.71073 A 

Crystal system, space group        Monoclinic,  C c 

Unit cell dimensions                a = 12.1990(10) A    

                                          b = 11.3930(10) A    beta = 90.771(3)°  

                                          c = 21.935(3) A    

Volume                              3048.3(5) A^3 

Z, Calculated density               4,  1.274 Mg/m^3 

Absorption coefficient             0.083 mm^-1 

 

  Intensity Measurements 

Diffractometer                      Enraf-Nonius  

Detector                            Kappa CCD 

Radiation                           RMoKa (l=0.71069A) 

Temperature                         293(2) K 

Scan-Type                           w-2theta 

Theta range for data collection    3.06 to 25.81 deg. 

Reflections collected / unique     2782 / 2782 [R(int) = 0.0600] 
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  Structure Solution and Refinement 

Refinement method                  Full-matrix least-squares on F^2 

Data / restraints / parameters     2782 / 2 / 501 

Goodness-of-fit on F^2             0.989 

Final R indices [I>2sigma(I)]      R1 = 0.0501, wR2 = 0.1144 

R indices (all data)               R1 = 0.0822, wR2 = 0.1375 

Largest diff. peak and hole        0.171 and -0.170 e.A^-3 

 

Table 2.  Atomic coordinates ( x 104) and equivalent isotropic  displacement 

parameters (Å2 x 103) for 137. U(eq) is defined as one third of the trace of the 

orthogonalize Uij tensor. 

________________________________________________________________ 

                                  x                 y                 z           U(eq) 

________________________________________________________________ 

          C(1)         9538(16)      6617(17)      4198(9)       70(5) 

          C(2)         8676(15)      7417(15)      4238(10)      75(6) 

          C(3)         8186(13)      7645(16)      4803(8)       54(5) 

          C(4)         8629(15)      7049(14)      5310(9)       64(5) 

          C(5)         9465(14)      6192(15)      5265(8)       55(5) 

          C(6)         9880(15)      6026(12)      4686(11)      77(7) 

          C(7)         7342(11)      8598(16)      4861(9)       57(5) 



140 

 

          C(8)         6100(12)      7445(14)      5497(7)       46(4) 

          C(9)         8037(12)      7306(15)      5917(8)       50(4) 

          C(10)        4364(17)      6276(17)      4791(9)       69(5) 

          C(11)        4792(14)      5074(14)      5030(9)       55(5) 

          C(12)        5102(13)      4888(12)      5592(9)       54(5) 

          C(13)        5234(12)      5978(15)      6020(7)       51(4) 

          C(14)        6463(14)      6040(13)      6177(7)       51(4) 

          C(15)        3747(13)      8149(18)      5179(8)       60(5) 

          C(16)        2541(17)      8060(17)      4951(11)      93(7) 

          C(17)        2210(20)      8570(30)      4438(11)     111(8) 

          C(18)        4506(11)      5952(12)      6591(7)       42(4) 

          C(19)        4697(14)      5010(20)      7034(12)      66(6) 

          C(20)        5068(14)      5080(20)      7605(11)      73(6) 

          C(21)        5440(14)      6181(17)      7834(9)       57(5) 

          C(22)        6089(17)      8192(16)      7457(10)      73(6) 

          C(23)        7181(12)      8040(20)      7730(9)       94(8) 

          C(24)        7520(20)      8680(30)      8204(15)     142(12) 

          C(25)        3641(12)      7484(12)      7145(7)       42(4) 

          C(26)        3271(12)      5981(16)      6425(7)       53(4) 

          C(27)        1690(14)      7283(17)      6714(8)       55(5) 

          C(28)        1201(10)      7045(13)      7317(6)       39(4) 
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          C(29)        1553(12)      7657(13)      7836(8)       46(4) 

          C(30)        2478(14)      8548(13)      7766(7)       51(5) 

          C(31)        1105(13)      7417(14)      8403(7)       50(5) 

          C(32)         280(16)      6605(19)      8443(10)      80(6) 

          C(33)        -157(15)      6060(20)      7916(9)       90(7) 

          C(34)         367(15)      6284(16)      7368(10)      73(6) 

          N(1)         6256(11)      8124(12)      5047(7)       54(4) 

          N(2)         6878(9)       6951(12)      5890(6)       46(4) 

          N(3)         5083(10)      7059(9)       5696(5)       38(3) 

          N(4)         4141(11)      7022(12)      5319(6)       52(3) 

          N(5)         5557(10)      7000(12)      7350(7)       56(4) 

          N(6)         4665(10)      7053(11)      6935(6)       53(4) 

          N(7)         2867(10)      6977(10)      6722(6)       47(3) 

          N(8)         3557(10)      8156(12)      7586(6)       47(4) 

          O(1)         7014(8)       5292(10)      6481(5)       58(3) 

          O(2)         2785(9)       5312(10)      6132(5)       68(4) 

 ________________________________________________________________ 

 

 

  Table 3.  Bond lengths [Å] for 137. Estimated standard deviations in the 

least significant figures are given in parentheses. 
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_____________________________________________________________ 

    C(1)-C(6)     1.33(3) 

    C(1)-C(2)     1.40(3) 

    C(2)-C(3)     1.41(2) 

    C(3)-C(4)     1.41(2) 

    C(3)-C(7)     1.50(2) 

    C(4)-C(5)     1.42(2) 

    C(4)-C(9)     1.55(2) 

    C(5)-C(6)     1.39(3) 

    C(7)-N(1)     1.49(2) 

    C(8)-N(1)     1.27(1) 

    C(8)-N(3)     1.39(2) 

    C(8)-N(2)     1.39(1) 

    C(9)-N(2)     1.47(1) 

    C(10)-N(4)    1.47(2) 

    C(10)-C(11)   1.55(2) 

    C(11)-C(12)   1.30(2) 

    C(12)-C(13)   1.57(2) 

    C(13)-N(3)    1.43(2) 

    C(13)-C(18)   1.54(9) 

    C(13)-C(14)   1.54(2) 

    C(14)-O(1)    1.27(1) 

    C(14)-N(2)    1.31(1) 

    C(15)-N(4)    1.40(2) 

    C(15)-C(16)   1.55(3) 

    C(16)-C(17)   1.32(3) 

    C(18)-N(6)    1.47(1) 

    C(18)-C(19)   1.46(3) 

    C(18)-C(26)   1.55(2) 

    C(19)-C(20)   1.33(3) 

    C(20)-C(21)   1.42(3) 

    C(21)-N(5)    1.42(2) 

    C(22)-C(23)   1.46(3) 

    C(22)-N(5)    1.52(2) 

    C(23)-C(24)   1.33(4) 

    C(25)-N(8)    1.24(1) 

    C(25)-N(7)    1.44(2) 

    C(25)-N(6)    1.42(2) 

    C(26)-O(2)    1.15(2) 

    C(26)-N(7)    1.40(2) 

    C(27)-N(7)    1.48(2) 



143 

 

    C(27)-C(28)   1.48(2) 

    C(28)-C(29)   1.40(2) 

    C(28)-C(34)   1.34(2) 

    C(29)-C(31)   1.39(2) 

    C(29)-C(30)   1.53(2) 

    C(30)-N(8)    1.45(2) 

    C(31)-C(32)   1.37(3) 

    C(32)-C(33)   1.41(3) 

    C(33)-C(34)   1.39(3) 

    N(3)-N(4)     1.40(2) 

    N(5)-N(6)     1.41(2) 

_____________________________________________________________ 

Table 4.  Bond Angles [°] for 137. Estimated standard deviations in the least 

significant figures are given in parentheses.  

_____________________________________________________________ 

   C(6)-C(1)-C(2)     120.6(18) 

   C(3)-C(2)-C(1)     120.3(18) 

   C(2)-C(3)-C(4)     116.4(16) 

   C(2)-C(3)-C(7)     120.5(16) 

   C(4)-C(3)-C(7)     122.5(15) 

   C(5)-C(4)-C(3)     123.1(17) 

   C(5)-C(4)-C(9)     122.4(17) 

   C(3)-C(4)-C(9)     114.2(15) 

   C(4)-C(5)-C(6)     115.5(17) 

   C(1)-C(6)-C(5)     123.7(16) 

   N(1)-C(7)-C(3)     111.9(13) 

   N(1)-C(8)-N(3)     125.4(14) 

   N(1)-C(8)-N(2)     128.2(14) 

   N(3)-C(8)-N(2)     106.4(13) 

   N(2)-C(9)-C(4)     111.9(13) 

   N(4)-C(10)-C(11)   108.1(15) 

   C(12)-C(11)-C(10)  123.7(15) 

   C(11)-C(12)-C(13)  117.8(14) 

   N(3)-C(13)-C(12)   111.8(14) 

   N(3)-C(13)-C(18)   110.3(14) 

   C(12)-C(13)-C(18)  114.6(14) 

   N(3)-C(13)-C(14)   100.9(12) 
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   C(12)-C(13)-C(14)  105.3(12) 

   C(18)-C(13)-C(14)  113.0(10) 

   O(1)-C(14)-N(2)    125.1(16) 

   O(1)-C(14)-C(13)   126.5(15) 

   N(2)-C(14)-C(13)   108.0(14) 

   N(4)-C(15)-C(16)   109.3(15) 

   C(17)-C(16)-C(15)  122.0(20) 

   N(6)-C(18)-C(19)   105.4(16) 

   N(6)-C(18)-C(13)   108.9(13) 

   C(19)-C(18)-C(13)  117.6(14) 

   N(6)-C(18)-C(26)   102.9(12) 

   C(19)-C(18)-C(26)  108.6(13) 

   C(13)-C(18)-C(26)  112.1(9) 

   C(20)-C(19)-C(18)  129.0(20) 

   C(19)-C(20)-C(21)  119.2(18) 

   C(20)-C(21)-N(5)   110.4(16) 

   C(23)-C(22)-N(5)   110.1(17) 

   C(24)-C(23)-C(22)  122.0(20) 

   N(8)-C(25)-N(7)    133.8(13) 

   N(8)-C(25)-N(6)    123.2(15) 

   N(7)-C(25)-N(6)    103.0(13) 

   O(2)-C(26)-N(7)    127.8(14) 

   O(2)-C(26)-C(18)   127.4(14) 

   N(7)-C(26)-C(18)   104.8(14) 

   N(7)-C(27)-C(28)   110.4(13) 

   C(29)-C(28)-C(34)  118.6(15) 

   C(29)-C(28)-C(27)  120.8(13) 

   C(34)-C(28)-C(27)  120.4(16) 

   C(28)-C(29)-C(31)  120.6(14) 

   C(28)-C(29)-C(30)  118.0(13) 

   C(31)-C(29)-C(30)  121.3(16) 

   N(8)-C(30)-C(29)   119.8(12) 

   C(32)-C(31)-C(29)  119.2(17) 

   C(33)-C(32)-C(31)  120.9(16) 

   C(34)-C(33)-C(32)  117.1(17) 

   C(33)-C(34)-C(28)  123.1(19) 

   C(8)-N(1)-C(7)     125.1(15) 

   C(14)-N(2)-C(8)    110.5(13) 

   C(14)-N(2)-C(9)    124.9(14) 

   C(8)-N(2)-C(9)     124.1(13) 

   C(8)-N(3)-N(4)     123.4(12) 

   C(8)-N(3)-C(13)    108.5(13) 
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   N(4)-N(3)-C(13)    111.4(11) 

   N(3)-N(4)-C(15)    112.1(12) 

   N(3)-N(4)-C(10)    108.8(13) 

   C(15)-N(4)-C(10)   115.1(13) 

   N(6)-N(5)-C(21)    115.2(13) 

   N(6)-N(5)-C(22)    112.6(14) 

   C(21)-N(5)-C(22)   121.1(16) 

   N(5)-N(6)-C(25)    118.6(13) 

   N(5)-N(6)-C(18)    112.8(12) 

   C(25)-N(6)-C(18)   110.4(12) 

   C(26)-N(7)-C(25)   113.2(12) 

   C(26)-N(7)-C(27)   122.2(13) 

   C(25)-N(7)-C(27)   122.9(12) 

   C(25)-N(8)-C(30)    119.2(14)  

_____________________________
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Table 5.  Anisotropic displacement parameters (Å2 x 103) for 137. The 

anisotropic displacement  factor exponent takes the form:    -2 pi2 [ h^2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

__________________________________________________________________ 

              U11        U22        U33        U23        U13        U12 

__________________________________________________________________ 

    C(1)     74(14)     54(12)     81(13)     23(11)     17(10)      6(10) 

    C(2)     64(11)     65(11)     96(16)     13(11)     31(10)      7(10) 

    C(3)     41(9)      83(12)     39(12)    -16(10)      6(8)      -7(8) 

    C(4)     74(13)     40(10)     79(14)    -13(9)       0(11)    -38(9) 

    C(5)     55(12)     52(10)     56(13)      8(9)      11(9)       7(9) 

    C(6)     75(12)     17(7)     140(20)    -13(10)     34(13)    -10(7) 

    C(7)     14(8)      69(12)     89(12)     19(10)     17(8)      -9(8) 

    C(8)     50(11)     56(10)     33(9)       2(8)     -22(8)      -2(9) 

    C(9)     41(10)     62(12)     47(12)     14(9)     -15(8)     -14(9) 

    C(10)    63(13)     87(14)     57(13)     -2(11)     -6(9)     -10(10) 

    C(11)    62(10)     47(10)     57(14)     -3(9)      31(9)      -7(8) 

    C(12)    83(11)     18(7)      62(13)    -11(8)      52(9)       0(7) 

    C(13)    32(9)      73(12)     49(11)     -1(10)     11(8)      -4(8) 

    C(14)    89(12)     25(8)      40(10)    -11(8)      -2(9)      12(8) 
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    C(15)    40(9)      98(15)     41(10)    -10(10)      4(8)      -1(9) 

    C(16)    88(13)     79(12)    111(17)    -18(12)    -23(11)     26(11) 

    C(17)    91(16)    148(19)     93(17)     21(14)    -27(13)     42(15) 

    C(18)    42(9)      33(9)      50(10)      5(9)       7(8)       2(7) 

    C(19)    32(9)      83(14)     82(17)     -7(13)     12(9)      10(9) 

    C(20)    48(10)     91(15)     81(17)     36(12)     17(10)     29(10) 

    C(21)    63(12)     64(13)     44(11)      8(10)     26(9)      11(10) 

    C(22)    66(13)     70(12)     85(15)    -51(11)     12(11)    -24(9) 

    C(23)    16(8)     200(20)     64(11)    -47(12)     24(7)     -18(10) 

    C(24)    92(19)    220(40)    110(20)     10(20)     16(17)    -40(20) 

    C(25)    49(10)     29(8)      49(10)      5(8)      38(8)       4(7) 

    C(26)    29(9)      76(12)     53(10)    -25(9)      25(7)       5(8) 

    C(27)    46(11)     71(13)     49(11)      2(10)     23(8)       2(10) 

    C(28)    19(7)      59(10)     39(10)    -11(8)      12(6)     -13(7) 

    C(29)    39(9)      30(9)      70(13)     -7(9)      19(8)      20(7) 

    C(30)    78(13)     43(9)      31(9)      -1(8)       4(8)       1(9) 

    C(31)    55(11)     63(10)     33(10)     19(8)      11(8)      29(9) 

    C(32)    62(12)    105(14)     75(14)     45(12)     43(11)      8(11) 

    C(33)    49(11)    150(18)     72(15)      4(12)     19(11)    -43(11) 

    C(34)    56(13)     56(11)    109(17)    -12(11)      7(10)     -3(10) 

    N(1)     47(9)      46(9)      71(11)      2(8)      14(7)       4(6) 
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    N(2)     26(8)      72(9)      39(9)       1(7)      14(6)     -18(7) 

    N(3)     47(9)      33(7)      33(8)       5(6)      12(6)     -11(6) 

    N(4)     61(9)      60(9)      36(8)      -8(7)     -11(7)      10(7) 

    N(5)     35(7)      65(9)      68(10)    -13(8)      11(7)       9(6) 

    N(6)     41(8)      68(9)      50(9)      -4(8)       6(7)      -9(7) 

    N(7)     63(10)     31(6)      47(9)      -8(7)       6(6)      -3(7) 

    N(8)     45(8)      53(9)      43(9)      -3(7)      10(6)      15(6) 

    O(1)     54(7)      70(8)      52(8)       7(6)      28(6)      -3(6) 

    O(2)     56(7)      67(8)      82(9)     -27(7)       5(7)     -22(6) 

 

Table 6.  Hydrogen coordinates ( x 10^4) and isotropic  displacement 

parameters (A^2 x 10^3) for 137. 

    ________________________________________________________________ 

                                        x                    y               z                U(eq) 

    ________________________________________________________________ 

  

      H(1)   7330(40)      9330(50)      4540(30)       0(16) 

      H(2)   2600(50)      8950(50)      8270(30)      14(18) 

      H(3)   8090(40)      8260(50)      6050(30)       0(14) 

      H(4)   4620(70)      4500(70)      6900(40)       0(30) 

      H(5)   6230(60)      6310(60)      8060(30)      10(19) 
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      H(6)   5480(40)      3990(50)      5810(30)       8(17) 

     H(7)   4050(110)     8660(110)     4880(60)      70(40) 

     H(8)   3650(80)      8610(80)      5660(50)      50(30) 

      H(9)   3700(100)     5770(100)     4590(50)     100(40) 

     H(10)  1300(70)      6590(70)      6440(40)      40(30) 

     H(11)  5530(100)     8500(100)     7740(50)      50(30) 

      H(12)  5260(130)     6590(130)     8160(70)     120(60) 

      H(13)   220(50)      5730(60)      7070(30)       0(18) 

      H(14)  8400(40)      7830(50)      3850(30)       0(16) 

      H(15)  9980(90)      5950(90)      5680(50)      90(40) 

      H(16)  5700(200)     8700(200)     6980(120)    240(120) 

      H(17)  4700(40)      4280(50)      4740(30)      13(15) 

      H(18)  7660(50)      9220(50)      5150(30)       0(16) 

      H(19)  5030(80)      6400(80)      4520(50)      40(30) 

      H(20)  8360(80)      8500(80)      8390(40)      80(30) 

      H(21)    40(50)      6360(50)      8840(30)       3(14) 

      H(23)  -610(90)      5530(80)      8020(40)      40(30) 

      H(24)  8260(80)      6910(80)      6220(40)      30(30) 

      H(25)  2660(80)      9250(100)     4360(50)      70(40) 

      H(26)  2000(40)      7320(50)      5120(30)       3(15) 

    ________________________________________________________________ 
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APPENDIX D 
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Table 1.  Crystal data and structure refinement for 151. 

Empirical formula                   C52 H62 Br4 N10 O8 Si2 

Formula weight                      1330.90 

Wavelength                          0.71073 Å 

Crystal system, space group        Triclinic,  P-1 

Unit cell dimensions                a = 9.8570(14) Å  alpha = 83.814(4)° 

                                          b = 10.3480(13) Å    beta = 84.734(4)°  

                                          c = 14.654(2) Å   gamma = 77.178(6)° 

Volume                              1445.4(4) Å3 

Z, Calculated density               1,  1.520 Mg/m3 

Absorption coefficient             2.886 mm-1 

 

  Intensity Measurement 

Diffractometer                      Enraf-Nonius  

Detector                            Kappa CCD 

Radiation                           MoKa (l=0.71069A) 

Temperature                         293(2) K 

Scan-Type                           w-2theta 

Reflections collected / unique     2853 / 2853 [R(int) = 0.0600] 

Completeness to theta = 20.82      94.3 % 

Absorption correction              Empirical 



153 

 

Max. and min. transmission         0.82 and 0.66 

  

                            Structure Solution and Refinement 

Refinement method                  Full-matrix least-squares on F2 

Data / restraints / parameters     2853 / 0 / 364 

Goodness-of-fit on F^2             1.058 

Final R indices [I>2sigma(I)]  R1 = 0.0617, wR2 = 0.1517 

R indices (all data)   R1 = 0.1087, wR2 = 0.1784 

Largest diff. peak and hole        0.352 and -0.328 e.A-3 

 

Table 2.  Atomic coordinates ( x 104) and equivalent isotropic  displacement 

parameters (Å2 x 103) for 151. U(eq) is defined as one third of the trace of the 

orthogonalizedUij tensor. 

________________________________________________________________ 

                                  x               y                z             U(eq)     

________________________________________________________________ 

          Br1          2806(1)       3924(1)       3143(1)      107(1) 

          Br2       5724(1)       5482(1)       3020(1)      115(1) 

          Si3        5895(3)      10234(3)       1826(2)      102(1) 

          C(1)         3001(10)      5210(9)       3887(6)       74(3) 

          C(2)         2685(9)       6632(8)       4979(6)         66(2) 
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          C(3)         2097(11)      5727(9)       4610(6)       73(3) 

          C(4)         4151(10)      5759(10)      3835(6)       79(3) 

          C(5)         2145(12)      7373(9)       5780(7)       76(3) 

          C(6)         -572(9)       9219(9)       6914(6)       67(2) 

          C(7)         -982(10)     10084(10)      6206(7)       75(3) 

          C(8)         -619(10)      9707(8)       5236(6)       72(2) 

          C(9)         -301(9)       8156(8)       5273(6)       72(2) 

          C(10)       -1007(9)       9288(10)      7906(7)       72(2) 

          C(11)         280(9)       7159(9)       7653(6)       63(2) 

          C(12)         913(9)       5185(8)       8635(6)       74(2) 

          C(13)        1446(10)      5755(8)       9384(6)       65(2) 

          C(14)         688(9)       6946(9)       9708(6)       66(2) 

          C(15)        -660(9)       7627(8)       9291(6)       73(3) 

          C(16)        1175(13)      7470(9)      10421(7)       83(3) 

          C(17)        2369(13)      6832(12)     10817(7)       90(3) 

          C(18)        3107(10)      5657(12)     10496(8)       92(3) 

          C(19)        2664(11)      5121(9)       9779(7)       78(3) 

          C(20)        4878(11)      7531(12)      4657(8)      103(3) 

          C(21)        4382(10)      8832(9)       4334(7)       73(3) 

          C(22)        5540(30)      9790(20)      3074(11)     278(15) 

          C(23)        7725(11)     10406(12)      1688(8)      127(4) 
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          C(24)        5651(15)      8882(11)      1168(9)      147(5) 

          C(25)        4837(13)     11815(13)      1364(10)     153(5) 

          C(26)         500(30)      3002(14)      7051(11)     136(6) 

          O(1)         2874(7)       7701(6)       6299(5)       92(2) 

          O(2)        -1683(7)      10194(6)       8318(4)       87(2) 

          N(1)         3955(8)       6660(7)       4511(5)       75(2) 

          N(2)          239(7)       7964(7)       6823(5)       70(2) 

          N(3)          691(8)       7524(6)       5965(5)       66(2) 

          N(4)         -479(7)       8003(7)       8300(5)       66(2) 

          N(5)          896(7)       5952(7)       7719(5)       66(2) 

          O(3)         4580(20)      9180(20)      3426(13)     317(9) 

          O(4)          955(9)       3894(8)       6410(6)      134(3) 

________________________________________________________________ 

  

Table 3.  Bond lengths [Å] for 151. Estimated standard deviations in the least 

significant figures are given in parentheses. 

________________________________________________________________

     Br(01)-C(1)     1.860(9) 

     Br(02)-C(4)     1.857(9) 

     Si(03)-C(25)    1.833(12) 

     Si(03)-C(23)    1.842(11) 

     Si(03)-C(24)    1.851(11) 

     Si(03)-C(22)    1.858(16) 

     C(1)-C(4)       1.369(12) 

     C(1)-C(3)       1.392(12) 
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     C(2)-N(1)       1.375(10) 

     C(2)-C(3)       1.384(12) 

     C(2)-C(5)       1.465(12) 

     C(4)-N(1)       1.404(11) 

     C(5)-O(1)       1.215(10) 

     C(5)-N(3)       1.411(11) 

     C(6)-C(7)       1.326(11) 

     C(6)-N(2)       1.379(10) 

     C(6)-C(10)      1.483(12) 

     C(7)-C(8)       1.504(12) 

     C(8)-C(8)#1     1.556(16) 

     C(8)-C(9)       1.561(11) 

     C(9)-N(3)       1.473(10) 

     C(10)-O(2)      1.207(10) 

     C(10)-N(4)      1.398(10) 

     C(11)-N(5)      1.259(9) 

     C(11)-N(2)      1.397(10) 

     C(11)-N(4)      1.407(10) 

     C(12)-N(5)      1.483(10) 

     C(12)-C(13)     1.488(11) 

     C(13)-C(19)     1.379(12) 

     C(13)-C(14)     1.397(11) 

     C(14)-C(16)     1.395(12) 

     C(14)-C(15)     1.509(11) 

     C(15)-N(4)      1.468(10) 

     C(16)-C(17)     1.363(12) 

     C(17)-C(18)     1.377(13) 

     C(18)-C(19)     1.386(13) 

     C(20)-C(21)     1.374(12) 

     C(20)-N(1)      1.459(12) 

     C(21)-O(3)      1.349(18) 

     C(22)-O(3)      1.291(18) 

     C(26)-O(4)      1.363(17) 

     N(2)-N(3)       1.384(9) 

 

     _____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms: #1 -x,-y+2,-z+1     
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Table 4.  Bond Angles [°] for 151. Estimated standard deviations in the least 

significant figures are given in parentheses.

________________________________________________________________

     C(25)-Si(03)-C(23)   106.9(6) 

     C(25)-Si(03)-C(24)   109.1(6) 

     C(23)-Si(03)-C(24)   110.6(6) 

     C(25)-Si(03)-C(22)   114.9(10) 

     C(23)-Si(03)-C(22)   105.8(8) 

     C(24)-Si(03)-C(22)   109.4(7) 

     C(4)-C(1)-C(3)       107.9(9) 

     C(4)-C(1)-Br(01)     123.8(8) 

     C(3)-C(1)-Br(01)     128.1(8) 

     N(1)-C(2)-C(3)       108.5(8) 

     N(1)-C(2)-C(5)       123.9(9) 

     C(3)-C(2)-C(5)       127.4(9) 

     C(2)-C(3)-C(1)       107.9(9) 

     C(1)-C(4)-N(1)       108.3(8) 

     C(1)-C(4)-Br(02)     129.1(8) 

     N(1)-C(4)-Br(02)     122.6(8) 

     O(1)-C(5)-N(3)       122.2(9) 

     O(1)-C(5)-C(2)       124.1(10) 

     N(3)-C(5)-C(2)       113.2(9) 

     C(7)-C(6)-N(2)       123.6(8) 

     C(7)-C(6)-C(10)      129.2(9) 

     N(2)-C(6)-C(10)      106.7(8) 

     C(6)-C(7)-C(8)       120.5(9) 

     C(7)-C(8)-C(8)#1     112.1(9) 

     C(7)-C(8)-C(9)       107.7(7) 

     C(8)#1-C(8)-C(9)     112.0(9) 

     N(3)-C(9)-C(8)       112.3(7) 

     O(2)-C(10)-N(4)      125.3(9) 

     O(2)-C(10)-C(6)      130.8(9) 

     N(4)-C(10)-C(6)      103.9(8) 

     N(5)-C(11)-N(2)      122.9(8) 

     N(5)-C(11)-N(4)      132.7(8) 

     N(2)-C(11)-N(4)      104.5(7) 

     N(5)-C(12)-C(13)     116.5(7) 

     C(19)-C(13)-C(14)    119.1(8) 

     C(19)-C(13)-C(12)    121.3(9) 
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     C(14)-C(13)-C(12)    119.5(9) 

     C(16)-C(14)-C(13)    119.6(9) 

     C(16)-C(14)-C(15)    121.1(9) 

     C(13)-C(14)-C(15)    119.2(8) 

     N(4)-C(15)-C(14)     113.1(7) 

     C(17)-C(16)-C(14)    121.1(9) 

     C(16)-C(17)-C(18)    118.9(10) 

     C(17)-C(18)-C(19)    121.4(10) 

     C(13)-C(19)-C(18)    119.8(9) 

     C(21)-C(20)-N(1)     112.8(8) 

     O(3)-C(21)-C(20)     118.3(13) 

     O(3)-C(22)-Si(03)    125.3(15) 

     C(2)-N(1)-C(4)       107.4(7) 

     C(2)-N(1)-C(20)      125.9(9) 

     C(4)-N(1)-C(20)      126.7(9) 

     N(3)-N(2)-C(6)       121.3(7) 

     N(3)-N(2)-C(11)      125.4(7) 

     C(6)-N(2)-C(11)      112.0(7) 

     N(2)-N(3)-C(5)       112.6(7) 

     N(2)-N(3)-C(9)       111.2(7) 

     C(5)-N(3)-C(9)       121.9(7) 

     C(10)-N(4)-C(11)     112.7(7) 

     C(10)-N(4)-C(15)     122.3(7) 

     C(11)-N(4)-C(15)     124.9(7) 

     C(11)-N(5)-C(12)     119.0(7) 

     C(22)-O(3)-C(21)     123.7(17)
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____________________________________________________________ 

Symmetry transformations used to generate equivalent atoms: #1 -x,-y+2,-z+1     

 

Table 5.  Anisotropic displacement parameters (Å2 x 103) for 151. The 

anisotropic displacement factor exponent takes the form:    -2 pi2 [ h^2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

 _________________________________________________________________ 

                  U11        U22        U33        U23        U13        U12 

_________________________________________________________________ 

    Br(01)   128(1)     103(1)      97(1)     -40(1)      10(1)     -29(1) 

    Br(02)   100(1)     131(1)     106(1)      -8(1)      31(1)     -24(1) 

    Si(03)     113(2)     119(2)      89(2)     -21(2)      12(2)     -62(2) 

    C(1)         78(6)      83(6)      66(7)       -8(5)       0(5)     -30(5) 

    C(2)        80(7)      64(5)      59(6)        -12(5)      9(5)     -26(5) 

    C(3)       76(7)      75(6)       67(7)     -13(5)      11(6)     -19(6) 

    C(4)        82(7)      93(7)      56(6)       0(5)       8(5)     -15(6) 

    C(5)        97(9)      72(6)      63(7)       7(5)      -7(6)     -30(6) 

    C(6)       96(7)      69(7)      42(6)      -5(5)      -5(5)     -31(5) 

    C(7)     94(7)      49(6)      80(8)      -4(6)      -6(6)     -13(5) 

    C(8)     92(7)      57(6)      71(7)      -1(5)      -8(6)     -29(5) 

    C(9)     82(6)      91(7)      53(6)       4(5)      -7(5)     -40(5) 
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    C(10)    78(6)      64(7)      79(8)      -4(6)      -7(6)     -24(5) 

    C(11)    75(6)      59(6)      59(7)      -3(6)      -8(5)     -23(5) 

    C(12)    93(7)      61(5)      70(7)      -3(5)       0(5)     -23(5) 

    C(13)    92(7)      57(6)      47(6)       0(5)       1(5)     -23(5) 

    C(14)    81(6)      73(6)      49(6)      -2(5)       1(5)     -32(5) 

    C(15)    91(7)      71(6)      58(7)      -3(5)       9(5)     -26(5) 

    C(16)   120(9)      70(6)      64(7)      -1(5)       1(6)     -38(6) 

    C(17)   110(8)      98(8)      72(7)      -2(7)     -13(7)     -46(7) 

    C(18)    84(7)     109(9)      82(8)       9(7)     -14(6)     -24(7) 

    C(19)    90(7)      76(6)      64(7)       3(5)       8(6)     -21(6) 

    C(20)    95(8)     136(10)     87(8)       2(8)     -13(6)     -48(8) 

    C(21)    86(6)      78(7)      71(7)      16(5)     -13(5)     -59(5) 

    C(22)   410(30)    430(30)    118(13)    -74(16)     85(16)   -370(30) 

    C(23)   126(9)     152(11)    115(10)     12(8)      -7(8)     -65(8) 

    C(24)   199(13)    115(9)     138(12)    -41(8)      -8(10)    -40(9) 

    C(25)   140(11)    153(12)    163(13)    -54(10)     -8(10)     -6(9) 

    C(26)   217(19)    110(9)      98(11)     10(8)     -54(12)    -64(11) 

    O(1)    111(5)     105(5)      73(5)     -13(4)      -4(4)     -46(4) 

    O(2)    107(5)      63(4)      82(5)     -15(3)       4(4)      -1(4) 

    N(1)     80(5)      80(5)      70(5)       2(4)      -1(5)     -33(4) 

    N(2)     91(5)      56(5)      57(5)      -9(4)       6(4)      -5(4) 
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    N(3)     86(6)      57(4)      60(5)     -18(4)       8(5)     -22(4) 

    N(4)     80(5)      64(5)      51(5)     -11(4)       7(4)     -13(4) 

    N(5)     81(5)      64(5)      56(5)      -2(4)       5(4)     -25(4) 

    O(3)    370(20)    420(30)    223(18)    -71(18)     44(16)   -220(20) 

    O(4)    189(8)     119(6)     107(6)     -28(5)      12(6)     -61(6) 

  _________________________________________________________________ 

  

Table 6.  Hydrogen coordinates ( x 104) and isotropic  displacement 

parameters (A2 x 103) for 151. 

________________________________________________________________ 

                         x             y             z           U(eq) 

________________________________________________________________ 

          H(9A)       -1165          7851          5415          87 

          H(9B)          81          7884          4672          87 

          H(12A)       1479          4301          8569          89 

          H(12B)        -30          5087          8825          89 

          H(15A)      -1309          7036          9395          88 

          H(15B)      -1066          8420          9601          88 

          H(16)         676          8269         10629          99 

          H(17)        2680          7184         11297         108 

          H(18)        3920          5215         10766         111 
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          H(19)        3187          4335          9564          93 

          H(20A)       4996          7490          5310         123 

          H(20B)       5787          7211          4350         123 

          H(21A)       3387          9049          4499          88 

          H(21B)       4806          9388          4662          88 

          H(22A)       6407          9266          3292         333 

          H(22B)       5362         10621          3362         333 

          H(23A)       8317          9593          1920         191 

          H(23B)       7828         11121          2025         191 

          H(23C)       7983         10596          1048         191 

          H(24A)       6196          8049          1411         221 

          H(24B)       5948          9055           532         221 

          H(24C)       4684          8840          1218         221 

          H(25A)       3873         11760          1414         230 

          H(25B)       5131         11994           729         230 

          H(25C)       4952         12519          1706         230 

          H(4)          921          4589          6641         200 

          H(3)         1170          5500          4760         36 

          H(8)        -1520         10200          4820         90 

          H(7)        -1600         10930          6280         50 

          H(26A)       -500          2990          7260         270 
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          H(26B)       1030          2820          7620         210 

________________________________________________________________ 
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CHAPTER FOUR 

BASE INDUCED N-N BOND CLEAVAGE AND AN 

ALTERNATIVE APPROACH FOR SPIROCYCLIZATION 

 
4.1 Initial Strategy to Cleave N-N Bond in 151 

 In order to pursue the construction of the “all-syn” stereochemistry of 

palau’amine 11, our retrosynthetic analysis requires the use constrained 

bisalkylidene type structure as starting material for the electrophilic chlorination 

reaction, such as 154 (Figure 4.1).  As was shown in previous chapter, titanocene 

dichloride mediated oxidative dimerization of SEM-pyrrole monomer 150 

provided good selectivity for dimer 151 when Cu(OTf)2 was used as the oxidant. 

Compound 154 can be obtained from the symmetric dimer 151 by an N-N bond 

cleavage.  
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 In context of compound 151, the enamide and the pyrrole-bromide are 

easier to be reduced than the N-N bond. Then we pursued an indirect approach.  

We planned to use some type of metal hydride species to perform a conjugate 

reduction to generate the corresponding metal ketene aminal 156 (Scheme 4.1). 

The fragmentation of 156 will lead to intermediate 157. Followed by 

tautomerization, the N-N bond cleaved product 154 can be potentially obtained in 

one step. We were fully aware that the orbitals of the donor and the acceptor 

overlap very poorly in this planned fragmentation process. Traditional concerted 

fragmentation reactions had strict stereochemical requirements1, but we were 
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hoping to provoke other mechanisms such as photo-initiation or single electron 

transfer2.  

Scheme 4.1 
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4.2 Conjugated Reduction via Rh(I) Catalyzed Hydrosilylation 

 The reported conjugate reduction methodologies were examined 

thoroughly3 (Scheme 4.2). Unfortunately, none of them delivered the desired 

results. More disappointingly, the majority of methods failed to delivery any 

reactions at all, possibly due to the basicity of compound 151. 
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Scheme 4.2 
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 More promising results were obtained when a hydrosilylation reaction 

catalysed by Wilkinson’s catalyst was used to perform the conjugate reduction. 

This methodology was developed by the Ojima group4. At the end of this 

reaction, mono-saturated product 159 was isolated in 10% yield together with 

unreacted starting material 151 (Scheme 4.3). The silyl ketene aminal 158 is 

believed to be the intermediate of the reaction. Compound 158 is hygroscopic and 
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hydrolyzed in situ or during work up to afford the product 1595. Even though the 

turn over of the catalyst was very low, we were encouraged by this result due to 

the possibility of inducing the fragmentation by treating silyl intermediated 158 

with fluoride sources.   

Scheme 4.3 
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 Then optimizations of reaction conditions were taken place to increase the 

yield of this conjugate hydrosilylation reaction. Halogened solvents and relatively 

non-coordinating ones are suitable solvents, such as: CH2Cl2 and DCE. HSiMe2Ph 

was proven to be the superior silane. The reaction was performed at 50 °C in 

sealed tubes. Increasing the temperature further or heating time did not lead to 

better results. However, even under the best conditions, the yield is only 15%. 

 As no significant improvement was achieved by varying the above factors, 

we turned our attention to the catalyst itself. Complex 160 seemed like a good 
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catalyst candidate, even though no literature was reported about it being used as 

the catalyst in hydrosilylation reactions (Figure 4.2). Comparing to traditional 

phosphine ligands, N-heterocyclic carbenes (NHC) are more electron donating, 

thus the complex’s metal centre is more stablized6. During the catalysis, the COD 

ligand will be hydrosilylated and eventually fall off the metal center. This would 

provide us the opportunity to add external ligands to further tune the activity of 

the metal center.  

Figure 4.2 
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 At the same time we were working on solving this problem, the Crabtree 

group published a new method using imidazolium carboxylate as NHC transfer 

agents to synthesize a variety of transition metal complexes7. Compound 160 was 

synthesized following their procedures (Scheme 4.4). Unlike other organometallic 

compounds, it is stable enough to be purified by column chromatography using 

1% MeOH/CH2Cl2. The bright yellow crystalline compound 160 was stored in 

freezer for months without losing its activity. No special caution is needed during 

handling the compound. 
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Scheme 4.4 
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 When 10 mol% catalyst 160 was employed in the hydrosilylation reaction 

of 151 without any additives, almost no reaction was detected. Then we started to 

look at adding external ligands. Davephos 1618, invented by Buchwald group 

performed the best of all the ligands (Scheme 4.5). When the HPF6 salt form of 

the starting material 151 was employed, the reaction catalyzed by complex 160 

with Davephos as the external ligand worked a slightly better than Wilkinson’s 

catalyst (Scheme 4.5, entry 7).  
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Scheme 4.5 
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 Even though the conversion of the hydrosilylation reaction was still low, it 

was encouraging to see that the efficiency of the catalyst was improved. Next we 

turned our attention to Lewis acids. Using the salt form of the starting material 

resulted in the direct hydrolysis of silyl ketene aminal intermediate 158. As our 

goal is to achieve N-N bond cleavage in a one-pot operation, Lewis acids seemed 
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like a better alternative. Of all the Lewis acids we had screened, most of them did 

not improve the reaction or some of them caused a lot decomposition of the dimer 

151. However, MgBr2•Et2O gave the most interesting results.  

 When the MgBr2•Et2O was used as an additive, the conversion of this 

hydrosilylation reaction is excellent. Besides the mono-reduced compound 159 

isolated in 30% yield, the TLC of the crude reaction showed another non-polar 

spot, which was isolated in 40% yield. The structure of this compound was 

assigned as 162, based on NMR analysis9 (Scheme 4.6). The two SEM groups on 

the pyrroles in 162 were deprotected by BF3 etherate treatment to afford 

compound 163. The structure of the compound 162 was further verified by X-ray 

crystal structure of compound 163.  
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Scheme 4.6 
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4.3 From Mukaiyama-Michael Adduct to Des-chloropalau’amine Synthesis. 

 The formation of the polycyclic compound 162 was not anticipated, but it 

can be rationalized by the silyl ketene aminal 158 undergoing an internal 

Mukaiyama-Michael addition10 (Scheme 4.7). We are very excited by this 
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discovery because the new bond formed by this reaction is the 5→6’ bond in our 

retrosynthetic analysis. Just in this case, there is no chlorine incorporated (Chapter 

1, section 1.5). 

Scheme 4.7 
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 Compound 162 already has the central five membered ring formed and 

what makes it even more exciting is that: the stereochemistry around the ring is 

the same as the originally proposed structure except that lacks the chlorine at the 

C17 position (Figure 4.3). This opened up an opportunity for us to synthesize des-

chloropalau’amine, which could potentially be helpful for exploring the unknown 

mechanism of the natural product’s biological activities.  
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Figure 4.3 
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 On the path to the synthesis of des-chloropalau’amine from compound 

162, the next step was to cleave both N-N bonds. SmI2 was the chosen reagent. It 

was prepared freshly right before the reaction from samarium powder and 

iodoform13. The reaction was carried under strict air-excluded argon atmosphere. 

The progression of the reduction is indicated by the persistence of the dark blue 

color of SmI2. 

 As indicated by the mass analysis, the major product isolated from the 

reaction was a two electron reduction product. Interestingly, it was converted to a 

new highly fluorescent spot by TLC analysis when it was left on the bench top 

overnight. The structure of the fluorescent spot was identified as 165. Presumably, 

its formation went through the intermediate 164 (Scheme 4.8). Then intermediate 

164 was oxidated, presumably by air, to generate the thermodynamically favored 

conjugated tetrasubstituted enamide.   
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Scheme 4.8 

N

N

N

N
O

H
N
N

N
O

NH

O

O

SEMN

NSEM

Br
Br

Br Br

N

N

N

N
O

O

SEMN
Br

Br

HN

N

N

O

O

NSEM

Br
Br

N
H

N

N

N

N
O

O

SEMN
Br

Br

NN

HN

O

HN O

NSEM

BrBr

Conditions: SmI2, MeOH/THF(1:4), –78 °C, 30 min, work up, rt, overnite, (40%)

162
164

165

 

 In order to confirm the structure of compound 165, Mukaiyama-Michael 

adduct 162 was treated with KHMDS12. The α methine proton was deprotonated 

(Scheme 4.9). The resultant potassium enolate fragments to afford the N-N bond 

cleaved product 165, which is identical to the fluorescent spot isolated from SmI2 

reaction by TLC and NMR analysis. 
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 The close relationship between compound 165 and des-chloropalau’amine 

is quite apparent. The pursuit of the synthesis of des-chloropalau’amine from 

compound 162 and 165 was carried out by other group members in the lab. 

Scheme 4.9 
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4.4 A Two-Step Pathway to Achieve N-N Bond Cleavage 

 As discussed in section 4.2, the use of MgBr2 as an additive was essential 

for facilitating the turn over in rhodium catalysis. However, it also induced the 

intramolecular Mukaiyama-Michael process at the same time, which obstructs the 
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one-pot N-N bond cleavage pathway (Figure 4.4). Therefore, an alternative was 

required. 

Figure 4.4 
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  A useful observation is the successful N-N bond cleavage of compound 

162 when it was treated with KHMDS (Scheme 4.9). So instead of pursuing the 

one-pot approach, we turned to a two-step path. The strategy is to isolate the 

mono-reduced dimer 159 from the hydrosilylation reaction. Then it will be 

subjected to basic conditions to regenerate intermediate 156 (Scheme 4.10). If the 

fragmentation process occurs, it should provide desired compound 154.   
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Scheme 4.10 
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 First, we needed to optimize the hydrosilylation reaction condition to 

favor the formation of compound 159 and minimize the formation of 162. The salt 

form of the starting material was employed to facilitate the in situ hydrolysis of 

silyl ketene aminal 158. It was found that the presence of MgBr2, which was 

required to assist the turnover of catalyst, induced the formation of compound 

162. Therefore we started to look for other Lewis acids that would not induce the 

Mukaiyama-Michael process but keep the catalyst active at the same time. The 

use of MgI2 turned out to be the answer. Not only was there an absence of the 

conjugate addition process but its addition also made the catalyst more active. In 

this case, the double- reduction became the main side reaction. By carefully 
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controlling the amount of acid and silane used in the reaction, the mono-reduced 

dimer 159 can be isolated in modest yield.  

Scheme 4.11 
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 With sufficient amount of compound 159 in hands; we were ready to try 

the base induced fragmentation. Massive decomposition was observed when 

KHMDS was employed. Then we switched to DBU. To the DMF solution of 159, 

DBU and LiCl stock solution was added. The mixture was heated up to 50 °C. 

The use of TLC analysis showed that the starting material converted to a bright 

yellow spot with time. The structure of the yellow compound 166 was established 

by NMR analysis. One of N-N bonds did get cleaved but exclusively on the more 

oxidized side. In this case, the γ proton on the conjugated side was deprotonated 

and generated an extended conjugated enolate, which fragmented to afford 

compound 166.  
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Scheme 4.12 
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4.5 New Strategy: Chlorine Incorporation Before N-N bond Cleavage 

 As shown in the previous section, due to the acidity of the γ proton on the 

conjugated side in 159, the DBU/LiCl treatment of compound 159 affords 

exclusively the product with the N-N bond cleavage on the wrong side. In order to 

decrease the acidity of the γ proton, 159 was treated with t-BuOCl in methanol14. 

A chlorine atom was incorporated and the resulting iminium ion was trapped with 

methanol to provide compound 167 (Scheme 4.13). In the context of compound 

167, the γ proton on the side of chlorine incorporation is no longer acidic enough 

to compete for the deprotonation. When 167 was treated with KHMDS, α proton 

to carbonyl was deprotoned, followed by fragmentation to afford 168.  
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Scheme 4.13 
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 Compound 168 is a more advanced intermediate compared to the 

asymmetric bisalkylidene 154 since it already has chlorine incorporated (Scheme 

4.13). The next step is to force compound 168 to expel the methoxy group and 

generate the imnium ion 169, the similar intermediate that was proposed in the 

original plan (chapter 1, section 1.5). Without interference of the external 

nucleophile, it was expected that the “enamine” would act as an internal 

nucleophile to give the desired product 155. Many conditions had been carried 

out, including many Lewis acids and different bronstead acids under thermal 

conditions. However none of them succeeded.  
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Scheme 4.14 
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 Under all the conditions we tried, there is no indication of the intermediate 

169’s formation. Since methanol had been proven to be a poor leaving group, we 

started to look at other potential nucleophiles. Acetic acid15, formic acid, TFE and 

even chlorine gas were studied but failed to provide any success.  

4.6 Experimental Section 

4.6.1 Materials and Methods 
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 Unless stated otherwise, reactions were performed under an argon 

atmosphere in flame-dried glassware. Tetrahydrofuran (THF), dichloromethane 

(CH2Cl2), diethyl ether (Et2O), toluene (C7H8), benzene (C6H6) and acetonitrile 

(CH3CN) were passed through Glass Contour solvent drying systems prior to use. 

Fine chemical reagents were obtained from commercial sources and used without 

further purification. Column chromatography was performed on E. Merck silica 

gel 60 (240-400 mesh). Thin layer chromatography and preparative layer 

chromatography utilized pre-coated plates from E. Merck (silica gel 60 PF254, 

0.25mm or 0.5mm). Nuclear Magnetic Resonance (NMR) spectra were recorded 

on either a Varian Inova-600, Inova-400 or Mercury-300 magnetic resonance 

spectrometer. 1H NMR chemical shifts are given in parts per million (δ) relative 

to a residual solvent signal. Infrared spectra were recorded on a Perkin-Elmer FT-

IR spectrum 1000 using samples prepared as thin films between salt plates. 

Electrospray-ionization mass spectra (LRMS) were measured on a Shimadzu 

LCMS-2010 single quadrupole. 

4.6.2 Preparative Procedures 
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Compound 159 and 162: A solution of meso 21 (40 mg, 0.032 mmol) and 

MgBr2•Et2O (12 mg, 0.047 mmol) in THF (0.3 mL) was stirred at rt for 10 min 

before evaporation of the solvent. The residue was re-dissolved in a stock solution 

of Rh(I) catalyst 160 (1 mg), 2-dicyclohexylphosphino-2'-(N,N-

dimethylamino)biphenyl 161 (1.2 mg) and HSiMe2Ph (5.5 μL, 0.035 mmol) in 

CH2Cl2 (0.16 mL). The resulting mixture was heated at 40 °C for 15 h. The 

reaction mixture was diluted with EtOAc, washed with saturated NaHCO3, water 

and brine. The organic layer was dried over Na2SO4, filtered and concentrated in 

vacuo. Purification by silica gel chromatography (1:4 EtOAc/CH2Cl2) afforded 

polycycle 162 (18 mg, 45%) and mono reduction product 159 (12 mg, 30%). 

162: white film; Rf = 0.9 (1:9 CH3CN/CHCl3); IR (film): 3430, 2950, 1751, 1695, 

1684, 1448, 1418, 1409, 1247, 1091, 858, 835, 756, 700 cm-1; 1H NMR (400 
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MHz, CD3CN): δ 7.24-7.42 (m, 8H), 6.70 (s, 1H), 6.60 (s, 1H), 5.63 (dd, 2H, J = 

2.8, 10.5Hz), 5.47 (m, 2H), 4.90-5.18 (m, 4H), 4.55-4.68 (m 3H), 4.40 (dd, 1H, J 

= 7.1, 13.1), 4.26 (d, 1H, J = 11.2Hz), 4.13 (d, 1H, J = 13.6Hz), 3.46-3.74 (m, 

6H), 3.38 (m, 1H), 3.26 (m, 1H), 2.98 (m, 1H), 2.88, (t, 1H, J = 11.6Hz), 2.58 (t, 

1H, J = 12.8Hz), 2.52 (m, 1H), 1.42 (d, 1H, J = 11.8Hz), 0.87 (m, 4H), -0.02 (s, 

9H), -0.06 (s, 9H). 13C NMR (75 MHz, CDCl3): δ 168.6, 167.8, 163.8, 159.4, 

146.3, 142.4, 140.2, 134.4, 133.1, 128.8, 128.7, 128.5, 128.4, 128.0, 127.9, 127.8, 

124.6, 118.4, 113.7, 111.3, 108.4, 100.8, 99.6, 75.5, 75.1, 67.7, 66.1, 53.2, 49.9, 

49.3, 48.8, 44.0, 43.4, 40.8, 40.4, 33.6, 33.5, 31.5, 17.9, 17.8, -1.4, -1.4. MS 

(positive electrospray) calc’d for (C50H58Br4N10O6Si2+H)+: 1271.08, found 

1270.94. Treatment of 162 with excess BF3 etherate provided derivative 163. 

Crystals of 29 (PTLC purified) suitable for X-ray diffraction were grown from 

CH3CN (slow evaporation).  

159: white foam; Rf = 0.65 (1:4 CH3CN:CHCl3); IR (film): 2951, 2873, 1749, 

1630, 1403, 1248, 1092, 836, 667 cm-1; 1H NMR (400 MHz, CD3CN): δ 7.30-

7.40 (m, 7H), 7.24 (m, 1H), 6.76 (s, 1H), 6.69 (s, 1H), 5.81 (m, 1H), 5.60 (m, 3H), 

5.44 (m, 1H), 4.56-5.00 (m, 8H), 4.44 (ddd, 1H, J=1.8, 3.1, 12.9Hz), 3.70 (dd, 

1H, J=11.6Hz), 3.63 (t, 4H, J =8.1Hz), 3.46 (m, 1H), 2.54 (dd, 1H, J =11.6, 

12.8Hz), 2.36 (dt, 1H, J =5.2, 10.4Hz), 2.12 (m, 1H), 1.70 (m, 1H), 1.35 (q, 1H, 

J=12.3Hz), 0.76-0.93 (m, 4H), 0.02 (s, 9H), -.0.03 (s, 9H). MS (positive 

electrospray) calc’d for (C50H58Br4N10O6Si2+H)+: 1271.08, found 1271.04. 
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Compound (165). KHMDS (70 μL, 0.5 M in toluene) was added to a solution of 

162 (22 mg, 0.017 mmol) in THF (100 μL) at −78 °C. The dark pink solution was 

stirred at −78 °C for 30 min and then warmed to rt. After stirring at rt for 30 min, 

10 μL AcOH was added and the solution diluted with CH2Cl2. The organics were 

washed with saturated aq NaHCO3, water and brine, dried over Na2SO4, and 

concentrated in vacuo. Purification by preparative thin layer chromatography (3:7 

CH3CN/CHCl3) afforded 165 as white film (18 mg, 80%). 

165: Rf = 0.6 (3:7 CH3CN/CHCl3); 1H NMR (400 MHz, CD3CN): δ 9.27 (app d, 

1H, J=7.4Hz), 7.30-7,45 (m, 7H), 7.21 (m, 1H), 6.74 (s, 1H), 6.61 (s, 1H), 5.87 

(d, 1H, J =10.8Hz), 5.82 (d, 1H, J=10.8Hz), 5.66 (d, 1H, J=10.8Hz), 5.39 (d, 1H, 

J =10.8Hz), 4.93 (m, 4H), 4.64 (m, 2H), 4.39 (m, 2H), 3.71 (m, 1H), 3.54 (m, 

2H), 3.40 (m, 2H), 3.23 (m, 1H), 2.95 (m, 2H), 2.57 (m, 1H), 1.64 (d, 1H, 

J=11.8Hz), 0.60-0.90 (m, 4H), -0.04 (s, 9H), -0.29 (s, 9H); MS (positive 

electrospray) calc’d for (C50H58Br4N10O6Si2+H)+: 1271.08, found 1270.94. 
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Compound 166: Reduction product 159 (20 mg, 0.016 mmol) was dissolved in a 

stock solution of LiCl (0.8 mg, 0.019 mmol) and DBU (3 μL, 0.021 mmol) in 

DMF (100 μL- argon sparged). After heating at 52 °C for 3 h, the reaction 

mixture was quenched with acetic acid (5 μL) and diluted with CH2Cl2. The 

resulting solution was washed with saturated NaHCO3, water and brine. The 

organic layer was dried over Na2SO4, filtered and concentrated in vacuo. The 

residue was purified by preparative thin layer chromatography (1:4 

CH3CN/CHCl3) to afford 166 as bright yellow solid (14 mg, 70%). 

166: Rf = 0.8 (2:9 CH3CN/CHCl3); 1H NMR (400 MHz, CD3CN/D2O): δ 7.20-

7,45 (m, 8H), 6.87 (s, 1H), 6.82 (s, 1H), 6.75 (s, 1H), 5.92 (s, 1H), 5,79 (s, 2H), 

5,64 (d, 1H, J = 10.8Hz), 5.46 (d, 1H, J = 10.7Hz), 4.88(m, 5H), 4.50(m, 3H), 

4.31 (d, 1H, J = 12.4Hz), 3.85 (dd, 1H, J = 4.6, 11.4Hz), 3.50-3.57(m, 4H), 

2.75(m, 1H), 2.53(tt, 1H, J = 3.0, 11.8Hz), 2.17(m,1H), 1.62 (m, 1H), 0.77-0.90 

(m, 4H), -0.04 (s, 9H), -0.02 (s, 9H). MS (positive electrospray) calc’d for 

(C50H58Br4N10O6Si2+H)+: 1271.08, found 1271.45. 
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Compound 167: Compound 159 (60 mg, 0.047 mmol) was dissolved in THF 

(0.75 mL) and MeOH (1.2 mL). The solution was cooled down to −78 °C, 

followed by the addition of stock solution of t-BuOCl (5.7 μL, 0.05mmol) in 

CH2Cl2 (50 μL). The reaction mixture was stirred at −78 °C for 2 hours and rt for 

another 2 hours. The solvent was removed and the resulting residue was PTLC 

(CH3CN:CHCl3 = 2:8) to afford diastereoisomers mixture (58 mg, 97%). 

167 (diastereoisomer 1) white solid; Rf = 0.7 (EtOAc:CH2Cl2= 1:9); IR (film, cm-

1): 2951, 1760, 1694, 1526, 1401, 1298, 1149, 1089, 923, 858, 836;  1H NMR 

(400 MHz,CD3CN): 7.28-7.45 (m, 8H,), 6.88 (s, 1H), 6.83 (s, 1H), 5.84 (d, 1H, J 

= 10.3 Hz), 5.84 (d, 1H, J = 10.3 Hz), 5.56 (d, 1H, J = 10.6 Hz), 5.47 (d, 1H, J = 

10.6 Hz), 5.31 (d, 1H, J = 10.7 Hz), 4.46-5.14 (m, 11H), 3.96 (dd, 1H, J = 4.7 Hz 

and 11.6 Hz), 3.43-3.59 (m, 5H), 2.96 (dd, 1H, J = 3.1 and 14.2 Hz), 2.87 (s, 3H), 

2.54 (m, 1H), 2.32 (m, 1H), 2.10 (m, 1H), 1.60 (ddd, 1H, J = 4.4, 11.7, 14.8 Hz), 

0.82 (m, 4H), 0.00 (s, 9H), -0.02 (s, 9H); MS (positive electrospray) calc’d for 

(C51H61Br4ClN10O7Si2+H)+: 1337.05, found 1337.05. 

167 (diastereoisomer 2) white solid; Rf = 0.6 (EtOAc:CH2Cl2= 1:9); IR (film, cm-

1): 2951, 1759, 1693, 1402, 1210, 1091, 836;  1H NMR (400 MHz,CD3CN): 7.26-



190 

 

7.43 (m, 8H,), 6.99 (s, 1H), 6.77 (s, 1H), 5.82 (d, 1H, J = 10.3 Hz), 5.64 (d, 1H, J 

= 10.5 Hz), 5.46 (d, 1H, J = 10.5 Hz), 5.38 (d, 1H, J = 10.3 Hz), 5.31 (d, 1H, J = 

10.7 Hz), 4.19-5.04 (m, 11H), 3.79 (dd, 1H, J = 4.9 Hz and 11.6 Hz), 3.43-3.59 

(m, 4H), 2.98 (dd, 1H, J = 11.4 and 13.3 Hz), 2.87 (s, 3H), 2.43 (m, 1H), 2.30 (m, 

1H), 2.10 (m, 1H), 1.76 (m, 1H), 0.81-1.00 (m, 4H), 0.00 (s, 18H). MS (positive 

electrospray) calc’d for (C51H61Br4ClN10O7Si2+H)+: 1337.05, found 1337.06. 
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Compound 168: KHMDS (125 μL, 0.5M) was added to the THF (0.3 mL) 

solution of 139 (36 mg, 0.028mmol) at −78 °C. After stirred at −78 °C for 15 

minutes, the reaction was allowed to warm up to room temperature. Acetic acid (5 

μL) was used to quench the reaction. The reaction mixture was taken up with 

CH2Cl2 and washed with sat.NaHCO3, water, brine and dried over Na2SO4. After 

the solvent removal in vacuo the residue was purified by PTLC (CH3CN:CHCl3 = 

2:8) to afford diastereoisomers mixture (18 mg, 50%) 
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168: white solid; Rf = 0.7 (CH3CN : CHCl3 = 2:8); IR (film, cm-1): 2951, 1700, 

1607, 1544, 1410, 1312, 1248, 1092, 836, 752;  1H NMR (400 MHz, CD3CN): 

7.30-7.49 (m, 8H,), 6.86 (s, 1H), 6.74 (s, 1H), 5.85 (d, 1H, J = 10.3 Hz), 5.77 (q, 

1H, J = 10.5 Hz), 5.58 (d, 1H, J = 9.1 Hz), 5.38 (d, 1H, J = 10.4 Hz), 4.86-5.04 

(m, 5H), 4.50-4.64 (m, 4H), 4.14 (d, 1H, J = 11.6 Hz), 3.44-3.74 (m, 5H), 3.03 

(m, 1H), 0.77-1.02 (m, 4H), 0.00 (s, 9H), -0.02 (s, 9H). MS (positive electrospray) 

calc’d for (C51H61Br4ClN10O7Si2+H)+: 1337.05, found 1337.05. 
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APPENDIX E 
Spectra of Compounds Appearing In Chapter 4 
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APPENDIX F 
X-ray Crystallographic Data for 163 
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Table 1.  Crystal data and structure refinement for 163. 

Empirical formula                   C38 H30 Br4 N10 O4 

Formula weight                      1010.36 

Wavelength                          0.71073 A 

Crystal system, space group        Tetragonal,  I 41/a 

Unit cell dimensions                a = 27.7840(18) Å    

                                          b = 27.7840(18) Å     

                                          c = 21.9750(13) Å    

Volume                              16963.6(19) Å3 

Z, Calculated density               16,  1.582 Mg/m3 

Absorption coefficient             3.847 mm-1 

 

  Intensity Measurements 

Diffractometer                      Enraf-Nonius  

Detector                            Kappa CCD 

Radiation                           MoKa (l=0.71069A) 

Temperature                         293(2) K 

Scan-Type                          w-2theta 

Theta range for data collection    2.78 to 20.81 deg. 

Limiting indices                     0<=h<=27, -19<=k<=19, 0<=l<=21 

Reflections collected / unique     4418 / 4418 [R(int) = 0.0000] 
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Completeness to theta = 20.81      99.2 % 

Absorption correction              Empirical 

Max. and min. transmission         0.79 and 0.52 

  

  Structure Solution and Refinement 

Refinement method                  Full-matrix least-squares on F2 

Data / restraints / parameters     4418 / 0 / 516 

Goodness-of-fit on F^2             1.062 

Final R indices [I>2sigma(I)]      R1 = 0.0899, wR2 = 0.2017 

R indices (all data)                R1 = 0.1336, wR2 = 0.2214 

Extinction coefficient              0.00066(15) 

Largest diff. peak and hole        1.833 and -0.369 e.A-3 

 

 Table 2.  Atomic coordinates ( x 104) and equivalent isotropic  displacement 

parameters  (Å2 x 103) for 163. U(eq) is defined as one third of the trace of the 

orthogonalized Uij tensor. 

________________________________________________________________ 

                          x             y             z           U(eq) 

________________________________________________________________ 

          Br1          6154(1)       3492(1)        295(1)       99(1) 

          Br2          7149(1)       2743(1)        778(1)      102(1) 
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          Br3          6374(1)       3137(1)       2085(1)      106(1) 

          Br4          7054(1)       2079(1)       2576(1)      121(1) 

          C(1)         6656(8)       1545(8)       4173(8)      103(5) 

          C(2)         6942(7)       1150(10)      4004(8)      116(6) 

          C(3)         6740(7)        743(7)       3749(8)      101(5) 

          C(4)         6254(8)        752(6)       3665(6)       95(5) 

          C(5)         5955(7)       1148(7)       3826(7)       98(5) 

          C(6)         6189(8)       1551(6)       4070(6)       96(5) 

          C(7)         5411(6)       1120(7)       3709(6)      105(6) 

          N(1)         5308(4)       1142(5)       3054(5)       81(3) 

          C(8)         5474(5)        856(6)       2703(7)       74(4) 

          N(2)         5748(5)        440(5)       2803(5)       84(4) 

          C(9)         6004(7)        298(6)       3384(7)      103(5) 

          N(3)         5465(4)        884(4)       2064(5)       70(3) 

          N(4)         5135(4)       1196(4)       1799(5)       75(3) 

          C(10)        5799(6)        141(7)       2291(7)       83(4) 

          O(1)         6007(4)       -230(4)       2255(4)       91(3) 

          C(11)        4704(5)        984(6)       1507(6)       83(4) 

          C(12)        4799(5)        521(5)       1246(6)       74(4) 

          C(13)        5005(5)        182(5)       1746(6)       82(4) 

          C(14)        5500(5)        396(5)       1806(6)       71(4) 
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          C(15)        5207(5)        497(5)        762(6)       79(4) 

          C(16)        5680(5)        405(6)       1153(7)       79(4) 

          C(17)        6111(6)        754(5)       1016(7)       74(4) 

          N(5)         5562(4)       1268(5)        438(5)       82(4) 

          N(6)         6039(4)       1072(4)        514(5)       77(3) 

          C(18)        5208(6)        890(5)        294(6)       80(4) 

          C(19)        5479(7)       1751(5)        304(7)       86(5) 

          O(2)         5096(4)       1867(3)        108(4)       83(3) 

          C(20)        5874(5)       2073(5)        407(6)       65(3) 

          C(21)        5783(6)       2530(6)        314(6)       67(4) 

          C(22)        6159(7)       2829(6)        426(7)       88(5) 

          C(23)        6528(5)       2546(5)        580(6)       73(4) 

          N(7)         6352(6)       2065(6)        567(6)      108(4) 

          C(24)        6277(5)        896(5)        -10(7)       67(4) 

          N(8)         6616(4)        579(4)        215(5)       80(3) 

          C(25)        6548(6)        485(6)        813(7)       81(4) 

          O(3)         6786(5)        227(4)       1122(5)      114(4) 

          C(26)        6992(5)        351(5)       -148(6)       82(4) 

          C(27)        6802(5)         78(7)       -687(7)       85(4) 

          C(28)        6530(6)        329(5)      -1139(7)       85(4) 

          C(29)        6460(6)        884(7)      -1069(7)      105(5) 
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          N(9)         6170(5)       1037(4)       -532(6)       86(3) 

          C(30)        6872(7)       -398(7)       -765(9)      111(6) 

          C(31)        6464(9)       -365(10)     -1715(9)      127(8) 

          C(32)        6709(10)      -617(8)      -1282(13)     147(9) 

          C(33)        6363(7)        113(8)      -1640(8)      109(6) 

          C(34)        5250(6)       1676(6)       1768(6)       78(4) 

          O(4)         4943(4)       1949(4)       1550(5)       95(3) 

          C(35)        5693(5)       1865(6)       1976(6)       69(4) 

          N(10)        6118(6)       1702(6)       2219(6)      109(4) 

          C(36)        6422(5)       2096(6)       2279(6)       80(4) 

          C(37)        6165(7)       2494(5)       2093(7)       88(5) 

          C(38)        5742(5)       2361(5)       1898(5)       54(3)         

________________________________________________________________ 

   

Table 3.  Bond lengths [Å] for 163. Estimated standard deviations in the least 

significant figures are given in parentheses. 

________________________________________________________________

     Br1-C(22)       1.86(1) 

     Br2-C(23)       1.86(1) 

     Br3-C(37)       1.88(1) 

     Br4-C(36)       1.87(1) 

     C(1)-C(6)       1.32(2) 

     C(1)-C(2)       1.40(2) 

     C(2)-C(3)       1.38(3) 

     C(3)-C(4)       1.36(2) 
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     C(4)-C(5)       1.42(2) 

     C(4)-C(9)       1.57(2) 

     C(5)-C(6)       1.40(2) 

     C(5)-C(7)       1.54(2) 

     C(7)-N(1)       1.47(2) 

     N(1)-C(8)       1.20(2) 

     C(8)-N(2)       1.40(2) 

     C(8)-N(3)       1.40(2) 

     N(2)-C(10)      1.40(2) 

     N(2)-C(9)       1.51(2) 

     N(3)-N(4)       1.39(2) 

     N(3)-C(14)      1.47(2) 

     N(4)-C(34)      1.37(2) 

     N(4)-C(11)      1.48(2) 

     C(10)-O(1)      1.18(2) 

     C(10)-C(14)     1.52(2) 

     C(11)-C(12)     1.43(2) 

     C(12)-C(13)     1.56(2) 

     C(12)-C(15)     1.55(2) 

     C(13)-C(14)     1.51(2) 

     C(14)-C(16)     1.52(2) 

     C(15)-C(18)     1.50(2) 

     C(15)-C(16)     1.59(2) 

     C(16)-C(17)     1.57(2) 

     C(17)-N(6)      1.42(2) 

     C(17)-C(25)     1.50(2) 

     N(5)-C(19)      1.39(2) 

     N(5)-N(6)       1.44(2) 

     N(5)-C(18)      1.47(1) 

     N(6)-C(24)      1.41(1) 

     C(19)-O(2)      1.19(1) 

     C(19)-C(20)     1.43(2) 

     C(20)-C(21)     1.31(2) 

     C(20)-N(7)      1.37(1) 

     C(21)-C(22)     1.36(2) 

     C(22)-C(23)     1.33(2) 

     C(23)-N(7)      1.42(1) 

     C(24)-N(9)      1.24(1) 

     C(24)-N(8)      1.38(1) 

     N(8)-C(25)      1.35(1) 

     N(8)-C(26)      1.46(1) 

     C(25)-O(3)      1.18(1) 
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     C(26)-C(27)     1.50(2) 

     C(27)-C(30)     1.35(2) 

     C(27)-C(28)     1.43(2) 

     C(28)-C(33)     1.34(2) 

     C(28)-C(29)     1.56(2) 

     C(29)-N(9)      1.48(1) 

     C(30)-C(32)     1.37(3) 

     C(31)-C(33)     1.37(3) 

     C(31)-C(32)     1.36(3) 

     C(34)-O(4)      1.23(1) 

     C(34)-C(35)     1.41(2) 

     C(35)-N(10)     1.37(1) 

     C(35)-C(38)     1.39(1) 

     N(10)-C(36)     1.38(1) 

     C(36)-C(37)     1.38(2) 

     C(37)-C(38)     1.30(2) 

     _____________________________________________________________ 

Table 4.  Bond Angles [°] for 163. Estimated standard deviations in the least 

significant figures are given in parenthes

__________________________________________________________________

     C(6)-C(1)-C(2)       121.4(18) 

     C(3)-C(2)-C(1)       121.3(17) 

     C(4)-C(3)-C(2)       116.2(18) 

     C(3)-C(4)-C(5)       124.0(17) 

     C(3)-C(4)-C(9)       118.5(19) 

     C(5)-C(4)-C(9)       117.5(18) 

     C(6)-C(5)-C(4)       116.3(18) 

     C(6)-C(5)-C(7)       124.1(18) 
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     C(4)-C(5)-C(7)       119.6(17) 

     C(1)-C(6)-C(5)       120.8(19) 

     N(1)-C(7)-C(5)       110.6(12) 

     C(8)-N(1)-C(7)       121.8(14) 

     N(1)-C(8)-N(2)       130.9(15) 

     N(1)-C(8)-N(3)       126.7(14) 

     N(2)-C(8)-N(3)       102.3(12) 

     C(8)-N(2)-C(10)      114.6(12) 

     C(8)-N(2)-C(9)       127.0(13) 

     C(10)-N(2)-C(9)      118.3(13) 

     N(2)-C(9)-C(4)       109.3(13) 

     N(4)-N(3)-C(8)       117.7(11) 

     N(4)-N(3)-C(14)      117.2(10) 

     C(8)-N(3)-C(14)      109.4(11) 

     C(34)-N(4)-N(3)      118.3(11) 

     C(34)-N(4)-C(11)     123.6(12) 

     N(3)-N(4)-C(11)      117.8(11) 

     O(1)-C(10)-N(2)      128.0(14) 

     O(1)-C(10)-C(14)     128.7(15) 

     N(2)-C(10)-C(14)     103.3(14) 

     C(12)-C(11)-N(4)     112.5(12) 



216 

 

     C(11)-C(12)-C(13)    109.3(11) 

     C(11)-C(12)-C(15)    116.5(12) 

     C(13)-C(12)-C(15)    100.8(11) 

     C(14)-C(13)-C(12)     99.1(11) 

     N(3)-C(14)-C(13)     109.7(11) 

     N(3)-C(14)-C(10)     101.3(11) 

     C(13)-C(14)-C(10)    112.0(12) 

     N(3)-C(14)-C(16)     111.8(12) 

     C(13)-C(14)-C(16)    102.9(11) 

     C(10)-C(14)-C(16)    119.2(12) 

     C(18)-C(15)-C(12)    116.1(13) 

     C(18)-C(15)-C(16)    119.0(12) 

     C(12)-C(15)-C(16)    103.9(11) 

     C(14)-C(16)-C(17)    116.2(13) 

     C(14)-C(16)-C(15)    103.8(11) 

     C(17)-C(16)-C(15)    115.3(12) 

     N(6)-C(17)-C(25)     101.1(12) 

     N(6)-C(17)-C(16)     115.0(12) 

     C(25)-C(17)-C(16)    111.6(12) 

     C(19)-N(5)-N(6)      122.7(13) 

     C(19)-N(5)-C(18)     122.0(13) 
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     N(6)-N(5)-C(18)      111.7(12) 

     C(24)-N(6)-C(17)     110.5(11) 

     C(24)-N(6)-N(5)      117.9(10) 

     C(17)-N(6)-N(5)      116.8(11) 

     N(5)-C(18)-C(15)     111.8(11) 

     O(2)-C(19)-N(5)      119.0(16) 

     O(2)-C(19)-C(20)     124.8(13) 

     N(5)-C(19)-C(20)     116.3(16) 

     C(21)-C(20)-N(7)     104.1(14) 

     C(21)-C(20)-C(19)    115.7(14) 

     N(7)-C(20)-C(19)     140.2(15) 

     C(20)-C(21)-C(22)    114.6(14) 

     C(23)-C(22)-C(21)    106.0(14) 

     C(23)-C(22)-Br(01)   128.9(15) 

     C(21)-C(22)-Br(01)   124.8(14) 

     C(22)-C(23)-N(7)     106.6(13) 

     C(22)-C(23)-Br(02)   126.7(13) 

     N(7)-C(23)-Br(02)    126.7(12) 

     C(20)-N(7)-C(23)     108.7(13) 

     N(9)-C(24)-N(8)      133.6(13) 

     N(9)-C(24)-N(6)      121.9(13) 
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     N(8)-C(24)-N(6)      104.4(11) 

     C(25)-N(8)-C(24)     112.1(12) 

     C(25)-N(8)-C(26)     123.1(12) 

     C(24)-N(8)-C(26)     124.8(11) 

     O(3)-C(25)-N(8)      126.5(14) 

     O(3)-C(25)-C(17)     125.7(14) 

     N(8)-C(25)-C(17)     107.8(13) 

     N(8)-C(26)-C(27)     113.4(12) 

     C(30)-C(27)-C(28)    117.9(16) 

     C(30)-C(27)-C(26)    122.9(16) 

     C(28)-C(27)-C(26)    119.2(15) 

     C(33)-C(28)-C(27)    122.4(16) 

     C(33)-C(28)-C(29)    118.7(17) 

     C(27)-C(28)-C(29)    118.7(15) 

     N(9)-C(29)-C(28)     115.2(13) 

     C(24)-N(9)-C(29)     120.7(13) 

     C(27)-C(30)-C(32)    120(2) 

     C(33)-C(31)-C(32)    121.0(19) 

     C(31)-C(32)-C(30)    121(2) 

     C(28)-C(33)-C(31)    118(2) 

     O(4)-C(34)-N(4)      117.0(15) 
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     O(4)-C(34)-C(35)     119.9(15) 

     N(4)-C(34)-C(35)     123.1(13) 

     N(10)-C(35)-C(38)    106.7(13) 

     N(10)-C(35)-C(34)    139.0(15) 

     C(38)-C(35)-C(34)    114.3(14) 

     C(35)-N(10)-C(36)    107.6(14) 

     C(37)-C(36)-N(10)    106.7(13) 

     C(37)-C(36)-Br(04)   127.6(13) 

     N(10)-C(36)-Br(04)   125.7(13) 

     C(38)-C(37)-C(36)    109.6(13) 

     C(38)-C(37)-Br(03)   123.2(13) 

     C(36)-C(37)-Br(03)   127.2(15) 

     C(37)-C(38)-C(35)    109.2(12) 

_____________________________________________________________
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Table 5.  Anisotropic displacement parameters (Å2 x 103) for 163. The 

anisotropic displacement factor exponent takes the form:    -2 pi2 [ h^2 a*2 

U11 + ... + 2 h k a* b* U12 ] 

__________________________________________________________________ 

              U11        U22        U33        U23        U13        U12 

__________________________________________________________________ 

    Br1      102(1)      76(1)     120(1)      10(1)      20(1)       3(1) 

    Br2       79(1)     103(1)     124(1)     -15(1)       8(1)      -3(1) 

    Br3      130(2)      83(1)     105(1)      -7(1)      15(1)     -23(1) 

    Br4       90(1)     136(2)     137(2)       8(1)     -19(1)     -24(1) 

    C(1)     95(15)    109(15)    104(12)     10(10)    -29(11)    -17(13) 

    C(2)     76(13)    160(20)    111(13)     -1(13)    -27(10)     -3(15) 

    C(3)     75(13)    110(15)    118(13)     11(11)    -27(10)     -9(11) 

    C(4)    134(17)     83(12)     69(9)      11(8)     -15(10)    -19(12) 

    C(5)    125(16)    103(14)     65(9)      10(9)      -4(9)       6(13) 

    C(6)    120(17)     98(13)     71(9)      -6(9)     -17(9)     -15(12) 

    C(7)     85(13)    160(18)     71(10)     -7(10)     13(8)       0(11) 

    N(1)     57(8)     109(10)     77(8)      -5(7)       6(6)      15(7) 

    C(8)     62(9)      71(11)     90(12)      8(9)       7(8)      16(8) 

    N(2)    106(10)     86(9)      60(7)       2(7)      -3(6)     -19(8) 

    C(9)    128(15)     87(12)     92(11)      6(9)      -8(10)     -8(11) 
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    N(3)     72(8)      66(8)      71(8)       5(6)     -11(6)       1(6) 

    N(4)     73(8)      67(9)      85(7)      -5(6)     -16(6)       0(7) 

    C(10)    71(10)     91(13)     87(11)     17(10)      5(8)      -8(9) 

    O(1)    101(8)      73(7)      99(7)       8(6)       2(6)      17(6) 

    C(11)    62(9)     104(13)     82(9)      10(9)      -8(7)     -10(9) 

    C(12)    74(10)     65(10)     84(9)     -21(8)      -4(8)      -1(7) 

    C(13)    86(11)     83(11)     78(9)     -11(8)       5(8)     -19(9) 

    C(14)    77(10)     73(10)     63(8)       2(7)      -1(7)       2(8) 

    C(15)    83(11)     79(10)     76(9)      -4(8)       0(8)     -11(8) 

    C(16)    65(10)     68(11)    105(11)      2(8)      -5(8)       8(8) 

    C(17)    80(11)     59(9)      82(9)       9(8)      -2(8)      -4(9) 

    N(5)     62(8)      95(11)     90(8)      -6(7)      -8(6)      -4(7) 

    N(6)     76(9)      81(9)      74(7)      -6(7)     -12(6)       5(7) 

    C(18)    89(11)     67(10)     83(9)       6(8)     -19(8)       5(8) 

    C(19)   121(16)     44(10)     92(10)      8(7)      -9(10)     20(11) 

    O(2)     84(7)      71(7)      95(7)       7(5)     -21(6)      15(6) 

    C(20)    68(11)     52(10)     76(8)      -7(7)     -10(7)      10(8) 

    C(21)    36(9)      78(13)     87(10)      4(8)     -14(7)      14(9) 

    C(22)    97(13)     67(10)     99(10)     15(8)      23(9)      27(11) 

    C(23)    78(11)     60(10)     81(9)       1(7)      -3(7)      -7(9) 

    N(7)    116(13)    108(13)    100(9)       3(8)     -12(8)      26(10) 
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    C(24)    64(9)      62(9)      76(10)     10(8)       3(8)       9(7) 

    N(8)     91(9)      69(8)      79(9)       6(6)       5(7)      17(7) 

    C(25)    75(11)     92(12)     75(11)      0(9)      -4(8)      15(9) 

    O(3)    117(10)    116(9)     109(8)      32(7)      -6(7)      39(8) 

    C(26)    83(11)     82(10)     80(9)      10(8)      14(8)      10(9) 

    C(27)    74(11)     99(14)     83(10)      7(10)      7(8)       0(9) 

    C(28)    96(12)     62(10)     96(11)     -6(9)      16(9)      -3(9) 

    C(29)    90(12)    144(17)     82(10)     18(10)     10(9)       1(11) 

    N(9)     84(9)      84(9)      91(9)       6(7)       5(7)      10(7) 

    C(30)   116(15)     66(12)    150(17)    -15(11)      5(12)     18(10) 

    C(31)   170(20)    120(20)     98(14)    -10(13)    -11(13)    -58(16) 

    C(32)   190(20)     88(16)    170(20)    -54(17)     33(19)    -44(16) 

    C(33)   122(15)    102(16)    104(13)    -19(11)      7(11)    -41(12) 

    C(34)    84(12)     71(12)     80(9)       7(8)      -4(8)      29(10) 

    O(4)     88(8)      77(7)     121(8)       0(6)     -19(6)      10(6) 

    C(35)    57(10)     82(12)     69(8)     -12(7)      -6(7)      -7(8) 

    N(10)   108(12)    118(12)    100(9)     -24(8)       0(9)     -14(11) 

    C(36)    69(10)     90(12)     81(9)      -2(8)     -17(7)     -22(10) 

    C(37)   117(15)     67(11)     80(9)       1(8)      15(9)       2(11) 

    C(38)    55(9)      54(10)     55(7)      -5(6)     -14(6)      -5(7) 

 



223 

 

Table 6.  Hydrogen coordinates ( x 104) and isotropic  displacement 

parameters (A2 x 103) for 163.         

________________________________________________________________ 

                         x             y             z           U(eq) 

________________________________________________________________ 

          H(1)         6800          1808          4360         123 

          H(2)         7273          1162          4065         140 

          H(3)         6925           477          3642         122 

          H(6)         6012          1826          4161         115 

          H(7A)        5285           821          3875         126 

          H(7B)        5251          1385          3914         126 

          H(9A)        6243            53          3297         123 

          H(9B)        5774           166          3671         123 

          H(11A)       4450           953          1807          99 

          H(11B)       4591          1199          1190          99 

          H(12)        4501           386          1079          89 

          H(13A)       4824           203          2122          99 

          H(13B)       5016          -151          1611          99 

          H(15)        5151           199           536          95 

          H(18A)       5282           754          -102          96 

          H(18B)       4889          1033           271          96 
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          H(7)         6518          1811           647         129 

          H(26A)       7172           131           110          98 

          H(26B)       7213           597          -289          98 

          H(29A)       6774          1034         -1042         127 

          H(29B)       6305          1005         -1434         127 

          H(30)        7031          -576          -469         133 

          H(31)        6364          -520         -2068         153 

          H(32)        6765          -943         -1339         177 

          H(33)        6185           282         -1927         131 

          H(10)        6184          1410          2316         131 

          H(161)       5790            70          1100          30           

          H(17)        6270           980          1290          90 

          H(21)        5590          2611           257           0 

          H(38)        5513          2452          1654          60 

________________________________________________________________ 
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CHAPTER FIVE 
 

CHLORINATION STUDY OF SYMMETRIC 

BISALKYLIDENE AND FUTURE WORK 

 
5.1 The Synthesis of Symmetric Bisalkylidene 171. 

 As describes in chapter four, our efforts to construct the stereochemistry of 

palau’amine 11 had met a huge resistance. At the same time the stereochemistry 

revisions appeared in the literature. The most convincing way to prove the correct 

stereochemistry is by synthetically constructing each version. As the first step 

towards this goal, we decided to test feasibility of our key idea, the chlorination 

induced cascade reaction, on the readily available starting material. 

 Direct generation of symmetric bisalkylidene 171 from double reduced 

meso dimer 170 via double elimination seemed viable (Scheme 5.1). Compound 

171 was a good candidate to test the chlorination reaction. The results of the 

chlorination reaction performed on 171 would allow us to gain some insights 

about the stereochemical outcomes. 
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Scheme 5.1 
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 As was mentioned in chapter 4 (section 4.4), when MgI2 was used as the 

additive for the Rh(I) catalyzed hydrosilylation methodology we developed, the 

double reduced dimers 170 were formed as side products. Following this line of 

logic, under the same reaction conditions, the inconsequential diastereoisomeric 

mixture of 170 was isolated in good yield by using two equivalents of HSiMe2Ph 

in the reaction (Scheme 5.2).  
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 One thing worthy of mentioning is that the reaction did not require a 

stoichiometric amount of MgI2 to achieve a high turnover of catalyst. This 

observation challenged the original hypothesis that MgI2 acted as a Lewis acid to 

neutralize the basic sites of the starting material or product to prevent the Rh(I) 

complex 160 from being poisoned. So could it be a counter-ion effect? It was 

possible that a Rh-I species was generated from a transmetallation step between 

the catalyst and MgI2, which was actually the true catalyst. This hypothesis was 

not hard to test since the corresponding Rh-I complex 176 was known2. It was 

synthesized according to the literature (Scheme 5.3).  

Scheme 5.3 
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 With the complex 176 in hand, the hypothesis was quickly tested. Two 

reactions were carried side by side under identical reaction conditions, except that 

one reaction had Rh-Cl 160 as the catalyst, while the other had Rh-I 176 instead 

(Scheme 5.4). As the one with Rh-I 176 went to completion, the one with Rh-Cl 

130 had no reaction. These experiments strongly support the counterion effect 

hypothesis.  
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Scheme 5.4 
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5.2 Double Elimination 

 With the double reduction problem solved, the next transformation we 

needed to achieve was the double elimination to cleave the N-N bond and form 

the exocyclic double bond. We still planned on using the base induced 

fragmentation methodology4; however in this case we would generate an 

intermediate that has four negative charges. The potential instability of this 

intermediate was our major concern initially.  

 While the KHMDS treatment of 170 did afford symmetric bisalkylidene 

171, the reaction was very demanding in terms of technique and also limited by 

the reaction scale. The maximum reaction scale was 10 mg, otherwise only 

decomposition was observed. In order to increase the efficacy of the reaction, 

Boron lewis acids were premixed with 170 before the addition of the base to 

facilitate the deprotonation and the following fragmentation.  
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 Dicyclohexyllboron triflate5 was the optimal lewis acid. Compound 171 

could be isolated in 50% yield, when the reaction was carefully executed as 

follows: the THF solution of 170 was precooled to −78 °C. To it was added a 

THF solution of dicyclohexylboron triflate. The mixture was stirred at −78 °C for 

another 10 minutes before KHMDS was added rapidly in one portion. The 

cooling bath was immediately taken off after the addition and the reaction was 

allowed to warm up to rt. Acetic acid was used to quench the reaction. After a 

routine work up, the solution was dried over anhydrous K2CO3. The reaction can 

be scaled up to 60 mg without diminishing the yield. 
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 The compound 171 can be purified by crystallization from acetonitrile. 

However, a single crystal that was suitable for X-ray crystallography was not 

obtained even after extensive effort. The geometry of the double bond is 

tentatively assigned as Z based on the literature precedence6.  

5.3 Chlorination Reaction Study 

 Compound 171 was a suitable substrate to test the chlorination idea. Quite 

discouragingly, when the THF solution of 171 was treated with t-BuOCl, many 

products were formed. Since this was the reaction has the most significance in the 

whole study, much effort had been invested in isolation and purification of the 

products. Four major products were isolated eventually. They formed two 

isomeric pairs: 178/179 and 180/181. Fortunately, the central cyclopetane ring 

was formed in all four products, presumably through the intermediate 182. The 

formation of diastereoisomeric pair 180/181 was possible due to tautomerization 

of the iminium ion 182. The unusual formation of the N-N bond in pair 178/179 

could be due to the addition of adjacent guanidine to iminium ion at its N-terminal 

in intermediate 182 due to the space proximity.  
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Scheme 5.6 
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 The structures of compounds 178-181 were established by NMR analysis. 

Take compound 178 for example; there were one dd at 7.8 ppm and one triplet at 

7.5 ppm which readily exchange with D2O in the 1H NIMR spectrum. They were 

identified as the protons of the two amides. Started form this information, 

combined COSY data (Figure 5.1), the connectivity of protoned carbons were 

established. The structure of the molecule was further established by HMBC data. 
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The N-N bond formation was indirectly supported by the fact that all the protons 

were carbon bounded based on the HMQC, except the two amide protons. 

 The relative stereochemistry of H18 and H12 should be cis based on the 

fact compound 178 was derived from meso dimer 151. The coupling constant 

between H17 and H18 is 3.9 Hz, which supports a cis stereochemistry. H10 is 

correlated to H12 and H18 in the NOSEY, indicating they are on the same face of 

the diazabicyclo[3.3.0]octane ring. The small coupling constant between H11 and 

H10 (J < 1 Hz) indicates a trans relationships7. The stereochemistry of C16 was 

assigned as shown in Figure 5.1 to minimize the strain of the molecule. The 

structures of Compound 179-181 were assigned accordingly. The coupling 

constants of H17 and H18 in 180/181 are 12.8 and 12.1 Hz, so the relative 

stereochemistry is assigned as trans. 

Figure 5.1 
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 Next, we were curious to see if metal ions had effects on this fascinating 

reaction. ZnCl2 caused the severe decomposition of the starting material, while 

other metal salts, such as, LiCl and CaCl2 did not have any effect on the reaction.  

 Magnesium salts had been proven once more to be special for our series of 

compounds. When the starting material was mixed with MgCl2 before the 

addition of t-BuOCl, the diastereisomer pair 178/179 was formed in better yield 

and the formation of other pair is greatly diminished. However the reaction can 

not go to completion.  Then we switched to MgBr2•Et2O complex, which has 

better solubility than MgCl2.  In this case, the 183/184 was isolated in 70% yield. 

Initially, compounds 183/184 was thought to be the same compounds 178/179 

based on the TLC and NMR analysis. However, the mass data showed that 

instead of a chlorine atom, it was a bromine atom that was incorporated into the 

molecules 183/184. What most likely happened was that an electrophilic bromine 

source was generated prior to the cyclization reaction. This discovery enables us 

to have the potential of generating bromo-palau’amine. Efforts on obtaining 

crystallography information of compounds 178/179, 183/184 and their derivatives 

are still on going. 

 Even though the amide failed to add to the iminium ion 182 to form the 

bicyclo[3,3,0]-azaoctane ring system, it can be potentially achieved by other 

transformations through these products from the chlorination reaction. At this 
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point, the study of meso series has proven our central tenet to be valid and the 

desired oxidative spiroannulation8 was demonstrated.   

Scheme 5.7 
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5.4 Future Study 

 The benzodiazepine protecting group we chose for the guanidine motif 

worked very well for our purposes; however no deprotection method has been 

invented even after our extensive efforts. This has become our major concern for 

the synthetic pathway we are currently pursuing.  
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 I would like to propose an alternative pathway to synthesize the 

bisalkylidene construct, which has the advantage of not having to use protecting 

groups or using easy removal protecting groups. 

 Acylation of the commercially available δ-valerolactam 187 with 

compound 145 should provide compound 188. Traditional selenium chemistry9 or 

other methodology10 will be employed to install the unsaturation. Our oxidative 

dimerization will be employed to form the C-C bond at the γ position. Analogous 

to our present pathway, the meso 192 and C2 190 diastereoisomers are expected 

from the reaction and thus give us opportunities to explore the synthesis of both 

proposed structures of palau’amine. 

Scheme 5.8 
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 Take meso dimer 192 for example and the same chemisty can be also 
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applied to the C2 dimer 191. The next transformation is converting compound 192 

to 193. There are potentially two ways. One is to oxidize the double bond to the 

epoxide11 194 followed by an acid promoted rearrangement to obtain 193. If the 

acid step fails, we could try another approach. Enamide192 can be reduced using 

our Rh(I) NHC complexes, the α-hydroxy functionality can be installed by either 

Davis oxaziridine chemisty12 or MoOPH reagent13. An oxidation can follow to 

afford the compound 193. 

Scheme 5.9 
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 Next, compound 193 can be condensed with guanidine to afford 

bisalkylidene 19814. At this point, solubility could be a big issue because the 

bisguanidine moieties. Since we believe our approach is biosynthetically relevant, 

the chlorination reaction can be executed in conditions that mimic nature. For 

example, using H2O as the solvent to solubilize intermediated 198 or using 

different salt forms of 198. Otherwise the protected guanidine will be employed 

for this condensation. If this synthetic sequence is successfully achieved in the 

lab, the bisalkylidene 198-200 will be synthesized in 9-10 steps. Depending on the 

chlorination reaction results, the palau’amine family of alkaloids can be 

potentially synthesized in under 20 steps.  

Scheme 5.10 
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5.5 Experimental Section 

5.5.1 Materials and Methods 

 Unless stated otherwise, reactions were performed under an argon 

atmosphere in flame-dried glassware. Tetrahydrofuran (THF), dichloromethane 

(CH2Cl2), diethyl ether (Et2O), toluene (C7H8), benzene (C6H6) and acetonitrile 

(CH3CN) were passed through Glass Contour solvent drying systems prior to use. 

Fine chemical reagents were obtained from commercial sources and used without 

further purification. Column chromatography was performed on E. Merck silica 

gel 60 (240-400 mesh). Thin layer chromatography and preparative layer 

chromatography utilized pre-coated plates from E. Merck (silica gel 60 PF254, 

0.25mm or 0.5mm). Nuclear Magnetic Resonance (NMR) spectra were recorded 

on either a Varian Inova-600, Inova-400 or Mercury-300 magnetic resonance 

spectrometer. 1H NMR chemical shifts are given in parts per million (δ) relative 

to a residual solvent signal. Infrared spectra were recorded on a Perkin-Elmer FT-

IR spectrum 1000 using samples prepared as thin films between salt plates. 

Electrospray-ionization mass spectra (LRMS) were measured on a Shimadzu 

LCMS-2010 single quadrupole. 

5.5.2 Preparative Procedures 



239 

 

N
N N

N

N N

N

O

N

O

OO
SEM
N

SEM
N Br

Br

Br

Br N
N N

N

N N

N

O

N

O

OO
SEM
N

SEM
N Br

Br

Br

Br

151
170

 

Doubly Reduced meso-dimer (170). The THF (3 mL) solution of dimer 151 

(460 mg, 0.364 mmol), MgI2 (50 mg, 0.18 mmol), and NH4PF6 (120 mg, 0.74 

mmol) was stirred at rt for 15 minutes before the solvent was removed in vacuo. 

The resultant solid was taken up with the CH2Cl2 (2.45 mL) stock solution of 

Rh(I) (5.75 mg, 5 mol%),  davephose (6.5 mg, 5.5 mol%) and HSiMe2Ph (170 

μL, 1.10 mmol). The reaction mixture was heated at 55 °C for 1.5 days. The 

reaction mixture was taken up in CH2Cl2 and washed with sat. NaHCO3, water, 

brine and dried over Na2SO4. After the solvent removal in vacuo the residue was 

purified by silica gel column chromatography (EtOAc: CH2Cl2= 1:9 to 1:4) to 

afford 162 as white film (23 mg, 4.5%), 170 (diastereoisomer 1) (345 mg, 66%) 

and 170 (diastereoisomer 2) (85 mg, 16%). 

170 (diastereoisomer 1): white solid; Rf = 0.45 (CH3CN:CHCl3=2:8); IR (film, 

cm-1): 3422, 2950, 1753, 1704, 1651, 1403, 1248, 1067, 836, 740. 610;  1H NMR 

(400 MHz,CD3CN): δ= 7.31-7.39 (m, 8H), 6.77 (s, 2H), 5.67 (d, 2H, J =10.6Hz), 

5.48 (d, 2H, J=10.6Hz), 4.92 (s, 4H), 4.78 (d, 2H, J=14.4Hz), 4.58 (d, 2H,  J 

=14.4Hz), 4.40 (m, 2H), 3.78 (dd, 2H, J = 4.9, 11.6Hz), 3.56 (t, 4H, J =7.9Hz), 

2.49 (dd, 2H, J =11.2, 12.8Hz), 2.21(m, 2H), 1.59 (m, 2H), 1.29 (m, 2H), 0.87 (m, 
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4H), 0.00 (s, 18H). 13C NMR (125 MHz, CDCl3): δ=169.56, 164.16, 145.60, 

140.39, 133.37, 129.61, 128.90, 128.75, 117.66, 111.35, 99.77, 75.44, 66.45, 

56.47, 49.56, 43.61, 43.43, 35.05, 30.50, 18.23, -1.07. MS (positive electrospray) 

calc’d for (C50H60Br4N10O6Si2+H)+: 1273.09, found 1273.1. 

170 (diastereoisomer 2): A solution of meso 151 (460 mg, 0.364 mmol), MgI2 (50 

mg, 0.18 mmol), and NH4PF6 (120 mg, 0.74 mmol) in THF (3 mL) was stirred at 

rt for 15 minutes and then the solvent was removed in vacuo. The residue was 

suspended in a stock solution of Rh(I) catalyst 160 (5.75 mg, 5 mol%), 2-

dicyclohexylphosphino-2'-(N,N-dimethylamino)biphenyl (6.5 mg, 5.5 mol%) 161 

and HSiMe2Ph (170 μL, 1.10 mmol) in CH2Cl2 (2.45 mL). The reaction mixture 

was heated at 55 °C for 36 h and then diluted with CH2Cl2, washed with saturated 

NaHCO3, water and brine. The organic layer was dried over Na2SO4, filtered and 

concentrated in vacuo. The residue was purified by silica gel chromatography 

(gradient from 1:9 → 1:4 EtOAc/CH2Cl2) to afford 162 as white film (23 mg, 

4.5%), 170 diastereoisomer 1(395 mg, 66%) followed by 170 diastereoisomer 2 

(85 mg, 16%). 

170 (diastereoisomer 1): white solid; Rf = 0.45 (1:4 CH3CN/CHCl3); IR (film): 

3422, 2950, 1753, 1704, 1651, 1403, 1248, 1067, 836, 740. 610 cm-1; 1H NMR 

(400 MHz, CD3CN): δ 7.31-7.39 (m, 8H), 6.77 (s, 2H), 5.67 (d, 2H, J =10.6Hz), 

5.48 (d, 2H, J=10.6Hz), 4.92 (s, 4H), 4.78 (d, 2H, J=14.4Hz), 4.58 (d, 2H, 

J=14.4Hz), 4.40 (m, 2H), 3.78 (dd, 2H, J = 4.9, 11.6Hz), 3.56 (t, 4H, J =7.9Hz), 
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2.49 (dd, 2H, J =11.2, 12.8Hz), 2.21(m, 2H), 1.59 (m, 2H), 1.29 (m, 2H), 0.87 (m, 

4H), 0.00 (s, 18H). 13C NMR (125 MHz, CDCl3): δ 169.6, 164.2, 145.6, 140.4, 

133.4, 129.6, 128.9, 128.8, 117.7, 111.4, 99.8, 75.4, 66.5, 56.5, 49.6, 43.6, 43.4, 

35.1, 30.5, 18.2, -1.1. MS (positive electrospray) calc’d for 

(C50H60Br4N10O6Si2+H)+: 1273.09, found 1273.1. Crystals suitable for X-ray 

diffraction were grown from CH3CN (slow evaporation).  

170 (diastereoisomer 2): brown foam; Rf = 0.2 (CH3CN:CHCl3=2:8); IR (film, 

cm-1): 2952, 1754, 1693, 1403, 1299, 1248, 1155, 1092, 941;  1H NMR (400 

MHz,CD3CN): δ= 7.28-7.38 (m, 8H), 6.77 (s, 1H), 6.76 (s, 1H), 5.55-5.67 (m, 

4H), 4.57-5.00 (m, 8H), 4.40(m, 1H), 4.07 (m, 2H), 3.79 (dd, 1H, J = 4.9, 11.6Hz) 

3.52 (dd, 4H, J = 8.4, 16.9Hz), 3.15 (dd, 1H, J = 4.9, 13.1Hz), 2.32 (dd, 1H, J = 

11.7, 12.6Hz), 2.24 (m, 1H), 2.00 (m, 1H), 1.76 (m, 1H), 1.10 (m, 1H), 0.85 (m, 

4H), -0.01 (s, 9H), -0.04 (s, 9H). 13C NMR (125 MHz, CDCl3): δ=170.33, 169.60, 

163.67, 146.93, 145.32, 140.50, 140.08, 133.64, 133.59, 129.53, 129.46, 128.79, 

128.69, 128.61, 128.53, 125.74, 125.67, 117.41, 117.38, 111.23, 110.87, 99.69, 

99.58, 75.56, 75.31, 60.61, 56.48, 56.31, 49.58, 49.39, 43.87, 43.67, 43.52, 43.05, 

32.95, 32.68, 30.78, 26.95, 21.28, 18.144, 17.98, 14.44, -1.06, -1.19. MS (positive 

electrospray) calc’d for (C50H60Br4N10O6Si2+H)+: 1273.09, found 1272.8. 
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Bisalklydiene 171: A solution of Cy2BOTf (47 mg, 0.144 mmol) in THF (0.48 

mL) was cooled to −78 °C and added rapidly to a solution of 170 (60 mg, 0.047 

mmol) in THF (1.5 mL) at −78 °C. KHMDS (0.5M in toluene, 470 μL) was then 

added and the cooling bath immediately removed. The red solution was warmed 

to rt and quenched with 20 μL AcOH. The reaction was diluted with CH2Cl2 and 

washed with saturated NaHCO3, water and brine. The organic layer was dried 

over Na2SO4, filtered and solvent was removed in vacuo. The residue was purified 

by silica gel column chromatography (1:49 MeOH/CH2Cl2) to afford 171 as light 

yellow solid (32 mg, 53%) along with mono alkylidene 177 (16 mg, 27%). 

Analytically pure 177 was obtained as a white powder following trituration with 

CH3CN. 
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171: Rf = 0.5 (1:19 MeOH/CH2Cl2); IR (film): 1668, 1606, 1425, 1317, 1245, 

1091, 836 cm-1; 1H NMR (500 MHz, DMSO-d6): δ 8.30 (bs, 2H), 8.01 (bs, 2H), 

7.31-7.38 (m, 8H), 6.76 (s, 2H), 5.71 (d, 4H, J =10.5), 5.64(d, 2H, J = 10.5), 

5.56(d, 2H, J = 7.2Hz), 4.87 (s, 4H), 4.45 (s, 4H), 3.41 (t, 6H, J = 7.8Hz), 3.07 

(m, 4H), 0.71 (t, 4H, J = 7.8Hz), -0.13 (s, 18H); 13C NMR (125MHz, DMSO-

d6): δ 167.0, 159.4, 157.5, 142.1, 138.8, 135.1, 128.7, 128.6, 128.3, 128.2, 117.1, 

114.8, 110.1, 98.8, 94.3, 74.3, 65.1, 43.3, 42.5, 41.8, 40.0, 17.0, -1.5; MS 

(positive electrospray) calc’d for (C50H60Br4N10O6Si2+H)+: 1273.09, found 

1272.8. 

177: off-white solid; Rf = 0.75 (1:19 MeOH/CH2Cl2); IR (film): 3400, 2952, 

1644, 1418, 1247, 1068, 835 cm-1; 1H NMR (500 MHz, DMSO-d6): δ 7.33 (m, 

8H), 6.72 (s, 1H), 6.67 (s, 1H), 5.69 (m, 3H), 5.60 (d, 1H, J = 9.6 Hz), 5.47 (m, 

1H), 4.69 (m, 8H), 4.34 (m, 1H), 3.78 (dd, 1H, J = 11.6, 4.9 Hz), 3.52 (m, 5H), 

3.31 (m, 1H), 2.76 (ddd, 1H, J = 4.1, 8.9, 13.4 Hz), 2.44 (m, 1H), 2.27 (m, 1H), 

1.90 (m, 1H), 1.28 (m, 1H), 0.83 (m, 4H), -0.03 (s, 9H), -0.06 (s, 9H). 13C NMR 

(125MHz, CDCl3): δ 169.8, 166.8, 164.4, 160.3, 157.9, 145.8, 141.5, 140.6, 

137.4, 134.5, 133.2, 129.6, 129.5, 129.1, 128.8, 128.7, 128.6, 128.6, 128.5, 125.5, 

117.6, 116.5, 115.6, 111.2, 110.9, 99.7, 75.5, 75.1, 70.8, 70.5, 66.4, 66.3, 56.8, 

49.4, 45.3, 44.2, 43.7, 43.4, 41.5, 40.2, 35.8, 34.6, 31.3, 30.4, 25.7, 24.4, 18.2, 

18.0, -1.1, -1.2. MS (positive electrospray) calc’d for 

(C50H60Br4N10O6Si2+H)+: 1273.09, found 1272.8. 
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Procedure A. no additive 

Bisalkylidene 171 (40 mg, 0.031 mmol) was dissolved in 1 mL THF and the 

resulting mixture was cooled to −78 °C. A solution of freshly prepared t-BuOCl 

(see Organic Syntheses, Coll. Vol. 5, p.184 (1973) - 4.2 μL, 0.038 mmol) in 

CH2Cl2 (50 μL) was added and the reaction was stirred at -78 °C for 2h and rt for 

another 2h. The solvent was removed in vacuo and the residue was purified by 

preparative thin layer chromatography (CH3OH:CH2Cl2 = 1:19). This affords one 
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impure diastereomer of 178 followed by a pure second diastereomer 179 and 

impure alkylidene 180. 

179: (4 mg, 10% yield): white film; Rf = 0.7 (MeOH:CH2Cl2= 5:95); IR (film, 

cm-1): 2923, 1750, 1650, 1513, 1455, 1404, 1247, 1092, 948, 836; 1H NMR (500 

MHz,CD3CN): 7.85 (dd, 1H, J = 4.5, 7.3 Hz), 7.57 (t, 1H, J = 5.6 Hz), 7.27 (m, 

8H), 7.07 (s, 1H), 6.89 (s, 1H), 5.80 (m, 4H), 4.74 (d, 1H, J = 2.9 Hz), 4.63 (m, 

3H), 4.53 (d, 1H, J = 3.9 Hz), 4.30 (m, 2H), 4.20 (m, 2H), 3.82 (m, 3H), 3.62 

(ddd, 1H, J = 1.9, 5.7, 14.2 Hz), 3.51 (m, 4H), 3.41 (ddd, 1H, J = 4.5, 9.8, 14.0 

Hz), 3.17 (m, 1H), 2.59 (td, 1H, J = 5.4, 9.4 Hz), 2.16 (1H, overlapped with H2O 

peak), 0.80 (m, 4H), -0.09 (s, 9H), -0.11 (s, 9H). 13C NMR (125 MHz, CDCl3): 

170.0, 162.7, 161.2, 160.5, 148.4, 140.0, 133.5, 129.7, 129.6, 128.9, 128.8, 128.7, 

128.4, 127.8, 127.5, 117.0, 116.4, 112.2, 111.6, 100.3, 100.0, 88.0, 77.5, 75.7, 

75.3, 66.7, 66.2, 65.8, 58.0, 56.6, 49.0, 43.7, 43.4, 41.0, 38.6, 37.0, 35.9, 18.1, -

1.2, -1.2. MS (positive electrospray) calc’d for (C50H59Br4ClN10O6Si2+H)+: 

1307.0539, found 1307.3955. 

178: impure material was subjected to a second preparative thin layer 

chromatography, eluting with 10% CH3CN/CHCl3, to afford 178 (~1 mg) as a 

white film. Rf = 0.8 (MeOH:CH2Cl2 = 5:95); IR (film): 2852, 1737, 1681, 1543, 

1456, 1397, 1248, 1093, 949 cm-1; 1H NMR (400 MHz, CD3CN): δ 7.57 (t, 1H, J 

= 5.0 Hz), 7.45 (t, 1H, J = 5.4 Hz), 7.30 (m, 8H), 7.06 (s, 1H), 6.90 (s, 1H), 5.78 

(m, 4H), 5.25 (d, 1H, J = 4.0 Hz), 4.80 (m, 7H), 4.50 (m, 1H), 4.29 (d, 1H, J = 5.5 
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Hz), 4.16 (m, 1H), 3.63 (ddd, 1H, J = 3.5, 5.8, 14.9 Hz), 3.52 ( m, 6H), 3.30 (m, 

1H), 2.57 (tt, 1H, J = 5.7, 11.3 Hz), 2,28 (m, 1H), 0.86 (m, 2H), 0.66 (m, 2H), -

0.05 (s, 9H), -0.12 (s, 9H). MS (positive electrospray) calc’d for 

(C50H59Br4ClN10O6Si2+H)+: 1307.05, found 1306.90. 

180: impure material was subjected to a second preparative thin layer 

chromatography, eluting with 10% CH3OH/CH2Cl2) to afford 180 as a white film 

(8 mg, 20% yield). 180: Rf = 0.4 (MeOH:CH2Cl2= 1:9); IR (film): 2945, 1681, 

1601, 1547, 1418, 1312, 1248, 1092, 857 cm-1; 1H NMR (400 MHz,CD3CN): δ 

8.52 (appr s, 1H), 7.36 (m, 8H), 7.03 (m, 1H), 6.85 (s, 1H), 6.72 (s, 1H), 5,87 (dd, 

1H, J = 10.5, 12 Hz), 5.72  (t, 1H, J = 10.0 Hz), 4.68 (m, 7H), 4.30 (d, 1H, J = 

14.8 Hz), 4.26 (d, 1H, J = 12.7 Hz), 3.76 (td, 1H, J = 

3.9, 12.4 Hz), 3.53 (m, 7H), 3.24 (dt, 1H, J = 3.9, 12.5 Hz), 2.89 (m, 1H), 0.84 

(m, 1H), -0.07 (s, 18H). MS (MALDI) calc’d for (C50H59Br4ClN10O6Si2+H)+: 

1307.05, found 1307.50. 

Procedure B. MgCl2 additive 

Bisalkylidene 171 (10 mg, 0.0075 mmol) and MgCl2 (1.5 mg, 0.016mmol) were 

dissolved in THF (0.25 mL) and the mixture was cooled to −78 °C. A solution of 

freshly prepared t-BuOCl (1 μL, 0.0075 mmol) in CH2Cl2 (50 μL) was added and 

the reaction mixture was stirred at -78 °C for 2 h and at rt for another 2 h. The 

solvent was removed in vacuo and the residue purified by preparative thin layer 
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chromatography (CH3OH:CH2Cl2 = 1:19) to afford 179 (2.8 mg, 26%), 178(< 1 

mg) and recovered 171 (3 mg, 30%). 

Procedure C. MgBr2•Et2O additive 

Bisalkylidene 171 (60 mg, 0.047 mmol) and MgBr2•Et2O (15 mg, 0.058mmol) 

were dissolved in 0.8 mL THF and the mixture cooled to -78 °C. A solution of 

freshly prepared t-BuOCl (6 μL, 0.054 mmol) in CH2Cl2 (100 μL) was added and 

the reaction stirred at -78 °C for 2 h and at rt for another 2 h. The solvent was 

evaporated and the residue was purified by preparative thin layer chromatography 

(CH3OH:CH2Cl2 = 1:19) to afford two diastereomers of 180+181 as light yellow 

solid (45 mg, 75%). These materials have 1H NMR spectra that are identical to 

179+178. They are distinguished only by mass: MS (MALDI) calc’d for 

C50H59Br45N10O6Si2(M+H)+: 1351.0, found 1350.8. 
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APPENDIX G 
Spectra of Compounds Appearing In Chapter 5 
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