
UCLA
UCLA Electronic Theses and Dissertations

Title
Transition Metal-Mediated Synthesis and Functionalization of Macrocycles

Permalink
https://escholarship.org/uc/item/87d8w06j

Author
Karabiyikoglu, Sedef

Publication Date
2015
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/87d8w06j
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

Transition Metal-Mediated Synthesis and Functionalization of Macrocycles 

 

 

A dissertation submitted in partial satisfaction of the  

requirements for the degree of Doctor of Philosophy  

in Chemistry 

 

by 

 

Sedef Karabiyikoglu 

 

2015



 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by 

Sedef Karabiyikoglu 

2015  



ii 
 

ABSTRACT OF THE DISSERTATION 

Transition Metal-Mediated Synthesis and Functionalization of Macrocycles 

by 

Sedef Karabiyikoglu 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2015 

Professor Craig A. Merlic, Chair 

 

     Transition metal-mediated synthesis and functionalization of macrocycles were investigated. 

A novel synthetic strategy was discovered to build macrocyclic enynes; vic-dibromo 

tetrasubstituted alkenes were utilized as highly effective protected alkyne groups in selective 

ene-ene ring closing metathesis reactions of (E)-dibromotrienes. Macrocyclic enynes with varied 

sizes and functionality were synthesized in excellent yields by facile Zn-promoted deprotection 

of (E)-dibromodiene rings. The new strategy circumvented high catalyst loadings and reaction 

condition restrictions; thus, was proven superior to traditional alkyne protection methods 

employing dicobalt octacarbonyl complexations. Cyclic enynes were obtained in a more step-

economic and efficient manner compared to classical SN2 ring closing processes. The reactivity 

and utility of enyne rings were showcased by platinum(II)-catalyzed transannular 

cyclopropanations.  



iii 
 

     The first dicobalt hexacarbonyl-promoted transannular [4+2] cycloaddition reactions were 

demonstrated. Optimized cycloadditions for macrocyclic dicobalt-dienyne complexes afforded 

target tricyclic scaffolds in a more effective manner than thermal transannular Diels-Alder 

reactions of metal-free dienyne rings. Further, dicobalt hexacarbonyl complexes of unactivated 

dienophiles underwent intermolecular room temperature-[4+2] cycloadditions with unactivated 

dienes leading to products that are inaccessible by thermal Diels-Alder reactions. Cycloaddition 

reactions of complexes were highly selective; [4+2] reaction adducts were obtained 

stereospecifically and competing Pauson-Khand reactions were not detected.    

     Functionalizations of enyne macrocycles through intermolecular and transannular reactions of 

their corresponding dicobalt complexes were studied. Novel complex polycycles were prepared 

by intramolecular and intermolecular [2+2+2], [2+2+1+1], [2+2+1] cycloadditions. The 

chemoselectivity of dicobalt-promoted cycloadditions was altered by varying the promoter and 

solvents utilized. The first transannular Pauson-Khand reaction was discovered. The novel 

synthetic method was optimized and structural requirements for reaction substrates were 

investigated.   
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Chapter 1 

Metal-Mediated Transannular Reactions: A Review  

1.1. Introduction 

     A wide range of natural products and/or biologically active molecules exist as polycyclic 

structures, so generating efficient synthetic plans to access these complex scaffolds is 

particularly important.
1,2

 There are three main topological approaches for the preparation of 

polycyclic molecules; I) intermolecular cycloadditions with at least one cyclic reaction partner, 

II) intramolecular reactions in which a side chain reacts with another functionality located on the 

ring or another active side chain tethered on the ring and III) transannular reactions (Figure 1.1).
1
 

In a transannular (etymology: latin prefix trans – across or through, latin root anno – year or 

circle of the sun or latin annular – adjectival form of latin annulus – little ring) reaction a 

polycyclic molecule is constructed by an intramolecular bond formation in an existing cyclic 

structure.
3
     

 

Figure 1.1. Topological classification of synthetic approaches for the preparation of 

polycyclic molecules 



2 
 

     Due to challenges in the preparation of macrocyclic substrates, transannular transformations 

are underdeveloped compared to other polycycle synthesis methods (Figure 1.1). However, 

recent studies established that transannular reactions are highly efficient and reliable synthetic 

tools to access complex structures.
1,4

 This is especially true in asymmetric synthesis of 

polycycles containing multiple chiral centers where transannular reactions can provide high 

stereochemical control steming from the conformational constraints imparted by locating the 

functional units of macrocyclic substrates in close proximity.
1,5

 Moreover, transannulations are 

highly step and atom economical strategies as conversions of monocyclic structures to fused 

polycyclic systems are achieved in a single step.
6
  

     Over the years researchers employed many well-established reactions in a transannular 

fashion and thrived preparing natural products, pharmaceuticals, and other interesting 

compounds through simple protocols. The range of transannular reactions investigated include 

aldol condensations,
7
 radical cyclizations,

8
 Michael reactions

9
 to 1,3-dipolar cycloadditions.

10
 

The main goal of transannular syntheses is to solve more than one synthetic problem in less than 

one or two operations while maintaining high overall yields. This can only be achieved with a 

transannular synthetic plan exhibiting high stereo- and regiochemical control. In this sense, when 

faced with obstacles in the course of such synthetic protocols, chemists have utilized metals -

mainly transition metals- to increase the potency and stereoselectivity of reactions. This review 

chapter aims to present those transannular reactions that employed metals. For simplicity, 

acid/base-promoted transannular reactions in which alkali metal cations Li
+
, Na

+
 and K

+
 stabilize 

the anionic intermediates, were excluded. 

 



3 
 

1.2. Metal-Mediated Transannular Cycloaddition Reactions 

     A number of different transannular cycloadditions leading to complex fused ring structures 

have been demonstrated. Although there is great potential for cycloadditions like 1,3-dipolar and 

[2+2] reactions to appear in effective transannular processes, the literature reports only a small 

number of examples.
10,11

 On the other hand, the great majority of transannular reactions 

described in the literature are [4+2] cycloadditions, i.e. transannular Diels-Alder (TADA) 

reactions.
1
 The all-encompassing efficiency of Diels-Alder reactions,

12
 in terms of scope, atom 

economy and versatility, is exhibited in most applications of transannular transformations.
1,13

 

While proximity-induced
6,14

 and thermal
15

 TADA reactions are well studied, reports on metal-

mediated versions of the reaction are rare. In fact, the first transition metal-promoted 

transannular [4+2] cycloaddition reaction was explored by the Merlic research group and this 

reaction is discussed in detail in the following chapters. In other examples of metal-mediated 

TADA reactions metalloids were utilized as Lewis acids to lower the activation barriers and/or 

modulate the stereoselectivity of reactions.  

     Asymmetric synthesis of the diterpenoid (+)-maritimol,
16

 (1-3), used in Carribean folk 

medicine for the treatment of venereal diseases, was studied by the Deslonchamps research 

group. For this investigation a series of macrocyclic systems were prepared and in order to 

improve reaction stereoselectivity, Lewis acids such as MeAlCl2, Me2AlCl and SnCl4 were 

tested. The Lewis acid catalysts increased the TADA reactivity at low temperatures and in turn 

provided higher stereocontrol.
17

 After optimization, the macrocyclic triene 1-1 underwent Lewis 

acid catalyzed endo-diastereoselective TADA reaction affording the (+)-maritimol precursor 

tricyclic 1-2 in 75% yield as a single diastereoisomer (Scheme 1.1).
18
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Scheme 1.1. Synthesis of (+)-maritimol via a Lewis acid-catalyzed TADA reaction 

     The Jacobsen group demonstrated the first enantioselective TADA reaction utilizing 

triflimide activated chiral oxazaborolidine Lewis acid 1-4 as the catalyst.
19

 This methodology 

provided a wide scope of tricyclic products in high enantiomeric excesses (Scheme 1.2).  

 

Scheme 1.2. Chiral Lewis acid-catalyzed enantioselective TADA reactions  

     Impressively, it was possible with this method to adjust the stereochemical outcomes of 

similar TADA reactions of specific macrocycles and alter the inherent diastereoselectivity. This 

catalyst-controlled diastereoselectivity was illustrated by control reactions of unbiased 

macrocycle 1-5 (Scheme 1.3). While the achiral Lewis acid-catalyzed or thermal TADA 
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reactions of 1-5 proceeded with poor selectivity, chiral catalyst 1-4 dramatically favored 

formation of the endo-1-6 diastereomer (Scheme 1.3).
19

 

 

Scheme 1.3. Catalyst-controlled diastereoselectivity in TADA reactions of cyclic triene 1-5 

     Jacobsen utilized this highly versatile enantioselective TADA reaction as the key step in the 

total synthesis of sesquiterpene 11,12-diacetoxydrimane (1-10).
19

 Macrocyclic lactone 1-8 with 

an all-trans triene arrangement, underwent endo-selective TADA reaction smoothly forming 

tricyclic compound 1-9 as a single diastereoisomer in quantitative yield. The synthesis of 1-10 

was completed in 6 further steps (Scheme 1.4).
19

 

 

Scheme 1.4. Synthesis of 11,12-diacetoxydrimane by the Jacobsen group 

     Martin and co-workers demonstrated an interesting metal-mediated transannular 

cycloaddition reaction.
20

 C3-symmetric tetracycles that were determined to be quite suitable for 

molecular recognition were prepared through transannular [2+2+2] cycloadditions. The reactions 
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were performed under microwave irradiation in the presence of Wilkinson’s catalyst and 

benzocyclotrimers 1-12 and 1-14 were synthesized in 75% and 70% yield, from macrocyclic 

triynes 1-11 and 1-13, respectively (Scheme 1.5).  

 

Scheme 1.5. Rh-catalyzed transannular [2+2+2] cycloaddition reactions 

     An impressive exocyclic transannular ring closure of olefinic methylenecyclopropanes (1-15) 

leading to [3.3.3]propellanes (1-17) was discovered by Nakamura and co-workers (Scheme 

1.6).
21

 These transannular cycloadditions were unusually effective with the utilization of group 

10 metal catalysts Ni(cod)2, Ni(acac)2 or PdCl2(PPh3)2.
21

 The reaction mechanism involves 

cleavage of the sp
3
C-sp

3
C bond of the cyclopropane followed by formation of 

trimethylenemethane-like intermediate 1-16 which is stabilized by transannular interactions with 

the metal (Scheme 1.6). These transannular interactions led to a unique regioselectivity that was 

not observed in similar intermolecular reactions of methylenecyclopropane substrates since in 

the latter case cyclopropane sp
3
C-sp

2
C bond cleavage by the metal catalyst was preferred 

(Scheme 1.6).
21,22
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Scheme 1.6. Synthesis of [3.3.3]propellanes through metal-catalyzed transannular 

cycloadditions 

1.3. Metal-Mediated Transannular Cyclopropanations 

     Over the years various metal-mediated cyclopropanation reactions have been explored
23

 and 

there are a few examples of these reactions implemented in a transannular manner. The Sampson 

group investigated cyclopropanation of 11-membered macrocyclic lactones via transannular 

metal-stabilized carbene addition reactions.
24

 A series of intramolecular and transannular model 

reactions employing palladium, rhodium and copper catalysts were tested. The results showed 

that while electron-deficient macrocycles failed to undergo any transannular reactions, 

macrocyclic α-diazo lactone 1-21 with an electron-rich methoxy-substituted alkene unit 

undergoes successful transannular cyclopropanation under Cu(acac)2 catalysis affording the 

target cyclooctane product 1-22 in only modest yield (Scheme 1.7).   
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Scheme 1.7. Preparation and Cu-catalyzed transannular cyclopropanation of macrocyclic 

lactone 1-21 

     Malacria and co-workers reported the first transannular PtCl2-catalyzed cyclopropanations of 

enynes.
25

 Experimental and computational studies showed that platinum-catalyzed 

cyclopropanations of enynes are diastereoselective
26

 and, remarkably, the same stereoselective 

behavior was exhibited when the reactions were performed in a transannular fashion.
25

 

Transannular cycloisomerisations of macrocyclic enynes with propargylic protected alcohols (1-

23 and 1-25) provided various tricyclic ketones (1-24 and 1-27) possessing internal cyclopropane 

moieties (Scheme 1.8). These tricycloundecane frameworks frequently occur in natural products 

(e.g. myliol
27

 and anestreptene
28

) so their diastereoselective syntheses are particularly important. 

The Merlic group illustrated application of this methodology to macrocyclic enynes bearing ether 

units as part of the ring. These reactions are discussed in the following chapter. 



9 
 

 

Scheme 1.8. Pt-catalyzed transannular cyclopropanations developed by Malacria and co-

workers 

1.4. Metal-Mediated Transannular Hydroalkoxylations 

    A total synthesis of apicularen A (1-31), a cytostatic antitumor agent, was developed by the 

Maier research group.
29

 The key transformation in this synthesis was a highly stereo- and 

regioselective, mercuric trifluoroacetate-promoted transannular etherification of macrolactone 1-

28 building the pyran ring of apicularen A (Scheme 1.9). Remarkably, the unwanted 

retrocyclization of intermediate 1-29 was suppressed by simply changing the solvent from 

CH2Cl2 to THF and performing the reduction with LiBH4 in the presence of Et3B. It should be 

noted that use of a metal promoter in the pyran formation step was crucial as the same 

transannular transformation failed completely when macrocycle 1-28 was treated with the 

common hydroalkoxylation reagent N-(phenylseleno)phthalimide.
30

 Later, this transannular 

oxymercuration-demercuration methodology was successfully incorporated into the synthesis of 

the sesquiterpene englerin A (1-36) by the Maier
31

 and Parker
32

 research groups (Schemes 1.10a 

and 1.10b). 
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Scheme 1.9. Hg-mediated transannular hydroalkoxylation in apicularen A synthesis 

 

Scheme 1.10. Hg-mediated transannular hydroalkoxylations in englerin A synthesis a) by 

the Maier group and b) by the Parker group 

     Over the years the Furstner group elegantly investigated carbophilic activations of alkynes 

with π-acidic metal catalysts and demonstrated elegant syntheses of a large library of natural 

products.
4a

 An important component of the research was dedicated to different applications of 

transannular hydroalkoxylations of alkynes under Pt or Au catalysis. Polycavernoside A (1-39) is 

a potent marine toxin that is the cause of fatal food poisonings resulting from ingestion of the red 
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Alga Gracilaria edulis in the Philippines.
33

 Previously a number of different syntheses of 

polycavernoside A were reported,
34

 but only recently the Lee
35

 and Furstner
36

 groups used a 

transannular transformation as the basis for the synthesis and obtained the target through a 

relatively step-economic protocol. In Lee’s synthesis an alkyne transannular hydroalkoxylation 

was performed with half-stoichiometric PtCl2 under a CO atmosphere to provide the cyclic enol 

ether 1-38 (Scheme 1.11). The Furstner group preferred a bulky gold complex (1-40) to catalyze 

the transannular hydroalkoxylation of macrocyclic alkyne 1-37 (Scheme 1.11) and by doing so 

suppressed the undesired Overman-type
 
[3,3] sigmatropic rearrangement of the allylic ester unit, 

which could have been easily catalyzed by Pt(II).
37

 

 

Scheme 1.11. Pt- and Au-catalyzed transannular hydroalkoxylations in polycavernoside A 

syntheses by the Lee and Furstner groups 

     A transannular hydroalkoxylation was also utilized in the synthesis of the marine natural 

product amphidinolide F (1-43) by Furstner and co-workers.
38

 The key structural aspect in this 

synthesis was a trans alignment of the unprotected alcohol in macrocycle 1-41 with the alkyne 
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unit and the π-acidic metal coordinated to that alkyne unit in order to ensure a highly 

regioselective transannular 5-endo cyclization. As expected, 1-41 underwent a quantitative 

transannular addition forming macrocyclic enol ether 1-42 with just a trace amount of 

[PtCl2(C2H4)]2 (Scheme 1.12). Impressively, transannular nucleophile-alkyne-metal alignment 

prevented 1-41 from undergoing a competing 4-exo-dig pathway. 

 

Scheme 1.12. Pt-catalyzed transannular hydroalkoxylation in a synthesis of amphidinolide 

F  

     Spirastellolide F (1-48) is a potent phosphatase inhibitor possessing a backbone with 21 

stereogenic centers. The Furstner group completed a challenging synthesis of this complex 

molecule through a gold-catalyzed stepwise transannular spiroacetalization.
39

 The key spiro-

transformation starts with a transannular 6-endo-dig hydroalkoxylation catalyzed by 1-40 

(Scheme 1.13). Smaller gold catalysts resulted the formation of the incorrect regioisomer via a 5-
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exo-dig addition process. However, bulky complex 1-40 prevented transannular attack of the 

crowded hydroxyl group at C21, instead favoring formation of the desired regioisomer 1-46 

through transannular attack of the hydroxyl group at C13. The required spiroketal 1-47 was 

formed as a single isomer via treatment of 1-46 with catalytic amounts of pyridinum p-

toluenesulfonate (PPTS) (Scheme 1.13). 

 

Scheme 1.13. Au-catalyzed transannular hydroalkoxylation in a synthesis of spirastrellolide 

F  

     Transannular hydroalkoxylations can be performed with different π-systems. The π-acidic 

catalyst AuNTf2PPh3 played an indirect role in the transannular hydroxylation of 1-49 affording 

1-52, the core structure of enigmazole A (1-53).
40

 The gold catalyst promoted the 
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rearrangement
41

 of macrocyclic alkyne 1-49 to allenyl acetate 1-50 and subsequent transannular 

hydroxyl attack formed macrocycle 1-51 which was converted to target product 1-52 via 

hydrolytic work-up (Scheme 1.14).
42

 

 

Scheme 1.14. Au-promoted transannular hydroalkoxylation of macrocyclic allene 1-50 

     It is noteworthy that transannular hydroalkoxylations can be performed with substrates that do 

not bear any nucleophilic hydroxyl groups. Various natural product core structures were 

prepared by altering the transannular reactivity and by choosing the proper π-acidic catalyst. An 

example is the synthesis of macrocycle 1-57
42

 that maps onto the core scaffolds of 

furanocembranoids pukalide (1-58), deoxypukalide (1-59) and iopholide (1-60).
43

 Treatment of 

macrocyclic β-ketoester 1-54 with a catalytic amount of AuCl3 in refluxing MeOH led to 

transannular attack of the enol oxygen in complex 1-55 and formed the intermediate 1-56 

(Scheme 1.15). Through rearrangement of intermediate 1-56 into the more stable furan unit, 
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target 1-57 was obtained in 67% yield. Moreover, under similar reaction conditions macrocyclic 

alkyne 1-61 underwent a transannular oxa-Michael addition with a net outcome of transannular 

hydroalkoxylation product (1-62) formation (Scheme 1.16).
42

 Macrocyclic ketal 1-62 was 

determined as the main framework of cytotoxic macrolide acutiphycin (1-63).
44

 

 

Scheme 1.15. Au-catalyzed transannular hydroalkoxylation in the synthesis of 

furanocembranoid core framework 1-57  

 

Scheme 1.16. Au-catalyzed transannular oxa-Michael addition in the synthesis of 

acutiphycin core framework 1-62  
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     Although it doesn’t serve as an example for hydroalkoxylation, one transannular 

transformation that should be mentioned in the context of this section is the synthesis of cyclic 

enone 1-66 that constitutes the core of resorcylic acid macrolide zearalenone (1-67). Furstner and 

co-workers demonstrated that macrocyclic alkyne 1-64 participated in a transannular Conia-ene 

cyclization
45

 under π-acidic AuClPPh3 catalysis.
42

 It is believed that transannular 6-endo addition 

of β-ketoester across the alkyne forms the intermediate 1-65 which rapidly rearranges to more 

stable enone 1-66 (Scheme 1.17).
42

 

 

Scheme 1.17. Au-catalyzed transannular Conia-ene cyclization in the synthesis of 

zearalenone core framework 1-66
 

1.5. Metal-Mediated Transannular Cation-Olefin, Michael and Friedel-Crafts Reactions 

     One of the earliest examples of metal-mediated transannular reactions was demonstrated by 

Taylor and co-workers. trans-5,6-Epoxy-cis-cyclodecene (1-68) underwent a transannular 

cation-olefin reaction with catalytic amounts of SnCl4 in various solvents that acted as cation 

traps (Scheme 1.18a).
46

 Remarkably, in these reactions four stereogenic centers were formed 

selectively via single transannular ring closure. Later a related methodology was utilized by 

Nagendrappa to synthesize exo-cis-bicyclo[3.3.0]-2-octyl ketones (1-72).
47
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Trimethylsilylcyclooctene 1-71 went through AlCl3-promoted transannular cyclizations in the 

presence of various acyl chlorides (Scheme 1.18b).  

 

Scheme 1.18. Sn- and Al-mediated transannular cation-olefin cyclizations  

     Transannular conjugate additions of nucleophiles to electron-poor olefins were successfully 

incorporated in a number of syntheses and several of these transannular Michael reactions 

utilized metals. An efficient application of a metal-mediated transannular Michael addition was 

exhibited by the Evans group.
48

 Three tetracycline antibiotic core structures (1-74, 1-77 and 1-

80) were built via transannular Michael additions (Scheme 1.19). 14-Membered macrocycles 1-

73, 1-75 and 1-78 underwent transannular transformations smoothly in the presence of copper(II) 

acetate; deprotonations by the soft base acetate led to the formation of copper(II) enolates (1-76 

and 1-79) and the subsequent transannular additions were completely diastereoselective. It was 

evident that the stereochemical outcomes were fully dictated by the chiral center at C4. Merely 

changing the silyloxy substituent at this position to an NHBoc group caused a reversal in the 

reactive face selection. The reason for this reversal was suggested to be NHBoc group interacting 
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with the oxygen atom of the neighboring isoxazole ring and favoring a certain conformer of 

macrocylic complex 1-79. However, the reasoning behind the preferred axial position of OTBS 

group in 1-76 could not be explained.
48

  

 

Scheme 1.19. Cu-promoted transannular Michael reactions in the synthesis of core 

structures of tetracycline antibiotics  

     Evans and co-workers prepared an additional class of tetracycline core structures through 

sequential transannular cyclizations (Scheme 1.20). In the presence of the Lewis acid CeCl3 

macrocycles 1-77 and 1-80, previously synthesized by transannular Michael reactions (Scheme 

1.19), underwent diastereoselective transannular Friedel-Crafts reactions and the target 

hexacyclic core structures 1-82 and 1-84 were obtained after in situ oxidations of 1-81 and 1-83, 

respectively (Scheme 1.20). Moreover, an impressive diastereoselective one pot transformation 

comprising a transannular Michael/ transannular Friedel-Crafts/oxidation reaction sequence 
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occurred when macrocycle 1-73 was treated with both Cu(OAc)2 and Ce(OAc)3 resulting in the 

formation of polycycle 1-85 in a 60% overall yield.
48 

 

Scheme 1.20. Transannular Friedel-Crafts and Cu-promoted transannular 

Michael/Friedel-Crafts reactions in the synthesis of tetracycline antibiotic core structures 

      The Evans group demonstrated yet another successful metal-mediated transannular Michael 

reaction during their attempts to synthesize the polycyclic alkaloid clavolonine (1-89).
49

 In the 

presence of the Lewis acid ZnCl2 enamine macrocycle 1-86 went through a stereoselective 

transannular Michael addition. The resultant tricycle 1-87 was unstable and was converted to the 

tetracyclic ketoester 1-88 via a spontaneous intramolecular Mannich cyclization upon exposure 

to silica gel or alumina (Scheme 1.21). Unfortunately molecule 1-88 was not suitable for the total 

synthesis of the target natural product and the research group devised an alternative synthetic 

approach to access clavolonine.
49
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Scheme 1.21. Zn-promoted transannular Michael reaction 

     One of the most common methods to access azabicyclic structures is transannular ring 

contractions of monocycles possessing N-protected nucleophiles.
4b

 Transition metals, especially 

palladium, were used in these transformations to deprotect the final N-protonated products 

without affecting the transannular step,
50

 but, more importantly, metals were used as activators in 

transannular aza-Michael addition versions of these reactions. Sawicki and Wilson studied the 

mechanism of transannular cyclizations in eight-membered rings with secondary amines.
51

 This 

early study showed that 1-aza-4-cyclooctene (1-90) when treated with HgCl2 transannularly 

cyclized to pyrrolizidine 1-91 in excellent yield (Scheme 1.22). It was suggested that HgCl2 (and 

other soft electrophiles) approached the double bond from the less hindered face and formed an 

onium ion. Subsequently, nitrogen nucleophile addition to this ion in a transannular fashion 

yielded only the product with trans geometry. The study also pointed out the importance of using 

a metal with low affinity towards nitrogen since transition metals like Pd shut down the 

transannular cyclization path by coordinating to the olefin and nitrogen simultaneously.
51 

 

Scheme 1.22. Hg-promoted transannular aza-Michael reaction 
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     Li and co-workers employed a transannular aza-Michael reaction in the racemic synthesis of 

the alkaloid cephalotaxine (1-94).
52

 The Michael system (1-92) with an exocyclic olefin was 

activated by Zn-promoted reduction. Selective N-Troc bond cleavage initiated the transannular 

diastereoselective formation of 1-93 (Scheme 1.23). 

 

Scheme 1.23. Zn-initiated transannular aza-Michael reaction in the synthesis of 

cephalotaxine 

1.6. Metal-Mediated Transannular Coupling Reactions 

     Surprisingly, examples of coupling reactions that were performed in a transannular fashion 

are quite rare in the literature. In fact transannular macrocyclizations by intramolecular B-alkyl 

Suzuki reactions described by Danishefsky in 2000,
53

 are the first reported transannular cross-

coupling reactions. In this study, tandem regioselective terminal olefin hydroborations with 9-

BBN and transannular Pd(0)-catalyzed Suzuki couplings formed macrocycles (1-96 and 1-98) in 

one pot maintaining high control over olefin geometry (Scheme 1.24). In terms of reactivity and 

stereochemical control these reactions were proven superior to ring closing metathesis reactions. 

For instance macrocycle, 1-96 could not be synthesized by the latter approach from iodide free 

derivative of 1-95.
53
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Scheme 1.24. Transannular macrocyclizations via intramolecular B-alkyl Suzuki cross-

coupling reactions 

     One elegantly executed example of a transannular cross-coupling reaction was investigated as 

the key step in the total synthesis of rhazilinam,
54

 a natural product that mimics the cellular 

activity of taxol.
55

 Planar chiral 1-99 went through enantiospecific transannular Heck coupling 

under Pd(0) catalysis building the otherwise challenging to access framework 1-100 (Scheme 

1.25). A subsequent quantitative hydrogenation step concluded the synthesis of the natural 

isomer of (-)-rhazilinam (1-101). The transannular Heck reaction was quite versatile; the 

unnatural isomer (+)-rhazilinam was also prepared successfully by the same methodology from 

the other enantiomer of 1-99. 
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Scheme 1.25. Transannular Heck coupling in the synthesis of (-)-rhazilinam 

     A fascinating transannular ring formation reaction that generates the 5-5-5-5 fused ring 

system of the crinipellin family with the correct absolute stereochemistry was investigated by the 

Sieburth research group (Scheme 1.26).
56

 Although this transformation was not a formal 

coupling reaction, the net outcome was construction of a new C-C bond. When molecule 1-102 

was treated with TiCl4 an epoxide opening produced a tertiary carbocation susceptible to 

transannular nucleophilic attack. As a result, complex cage structure 1-104 was built with 

complete stereocontrol. It should be noted that a number of other methods were tried to access 1-

104; however, none of the trials were successful.
56

     

 

Scheme 1.26. Ti-promoted transannular C-C bond formation 
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1.7. Metal-Mediated Free-Radical Transannular Cyclizations 

     Reactive intermediates taking part in transannular reactions are not limited to carbocations, 

carbanions and carbenes. Free-radical transannular cyclizations have also attracted considerable 

attention since the first examples were reported in 1964 by Dowbenko
57

 and Friedman.
58

 These 

reactions have now become common strategies in polycyclic natural product synthesis.
59

 When 

metal-free radical initiators failed to trigger cyclizations, tin,
60

 titanium
61

 and copper
62

 reagents 

were used to assist the desired transannular reactions. Selected examples that were explored as 

part of biologically active molecule syntheses are discussed in this section. 

     Takashi and co-workers reported an efficient synthesis of the steroid BCD-ring system (1-

108) of progesterone (1-109), using a transannular radical cyclization as the key step.
60d

 The 

synthesis started with radical formation on the molecule tether upon treatment with tributyl 

hydride and the intramolecular attack of this radical onto the main ring initiated the transannular 

cyclization (Scheme 1.27). The stereochemistry of resultant polycycle was determined by X-ray 

crystallography and computational studies. 

     The Yamamura research group implemented a transannular radical cyclization strategy to the 

synthesis of the jantrapholone (1-112) core framework.
60g

 Xanthate 1-110 underwent 

transannular cyclization in the presence of Bu3SnH and AIBN constructing a 5-6-7-3 fused ring 

system (1-111) stereoselectively (Scheme 1.28). 
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Scheme 1.27. Sn-promoted transannular radical cyclizations in the synthesis of 

progesterone BCD-ring systems  

 

Scheme 1.28. Sn-promoted transannular radical cyclization in the synthesis of 

jantrapholone core framework 1-111 

     The caged core structure of platensimycin (1-115) was synthesized stereoselectively by 

Matsuo and co-workers using a transannular radical cyclization of monothioacetal with Bu3SnH 

and AIBN as one of the key steps in the synthesis (Scheme 1.29).
60i

 Tributyltin hydride was 

crucial for the synthesis of the cage structure 1-114 as the transannular cyclization of 
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monothioacetal 1-113 failed completely in the presence of the hydrogen atom sources 

tris(trimethylsilyl)silane and triphenyltin hydride.
60i

  

 

Scheme 1.29. Sn-promoted transannular radical cyclization in the synthesis of the 

plantensimycin caged core structure  

     A number of synthetic protocols to access the sesquiterpene epi-illudol (1-121) were 

investigated,
63

 but the first diastereoselective total synthesis was achieved through a cascade of 

transannular radical cyclizations.
60g

 The Malacria group showed that upon treatment with 

tributyltin hydride 11-membered dienyne 1-116 went through transannular cyclizations 

assembling the tricylic strained skeleton of epi-illudol stereoselectively (Scheme 1.30). In this 

sense transannular radical cyclization method was proven to be superior even to Vollhardt’s one-

step intramolecular [2+2+2] cycloaddition method.
63c
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Scheme 1.30. Sn-promoted transannular radical cyclizations in the synthesis of epi-illudol 

1.8. Metal-Mediated Transannular Ring Opening/Ring Closing Cascade Reactions 

     Transannular ring opening reactions are not as common as their ring closing counterparts; 

however, several research groups efficiently incorporated ring closing/ring opening cascade 

reaction strategies into the synthesis of several natural products. This section covers those 

examples that involve ring openings triggered by transannular nucleophilic addition followed or 

accompanied by transannular cyclizations.  

     The Metz group prepared the guaiane sesquiterpene (−)-oxyphyllol (1-125) in an 

enantioselective manner from the epoxy enone 1-122 that already served as an intermediate for 

the total synthesis of (−)-englerin A.
64

 Precursor 1-122 was easily converted to 1-123 via alkene 

hydroxylation followed by a Wittig reaction, but attempts to cyclize 1-123 through transannular 

epoxide opening/ring closing cascade reactions in acidic medium failed leading to 

decomposition. However, catalytic amounts of ytterbium triflate achieved the formation of 
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oxygen-bridged bicyclic hydroazulene 1-124 and hydrogenation completed the synthesis of 1-

125 (Scheme 1.31). It should be noted that Taylor’s transannular Friedel-Crafts cyclization 

(Scheme 1.18a) can be included in the same category as this transannular cascade strategy.  

 

Scheme 1.31. Yb-catalyzed transannular epoxide opening/ring closing cascade reactions in 

the synthesis of (-)-oxyphyllol 

     Lei and co-workers prepared fawcettidine and fawcettimine-type lycopodium alkaloids (1-127 

and 1-128) via transannular ring opening/ring closing cascade reactions (Scheme 1.32).
65

 The 

reductive transannular cleavage of the C4-N bond of 1-126 occurred in the presence of zinc and 

the subsequent transannular C13-N bond formation afforded (+)-fawcettidine (1-127) in excellent 

yield. Moreover, the regioselectivity of the reaction was altered by simply switching the metal 

promoter. Treatment of 1-126 with SmI2 achieved transannular cascade C4-N bond cleavage and 

C13-N bond formation with selective reduction of carbonyl group on C13. This transformation 

generated fawcettimine 1-128 stereoselectively (Scheme 1.32).  
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Scheme 1.32. Zn- and Sm-promoted transannular ring opening/ring closing cascade 

reactions 

1.9. Summary and Outlook 

     Metal-catalyzed and –promoted transannular reactions reported in the literature so far are 

reviewed in this chapter. The reactions covered include cycloadditions, cyclopropanations, 

hydroalkoxylations, Friedel-Crafts reactions, Michael and aza-Michael reactions, coupling 

reactions, free-radical cyclizations and ring opening/closing cascade reactions. The showcased 

metal-mediated transannular reactions were utilized as powerful methodological approaches for 

remarkably stereoselective syntheses of polycycles, many of which are precursors to natural 

products and pharmaceuticals. Various investigated transannular reactions also provide a strong 

basis for future chemical methodology discoveries. In comparison to general transannular 

reactions that underwent impressive advancements during the last years, metal-mediated 

counterparts are still underdeveloped, but this review illustrated that new exciting progress 

focusing on a wider range of reactions and new applications should be expected in this area in 

the immediate future. Valuable contributions to metal-mediated transannular chemistry made by 

Merlic research group are discussed in detail in the upcoming chapters. 
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Chapter 2 

Synthesis of Cyclic Enynes by Ring Closing Metathesis Using Vicinal Dibromoalkenes as 

Protected Alkynes 

2.1. Introduction 

     Macrocycles and polycycles, as also showcased in chapter 1, constitute a vast array of 

biologically active molecules; they exist in numerous natural products, pharmaceuticals and are 

widely used in industrial chemistry.
1
 Among these complex molecules cyclic enynes occupy an 

important spot in synthetic chemistry that arose with interest in annulene structures in the 1960s.
2
 

Their significance is even more important now as many biologically active natural products with 

cyclic enyne units were discovered over the years.
3
 Enyne rings map on to the core structures of 

very potent antitumor antibiotics like neocarzinostatin 2-1,
4
 kedarcidin,

5
 C-1027 chromophore,

6
 

maduropeptin 2-2,
7
 N199A2 chromophore,

8
 esperamicin-A1,

9
 calicheamicin-γ1

9
 and alkaloids

10
 

like njaoamine G and H 2-3 (Figure 2.1). Cyclic enynes were also used as precursors in the 

synthesis of natural molecules like the diterpene (+)-epoxydictymene,
11a

 curcosone family,
11b

 

macrolide aigialomycin D,
11c

 ecklonialactone family
11d

 and penarolide sulfate A1.
11e

 In addition, 

cyclic enynes were explored as substrates in transannular reactions like cyclopropanations 

(section 1.3, scheme 1.8),
12a

 hydroalkoxylations (section 1.4, scheme 1.12 and 1.13),
12b,c

 and 

free-radical cyclizations (section 1.7, scheme 1.30).
12d

 All these discoveries stimulated 

investigations on the construction of enyne rings. 



38 
 

 

Figure 2.1. Examples of natural products with cyclic enyne cores 

2.1.1. Synthesis of Cyclic Enynes 

     Traditionally, cyclic enynes are prepared through various cyclization reactions of 

functionalized acyclic enynes. The most common method is the intramolecular SN2 reactions of 

acyclic substrates with chain ends differentiated into nucleophilic and electrophilic functional 

groups.
13

 Enyne ring formation step in the total synthesis of kallolide-B (2-6)
13b

 is one of the 

many examples of this strategy (Scheme 2.1a). Intramolecular condensation reactions have 

frequently been used in cyclic enyne syntheses.
14

 For instance, Wender and co-workers utilized a 

CsF-promoted intramolecular aldehyde condensation to synthesize the core cyclic enyne unit of 

dynemicin (2-8), a potent tumor cell line inhibitor (Scheme 2.1b).
14g
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Scheme 2.1. Examples of cyclic enyne synthesis: a) by intramolecular SN2 reaction and b) 

by intramolecular condensation reaction 

     Transition metals have been applied in a number of intramolecular reactions to synthesize 

enyne rings. One approach is to perform an intramolecular version of the Nicholas reaction,
15

 an 

organic reaction in which a dicobalt octacarbonyl-stabilized propargylic cation is trapped with a 

nucleophile.
11a,16

 the Magnus group successfully applied this methodology to the synthesis of 

enediyne antitumor agents esperamicin, calicheamicin, dynemicin and neocarzinostatin.
16b

 The 

Schreiber group investigated the tandem use of this cobalt-mediated reaction in the synthesis of 

(+)-epoxydictymene (2-11).
11a

 Acyclic enyne 2-9 was converted into dicobalt hexacarbonyl 

complexed cyclic enyne 2-10 in two steps and the synthesis was carried on without 

decomplexation of the dicobalt unit (Scheme 2.2a). Another approach utilizing transition metals 

is to close an enyne ring by an intramolecular coupling reaction. Over the years various cyclic 

enynes were prepared via intramolecular pinacol coupling,
17

 and Pd-
18

 and Cu-catalyzed
19

 



40 
 

intramolecular cross-coupling reactions. For example, a series 12-membered cyclic enyne 

lactones were prepared via modified Sonogashira coupling reactions (Castro-Stephens 

coupling)
20

 under CuI catalysis in modest yields (Scheme 2.2b).
19a

   

 

Scheme 2.2. Examples of cyclic enyne synthesis by a) intramolecular Nicholas reaction and 

b) intramolecular coupling reaction 

     Several cyclic enyne synthesis methods involved intramolecular cyclization reactions 

followed by introduction of alkyne or alkene units into already formed fused polyring systems 

through cycloelimination reactions.
21,11e

 Applications of these methods, however, have decreased 

in number over time as the final cycloelimination reactions usually require hash conditions. Two 

rather efficient and recent examples of this approach are the thermal fragmentation of 1,2,3-

selenadiazole 2-14 (Scheme 2.3a)
21b

 and the photochemical decarbonylation of cyclopropenone 

2-16 leading to formation of reactive enediyne 2-17 (Scheme 2.3b).
21c 

 

     Although they are not as efficient or common as intramolecular reactions, several 

intermolecular methods were investigated to prepare cyclic enynes. A few reported examples 
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include intermolecular palladium
22

 or copper
23

 catalyzed double coupling reactions (Scheme 

2.4a) and intermolecular double Nicholas reactions
 
(Scheme 2.4b).

24
 

 

Scheme 2.3. Examples of cyclic enyne synthesis by cycloelimination reactions on already 

formed unsaturated ring systems 

 

Scheme 2.4. Examples of cyclic enyne synthesis by a) intermolecular double coupling 

reaction and b) intermolecular double Nicholas reaction 
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     The above mentioned cyclic enyne synthetic strategies (section 2.1.1) generally suffer from 

tedious substrate preparations, low yields and limited product scope. Constructing acyclic 

substrates with the chain ends possessing differentiated functionality adds extra steps to the 

synthetic protocols. Moreover, these substrates usually contain heavy halides or pseudo halides 

as leaving groups which are removed in the ring formation step and this does not serve well for 

the overall mass/atom economy. More often than not the final cyclization steps provide low 

yields which do not match the time and material spent on the preparation of the reaction 

substrates. In addition, these cyclic enyne syntheses are not quite generic. They are generally 

effective in the formation of medium sized rings with endocyclic conjugated enyne or, as several 

showcased examples illustrated, conjugated enediyne units. Therefore, considering the 

importance of cyclic enynes, it is necessary to develop more efficient and general methods. 

2.1.2 Synthesis of Cyclic Enynes by Ring Closing Metathesis Reactions 

     Employing mild reaction conditions and high functional group tolerance ring closing 

metathesis (RCM) is one of the most powerful tools in organic synthesis.
25

 In order to minimize 

the problems inherent with the previously mentioned cyclic enyne synthetic approaches, ene-ene 

RCM reactions of acyclic dienynes or yne-yne RCM reactions of acyclic enediynes can be 

considered as an alternative synthetic approach. However, the major obstacle is that RCM 

reactions lack chemoselectivity and ene-yne metathesis is preferred whenever an ene-ene or yne-

yne vs ene-yne reactivity competition exists.
26

 Experimental and theoretical studies showed that 

dienynes do not prefer the “ene-then-ene” pathway which leads to cyclic enyne products but 

instead follow the “ene-then-yne” or “yne-then-ene” pathways forming bicyclic products (Figure 

2.2).
27

 This preference can be explained for substrates with 3- or 4-atom side chains connecting 

the alkyne and alkene units that the initially formed metal carbene is located in close proximity 
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with the alkyne thus favoring the insertion.
27

 Moreover, “ene-then-yne” and “yne-then-ene” 

pathways are thermodynamically more favored since they produce conjugated intermediates 

leading to conjugated bicyclic products that are more stable than cyclic enynes.
27c

 

 

Figure 2.2. Mechanisms of ene-ene RCM and ene-yne RCM reactions of dienynes 

     A few exceptions to this chemoselectivity were observed when the alkyne is sterically 

hindered by bulky silyl groups blocking the ene-yne insertion path
28

 (Scheme 2.5a)
28b

 or the 

alkyne is too strained to undergo ring closing ene-yne metathesis
29

 (Scheme 2.5b).
29a

 In addition, 

the Fȕrstner group showed that ring closing yne-yne metathesis can be favored over ene-yne 

metathesis and cyclic enynes can be synthesized only when specialized Schrock alkylidyne 

complexes are used together with conjugated enediyne substrates
11d,30

 (Scheme 2.5c).
30

 These 
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yne-yne RCM reactions did not occur in the presence of classical Grubbs catalysts and instead 

produced mixtures of oligomers. 

 

Scheme 2.5. Examples of exceptional cases to ene-yne RCM reaction selectivity 

2.2. Results and Discussion  

2.2.1. Dicobalt Hexacarbonyl Complexes as Protected Alkynes in RCM Reactions  

     Our main objective was to build a library of enyne rings that could serve as substrates for 

various transannular reactions and we wanted to utilize the versatile metathesis method to access 

the desired cyclic enynes. However, as outlined in section 2.1.2, an efficient, general ene-ene 

metathesis reaction with acyclic dienynes requires that the alkyne units must be protected. 

Previously, dicobalt hexacarbonyl complexes were used as protected alkynes in RCM 
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reactions.
11c,26a-c,29b,31

 In these examples, dicobalt hexacarbonyl-alkyne complexes did not go 

through carbene insertions into alkynes allowing ene-ene RCM reactions to occur and in some 

cases the alkene-like geometries of dicobalt complexes enhanced the metathesis reactions by 

releasing ring strain in the final cyclic products or by pushing the alkene tethers of dienyne 

substrate close to each other (Scheme 2.6a,
11c

 2.6b,
29b

 2.6c
31c

 ). 

 

Scheme 2.6. Examples of ene-ene RCM reactions with dicobalt hexacarbonyl-alkyne 

complexes 

     However, in syntheses using dicobalt hexacarbonyl complexes as protected alkynes, various 

side reactions, high catalyst loadings and poor yields should be expected. Most RCM reactions 
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require heat
25a

 and dicobalt complexed dienynes can readily undergo thermal Pauson-Khand 

reactions forming cyclopentenones.
26c,31e,32

 The main cause of high catalyst loadings and low 

yields, on the other hand, is the release of π-acidic CO when dicobalt hexacarbonyl complexes 

are subjected to even small amounts of heat. The released CO rapidly coordinates to the metal 

center of the metathesis catalyst. Due to a competition in π-back bonding, the pre-catalyst loses 

its ability to stabilize the alkylidene and in turn produces metathesis inactive metal complexes
33

 

(Scheme 2.7a).
33e

 Moreover, it was reported that when primary alcohols are used to quench 

metathesis reactions in the presence of bases, alcoholysis generates CO molecules that act as the 

main quencher rather than the alkoxy or alcohol molecules
33e-i

 (Scheme 2.7b).
33h 

 

 

Scheme 2.7. Deactivation of metathesis catalysts with CO 
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     The destructive effects of CO molecules on metathesis catalysts were also demonstrated 

experimentally during our studies. Acyclic dienyne 2-43 was synthesized by NaH-promoted 

nucleophilic substitution reaction of commercially available but-2-yne-1,4-diol (2-41) with p-

methylbenzenesulfonate 2-42 and the dicobalt hexacarbonyl complex 2-44 was obtained in high 

yield through complexation of dienyne 2-43 with dicobalt octacarbonyl (Scheme 2.8).  

 

Scheme 2.8. Synthesis of dienyne 2-43 and dicobalt complex 2-44 

     Dienyne 2-43 was subjected to RCM reaction conditions. In the presence of 5% Grubbs’ 1
st
 

generation catalyst (Grubbs I), cyclic enyne 2-45 was formed in a mere 34% yield as a mixture 

of E and Z isomers
34

 together with unidentifiable metathesis side products and unreacted starting 

material with 46% recovery (Scheme 2.9). Then complex 2-44 was tested for RCM reaction to 

synthesize dicobalt hexacarbonyl-enyne ring 2-46, but the trials were even less successful than 

the RCM reaction of “unprotected” dieneyne 2-43 (Table 2.1). Experimental conditions that 

afforded cyclic enyne 2-45 did not produce any dicobalt-complexed RCM product (Table 2.1 

entry 4), toluene was not the proper choice of solvent (Table 2.1 entry 2) and the more reactive
35

 

Grubbs’ 2
nd

 generation catalyst (Grubbs II) was completely ineffective (Table 2.1 entry 3). We 

achieved to synthesis of 2-46 by performing the RCM reactions at lower temperatures in order to 

decrease the amount of CO generated and increased the catalyst loadings (Table 2.1 entries 1, 5 

and 6). However, the reaction yields were very low since lowering the temperature also 

decreased the metathesis reaction initiation rates significantly.
25a

 These experimental results 
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showed that development of an alternative alkyne protection method for metathesis reactions is 

essential. 

 

Scheme 2.9. Synthesis of cylic enyne 2-45 via RCM reaction of “unprotected” dienyne 2-43 

Table 2.1. Synthesis of cyclic enyne complex 2-46 

 

Entry Temperature 

(
o
C)  

Catalyst Catalyst 

(%) 

Time (h) Solvent Yield (%)
a
 

1 25 Grubbs I 2 12 CH2Cl2 12
 

2
 25 Grubbs I 5 12 toluene 0 

3
 25 Grubbs II 5 12 CH2Cl2 0 

4
 40 Grubbs I 5 24 CH2Cl2 0 

5 25 Grubbs I 15 24 CH2Cl2 14
 

6
 0 Grubbs I 10 72 CH2Cl2 13

 

a
The yields were determined by 

1
H-NMR. Only Z isomer was observed.  
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 2.2.2. Vicinal Dibromoalkenes as Protected Alkynes in RCM Reactions     

     RCM reactivity is mainly determined by olefin substitution patterns and degrees. For 

instance, one of the early studies of metathesis reaction initiation rates of various olefins (2-47a-

g) used Grubbs’ 1
st
 generation catalyst (Scheme 2.10).

25a,36
 In deuterated benzene at 35 

o
C, 

reaction of the terminal olefin 2-47a was ~50% faster than the reaction of cis-disubstituted olefin 

2-47b, which went through metathesis about 2.5 times faster than its trans isomer 2-47c. Allylic 

steric bulk was observed to have an impact on initiation rates; sec-butylethylene 2-47d with only 

one allylic methyl group, reacted at about one-fourth the rate of 2-47a. More importantly, no 

reaction was observed with gem-disubstituted 2-47e under these conditions. Tri-substituted 2-47f 

and tetra-substituted 2-47g were therefore not even examined.  

 

Scheme 2.10. Metathesis reactivity trends for substituted olefins deduced from relative 

initiation rates of reactions with Grubbs I catalyst 

     To overcome the lack of metathesis reactivity, chemists used exocyclic gem-disubstituted 

olefins as metathesis substrates in order to introduce ring strain into the alkene and enhance the 

initiation, but, interestingly, these reactions only occurred at very low temperatures with 

mediocre yields.
25a,37

 Tetra-substituted alkenes are even less reactive than gem-disubstituted 
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alkenes since their metathesis reactions create quaternary Cs located α to the metal centers in the 

metallacyclobutene intermediates.
25a

  

     We decided to utilize this lack of reactivity of tetra-substituted alkenes as the basis for a new 

alkyne protection strategy (Scheme 2.11). We proposed that converting the alkyne units of 

dienynes into tetra-substituted vic-dibromoalkenes would make them inert in metathesis 

reactions and ene-ene RCM would be preferred. The resultant cyclic dienes would be easily 

“deprotected” via elimination reactions providing the desired cyclic enynes. To our knowledge, 

since its discovery in late 1800s, alkyne bromination has been employed as a protection method 

in only two cases; acetylenediamide synthesis
38

 and acetylenedicarboxylic acid ester synthesis.
39

 

In this regard, our strategy would provide a unique and interesting modern entry to this synthetic 

methodology. 

 

Scheme 2.11. A new synthetic strategy to access cyclic enynes 

     A library of novel RCM reaction substrates was prepared by simple base-promoted 

substitution reactions and fully characterized (Scheme 2.12, the details are enclosed in the 

experimental section). Synthon (E)-2,3-dibromobut-2-ene-1,4-diol 2-49 was synthesized by 

bromination of commercially available diol 2-41 and easily purified through extraction. Diol 2-

49 was then subjected to allyl bromide and a number of p-methylbenzyl sulfonates in the 

presence of KOH to synthesize diether RCM substrates 2-50, 2-52, 2-54 and 2-55. Interestingly, 

synthesis of these diether substrates failed when the diol 2-49 was treated with hydride bases 
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which lead to decomposition. Monoether substrates 2-57 and 2-58 were prepared in good yields 

through the reactions of tribromodiene 2-56 with dimethyl malonate derivatives. Further 

bromination of 2-49 provided tetrabromo synthon 2-59 (Scheme 2.12). NaH- and K2CO3-

promoted substitution reactions of 2-59 afforded all-carbon triene substrates 2-60, 2-61 and 

sulfonamide containing triene substrates 2-64, 2-65, respectively.  
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Scheme 2.12. Synthesis of RCM reaction substrates 

     The triene 2-50 was subjected to various RCM conditions to synthesize the 10-membered 

diene ring 2-66 (Table 2.2). Room temperature RCM reactions with Grubbs I and Grubbs II 

catalysts were not effective and mixtures of oligomers were obtained together with unreacted 

starting material (Table 2.2 entries 1 and 2). Being polyethers these oligomers were highly polar 

and they could not be readily isolated. However, the room temperature experiment with Grubbs I 

did afford the less polar 2-67 in 10% yield as the major oligomer. Based on high resolution mass 

spectroscopy results and NMR spectra 2-67 was predicted to be the 20-membered tetraene ring 

in the form of a mixture of ZZ, EE, EZ isomers in an unidentifiable ratio. This structure is the 

RCM product of the dimer which formed via intermolecular metathesis of two 2-50 molecules. 

Lowering the concentration of 2-50 decreased the amount of oligomers formed through further 

intermolecular metathesis reactions and increased the yield of 2-67 by favoring the 

intramolecular reaction of the dimer of 2-50 (Table 2.2 entry 3 vs 6). The metathesis reactivity of 

2-50 was increased with higher temperatures and longer reaction times, but the desired 10-

membered ring 2-66 did not form.  
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Table 2.2. Attempted synthesis of 10-membered cyclic diene 2-66 by a RCM reaction 

 

Entry Temperature 

(
o
C)  

Catalyst Concentration 

of 2-50 (M) 

Time 

(h) 

Recovered  

2-50 (%) 

Yield of  

2-67  (%)
a
 

1 25 Grubbs I 0.005 4 13 10
 

2
 25 Grubbs II 0.005 4 34 0 

3
 40 Grubbs I 0.005 12 0 30 

4
 40 Grubbs II 0.005 6 0 0 

5 40 Grubbs I 0.002 6 75 0
 

6
 40 Grubbs I 0.002 12 0 50

 

a
The yields are of isolated products. 

     Considering formation of 20-membered dimer RCM product 2-67, the cause of the failed 

RCM reactions seemed to be the high ring strain in the target 10-membered molecule 2-66 rather 

than the existence of vic-dibromoalkene units. Possibly due to the same reason the synthesis of 

11-membered monoether diene ring 2-68 from substrate 2-57 could not be achieved even under 

heated reaction conditions with reactive catalysts (Scheme 2.13). High dilution or dropwise 

addition of 2-57 could not block the oligomerization pathways. Likewise 11-membered 

sulfonamide containing diene ring 2-69 was also not observed after various RCM reaction 

conditions were applied on substrate 2-64 (Scheme 2.14).  
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Scheme 2.13. Attempted synthesis of 11-membered cyclic diene 2-68 by a RCM reaction 

  

Scheme 2.14. Attempted synthesis of 11-membered cyclic diene 2-69 via a RCM reaction 

     To avoid oligomerization products we switched to larger rings, so triene 2-52 was tested to 

synthesize the 13-membered ring 2-70 (Table 2.3). At room temperature with Grubbs I catalyst 

the target ring was formed in 30% yield with a 8/1 ratio of E/Z isomers (Table 2.3 entry 1) but 

this experiment was not efficient as the catalyst loading was too high (20%). A trial with the 

more reactive Grubbs II catalyst failed to form 2-70 and instead gave a mixture of decomposition 

products (Table 2.3 entry 2). Contrary to dicobalt hexacarbonyl complexes, our alkyne protection 

group was expected to be tolerant to heat so we tested the RCM reaction of 2-52 in refluxing 

DCM and the reaction successfully afforded 2-70 in 69% yield as a 2.5/1 mixture of E/Z isomers 

(Table 2.3 entry 3). This showed that in addition to avoiding catalyst decomposition, another 
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advantage of using heat-tolerant protecting groups in RCM reactions was to be able to 

compensate for the decrease in initiation rate caused by the high dilution of substrate. In 

refluxing DCM, Hoveyda-Grubbs’ 2
nd

 generation catalyst (Grubbs III) was ineffective (Table 2.3 

entry 4) while Grubbs II catalyst was too active and produced an unidentifiable mixture of 

metathesis products (Table 2.3 entry 5). 

Table 2.3. Synthesis of cyclic diene 2-70 via RCM reaction 

 

Entry Temperature 

(
o
C)  

Catalyst Catalyst 

(%) 

Time (h) Concentration 

of 2-52 

Yield (%)
a
 

(E/Z) 

1 25 Grubbs I 20 12 0.005 30 (8/1)
 

2
 25 Grubbs II 5 12 0.005 0 

3
 40 Grubbs I 5 12 0.002 69 (2.5/1) 

4
 40 Grubbs III 5 12 0.002 10 (1/0) 

5 40 Grubbs II 5 12 0.002 0
 

a
The yields are of isolated products.  

     All-carbon rings are known to have less strain compared to their heteroatom bearing analogs 

as C-C σ-bonds (~154 pm) are longer than C-O (~143 pm) and C-N σ-bonds (~147 pm).
24b

 As a 

result, although the rings 2-66, 2-68 and 2-69 were failed to form,  we tested the ability of all-

carbon 10-membered ring 2-71 to be prepared (Table 2.4). In contrast with diether substrate 2-
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50, all-carbon triene 2-60 was quite resistant to oligomerization, but it also exhibited low activity 

in RCM reactions. Optimum reaction conditions from studies on the synthesis of 2-70 (Table 2.3 

entry 3) afforded only a trace amount of 2-71 and 90% of the starting molecule was recovered 

(Table 2.4 entry 1). Higher temperatures and longer reaction times did not improve the yield 

dramatically (Table 2.4 entry 2, 78% of 2-60 was recovered). In order to increase the metathesis 

reaction rate both substrate concentration and catalyst loadings were increased (Table 2.4 entries 

4-6. For entry 5; 68% of 2-60 was recovered). Fortunately, under these conditions with more 

reactive Grubbs II catalyst, ring 2-71 was obtained in a 90% yield as a 1/5 mixture of E/Z 

isomers (Table 2.4 entry 6). 

Table 2.4. Synthesis of 10-membered cyclic diene 2-71 via a RCM reaction 

 

Entry Temperature 

(
o
C)  

Catalyst Catalyst 

(%) 

Time 

(h) 

Solvent Yield (%)
a
 

(E/Z) 

1
b 40 Grubbs I 5 12 CH2Cl2 2 (1/0)

 

2
b 85 Grubbs I 5 36 DCE 9 (1.7/1) 

3
b 40 Grubbs II 5 12 CH2Cl2 50 (1/5.3) 

4
c 40 Grubbs I 10 36 CH2Cl2 54 (1.7/1) 

5
c 85 Grubbs I 10 36 DCE 2 (1/0)

 

6
c 40 Grubbs II 10 12 CH2Cl2 90 (1/5)
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a
The yields are of isolated products. 

b
Concentration of 2-60 was 0.002M. 

c
Concentration of 2-60 

was 0.004M.   

     We applied these optimized RCM reaction conditions (Table 2.3 entry 3, table 2.4 entry 6 for 

2-71) to various dibromotriene substrates and obtained diene macrocycles that served as cyclic 

enyne precursors in good to high yields (Figure 2.3). The reaction scope involves all carbon 

diene rings (2-71, 2-72), a cyclic monoether (2-74), cyclic diethers (2-70, 2-75, 2-76) and a 

cyclic sulfonamide (2-73). Tetrasubstituted vic-dibromoalkenes thus served as excellent 

protected alkyne groups since the cyclization yields were high and each reaction went smoothly 

providing only the ene-ene RCM product. The methodology was not limited to formation of 

medium rings. 19-membered 2-76 and 16-membered 2-75 were synthesized successfully in 65% 

and 87% yields respectively (Figure 2.3). 

 

Figure 2.3. Protected cyclic enynes synthesized by RCM reactions 
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     Although the Z-geometry is favored for the formation of small and medium alkene rings, 

stereoselective synthesis of large rings by metathesis is challenging. Recently, detailed 

investigations on the preparation and applications of stereoselective macrocyclic RCM catalysts 

were conducted by the Grubbs
40

 and Hoveyda
41

 research groups. Studies showed that traditional 

metathesis catalysts (e.g. Grubbs I, Grubbs II and Grubbs III) lack kinetic selectivity and the 

corresponding E/Z ratios are determined by the relative stabilities of the macrocyclic isomers. 

Therefore; the stereochemical outcome is affected by the ring size and/or substitution 

patterns.
40,41

 RCM reactions of dibromotrienes also exhibited similar behavior. While formation 

of symmetric 16-membered 2-75 showed no stereoselectivity, smaller ring 13-membered 2-70 

and larger ring 19-membered 2-76 were formed with the same E/Z ratio (2.5/1). Moreover, we 

observed a pronounced allylic chalcogen effect
42

 in macrocyclic RCM reactions. Under the same 

conditions 12-membered all-carbon ring 2-72 and 12-membered monoether ring 2-74 were 

synthesized as single isomers, but with complete reversal of stereochemistry. In fact, metathesis 

substrates with allyl ether tethers (2-52, 2-53 and 2-58) gave the E macrocyclic isomers as the 

single or major isomer (Figure 2.3). 

    The 
1
H NMR spectra of rings 2-70 – 2-75 exhibited unexpected diastereotopicity for protons α 

and β to the dibromoalkene units. This was attributed to rigidity imposed by the bromine atoms 

restricting rotations leading to favored conformations with the geminal methylene protons and 

esters located in different environments. Such behavior was not exhibited by the larger and less 

strained 19-membered ring 2-76. The Z-isomer of 2-71 was particularly interesting with regard to 

the diastereotopicity. The 
1
H NMR displayed two distinct sets of multiplets for the vinyl protons, 

suggesting it exists as a mixture of two conformers with planar chirality and interconversion 

between the enantiomeric conformers is slow on the NMR time scale.  
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     The next step was to deprotect macrocyclic dienes (Figure 2.3 2-70 – 2-76) to access enyne 

rings. To our delight, inexpensive and easy to handle Zn dust promoted deprotection and the 

target cyclic enynes were formed in excellent yields (Scheme 2.15). Conveniently, the  

stereoisomeric distributions were not affected during the deprotection reactions and the E/Z 

ratios of macrocyclic isomers were maintained.  

 

Scheme 2.15. Synthesis of cyclic enynes by Zn-promoted deprotection reactions 

     As previously mentioned, enyne rings with allyl and homoallyl moieties cannot be 

synthesized by RCM of unprotected acyclic dienynes since the ene-yne RCM reactions are 

preferred. Our new synthetic strategy, on the other hand, allows efficient access to those cyclic 
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enynes. In addition, our method has proven superior to alkyne protection through Co2(CO)8 

complexation. Macrocycle 2-45 and its dicobalt-complexed counterpart 2-46 were formed in 

poor yields by RCM reactions of acyclic enynes 2-43 and 2-44 respectively (2-45 was formed in 

34% yield, 2-46 was formed in 14% yield, Scheme 2.9 and Table 2.1) while the new metathesis 

protocol provided 2-45 with a 79% overall yield (Figure 2.3 and Scheme 2.15).  

     The synthesis of 10-membered cyclic alkynes is challenging. Deslongchamps prepared enyne 

2-78 as a mixture of the monomer and the dimer via an intramolecular nucleophilic substitution 

reaction.
13d

 This base-promoted intramolecular substitution method formed the Z isomer of 2-78 

in a 60% yield and the more strained, less stable isomer E in a mere 17% yield from the Z and E 

acyclic enynes, respectively (Scheme 2.16). Synthesis of cyclic enyne 2-78 was also somewhat 

problematic via the elimination method. Diene 2-71 required harsher reaction conditions for the 

completion of the deprotectection process. After testing several conditions (details are reported 

the in experimental section) we determined that when a THF solution of 2-71 was heated in a 

sealed tube at 60 
o
C for 4 days complete consumption of 2-71 occurred. As a result of this 

deprotection reaction only more stable Z isomer of 2-78 was isolated in a 93% yield (total 

product yield was 78%) and the less stable E isomer was not detected. Our approach to the 

challenging synthesis of this 10-membered enyne was proven to be more versatile then 

Deslongchamps’s intramolecular substitution approach. While RCM substrate 2-60 was prepared 

in 3 steps and 1 column chromatography purification in a 51% overall yield (Scheme 2.12), 

intramolecular substitution reaction substrate Z-2-83 was prepared in 7 steps and 6 column 

chromatography purifications in a 17% overall yield and E-2-83 was prepared in 10 steps and 8 

column chromatography purifications in a 22% overall yield.
13d

 In addition, our RCM strategy 

afforded Z-2-78 in a total of 5 steps with a 36% overall yield while Deslongchamps’s method 
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required an 8-step synthesis of the same molecule with a 10% overall yield. This is a simple 

example of the advantages achieved by metathesis reactions in ring closing transformations 

which avoid the synthesis of substrates with the chain ends functionally differentiated. 

 

Scheme 2.16. Synthesis of E- and Z-2-78 reported by Deslongchamps  

2.2.3. Transannular Reactions 

     As discussed in detail in Chapter 1, there is a wide range of fascinating transannular reactions 

in which macrocycles can participate. One of those transformations is transannular coupling 

reactions (Chapter 1 section 1.6). In order to demonstrate the utility of the macrocycles prepared 

through RCM reactions, a possible transannular Heck coupling
43

 of diene 2-76 was tested 

(Scheme 2.17). Unfortunately Pd(0) was more suited to promote elimination of vicinal bromides 

as enyne 2-82 was obtained in 80% yield and no coupling product was detected.   

 

Scheme 2.17. Attempted transannular Heck coupling of 2-76 
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     Among the macrocycles taking part in polycycle syntheses through transannular reactions the  

enyne sub-class is one of the most widely used (Chapter 1 sections 1.4, 1.7 and 1.8)
12

 so we 

shifted our focus to testing the transannular reactions of our synthesized novel enyne rings. 

Platinum-catalyzed intramolecular cyclopropanations of acyclic allyl propargyl ethers
44,45

 has 

extensively been investigated. In addition, this organometallic reaction was applied in a 

transannular fashion using 1,5-enyne rings with exocyclic alkoxy substituents at the propargylic 

positions by the Malacria research group (Chapter 1 scheme 1.8).
12a

 Inspired by these reported 

examples we subjected macrocycles 2-81 and 2-82 to Pt(II)-catalyzed, ligand-free, 

cyclopropanation reactions and tricyclic enol ethers 2-84 and 2-85 were successfully synthesized 

in good yields (Scheme 2.18).  

 

Scheme 2.18. Pt-catalyzed transannular cyclopropanations of 2-81 and 2-82 
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     Detailed experimental
12a,44,45

 and theoretical
46

 studies revealed that Pt-catalyzed 

cyclopropanations are regio- and diastereoselective. We observed similar selectivities in the 

synthesis of 2-84 and 2-85. Inferring from previous investigations we propose the reaction 

mechanism illustrated in Scheme 2.19.  Transannular cycloisomerization involves an initial 1,2-

hydride shift in the enyne-Pt complex A leading to allylic platinacarbene C through oxonium 

intermediate B. Stereospecific cyclopropanation
44,45,46

 of carbene C affords the polycycle 2-84. 

Formation of the vinyl carbene is facilitated by delocalization of lone pair electrons from the β-

heteroatom.
12a,45f,g,46

 As expected, Pt-catalyzed reaction of E-enyne 2-81 produced a single 

diastereomer 2-84 and the heteroatom effect dictated the regioselectivity. The stereoisomeric 

ratio of 2-82 was preserved in the cycloisomerization due to the stereospecific cyclopropanation 

step (formation of product from intermediate C in Scheme 2.19) and NMR spectra of polycycle 

2-85 confirmed that formation of the 3,4-dihydropyran ring was preferred over formation of the 

tetrahydrofuran moiety (Schem 2.18 structure 2.86). 

 

Scheme 2.19. Proposed mechanism of Pt-catalyzed transannular cyclopropanations 
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2.3. Conclusions  

     In conclusion, a new strategy to access macrocyclic enynes was developed. A variety of RCM 

reaction substrates with dibromoalkene units was prepared by simple base-promoted substitution 

reactions under mild conditions. Vic-dibromo tetrasubstituted alkenes served as excellent 

protected alkyne groups and (E)-dibromotrienes selectively went through successful ene-ene 

RCM reactions leading to diene rings. Novel macrocyclic enynes with various ring sizes and 

substitution patterns were prepared in excellent yields by facile Zn-promoted deprotection 

reactions. Several advantages brought about by utilizing this metathesis methodology were 

demonstrated. In comparison to classical SN2 ring closing processes, cyclic enynes were obtained 

in a more step-economic and efficient manner by avoiding introduction of differentiated chain-

end functionality into the substrates. This alkyne protection tactic employed for RCM reactions 

was proven superior to traditional alkyne protection methods such as by Co2(CO)6 complexation. 

Ene-ene RCM reactions in the presence of vic-dibromo tetrasubstituted alkenes tolerated high 

temperatures, various functional groups and did not demand high catalyst loadings. The utility of 

macrocyclic enynes was illustrated by highly stereo- and regioselective Pt(II)-catalyzed 

transannular cyclopropanations. We believe our new approach to cyclic enyne synthesis provides 

a modern and versatile entry to both alkyne protection chemistry and ring closing metathesis 

applications.   
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2.4. Experimental 

General Procedures 

     All commercial compounds were used as received unless otherwise stated. DCM and Et3N 

were purified by distillation over CaH2. THF, Et2O and toluene were distilled prior to use from 

sodium-benzophenone ketyl. All reactions were carried out in flame-dried glassware under a N2 

atmosphere, unless otherwise stated. Metathesis catalysts (Materia Inc.) were stored in a 

glovebox and used as received. Column chromatography was performed using silica gel (Davisil, 

40-63 micron) and reagent grade solvents without deactivation, unless noted. NMR spectra were 

recorded on a Bruker ARX-400 instrument and calibrated to the solvent signal (CDCl3 δ = 7.26 

ppm for 
1
H NMR, δ = 77.0 ppm for 

13
C NMR, C6D6 δ = 7.16 ppm for 

1
H NMR, δ = 128.0 ppm 

for 
13

C NMR). Multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), p 

(pentet), m (multiplet), or b (broadened). IR spectra were recorded on a Jasco FTIR-4100 

spectrophotometer with an ATR attachment and selected signals are reported in cm
-1

. Mass 

spectra were recorded on a Thermo Fisher Scientific Exactive Plus with IonSense ID-CUBE 

Direct Analysis in Real Time (DART) ion source. 
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Hex-5-en-1-yl 4-methylbenzenesulfonate (2-42) 

     TsCl (5.2 g, 27.5 mmol) was added portionwise to a stirred and ice-cooled solution of hex-5-

en-1-ol (3 mL, 25 mmol), DMAP (0.06 g, 0.50 mmol) and Et3N (4.5 mL, 32.5 mmol) in DCM 

(55 mL). The mixture was stirred for 1 h at 0 °C and 12 h at room temperature. After completion, 

the reaction solution was diluted with DCM, washed with brine and dried over MgSO4. The 

solution was filtered through silica gel and concentrated in vacuo to give 6.25 g (98% yield) of 

the known
47

 colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 7.78 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 5.71 

(ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 4.98-4.92 (m, 2H), 4.02 (t, J = 6.4 Hz, 2H), 2.44 (s, 3H), 2.03-

1.97 (m, 2H), 1.68-1.61 (m, 2H), 1.44-1.37 (m, 2H). 

 

1,4-bis(hex-5-en-1-yloxy)but-2-yne (2-43) 

     A flame-dried flask was charged with NaH (314 mg, 7.86 mmol, 60% w/w dispersion in 

mineral oil) and dry DMF (5 mL) under a N2 atmosphere. The suspension was cooled to 0 
o
C and 

a solution of but-2-yne-1,4-diol (0.23 g, 2.62 mmol) in dry DMF (5 mL) was added dropwise. 

The mixture was stirred for 45 min at 0 
o
C prior to the addition of 2-42 (2.0 g, 7.86 mmol) in 3 

mL dry DMF. The reaction solution was allowed to stir at 90 
o
C overnight. Upon completion, 

water was added and the crude mixture was extracted with DCM. The combined organic layers 
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were washed with water, brine, and dried over MgSO4. Solvent was removed in vacuo. 

Chromatography with 9:1 hexanes:EtOAc afforded 0.59 g (90% yield) of a colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.80 (ddt, J = 17.0, 10.2, 6.8 Hz, 2H), 5.00 (bdd, J = 17.0, 

1.8 Hz, 2H), 4.94 (bdd, J = 10.4, 0.8 Hz, 2H), 4.17 (s, 4H), 3.50 (t, J = 6.5, 4H), 2.07 (bq, J = 7.2 

Hz, 4H), 1.64-1.57 (m, 4H), 1.40-1.42 (m, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 138.5, 114.4, 82.2, 69.9, 58.2, 33.4, 28.8, 25.3; 

IR (neat ATR): 3324, 2930, 2855, 1640, 1541, 1438, 1348, 1118, 1103, 1084, 992, 908; 

HRMS (DART): calcd [M-H]
+
 251.20056, found 251.19978. 

 

 [(Co2(CO)6)-(µ-η
2
, η

2
-HC=C(CH2)4OCH2C≡CCH2O(CH2)4C=CH] (2-44) 

     To a solution of 2-43 (0.58 g, 2.32 mmol) in DCM (30 mL) Co2(CO)8 (0.87 g, 2.55 mmol) 

was added. The mixture was stirred at room temperature for 12 h. The solvent was removed in 

vacuo. Chromatography with 15:1 hexanes/EtOAc afforded 1.17 g (94% yield) of a red oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.85-5.75 (m, 2H), 5.00 (d, J = 17.2 Hz, 2H), 4.94 (d, J = 

10.0 Hz, 2H), 4.61 (s, 4H), 3.59 (t, J = 6.0 Hz, 4H), 2.07 (bq, J = 6.8 Hz, 4H), 1.63 (bp, J = 7.0 

Hz, 4H), 1.48 (bp, J = 7.0 Hz, 4H);  

13
C NMR (100 MHz, C6D6, ppm) δ: 199.8 (CO), 138.5, 114.4, 92.8 (Co-C≡C-Co), 70.73, 70.63, 

33.4, 29.1, 25.3; 

IR (neat ATR): 2940, 2861, 2092, 2049, 2007, 1644, 1435, 1338, 1100, 992, 909;  
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HRMS (DART): calcd [M-O(CH2)4C=CH]
+
 436.94763, found 436.94687. 

 

Synthesis of 1,6-dioxacyclohexadec-11-en-3-yne (2-45) via Metathesis of 2-43 

     2-43 (0.106 g, 0.423 mmol) was reacted with Grubbs’ 1
st
 generation catalyst (17 mg, 0.05 

mmol) in DCM at 40 
o
C for 12 h and chromatography with 9:1 hexanes/EtOAc afforded 32 mg 

of a colorless oil (34% NMR yield, E/Z ratio 1/1.2). After chromatography 14 mg of the Z isomer 

was isolated together with 49 mg of 1,4-bis(hex-5-en-1-yloxy)but-2-yne (46% recovery) as one 

fraction and a mixture of E and Z isomers (18 mg E/Z = 4/1) as another fraction. The reaction 

also formed a mixture of unidentifiable possible oligomeric metathesis products. 

1
H NMR (400 MHz, CDCl3, ppm) δ: (E) 5.48-5.42 (m, 2H), 4.17 (s, 4H), 3.56 (t, J = 7.2 Hz, 

4H), 2.08-2.04 (m, 4H), 1.67 (p, J = 7.2 Hz, 4H), 1.53-1.44 (m, 4H); (Z) 5.40-5.30 (m, 2H), 4.18 

(s, 4H), 3.60 (t, J = 6.4 Hz, 4H), 2.16-2.10 (m, 4H), 1.66 (p, J = 6.2 Hz, 4H), 1.53-1.44 (m, 4H);    

13
C NMR (100 MHz, CDCl3, ppm) δ: (E) 130.6, 82.6, 70.3, 58.08, 31.6, 28.3, 24.9; (Z) 129.8, 

82.5, 68.2, 58.1, 27.7, 25.5, 25.3; 

IR (neat ATR): 2929, 2854, 1442, 1348, 1267, 1102, 970; 

HRMS (DART): calcd [M+H]
+
 223.16926, found 223.16897. 
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Complex 2-46 

     A flame-dried round bottom flask was charged with Grubbs’ 1
st
 generation catalyst (34 mg, 

0.04 mmol) under N2. A solution of starting 2-45 (1.16 g, 2.06 mmol) in dry DCM (200 mL) was 

added into the flask and the resultant solution was stirred overnight at room temperature. The 

solvent was removed in vacuo and the product was isolated as a mixture with unreacted starting 

material after column chromatography with 20:1 Petroleum ether/Et2O. Yield was determined by 

1
H NMR (130 mg, 12%). After a second column chromatography fractions containing only 

product were combined and concentrated for characterization. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.42 (bt, J = 4.4 Hz, 2H), 4.70 (s, 4H), 3.64 (t, J = 6.0 Hz, 

4H), 2.06 (bq, J = 6.4 Hz, 4H), 1.64 (bp, J = 6.2 Hz, 4H), 1.51-1.46 (m, 4H); 

13
C NMR (100 MHz, C6D6, ppm) δ: 129.9, 93.2 (Co-C≡C-Co), 71.1, 70.1, 28.5, 26.29, 25.98; 

IR (neat ATR): 2937, 2857, 2092, 2050, 2017, 1609, 1431, 1342, 1099, 842 

HRMS (DART): calcd [M+H]
+
 509.00514, found 509.00306. 
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(E)-2,3-dibromobut-2-ene-1,4-diol (2-49) 

     But-2-yne-1,4-diol (2.30 g, 26.54 mmol) was dissolved in water (50 mL) and cooled to 0 
o
C. 

Bromine (1.8 mL, 35.03 mmol) was added dropwise. The resultant light yellow solution was 

stirred at 0 
o
C for 30 min and for an additional 90 min at room temperature. The reaction was 

quenched with a small amount of saturated Na2S2O3 solution and neutralized by addition of 1 M 

NaOH. After extraction with ethyl acetate the combined organic layers were dried over MgSO4, 

filtered through silica gel and the solvent was evaporated in vacuo. Removal of the solvent under 

vacuum afforded 5.94 g (91% yield) of the known
48

 white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 4.54 (s, 4H), 2.00 (bs, 2H);  

1
H NMR (400 MHz, (CD3)2SO, ppm) δ: 5.48 (t, J = 6.0 Hz, 2H), 4.28 (d, J = 6.0 Hz, 4H);   

13
C NMR (100 MHz, (CD3)2SO, ppm) δ: 123.2, 65.8; 

IR (neat ATR): 3226, 1440, 1361, 1245 1061, 1010, 999. 
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(E)-1,4-bis(allyloxy)-2,3-dibromobut-2-ene (2-50) 

     2-49 (3.0 g, 12.2 mmol) was dissolved in a H2O/DMSO mixture (5 mL/20 mL) and cooled to 

0 
o
C. Potassium hydroxide (1.70 g, 30.5 mmol) was added prior to dropwise addition of allyl 

bromide (2.6 mL, 30.5 mmol). The solution was warmed to room temperature and stirred for 16 

h. The reaction mixture was diluted with water and extracted with DCM. The organic extracts 

were washed with brine, dried over MgSO4 and the solvent was removed in vacuo. Column 

chromatography with 9:1 petroleum ether/Et2O afforded 2.5 g (64% yield) of a colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.94 (ddt, J = 17.4, 10.2, 5.8 Hz, 2H), 5.33 (ddt, J = 17.2, 

1.6, 1.6 Hz, 2H), 5.23 (ddt, J = 10.4, 1.6, 1.2 Hz, 2H), 4.46 (s, 4H), 4.01 (ddd, J = 5.8, 1.4, 1.4 

Hz, 4H);   

13
C NMR (100 MHz, CDCl3, ppm) δ: 133.9, 121.8, 117.8, 73.1, 70.9; 

IR (neat ATR): 2919, 2855, 1439, 1349, 1270, 1085, 991, 923; 

HRMS (DART): calcd [M+H]
+
 326.94128, found 326.93997. 
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(E)-4-(allyloxy)-2,3-dibromobut-2-en-1-ol (2-51) 

     2-49 (0.42 g, 1.72 mmol) was dissolved in a H2O/DMSO mixture (1 mL/2 mL) and cooled to 

0 
o
C. Potassium hydroxide (0.97 g, 1.72 mmol) was added prior to dropwise addition of allyl 

bromide (0.10 mL, 0.69 mmol). The solution was warmed to room temperature and stirred for 1 

h. The reaction mixture was diluted with water and extracted with DCM. The organic extracts 

were washed with brine, dried over MgSO4 and the solvent was removed in vacuo. Column 

chromatography with 3:1 hexanes/EtOAc afforded 0.13 g (65% yield) of a colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.93 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.33 (ddt, J = 17.2, 

1.6, 1.6 Hz, 1H), 5.23 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 4.56 (s, 2H), 4.43 (s, 2H), 4.02 (ddd, J = 

5.8, 1.4, 1.4 Hz, 2H), 2.01 (bs, 1H);   

13
C NMR (100 MHz, CDCl3, ppm) δ: 133.8, 123.9, 120.1, 117.9, 73.1, 70.9, 67.2; 

IR (neat ATR): 3338, 2915, 2858, 1440, 1351, 1245, 1080, 1063, 1008, 926; 

HRMS (DART): calcd [M+H]
+
 286.90998, found 286.90898. 
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(E)-6-((4-(allyloxy)-2,3-dibromobut-2-en-1-yl)oxy)hex-1-ene (2-52) 

     2-51 (0.73 g, 2.56 mmol) was dissolved in a H2O/DMSO mixture (5 mL/20 mL) and cooled 

to 0 
o
C. Potassium hydroxide (0.20 g, 3.34 mmol) was added prior to addition of 2-42 (2.0 g, 

7.70 mmol). The solution was heated to 70 
o
C and stirred for 5 h. The reaction mixture was 

diluted with water and extracted with DCM. Organic extracts were washed with brine, dried over 

MgSO4 and the solvent was removed in vacuo. Column chromatography with 9:1 

hexanes/EtOAc afforded 0.57 g (61% yield) of a colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.94 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.80 (ddt, J = 17.0, 

10.2, 6.8 Hz, 1H), 5.33 (ddt, J = 17.2, 1.6, 1.6 Hz, 1H), 5.23 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 5.00 

(ddt, J = 17.2, 2.0, 1.6 Hz, 1H), 4.95 (ddt, J = 10.0, 2.0, 1.2 Hz, 1H), 4.47 (s, 2H), 4.45 (s. 2H), 

4.01 (ddd, J = 5.8, 1.4, 1.4 Hz, 2H), 3.46 (t, J = 6.4 Hz, 2H), 2.11-2.05 (m, 2H), 1.66-1.59 (m, 

2H), 1.52-1.44 (m, 2H);   

13
C NMR (100 MHz, CDCl3, ppm) δ: 138.5, 133.9, 122.2, 121.5, 117.8, 114.5, 73.8, 73.1, 70.9, 

69.9, 33.4, 28.9, 25.3; 

IR (neat ATR): 2922, 2855, 1648, 1590, 1540, 1341, 1287, 1162, 1120, 1080, 918; 

HRMS (DART): calcd [M+H]
+
 368.98823, found 368.98757. 
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10-bromodecan-1-ol 

     Concentrated HBr (1.2 mL, 6.88 mmol, 48% w/w (9 M) in H2O) was added to a mixture of 

decane-1,10-diol (1.0 g, 5.74 mmol) in toluene (15 mL). The resultant biphasic mixture was 

refluxed for 48 h. After completion the reaction mixture was diluted with ether and the layers 

were separated. The organic phase was washed with 1 M NaOH and brine, dried over MgSO4 

and the solvent was removed in vacuo. Chromatography with 1:1 hexanes/Et2O gave 1.1 g (82% 

yield) of the known
49

 colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 3.64 (t, J = 6.8 Hz, 2H), 3.40 (t, J = 6.8 Hz, 2H), 1.85 (p, J 

= 7.2 Hz, 2H), 1.59-1.52 (m, 2H), 1.43-1.25 (m, 12H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 62.9, 33.9, 32.72, 32.68, 29.6, 29.25, 29.24, 28.36, 28.0, 

25.6. 

 

10-iododecan-1-ol 

     Sodium iodide (2.5 g, 16.40 mmol) was added to a solution of 10-bromodecan-1-ol (1.1 g, 

4.68 mmol) in dry acetone (25 mL) and the solution was refluxed overnight. The reaction 

mixture was diluted with H2O and extracted with EtOAc. The combined organic layers were 

washed with 1% Na2S2O3 solution and brine, dried over MgSO4 and concentrated in vacuo. 

Chromatography with 4:1 hexanes/Et2O afforded 1.26 g (95% yield) of the known
50

 white solid. 
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1
H NMR (400 MHz, CDCl3, ppm) δ: 3.64 (t, J = 6.8 Hz, 2H), 3.18 (t, J = 7.2 Hz, 2H), 1.81 (p, J 

= 7.2 Hz, 2H), 1.59-1.52 (m, 2H), 1.39-1.29 (m, 12H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 62.9, 33.4, 32.7, 30.4, 29.37, 29.26, 29.22, 28.4, 25.6, 7.2. 

 

Dodec-11-en-1-ol 

     CuI (0.4 g, 2.11 mmol) was added into a flame-dried flask and flashed with N2. Anhydrous 

THF (5 mL) was added and the suspension was cooled to -40 
o
C. Vinylmagnesium bromide (6.3 

mL, 6.33 mmol, 1 M) was added and the reaction was stirred for 15 min at -40 
o
C. Then, HMPA 

(0.7 mL, 4.22 mmol), triethyl phosphite (0.7 mL, 4.22 mmol), and 10-iododecan-1-ol (0.6 g, 2.11 

mmol, dissolved in 5 mL THF) were added consecutively and the mixture was stirred for 1 h at -

40 
o
C and for 2 h at room temperature. Saturated NH4Cl was added to quench the reaction and 

the crude product was extracted with EtOAc, washed with brine, dried over MgSO4 and 

concentrated in vacuo. Chromatography with 1:1 hexanes/Et2O afforded 0.375 g (96% yield) of 

the known
51

 colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.81 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 4.99 (ddt, J = 17.0, 

2.2, 1.6 Hz, 1H), 4.92 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 3.63 (t, J = 6.6 Hz, 2H), 2.06-2.00 (m, 

2H), 1.60-1.53 (m, 2H), 1.41-1.28 (m, 14H). 
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Dodec-11-en-1-yl 4-methylbenzenesulfonate (2-53) 

     TsCl (0.45 g, 2.37 mmol) was added portionwise to a stirred and ice-cooled solution of 

dodec-11-en-1-ol (0.36 g, 1.97 mmol), DMAP (5 mg, 0.04 mmol) and Et3N (0.6 mL, 3.95 mmol) 

in DCM (15 mL). The mixture was stirred for 1 h at 0 °C and 8 h at room temperature. After 

completion, the reaction solution was diluted with DCM, washed with brine, dried over MgSO4 

and concentrated in vacuo. Chromatography with 4:1 hexanes/EtOAc gave 0.57 g (85% yield) of 

the known
52

 colorless crystalline solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 7.78 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 5.81 

(ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 4.98 (ddt, J = 17.0, 2.2, 1.6 Hz, 1H), 4.92 (ddt, J = 10.0, 2.0, 

1.2 Hz, 1H), 4.01 (t, J = 6.6 Hz, 2H), 2.44 (s, 3H), 2.06-2.00 (m, 2H), 1.66-1.59 (m, 2H), 1.38-

1.21 (m, 14H). 

 

(E)-12-((4-(allyloxy)-2,3-dibromobut-2-en-1-yl)oxy)dodec-1-ene (2-54) 

     2-51 (1.16 g, 4.04 mmol) was dissolved in a H2O/DMSO mixture (8 mL/32 mL) and cooled 

to 0 
o
C. Potassium hydroxide (0.3 g, 5.05 mmol) was added prior to addition of 2-53 (0.57 g, 

1.68 mmol). The solution was heated to 70 
o
C and stirred for 16 h. The reaction mixture was 

diluted with water and extracted with DCM. The organic extracts were washed with brine, dried 
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over MgSO4 and the solvent was removed in vacuo. Column chromatography with 9:1 

hexanes/EtOAc afforded 0.40 g (53% yield) of a colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.94 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.81 (ddt, J = 17.2, 

10.4, 6.8 Hz, 1H), 5.33 (ddt, J = 17.2, 1.6, 1.6 Hz, 1H), 5.23 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 4.98 

(ddt, J = 17.0, 2.2, 1.6 Hz, 1H), 4.92 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 4.47 (s, 2H), 4.45 (s, 2H), 

4.01 (ddd, J = 5.8, 1.4, 1.4 Hz, 2H), 3.44 (t, J = 6.6 Hz, 2H), 2.06-2.00 (m, 2H), 1.63-1.57 (m, 

2H), 1.36-1.27 (m, 14H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 139.1, 133.9, 122.3, 121.5, 117.8, 114.0, 73.8, 73.2, 70.8, 

70.2, 33.7, 29.51, 29.45, 29.43, 29.37, 29.32, 29.0, 28.8, 26.0; 

IR (neat ATR): 2924, 2854, 1644, 1465, 1264, 1104, 992, 910; 

HRMS (DART): calcd [M+H]
+
 453.08214, found 453.08115. 

 

(E)-6-((2,3-dibromo-4-(hex-5-en-1-yloxy)but-2-en-1-yl)oxy)hex-1-ene (2-55) 

     2-49 (0.97 g, 3.93 mmol) was dissolved in a H2O/DMSO mixture (2 mL/8 mL) and cooled to 

0 
o
C. Potassium hydroxide (0.44 g, 7.86 mmol) was added prior to addition of 2-42 (2.50 g, 9.83 

mmol). The solution was heated to 70 
o
C and stirred for 5 h. The reaction mixture was diluted 

with water and extracted with DCM. The organic extracts were washed with brine, dried over 

MgSO4 and the solvent was removed in vacuo. Column chromatography with 9:1 

hexanes/EtOAc afforded 0.64 g (40% yield) of a colorless oil.  
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1
H NMR (400 MHz, CDCl3, ppm) δ: 5.80 (ddt, J = 17.2, 10.4, 6.8 Hz, 2H), 5.01 (ddt, J = 17.2, 

2.0, 1.6 Hz, 2H), 4.95 (ddt, J = 10.0, 2.0, 1.2 Hz, 2H), 4.45 (s, 4H), 3.45 (t, J = 6.4 Hz, 4H), 

2.11-2.05 (m, 4H), 1.66-1.59 (m, 4H), 1.52-1.44 (m, 4H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 138.5, 122.0, 114.4, 73.9, 69.8, 33.3, 28.9, 25.3; 

IR (neat ATR): 2933, 2858, 1640, 1105, 993, 908; 

HRMS (DART): calcd [M+H]
+
 411.03519, found 411.03375. 

 

(E)-1-(allyloxy)-2,3,4-tribromobut-2-ene (2-56) 

     Phosphorus tribromide (0.1 mL, 1.63 mmol) was slowly added to a solution of 2-51 (0.82 g, 

2.90 mmol) and pyridine (0.04 mL, 0.52 mmol) in Et2O (4 mL) at 0 °C. The solution was stirred 

at 0 
o
C for 30 min then refluxed for 4 h. After cooling, the reaction was quenched with water and 

the aqueous layer was extracted with ether. The combined organic extracts were washed with 

saturated NaHCO3 and brine, dried over MgSO4 and concentrated in vacuo. Chromatography 

with petroleum ether afforded 0.79 g (78% yield) of a colorless oil. 

 
1
H NMR (400 MHz, CDCl3, ppm) δ: 5.93 (ddt, J = 17.2, 10.4, 5.8 Hz, 1H), 5.33 (ddt, J = 17.2, 

1.6, 1.6 Hz, 1H), 5.24 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 4.48 (s, 2H), 4.41 (s, 2H), 4.00 (ddd, J = 

5.8, 1.4, 1.4 Hz, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 133.8, 124.2, 119.2, 118.1, 73.2, 71.1, 37.3; 
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IR (neat ATR): 3076, 2981, 2916, 2856, 1645, 1511, 1423, 1214, 1101, 988, 927, 873;  

HRMS (DART): calcd [M+H]
+
 346.82763, found 346.82592. 

 

Dimethyl 2-allylmalonate 

     Dimethyl malonate (1.0 mL, 8.74 mmol) was added dropwise to a suspension of NaH (350 

mg, 8.74 mmol, 60% w/w dispersion in mineral oil) in THF (30 mL) at 0 
o
C. The mixture was 

stirred for 30 min at this temperature then 3-bromoprop-1-ene (0.6 mL, 7.30 mmol) was added 

slowly. The reaction mixture was refluxed overnight and was then quenched with H2O. The 

heterogeneous mixture was diluted with ether and the organic layer was washed with water and 

brine, dried over MgSO4 and concentrated in vacuo. Chromatography with 4:1 petroleum 

ether/Et2O gave 0.70 g (57% yield) of the known
53

 colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.76 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 5.12 (ddt, J = 17.2, 

1.6, 1.4 Hz, 1H), 5.06 (dd, J = 10.4, 1.2 Hz, 1H), 3.73 (s, 6H), 3.46 (t, J = 7.6 Hz, 1H), 2.67-2.63 

(m, 2H). 
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Dimethyl 2-(but-3-en-1-yl)malonate 

     Dimethyl malonate (2.0 mL, 17.73 mmol) was added dropwise to a suspension of NaH (710 

mg, 17.73 mmol, 60% w/w dispersion in mineral oil) in THF (50 mL) at 0 
o
C. The mixture was 

stirred for 30 min at this temperature then tetrabutylammonium iodide (TBAI) (1.6 g, 4.43 

mmol) and 4-bromobut-1-ene (1.5 mL, 14.78 mmol) were added. The reaction mixture was 

refluxed overnight and then quenched with H2O. The heterogeneous mixture was diluted with 

ether and the organic layer was washed with water and brine, dried over MgSO4 and 

concentrated in vacuo. Chromatography with 9:1 hexanes/EtOAc gave 1.9 g (70% yield) of the 

known
53

 colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.75 (ddt, J = 16.8, 10.4, 6.6 Hz, 1H), 5.06-4.99 (m, 2H), 

3.73 (s, 6H), 3.39 (t, J = 7.4 Hz, 1H), 2.12-2.06 (m, 2H), 2.04-1.98 (m, 2H). 

 

Dimethyl 2-(pent-4-en-1-yl)malonate  

     Dimethyl malonate (1.2 mL, 10.13 mmol) was added dropwise to a suspension of NaH (400 

mg, 10.13 mmol, 60% w/w dispersion in mineral oil) in DMF (20 mL) at 0 
o
C. The mixture was 

stirred for 30 min at this temperature then 5-bromopent-1-ene (1 mL, 8.44 mmol) was added 
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slowly. The reaction mixture was allowed to stir overnight at room temperature and then diluted 

with H2O. The crude product was extracted with Et2O and the combined organic layers were 

washed with water and brine, dried over MgSO4 and concentrated in vacuo. Chromatography 

with 4:1 petroleum ether/Et2O gave 0.93 g (55% yield) of known
53

 colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.77 (ddt, J = 17.2, 10.4, 6.8 Hz, 1H), 5.01 (ddt, J = 17.0, 

1.8, 1.6 Hz, 1H), 4.96 (ddt, J = 10.2, 1.8, 1.2 Hz, 1H), 3.73 (s, 6H), 3.36 (t, J = 7.6 Hz, 1H), 

2.11-2.05 (m, 2H), 1.94-1.88 (m, 2H), 1.45-1.37 (m, 2H). 

 

Dimethyl (E)-2-(4-(allyloxy)-2,3-dibromobut-2-en-1-yl)-2-(but-3-en-1-yl)malonate (2-57) 

     A solution of dimethyl 2-(but-3-en-1-yl)malonate (256 mg, 1.37 mmol) in DMF (2 mL) was 

added dropwise to a suspension of NaH (55 mg, 1.37 mmol, 60% w/w dispersion in mineral oil) 

in DMF (3 mL) at 0 
o
C. The mixture was stirred for 30 min at this temperature then 2-56 (400 

mg, 1.45 mmol, in 5 mL DMF) was added slowly. The reaction mixture was allowed to stir for 

24 h at room temperature and was then quenched with H2O. The crude product was extracted 

with Et2O and the combined organic layers were washed with water and brine, dried over MgSO4 

and concentrated in vacuo. Chromatography with 4:1 petroleum ether/EtO2 gave 494 mg (95% 

yield) of a colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.92 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.83-5.71 (m, 1H), 

5.32 (ddt, J = 17.2, 1.6, 1.6 Hz, 1H), 5.21 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 5.04 (bdd, J = 17.0, 



82 
 

1.2 Hz, 1H), 4.97 (bdd, J = 10.0, 1.6 Hz, 1H), 4.44 (s, 2H), 3.97 (ddd, J = 6.0, 1.6, 1.2 Hz, 2H), 

3.75 (s, 6H), 3.59 (s, 2H), 2.06 (bs, 2H), 2.05 (bs, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 170.9, 137.2, 134.0, 123.3, 119.2, 117.9, 115.2, 73.5, 70.7, 

56.8, 52.7, 42.8, 31.2, 28.8; 

IR (neat ATR): 2951, 1732, 1433, 1274, 1198, 1073, 915, 867; 

HRMS (DART): calcd [M+H]
+
 454.98863, found 454.98575. 

 

Dimethyl (E)-2-(4-(allyloxy)-2,3-dibromobut-2-en-1-yl)-2-(pent-4-en-1-yl)malonate (2-58) 

     A solution of dimethyl 2-(pent-4-en-1-yl)malonate (0.52 g, 2.61 mmol) in DMF (3 mL) was 

added dropwise to a suspension of NaH (105 mg, 2.61 mmol, 60% w/w dispersion in mineral oil) 

in DMF (7 mL) at 0 
o
C. The mixture was stirred for 30 min at this temperature then 2-56 (0.76 g, 

2.18 mmol, in 10 mL DMF) was added slowly. The reaction mixture was allowed to stir for 24 h 

at room temperature and was then quenched with H2O. The crude product was extracted with 

Et2O and combined organic layers were washed with water and brine, dried over MgSO4 and 

concentrated in vacuo. Chromatography with 4:1 petroleum ether/EtO2 gave 0.80 g (79% yield) 

of a colorless oil. 

1
H NMR (500 MHz, CDCl3, ppm) δ: 5.91 (ddt, J = 17.2, 10.2, 5.5 Hz, 1H), 5.76 (ddt, J = 17.0, 

10.0, 6.7 Hz, 1H), 5.32 (ddt, J = 17.2, 1.5, 1.5 Hz, 1H), 5.21 (ddt, J = 10.5, 1.5, 1.5 Hz, 1H), 4.99 
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(ddt, J = 17.0, 2.0, 1.5 Hz, 1H), 4.95-4.93 (m, 1H), 4.43 (s, 2H), 3.97 (ddd, J = 5.5, 1.5, 1.5 Hz, 

2H), 3.74 (s, 6H), 3.56 (s, 2H), 2.07-2.03 (m, 2H), 1.96-1.93 (m, 2H), 1.39-1.33 (m, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ:171.0, 137.9, 134.0, 123.2, 119.3, 117.9, 115.0, 73.5, 70.7, 

57.1, 52.7, 42.8, 33.7, 31.6, 23.9; 

IR (neat ATR):2951, 2857, 1732, 1434, 1232, 1197, 1180, 1085, 993, 915; 

HRMS (DART): calcd [M+H]
+
 469.00428, found 469.00341. 

 

(E)-1,2,3,4-tetrabromobut-2-ene (2-59) 

     Phosphorus tribromide (0.6 mL, 6.50 mmol) was slowly added to a solution of 2-49 (2 g, 8.13 

mmol) and pyridine (0.1 mL, 1.46 mmol) in Et2O (10 mL) at 0 °C. The solution was stirred at 0 

o
C for 30 min then refluxed for 4 h. After cooling, the reaction was quenched with water and the 

aqueous layer was extracted with ether. The combined organic extracts were washed with 

saturated NaHCO3 and brine, and dried over MgSO4. The solution was passed through a silica 

gel plug and concentrated in vacuo affording 2.07 g (70% yield) of the known
54

 white solid.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 4.34 (s, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 121.1, 36.9; 

IR (neat ATR): 1417, 1210, 1162, 1082, 894;  
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Tetramethyl (E)-6,7-dibromododeca-1,6,11-triene-4,4,9,9-tetracarboxylate (2-60) 

     A solution of dimethyl 2-allylmalonate (0.46 g, 2.69 mmol) in DMF (3 mL) was added 

dropwise to a suspension of NaH (135 mg, 3.36 mmol, 60% w/w dispersion in mineral oil) in 

DMF (10 mL) at 0 
o
C. The mixture was stirred for 30 min at this temperature then 2-59 (0.5 g, 

1.35 mmol) was added slowly. The reaction mixture was allowed to stir for 24 h at room 

temperature and was then quenched with H2O. The crude product was extracted with Et2O and 

the combined organic layers were washed with water and brine, dried over MgSO4 and 

concentrated in vacuo. Chromatography with 4:1 petroleum ether/Et2O gave 0.59 g (80% yield) 

of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.83 (ddt, J = 16.8, 10.0, 7.4 Hz, 2H), 5.13-5.07 (m, 4H), 

3.72 (s, 12 H), 3.58 (s, 4H), 2.70 (bd, J = 7.2 Hz, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 170.4, 132.5, 120.2, 119.1, 57.6, 52.5, 43.1, 36.7; 

IR (neat ATR): 2947, 1734, 1429, 1285, 1194, 1157, 1052, 937, 850; 

HRMS (DART): calcd [M+H]
+
 555.00467, found 555.00370. 
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Tetramethyl (E)-7,8-dibromotetradeca-1,7,13-triene-5,5,10,10-tetracarboxylate (2-61) 

     A solution of dimethyl 2-(but-3-en-1-yl)malonate (0.40 g, 2.15 mmol) in DMF (3 mL) was 

added dropwise to a suspension of NaH (86 mg, 2.15 mmol, 60% w/w dispersion in mineral oil) 

in DMF (7 mL) at 0 
o
C. The mixture was stirred for 30 min at this temperature then 2-59 (0.35 g, 

0.93 mmol) was added slowly. The reaction mixture was allowed to stir for 24 hr at room 

temperature and was then quenched with H2O. The crude product was extracted with Et2O and 

the combined organic layers were washed with water and brine, dried over MgSO4 and 

concentrated in vacuo. Chromatography with 4:1 hexanes/DCM gave 0.36 g (66% yield) of a 

white solid. 

1
H NMR (400 MHz, C6D6, ppm) δ: 5.79 (ddt, J = 17.0, 10.2, 6.4 Hz, 2H), 5.10 (ddt, J = 17.2, 

1.6, 1.6 Hz, 2H), 4.94 (ddt, J = 10.2, 1.8, 1.2 Hz, 2H), 3.70 (s, 4H), 3.29 (s, 12H), 2.32-2.28 (m, 

4H), 2.20-2.14 (m, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 170.8, 137.1, 120.2, 115.2, 56.8, 52.6, 43.1, 30.9, 28.8; 

IR (neat ATR): 2927, 1723, 1434, 1292, 1248, 1200, 1107, 1046, 914, 876; 

HRMS (DART): calcd [M+H]
+
 583.03597, found 583.03448. 
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Dimethyl (E)-2-allyl-2-(2,3,4-tribromobut-2-en-1-yl)malonate (2-62) 

     A solution of dimethyl 2-allylmalonate (0.42 g, 2.42 mmol) in DMF (4 mL) was added 

dropwise to a suspension of NaH (126 mg, 3.16 mmol, 60% w/w dispersion in mineral oil) in 

DMF (10 mL) at 0 
o
C. The mixture was stirred for 30 min at this temperature then 2-59 (1.2 g, 

3.16 mmol) was added slowly. The reaction mixture was allowed to stir overnight at room 

temperature and was then quenched with H2O. The crude product was extracted with Et2O and 

the combined organic layers were washed with water and brine, dried over MgSO4 and 

concentrated in vacuo. Chromatography with 9:1 petroleum ether/Et2O gave 0.73 g (65% yield) 

of a colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.79 (ddt, J = 17.0, 10.2, 7.2 Hz, 1H), 5.14-5.08 (m, 2H), 

4.45 (s, 2H), 3.73 (s, 6H), 3.51 (s, 2H), 2.71 (bd, J = 7.2 Hz, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 170.2, 132.2, 121.6, 120.3, 119.5, 57.7, 52.6, 42.7, 37.7, 

37.0; 

IR (neat ATR): 2954, 1729, 1433, 1290, 1201, 914, 875; 

HRMS (DART): calcd [M+H]
+
 462.85728, found 462.85641. 
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Dimethyl (E)-2-(but-3-en-1-yl)-2-(2,3,4-tribromobut-2-en-1-yl)malonate (2-63) 

     A solution of dimethyl 2-(but-3-en-1-yl)malonate (0.35 g, 1.86 mmol) in DMF (3 mL) was 

added dropwise to a suspension of NaH (100 mg, 2.42 mmol, 60% w/w dispersion in mineral oil) 

in DMF (10 mL) at 0 
o
C. The mixture was stirred for 30 min at this temperature then 2-59 (0.90 

g, 2.42 mmol) was added slowly. The reaction mixture was allowed to stir for overnight at room 

temperature and was then quenched with H2O. The crude product was extracted with Et2O and 

combined organic layers were washed with water and brine, dried over MgSO4 and concentrated 

in vacuo. Chromatography with 9:1 petroleum ether/Et2O gave 0.47 g (54% yield) of a colorless 

oil. 

1
H NMR (400 MHz, C6D6, ppm) δ: 5.69 (ddt, J = 17.0, 10.2, 6.4 Hz, 1H), 5.03 (ddt, J = 17.2, 

1.6, 1.6 Hz, 1H), 4.89 (ddt, J = 10.4, 1.6, 1.4 Hz, 1H), 3.84 (s, 2H), 3.51 (s, 2H), 3.27 (s, 6H), 

2.25-2.21 (m, 2H), 2.14-2.07 (m, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 170.6, 136.9, 121.7, 120.4, 115.2, 57.0, 52.7, 42.7, 37.7, 

31.2, 28.7; 

IR (neat ATR): 2921, 2847, 1732, 1515, 1457, 1439, 1281, 1242, 1225, 1177, 1040, 1000, 804; 

HRMS (DART): calcd [M+H]
+
 476.87293, found 476.87076. 
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N-(but-3-en-1-yl)-4-methylbenzenesulfonamide 

     4-bromobut-1-ene (1.1 mL, 9.85 mmol) added into a suspension of K2CO3 (2.47 g, 17.9 

mmol) and tosylamide (1.53 g, 8.95 mmol) in acetone (9 mL). The reaction was refluxed 

overnight. After quenching with saturated NH4Cl, the crude product was extracted with Et2O, 

washed with brine, dried over MgSO4 and concentrated in vacuo. Chromatography with 4:1 

hexanes/EtOAc affored 1.12 g (59% yield) of the known
55

 colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 7.73 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 5.66-

5.56 (m, 1H), 5.05-4.99 (m, 2H), 4.59 (bt, J = 5.2 Hz, 1H), 3.02-2.97 (m, 2H), 2.41 (s, 3H), 2.21-

2.16 (m, 2H). 

 

Dimethyl (E)-2-allyl-2-(2,3-dibromo-4-((N-(but-3-en-1-yl)-4-

methylphenyl)sulfonamido)but-2-en-1-yl)malonate (2-64) 

     A solution of dimethyl 2-62 (0.63 g, 1.36 mmol) in acetone (6 mL) added into a suspension of 

K2CO3 (342 mg, 2.47 mmol) and N-(but-3-en-1-yl)-4-methylbenzenesulfonamide (280 mg, 1.24 
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mmol) in acetone (6 mL). The reaction was refluxed for 24 h. After quenching with saturated 

NH4Cl, the crude product was extracted with DCM, washed with brine, dried over MgSO4 and 

concentrated in vacuo. Chromatography with 3:1 petroleum ether/Et2O afforded 574 mg (77% 

yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 7.71 (d, J = 8.0 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 5.88-

5.77 (m, 1H), 5.65 (ddt, J = 17.2, 10.0, 6.8 Hz, 1H), 5.12-4.98 (m, 4H), 4.41 (s, 2H), 3.72 (s, 

6H), 3.57 (s, 2H), 3.19-3.15 (m, 2H), 2.68 (d, J = 7.2 Hz, 2H), 2.42 (s, 3H), 2.30-2.25 (m, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 170.3, 143.4, 137.0, 134.3, 132.3, 129.5, 127.3, 122.3, 

119.48, 119.30, 117.1, 57.5, 54.6, 52.6, 47.0, 43.1, 36.8, 32.4, 21.4; 

IR (neat ATR): 3272, 3076, 1730, 1651, 1544, 1431, 1216, 1202, 1159, 927; 

HRMS (DART): calcd [M+H]
+
 608.01346, found 608.01244. 

 

(E)-dimethyl-2-(but-3-en-1-yl)-2-(2,3-dibromo-4-(N-(but-3-en-1-yl)-4-methylphenyl 

sulfonamido)but-2-en-1-yl)malonate (2-65) 

     A solution of dimethyl 2-63 (0.44 g,  0.93 mmol) in acetone (5 mL) added into a suspension 

of K2CO3 (233 mg, 1.68 mmol) and N-(but-3-en-1-yl)-4-methylbenzenesulfonamide (190 mg, 

0.84 mmol) in acetone (5 mL). The reaction was refluxed for 24 h. After quenching with 
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saturated NH4Cl, the crude product was extracted with DCM, washed with brine, dried over 

MgSO4 and concentrated in vacuo. Chromatography with 4:1 hexanes/EtOAc afforded 458 mg 

(88% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 7.71 (d, J = 8.4 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 5.77-

5.68 (m, 1H), 5.63 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 5.04-4.93 (m, 4H), 4.41 (s, 2H), 3.73 (s, 

6H), 3.55 (s, 2H), 3.17-3.14 (m, 2H), 2.42 (s, 3H), 2.28-2.22 (m, 2H), 2.00 (bs, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 170.6, 143.4, 137.00, 136.94, 134.3, 129.5, 127.3, 122.3, 

119.5, 117.1, 115.2, 56.7, 54.6, 52.6, 46.9, 43.0, 32.3, 31.1, 28.7, 21.4; 

IR (neat ATR): 3076, 2962, 2930, 1730, 1452, 1431, 1341, 1280, 1200, 1159, 1088, 925, 912, 

745, 664; 

HRMS (DART): calcd [M+H]
+
 622.02911, found 622.02847. 

General procedure for ring closing metathesis reactions:  

     A flame-dried round bottom flask equipped with a reflux condenser was charged with 

Grubbs’ 1
st
 generation catalyst (0.05 equiv) under N2. The metathesis reaction substrate 

dissolved in dry DCM (0.002 M) was added to the flask and the resultant solution was refluxed 

overnight. After completion the solvent was removed in vacuo and the product was purified by 

column chromatography. 
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(3E,13E)-3,4,13,14-tetrabromo-1,6,11,16-tetraoxacycloicosa-3,8,13,18-tetraene (2-67) 

     According to the General procedure, 2-50 (0.13 g, 0.398 mmol) was reacted with catalyst (16 

mg, 0.020 mmol) and chromatography with 4:1 petroleum ether/Et2O afforded 59 mg of a white 

solid (50% yield as stereoisomeric mixture). 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.93-5.76 (m, 4H), 4.48-4.44 (m, 8H), 4.07-4.05 (m, 8H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 130.2, 129.9, 129.3, 122.6, 122.35, 122.28, 121.7, 74.0, 

73.32, 73.23, 71.0, 70.4, 65.23, 65.12; 

HRMS (DART): calcd [M+H]
+
 596.81269, found 596.81086. 

 

(3E)-3,4-dibromo-1,6-dioxacyclotrideca-3,8-diene (2-70) 

     According to the General procedure, 2-52 (0.20 g, 0.543 mmol) was reacted with catalyst (22 

mg, 0.027 mmol) and chromatography with 14:1 hexanes/EtOAc afforded 127 mg of a colorless 

oil (69% yield, E/Z ratio 2.5/1). 

1
H NMR (400 MHz, CDCl3, ppm) δ: (E) 5.74 (dddd, J = 15.0, 9.6, 4.6, 1.2 Hz, 1H), 5.67-5.62 

(m, 1H), 4.75 (d, J = 14.2 Hz, 1H), 4.69 (d, J = 13.7 Hz, 1H), 4.45-4.40 (m, 1H), 4.23 (dd, J = 
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14.4, 2.4 Hz, 1H), 4.13 (dd, J = 13.6, 2.4 Hz, 1H), 3.83 (dd, J = 13.6, 9.6 Hz, 1H), 3.67-3.55 (m, 

2H), 2.27-2.20 (m, 1H), 1.84-1.75 (m, 1H), 1.69-1.44 (m, 4H); (Z) 5.63-5.53 (m, 2H), 4.88 (d, J 

= 14.3 Hz, 1H), 4.84 (d, J = 13.6 Hz, 1H), 4.33 (dd, J = 12.4, 8.0 Hz, 1H), 4.12-4.06 (m, 2H), 

4.03 (bdd, J = 12.4, 5.6 Hz, 1H), 3.81-3.76 (m, 1H), 3.48-3.42 (m, 1H), 2.14-2.05 (m, 1H), 1.95-

1.86 (m, 1H), 1.69-1.44 (m, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: (E) 133.6, 128.1, 124.5, 121.4, 75.6, 74.8, 74.5, 70.5, 

31.4, 29.3, 23.0; (Z) 134.2, 125.0, 123.5, 122.5, 74.6, 71.5, 67.5, 63.1, 28.5, 25.4, 23.8; 

IR (neat ATR): 2916, 2858, 1734, 1647, 1541, 1445, 1287, 1125, 1078, 1050, 970, 904; 

HRMS (DART): calcd [M+H]
+
 340.95693, found 340.95596. 

 

Tetramethyl (3E)-3,4-dibromocyclodeca-3,8-diene-1,1,6,6-tetracarboxylate (2-71) 

     According to the General procedure, 2-60 (0.283 g, 0.510 mmol, 0.004 M in 128 mL DCM) 

was reacted with Grubbs’ 2
nd

 generation catalyst (43 mg, 0.051 mmol) and chromatography with 

3:2 hexanes/Et2O afforded 240 mg of colorless crystals (90% yield, E/Z ratio 1/5).  

1
H NMR (400 MHz, CDCl3, ppm) δ: (E) 6.14-6.05 (m, 2H), 4.38 (d, J = 14.9 Hz, 2H), 3.80 (s, 

6H), 3.71 (s, 6H), 3.12 (d, J = 14.8 Hz, 2H), 3.06 (d, J = 13.2 Hz, 2H), 2.47 (ddd, J = 13.2, 7.2, 

3.2 Hz, 2H); (Z) 5.90-5.83 (m, 1H), 5.28-5.21 (m, 1H), 4.18 (d, J = 15.3 Hz, 1H), 4.05 (d, J = 
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14.6 Hz, 1H), 3.81 (s, 3H), 3.79 (s, 3H), 3.76 (s, 3H), 3.74 (s, 3H), 3.42 (ddd, J = 14.4, 2.2, 1.0 

Hz, 1H), 3.27-3.17 (m, 2H), 2.90 (dd, J = 14.8, 12.4 Hz, 1H), 2.60 (bt, J = 14.8 Hz, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: (E) 170.8, 170.6, 126.7, 122.0, 53.17, 52.8, 52.62, 43.5, 

38.5; (Z) 171.6, 171.5, 170.3, 169.8, 130.4, 125.0, 122.5, 118.7, 55.6, 53.7, 53.3, 53.2, 53.09, 

52.69, 43.8, 41.8, 31.7, 30.3; 

IR (neat ATR): 2955, 1728, 1428, 1218, 1175, 1059, 855; 

HRMS (DART): calcd [M+H]
+
 526.97337, found 526.97216. 

 

Tetramethyl (3E,9Z)-3,4-dibromocyclododeca-3,9-diene-1,1,6,6-tetracarboxylate (2-72) 

     According to the General procedure, 2-61 (0.195 g, 0.334 mmol) was reacted with catalyst 

(14 mg, 0.017 mmol) and chromatography with 4:1 hexanes/EtOAc afforded 160 mg of a white 

solid (86% yield).  

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.58 (bt, J = 5.1 Hz, 2H), 4.18 (d, J = 15.4 Hz, 2H), 3.77 

(s, 6H), 3.74 (s, 6H), 3.33 (d, J = 15.4 Hz, 2H), 2.12 (td, J = 14.4, 5.1 Hz, 2H), 2.03-1.88 (m, 

4H), 1.75-1.65 (m, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 171.4, 170.6, 130.0, 121.3, 56.9, 53.07, 52.90, 41.4, 32.1, 

21.9; 
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IR (neat ATR): 2914, 2850, 2836, 1721, 1648, 1541, 1426, 1375, 1215, 1183; 

HRMS (DART): calcd [M+H]
+
 555.00467, found 555.00302. 

 

Dimethyl (3E)-3,4-dibromo-1-tosylazacyclododeca-3,9-diene-6,6-dicarboxylate (2-73) 

     According to the General procedure, 2-65 (0.203 g, 0.326 mmol) was reacted with catalyst 

(14 mg, 0.016 mmol) and chromatography with 4:1 hexanes/EtOAc afforded 180 mg of a white 

solid (93% yield, E/Z ratio 1/7).  

1
H NMR (400 MHz, CDCl3, ppm) δ: (E) 7.68 (d, J = 8.6 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 5.63-

5.51 (m, 2H), 4.24-4.14 (m, 3H), 3.76 (s, 3H), 3.73 (s, 3H), 3.62 (ddd, J = 14.8, 5.2, 2.4 Hz, 1H), 

3.20 (bd, J = 16.4, 1H), 2.60-2.53 (m, 1H), 2.44-2.34 (m, 2H), 2.34 (s, 3H), 2.20-2.11 (m, 2H), 

1.61-1.45 (m, 2H); (Z) 7.70 (d, J = 8.3 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 5.54 (ddd, J = 10.8, 

10.8, 4.4 Hz, 1H), 5.45 (ddd, J = 10.4, 10.4, 6.4 Hz, 1H), 4.35 (d, J = 16.0 Hz, 1H), 4.32 (d, J = 

13.6 Hz, 1H), 4.20 (dd, J = 13.6, 2.8 Hz, 1H), 3.75 (bs, 6H), 3.44 (ddd, J = 14.4, 12.0, 7.2 Hz, 

1H), 3.32 (dd, J = 16.0, 2.4 Hz, 1H), 2.68 (ddd, J = 23.2, 11.2, 2.4 Hz, 1H), 2.44-2.34 (m, 2H), 

2.43 (s, 3H), 2.20-2.11 (m, 2H), 1.61-1.45 (m, 2H) 

13
C NMR (100 MHz, CDCl3, ppm) δ: (Z) 171.4, 169.8, 143.5, 135.4, 132.3, 129.7, 127.2, 126.1, 

123.2, 120.2, 57.5, 56.6, 53.2, 53.0, 48.3, 41.0, 32.7, 29.4, 22.3, 21.4 (signals for the E isomer 

were not observed in the 
13

C NMR spectrum due to the minute amount in the product mixture);  
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IR (neat ATR): 2951, 2922, 2851, 1749, 1597, 1436, 1303, 1266, 1164, 927; 

HRMS (DART): calcd [M+H]
+
 593.99781, found 593.99607. 

 

Dimethyl (3E,10E)-3,4-dibromooxacyclododeca-3,10-diene-6,6-dicarboxylate (2-74) 

     According to the General procedure, dimethyl 2-58 (0.185 g, 0.395 mmol) was reacted with 

catalyst (16 mg, 0.0197 mmol) and chromatography with 4:1 petroleum ether/Et2O afforded 140 

mg of a white solid (80% yield).  

1
H NMR (400 MHz, C6D6, ppm) δ: 5.69 (dt, J = 15.6, 7.2 Hz, 1H), 5.56 (ddd, J = 15.4, 8.4, 3.6 

Hz, 1H), 4.49 (d, J = 3.2 Hz, 1H), 4.45 (d, J = 4.4 Hz, 1H), 4.19 (dd, J = 13.2, 2.4 Hz, 1H), 3.89 

(dd, J = 14.4, 2.8 Hz, 1H), 3.43 (dd, J = 13.4, 8.6 Hz, 1H), 3.39 (s, 3H), 3.26 (dd, J = 16.0, 2.4 

Hz, 1H), 3.20 (s, 3H), 2.40-2.32 (m, 1H), 1.91 (d, J = 12.4 Hz, 1H), 1.88 (d, J = 13.2 Hz, 1H), 

1.48-1.41 (m, 1H), 1.30 (q, J = 12.4 Hz, 1H), 1.25-1.18 (m, 1H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 172.0, 170.3, 133.1, 129.4, 125.9, 117.7, 75.6, 74.4, 56.2, 

52.9, 40.6, 29.2, 28.5, 23.5; 

IR (neat ATR): 2954, 2925, 2857, 1732, 1455, 1432, 1294, 1265, 1240, 1207, 1172, 1056, 974; 

HRMS (DART): calcd [M+H]
+
 440.97298, found 440.97067. 
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(3E)-3,4-dibromo-1,6-dioxacyclohexadeca-3,11-diene (2-75) 

     According to the General procedure, 2-55 (0.20 g, 0.487 mmol) was reacted with catalyst (20 

mg, 0.024 mmol) and chromatography with 14:1 hexanes/EtOAc afforded 162 mg of a colorless 

oil (87% yield, E/Z ratio 1/1).  

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.45-5.38 (m, 2H), 5.37-5.31 (m, 2H), 4.84 (d, J = 12.5 Hz, 

2H), 4.81 (d, J = 11.7 Hz, 2H), 4.14 (d, J = 12.5 Hz, 4H), 3.57-3.49 (m, 8H), 2.14-2.01 (m, 8H), 

1.69-1.62 (m, 8H), 1.60-1.51 (m, 4H), 1.48-1.37 (m, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 130.4, 129.8, 122.8, 122.7, 74.6, 74.4, 70.9, 68.7, 31.8, 

28.8, 27.8, 25.8, 25.3, 24.7; 

IR (neat ATR): 3002, 2969, 2938, 2859, 2359, 2341, 1439, 1365, 1229, 1216, 1124, 1093, 1073, 

1010, 970, 913; 

HRMS (DART): calcd [M+H]
+
 383.00389, found 383.00198. 
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(3E)-3,4-dibromo-1,6-dioxacyclononadeca-3,8-diene (2-76) 

     According to the General procedure, 2-54 (0.15 g, 0.332 mmol) was reacted with catalyst (14 

mg, 0.017 mmol) and chromatography with 14:1 petroleum ether/Et2O afforded 92 mg of a 

colorless oil (65% yield, E/Z ratio 2.5/1).  

1
H NMR (400 MHz, CDCl3, ppm) δ: (E) 5.74 (dt, J = 15.2, 6.8 Hz, 1H), 5.63-5.54 (m, 1H), 4.47 

(s, 2H), 4.44 (s, 2H), 3.99 (dd, J = 6.4, 0.8 Hz, 2H), 3.49 (t, J = 6.6 Hz, 2H), 2.13-2.06 (m, 2H), 

1.67-1.56 (m, 2H), 1.45-1.37 (m, 4H), 1.29 (bs, 10 H); (Z) 5.63-5.54 (m, 2H), 4.50 (s, 2H), 4.47 

(s, 2H), 4.04 (bs, J = 5.2 Hz, 2H), 3.48 (t, J = 6.4 Hz, 2H), 2.13-2.06 (m, 2H), 1.67-1.56 (m, 2H), 

1.45-1.37 (m, 4H), 1.29 (bs, 10 H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: (E) 136.3, 125.8, 122.51, 122.1, 74.15, 72.3, 70.4, 69.7, 

31.3, 29.1, 28.2, 27.97, 27.93, 27.6, 27.5, 27.2, 25.4; (Z) 134.4, 125.3, 122.49, 122.3, 74.0, 73.3, 

69.4, 65.1, 28.6, 28.1, 27.94, 27.7, 27.4, 26.9, 26.6, 25.2 (1 C peak overlaps); 

IR (neat ATR): 2924, 2854, 1454, 1264, 1096, 970; 

HRMS (DART): calcd [M+H]
+
 425.05084, found 425.04955. 

General procedure for deprotection: 

     A flame-dried flask equipped with a reflux condenser was charged with Zn dust (6 equiv) and 

flushed with N2. A solution of substrate (0.02 M) in THF was added into the flask and refluxed 
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overnight. After completion the resultant reaction suspension was diluted with EtOAc, filtered 

through celite and the solvent was removed in vacuo. The product was purified by column 

chromatography.  

 

1,6-dioxacyclotridec-8-en-3-yne (2-77) 

     According to the General procedure, 2-70 (135 mg, 0.397 mmol) was reacted with Zn dust 

(156 mg, 2.38 mmol) and chromatography with 14:1 hexanes/EtOAc afforded 57 mg of a 

colorless oil (80% yield, E/Z ratio 2.5/1). 

1
H NMR (400 MHz, CDCl3, ppm) δ: (E) 5.76 (dt, J = 15.2, 6.0 Hz, 1H), 5.67 (dt, J = 15.6, 6.8 

Hz, 1H), 4.17 (bt, J = 1.6 Hz, 2H), 4.13 (bt, J = 1.4 Hz, 2H), 4.09 (d, J = 6.0 Hz, 2H), 3.60 (t, J = 

7.0 Hz, 2H), 2.10 (bddd, J = 12.0, 6.6, 0.8 Hz, 2H), 1.74 (p, J = 6.8 Hz, 2H), 1.62-1.49 (m, 2H); 

(Z) 5.79-5.70 (m, 1H), 5.50-5.44 (m, 1H), 4.59 (d, J = 7.6 Hz, 2H), 4.21 (bt, J = 1.6 Hz, 2H), 

4.13 (bt, J = 1.4 Hz, 2H), 3.67 (t, J = 5.4 Hz, 2H), 2.19 (dd, J = 15.7, 8.0 Hz, 2H), 1.62-1.49 (m, 

4H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: (E) 133.4, 128.9, 84.2, 83.0, 73.9, 69.3, 58.9, 58.4, 31.1, 

28.3, 23.1; (Z) 136.0, 124.5, 84.3, 81.7, 68.3, 62.4, 58.7, 55.5, 28.7, 26.0, 24.9; 

IR (neat ATR): 2927, 2851, 1446, 1350, 1240, 1207, 1094, 1079, 971, 898; 

HRMS (DART): calcd [M+H]
+
 181.12231, found 181.12197. 
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Tetramethyl (Z)-cyclodec-3-en-8-yne-1,1,6,6-tetracarboxylate (2-78) 

     According to the General procedure, 2-71 (168 mg, 0.319 mmol) was reacted with Zn dust 

(125 mg,  1.915 mmol) at 60
o
C for 4 days in a sealed vial and chromatography with 3:1 

hexanes/EtOAc followed by recrystallization from pentane afforded  91 mg of the known
13d

 

white solid (pure Z isomer 93% yield, total reaction yield 78%). The E isomer was not observed. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.45 (t, J = 5.2 Hz, 2H), 3.73 (s, 12 H), 3.08 (bs, 2H), 2.95-

2.45 (m, 6H).  

Table 2.5. Conditions tested for deprotection of 2-71
 

Entry Promoter 

(equiv) 

Solvent Temperature 

(
o
C) 

Time (h) Yield (%) Isomer 

Ratio 

(E/Z) 

1
a Zn (6) THF 66 12 53 1/18

 

2
 Zn (6) 1,4-

dioxane 

101 72 - - 

3
 Pd(PPh3)4 

(0.10) 

MeCN 82 96 - - 

4 Zn (6) THF 60 96 78 0/1 

a
47% of starting material was recovered. 
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Tetramethyl (Z)-cyclododec-9-en-3-yne-1,1,6,6-tetracarboxylate (2-79) 

     According to the General procedure, 2-72 (132 mg, 0.238 mmol) was reacted with Zn dust 

(93 mg, 1.43 mmol) and chromatography with 4:1 hexanes/EtOAc afforded 90 mg of a white 

solid (95% yield). 

1
H NMR (400 MHz, C6D6, ppm) δ: 5.56-5.48 (m, 2H), 3.19 (s, 12H), 3.01 (s, 4H), 2.41-2.37 (m, 

4H), 2.21-2.24 (m, 4H);   

13
C NMR (100 MHz, CDCl3, ppm) δ: 170.8, 129.9, 78.4, 55.6, 52.6, 33.5, 23.5, 21.8; 

IR (neat ATR): 2956, 2929, 2852, 1728, 1446, 1432, 1268, 1210, 1103, 1083, 1067;  

HRMS (DART): calcd [M+H]
+
 395.17004, found 395.16877. 
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Dimethyl 1-tosylazacyclododec-9-en-3-yne-6,6-dicarboxylate (2-80) 

     According to the General procedure, 2-73 (157 mg, 0.264 mmol) was reacted with Zn dust 

(104 mg, 1.58 mmol) and chromatography with 3:1 hexanes/EtOAc afforded 114 mg of a white 

solid (99% yield, E/Z ratio 1/7). 

1
H NMR (400 MHz, CDCl3, ppm) δ: (E) 7.67 (d, J = 8.2 Hz, 2H), 7.30 (d, J = 7.9 Hz, 2H), 5.61-

5.50 (m, 2H), 3.79 (t, J = 1.6 Hz, 2H), 3.72 (s, 6H), 3.18-3.15 (m, 2H), 2.83 (t, J = 1.7 Hz, 2H), 

2.45-2.40 (m, 2H), 2.42 (s, 3H), 2.05-1.93 (m, 4H); (Z) 7.65 (d, J = 8.3 Hz, 2H), 7.30 (d, J = 7.9 

Hz, 2H), 5.65 (dt, J = 10.8, 7.6 1H), 5.46 (dt, J = 10.8, 8.4 Hz, 1H), 3.92 (t, J = 1.6 Hz, 2H), 3.71 

(s, 6H), 3.09-3.05 (m, 2H), 2.98 (t, J = 1.8 Hz, 2H), 2.56 (dt, J = 8.4, 8.4 Hz, 2H), 2.42 (s, 3H), 

2.05-1.93 (m, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: (Z) 170.5, 143.6, 135.2, 131.2, 129.8, 127.5, 127.2, 80.7, 

77.4, 55.5, 52.9, 49.4, 40.1, 33.9, 29.1, 22.8, 21.5 (2C) (signals at 21.50 ppm and 20.75 ppm can 

be observed when the 
13

C NMR spectrum was taken in C6D6) (signals for the E isomer were not 

observed in the 
13

C NMR spectrum due to the minute amount in the product mixture);  

IR (neat ATR): 2954, 2926, 2857, 1731, 1597, 1435, 1339, 1272, 1159, 1089, 1068, 927; 

HRMS (DART): calcd [M+H]
+
 434.16318, found 434.16176. 
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Dimethyl (E)-oxacyclododec-10-en-3-yne-6,6-dicarboxylate (2-81) 

     According to the General procedure, 2-74 (114 mg, 0.259 mmol) was reacted with Zn dust 

(102 mg, 1.55 mmol) and chromatography with 4:1 hexanes/EtOAc afforded 67 mg of a white 

solid (92% yield). 

1
H NMR (400 MHz, C6D6, ppm) δ: 5.59 (dt, J = 15.6, 6.4 Hz, 1H), 5.44 (dt, J = 15.6, 7.2 Hz, 

1H), 3.87 (t, J = 2.2 Hz, 2H), 3.81 (d, J = 6.4 Hz, 2H), 3.23 (s, 6H), 3.07 (t, J = 2.2 Hz, 2H), 

2.38-2.34 (m, 2H), 1.72 (td, J = 6.4, 5.2 Hz, 2H), 1.20-1.13 (m, 2H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 170.9, 133.1, 130.5, 82.5, 81.3, 74.3, 59.6, 55.6, 52.7, 

29.2, 29.1, 22.5, 22.3; 

IR (neat ATR): 2950, 2930, 2856, 1728, 1450, 1430, 1297, 1267, 1241, 1202, 1176, 1052;  

HRMS (DART): calcd [M]
+
 280.13053, found 280.12918. 

 

1,6-dioxacyclohexadec-11-en-3-yne (2-45) 

     According to the General procedure, 2-75 (110 mg, 0.288 mmol) was reacted with Zn dust 

(113 mg, 1.72 mmol) and chromatography with 9:1 hexanes/EtOAc afforded 58 mg of a 

colorless oil (91% yield, E/Z ratio 1/1). For spectral data refer to page 68. 
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1,6-dioxacyclononadec-8-en-3-yne (2-82) 

     According to the General procedure, 2-76 (156 mg, 0.367 mmol) was reacted with Zn dust 

(144 mg, 2.21 mmol) and chromatography with 9:1 petroleum ether/Et2O afforded 90 mg of a 

colorless oil (93% yield, E/Z ratio 2.5/1). 

1
H NMR (400 MHz, CDCl3, ppm) δ: (E) 5.72 (dt, J = 15.6, 7.0 Hz, 1H), 5.64-5.48 (m, 1H), 4.18 

(t, J = 1.6 Hz, 2H), 4.16 (t, J = 1,6 Hz, 2H), 4.05 (dd, J = 6.4, 0.8 Hz, 2H), 3.55 (t, J = 6.6 Hz, 

2H), 2.13-2.07 (m, 2H), 1.62 (p, J = 6.8 Hz, 2H), 1.45-1.36 (m, 4H), 1.30 (bs, 10H); (Z) 5.64-

5.48 (m, 2H), 4.20 (t, J = 1.6 Hz, 2H), 4.18 (t, J = 1.6 Hz, 2H), 4.15-4.13 (m, 2H), 3.54 (t, J = 6.6 

Hz, 2H), 2.13-2.07 (m, 2H), 1.63 (p, J = 6.4 Hz, 2H), 1.45-1.36 (m, 4H), 1.30 (bs, 10H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: (E) 136.1, 125.8, 82.76, 82.09, 69.92, 69.89, 58.29, 56.1, 

31.2, 28.9, 28.1, 27.98, 27.87, 27.5, 27.3, 26.9, 25.4; (Z) 134.5, 125.3, 82.66, 82.03, 69.5, 64.9, 

58.23, 57.2, 28.5, 28.3, 27.92, 27.84, 27.7, 27.2, 27.0, 26.7, 25.2;  

IR (neat ATR): 2926, 2853, 1454, 1343, 1260, 1096, 970; 

HRMS (DART): calcd [M+H]
+
 265.21621, found 265.21568. 
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Dimethyl-(4aR,4bR,9aS)-4,4a,4b,5,6,7-hexahydrocyclohepta[2,3]cyclopropa[1,2-c]pyran-

8,8(9H)-dicarboxylate (2-84) 

     A flame-dried flask was charged with PtCl2 (6 mg, 0.0214 mmol), 2-81 (60 mg, 0.214 mmol) 

and toluene (11 mL). The suspension was heated at 80 
o
C and the reaction was monitored by 

TLC. After the complete consumption of starting eneyne (3 h), the solvent was removed in vacuo 

and chromatography with 4:1 hexanes/EtOAc afforded 58 mg of a colorless oil (97% yield).  

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.99 (d, J = 6.1 Hz, 1H), 5.04 (d, J = 6.1 Hz, 1H), 4.06 (dd, 

J = 10.4, 1.2 Hz, 1H), 3.73 (s, 3H), 3.67 (s, 3H), 3.66 (dd, J = 10.4 (no overlap with the peak at 

3.67 was observed when
1
H NMR was taken in C6D6), 2.2 Hz, 1H), 2.57 (d, J = 15.6 Hz, 1H), 

2.42 (ddd, J = 14.2, 9.8, 4.0 Hz, 1H), 2.09 (ddd, J = 14.5, 9.4, 5.2 Hz, 1H), 1.98 (d, J = 15.6 Hz, 

1H), 1.94-1.80 (m, 1H), 1.75 (ddd, J = 14.0, 7.0, 3.8 Hz, 1H), 1.57 (tt, J = 14.4, 4.4 Hz, 1H), 1.21 

(dt, J = 11.2, 5.6 Hz, 1H), 1.10-1.09 (m, 1H), 1.06-0.95 (m, 1H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 173.0, 172.6, 140.1, 109.9, 61.6, 56.9, 52.6, 52.3, 37.8, 

34.1, 33.1, 29.1, 27.9, 23.7, 16.5; 

IR (neat ATR): 2992, 2952, 2861, 1729, 1637, 1456, 1433, 1244, 1209, 1171, 1040, 1018, 956; 

HRMS (DART): calcd [M+H]
+
 281.13707, found 281.13707. 
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4,5,6,7,8,9,10,11,12,12a,12b,13-dodecahydro-1H,3H-pyrano[4',3':1,3]cyclopropa[1,2-

c][1]oxacyclotetradecine (2-85) 

     A flame-dried flask was charged with PtCl2 (7 mg, 0.0246 mmol), 2-82 (65 mg, 0.246 mmol 

E/Z ratio = 2.5/1) and toluene (10 mL). The suspension was heated at 80 
o
C and the reaction was 

monitored by TLC. After the complete consumption of starting eneyne (4 h), the solvent was 

removed in vacuo and chromatography with 9:1 hexanes/EtOAc afforded 35 mg of a colorless 

oil (54% yield with stereoisomer ratio 2.5/1). 

(Major isomer)  

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.13 (d, J = 6.0 Hz, 1H), 5.40 (d, J = 6.0 Hz, 1H), 4.08 (dd, 

J = 10.4 Hz, 0.8 Hz, 1H), 3.67 (dd, J = 10.4, 2.0 Hz, 1H), 3.54 (d, J = 9.6 Hz, 1H), 3.53-3.33 (m, 

2H), 3.15 (d, J = 9.6 Hz, 1H), 1.71-1.14 (m, 18H), 1.06-1.04 (m, 1H), 1.0-0.99 (m, 1H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 140.28, 108.8, 71.5, 69.0, 61.3, 31.0, 28.5, 27.9, 27.48, 

27.40, 26.9, 26.6, 25.6, 25.2, 23.9, 22.9, 20.5; 
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(Minor isomer) 

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.25 (d, J = 6.2 Hz, 1H), 5.11 (d, J = 6.2 Hz, 1H), 4.01-

3.95 (m, 2H), 3.75 (d, J = 9.6 Hz, 1H), 3.53-3.33 (m, 2H), 2.81 (d, J = 9.3 Hz, 1H), 1.71-1.14 (m, 

20H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 140.39, 101.3, 78.3, 71.8, 60.4, 31.4, 29.7, 29.6, 27.51, 

27.2, 26.7, 26.3, 25.8, 25.4, 22.3, 20.0, 19.0; 

For mixture of isomers; 

IR (neat ATR): 2921, 2855, 1636, 1458, 1361, 1260, 1239, 1106, 1091, 1082, 1066, 1055, 853; 

HRMS (DART): calcd [M+H]
+
 265.21621, found 265.21512. 
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Chapter 3  

Transannular [4+2] Cycloaddition Reactions of Dicobalt-Complexed Macrocyclic Dienynes 

3.1. Introduction 

     The Diels-Alder reaction plays a crucial role in synthetic chemistry as one of the most 

powerful transformations since its discovery in the 1920s.
1
 This highly versatile reaction is used 

in the construction of complex organic compounds without scope or functional group limitations 

and with high atom economy.
2
 The transannular version of the Diels-Alder reaction has been 

employed as an effective synthetic tool for building complex polycyclic scaffolds and provides 

the most sophisticated examples of transannular reactions.
3
 Transannular Diels-Alder (TADA) 

reactions exhibit unique stereoselective behavior resulting from the combination of 

conformational restrictions the macrocyclic substrates possess along with endo-/exo-selectivity 

and stereospecificity inherent to Diels-Alder reactions.
3a

 The high levels of stereochemical 

control delivered by TADA reactions also allow the prediction of facial selectivity in processes 

with macrocyclic substrates holding pre-installed stereogenic centers.
3a,4

 These valuable 

synthetic and stereochemical features led to frequent employment of TADA reactions in the total 

synthesis of important natural products and pharmaceuticals.
5
 The preparation of the antibiotic 

metabolite branimycin (3-3),
6
 the neutral sphingomyelinase (N-SMase) inhibitor macquarimicin 

A (3-6)
7
 and the cytotoxic macrolide (+)-superstolide A (3-9)

4a
 are selected examples of the 

widespread application of TADA reactions in natural product synthesis (Scheme 3.1). A 

fascinating fact is that the first Diels-Alderase enzyme purified and characterized plays a key role 

in the biosynthesis of spinosyn A, is actually a catalyst for a TADA reaction.
8 
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Scheme 3.1. Examples of TADA reactions in natural product syntheses 

     Remarkably, TADA reactions make it possible to build polycyclic structures under mild 

conditions and at room temperature
9
 through placement of diene and dienophiles in close 

proximity.
10

  For example the Merlic research group reported palladium(II)-catalyzed oxidative 

couplings of bis(vinylboronate esters) as a highly effective preparation of triene and dienyne 

macrocycles (Scheme 3.2).
11 

Some of the investigated macrocyclizations formed reactive 

strained cyclic intermediates (3-11 and 3-14 in Scheme 3.2) that readily underwent proximity-

induced
 
TADA reactions  at room temperature (Scheme 3.2).

12
 This study not only provided a 
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mild and facile entry to macrocycle synthesis, but also opened up a new avenue suggesting 

TADA reactivity can be modulated through  alteration of substrate structures. 

 

Scheme 3.2. Previous work by the Merlic research group on TADA reactions 

     In order to gain a deeper insight on the effects of substrate structures on proximity-induced 

TADA reactions we collaborated with the Houk research group and conducted a comparative 

study using experimental and computational investigations. Macrocyclic dienynes with various 

ring sizes were prepared and distortion, tether length and entropy effects on their TADA 

reactions were tested. 



118 
 

     Although TADA reactions have been widely investigated, involvement of metals in these 

transformations to promote or catalyze them remains poorly established. In this regard, the only 

reported examples employing metals are TADA reactions promoted by metalloid Lewis acids in 

the synthesis of (+)-maritimol investigated by the Deslongchamps group (Chapter 1 Scheme 

1.1)
13

 and enantioselective TADA reactions investigated by the Jacobsen group (Chapter 1 

Scheme 1.2).
14

 Transition metal catalyzed or promoted TADA reactions, on the other hand, were 

unknown. 

      Over the years dicobalt-alkyne complexes have been shown to have a wide range of 

applications in synthetic chemistry. In addition to operating as protected alkynes
15

 and stabilized 

propargyl cations,
16

 dicobalt hexacarbonyl-alkyne complexes participate in several important 

cycloaddition reactions.
17

 In particular, the [2+2+1] cycloaddition leading to cyclopentenones, 

known as the Pauson-Khand reaction  (PKR), is the most frequently studied.
18

 Nevertheless, 

studies on other cycloaddition reactions of alkyne-{Co2(CO)6} complexes, especially the [4+2] 

reaction, are rare. Although being an understudied topic, we postulated that [4+2] cycloaddition 

reactions of dicobalt complexes would provide structures inaccessible via metal-free Diels-Alder 

reactions and would present a unique entry to both organocobalt and macrocycle chemistry. The 

details of our investigations on the first transannular [4+2] cycloadditions of macrocyclic alkyne-

{Co2(CO)6} complexes and the advantages of this transformations over metal-free TADA 

reactions are discussed in this chapter. 
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 3.2. Results and Discussion 

     Previous studies conducted in our laboratories on Pd(II)-catalyzed synthesis of macrocycles 

revealed that strained 12-membered cyclic trienes and dienynes (e.g. 3-11 and 3-14 in Scheme 

3.2) are unisolable and they in situ form tricyclic polycycles through room temperature-TADA 

reactions. On the other hand, all-carbon 14-membered triene 3-17 was less strained and more 

stable than the 12-membered diether analogues; therefore, it did not go through rapid room 

temperature-TADA reaction. Tricycle 3-18 was obtained through thermal a TADA reaction of 3-

17 and the half-life of reaction was determined as 67 minutes at 70 
o
C (Scheme 3.2).

12a
 In 

accordance with these results, computational investigations revealed that 12-membered 

macrocyles are enthalpically the most favorable structures.
12b

 Moreover, heteroatoms and 

alkynyl units contract the 12-membered cyclic substrates increasing the TADA reactivity. The 

TADA activation barrier of dienyne 3-11 was computed to be 12.6 kcal/mol while triene 3-14 

was found to have an activation barrier of 15.7 kcal/mol under the same conditions.
12b

 As 

expected, TADA reaction activation energy of larger ring 3-17 was experimentally determined as 

26.1 kcal/mol which was in good agreement with the computed range of 23-28 kcal/mol thus 

explaining the lack of reactivity of the 14-membered ring at room temperature.
12b

  

     To explore further the effects of heteroatoms on alkynyl dienophiles on the TADA reactivities 

of dienynes we needed to synthesize 14-membered ring 3-23 (Scheme 3.4). However, trials to 

prepare triyne 3-21 via classical SN2 reactions with various nucleophiles and electrophiles failed. 

This was most likely due to the tendency of homopropargyl electrophiles to undergo elimination 

reactions in the presence of bases and the low reactivity of but-3-yn-1-olate when used as 

nucleophile. Therefore, we subjected dicobalt-complexed diol 3-19 to a double Nicholas reaction 

(for the mechanism, see Scheme 3.3).
16,19 

The Lewis acid BF3 activated formation of propargyl 
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cations that are stabilized by cobalt. Nucleophilic reaction with homopropargyl alcohol afforded 

complex 3-20 in 72% yield (Scheme 3.4)  

     The resultant complex 3-20 was easily converted to target triyne 3-21 by high-yielding 

Ce(NO3)6(NH4)2 (CAN) oxidation/decomplexation (Scheme 3.4). Selective bis-hydroboration 

catalyzed by Schwartz’s reagent
20

 resulted in bis(vinylboronate ester) 3-22. Macrocycle 3-23 was 

observed to be slightly more reactive than 14-membered 3-17, but not as reactive as 12-

membered dienynes or trienes like 3-11 and 3-14. A 16-hour Pd(II)-catalyzed macrocyclization 

reaction of 3-22 formed macrocycle 3-23 in a 31% yield and TADA reaction tricycle 3-24 in a 

33% yield indicating the facility of the room temperature, proximity-induced TADA reaction of 

the 14-membered dienyne. Decreasing the macrocyclization reaction time to 3 hours afforded 3-

23 in a 68% yield as the sole isolable product. TADA reaction of isolated 3-23 at 21 
o
C was 

monitored by 
1
H-NMR spectroscopy and the reaction half-life was determined to be 27 hours at 

this temperature (details are presented in the experimental section). On the other hand, thermal 

TADA reaction of 3-23 was complete in 9.5 hours at 50 
o
C. The experimental TADA activation 

barrier was determined to be 27.0 kcal/mol which was in good agreement with the computed 

value of 28.0 kcal/mol.
12b

 

 

Scheme 3.3. General mechanism of the Nicholas reaction 
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Scheme 3.4. Preparation and TADA reaction of dienyne 3-23 

     We then gravitated towards TADA reactions of larger dienyne rings to investigate the effects 

of different tether lengths and, in turn, ring sizes on reactivity. Hydroboration of triyne 3-25 

produced bis(vinylboronate ester) 3-26 in good yield and Pd(II)-catalyzed coupling reaction of 3-

26 formed macrocycle 3-27 in 63% yield (Scheme 3.5). The 15-membered cyclic dienyne was 

considerably less reactive than 14-membered dienyne 3-23 as the overnight room temperature 

macrocyclization of 3-27 did not yield any of the expected TADA product. In fact, stirring 3-27 

at room temperature for 20 days produced tricyclic TADA product 3-28 in a mere 4% yield. A 

thermal TADA reaction was more effective as 3-28 was formed quantitatively upon heating 3-27 
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at 80 
o
C for 45 hours (Scheme 3.5). However, this thermal reaction of 3-27 was not as facile as 

the reactions of 14-membered macrocycles 3-17 or 3-23. These results were anticipated as in the 

15-membered macrocycle it is more conformationally challenging for diene and dienophile units 

to approach each other and the TADA product tricycle 3-28 contains a fused medium sized ring 

(8-membered) that is relatively more difficult to access with respect to five- and six-membered 

counterparts.  

 

Scheme 3.5. Preparation and TADA reaction of dienyne 3-27 

     It was evident that as the macrocycle size increases the TADA reactivity decreases, thus we 

aimed to discover alternative transannular [4+2] cycloaddition routes for unreactive TADA 

substrates. Although studies on [4+2] cycloaddition reactions of alkyne-{Co2(CO)6} complexes 

were scarce, there were a few reported examples that encouraged us to explore novel dicobalt-

promoted transannular [4+2] cycloadditions of macrocyclic dienynes. Pauson and Khand 

reported intermolecular tandem Diels-Alder/[2+2+1] reactions of a few terminal dicobalt 
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hexacarbonyl-complexed alkynes with 1,3-cyclohexadiene in 1978.
21

 However, none of the in 

situ formed Diels-Alder products could be isolated as they rapidly underwent Pauson-Khand 

([2+2+1] cycloaddition) reactions affording cyclopentenones. The Iwasawa and Zhang research 

groups demonstrated 30 years later intermolecular Diels-Alder reactions with dicobalt complexes 

of otherwise inaccessible strained and reactive cyclic alkynes.
22

 During these investigations it 

was unclear whether the [4+2] reaction was indeed activated by the presence of the metal rather 

than simply heat since the dicobalt-free dienophiles such as cycloheptyne were unstable and 

could not be prepared for control reactions.  

    Dicobalt hexacarbonyl complex 3-29 was synthesized in 89% yield under mild conditions by 

complexation of 3-28 with {Co2(CO)8} and tested for transannular [4+2] reactions (Table 3.1). 

We did not observe TADA product 3-28 even after stirring complex 3-29 for 7 days at room 

temperature (Table 3.1 entry 1). The rate determining step of a Pauson-Khand reaction (PKR) is 

de-coordination of a CO ligand to provide an open coordination site for an incoming alkene.  To 

facilitate this mechanistic step, various promoters are commonly employed to either oxidize CO 

to CO2 or to weakly coordinate to the metal center.
23

 We proposed that promoters might also 

activate transannular [4+2] cycloaddition reactions activating the coordination of the diene to the 

dienophile complex unit. Promoter/solvent systems commonly used for PKR substrates with 

propargylic units were thus selected for screening.
24

 DMSO/THF and TMTU/toluene systems 

were ineffective at room temperature (Table 3.1 entries 2 and 3), but experiments at 80 
o
C 

produced the desired TADA product in 74 and 99% yields, respectively (Table 3.1 entries 4 and 

5). The reaction times indicated that the dicobalt-promoted TADA reaction was considerably 

more facile than the cobalt-free TADA reaction; while the TADA reaction of metal-ree 

macrocycle 3-27 was complete in 45 hours, tricycle 3-28 was obtained in quantitative yield from 
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complex 3-29 in only 12 hours at the same temperature (Table 3.1 entry 5 vs Scheme 3.5). An 

impressive result was obtained when the cycloaddition reaction was performed with a stronger 

promoter. Although metal-free dienyne ring 3-27 was unreactive in a TADA reaction at room 

temperature (Scheme 3.5), complex 3-29 formed product 3-28 in 80% yield in just 30 minutes 

when treated with NMO (Table 3.1 entry 6). Increasing the reaction time to 4 hours for complete 

consumption of the complex increased the yield to 90% (Table 3.1 entry 7). Acetonitrile solvent, 

which was the choice of promoter/solvent in previously reported cycloaddition reactions of 

dicobalt complexes,
22

 did not affect the product yield, but dramatically slowed the reaction 

(Table 3.1 entry 8).      

Table 3.1. Preparation and transannular [4+2] reactions of complex 3-29 

 

Entry Temperature 

(
o
C)  

Promoter
a 

Promoter 

equiv 

Time (h) Solvent Yield (%)
b
 

1 25 - - 168 CH2Cl2 0
 

2
 25 DMSO 6 120 THF 0 

3
 25 TMTU 0.6 72 toluene 0 

4
 80 DMSO 6 18 THF 74 

5 80 TMTU 0.6 12 toluene 99
 

6
 25 NMO 6 0.5 CH2Cl2 80

 

7 25 NMO 6 4 CH2Cl2 90 



125 
 

8 25 NMO 6 21 MeCN 86 

a
DMSO = Dimethyl sulfoxide NMO = N-methylmorpholine-N-oxide TMTU = 1,1,3,3-

tetramethylthiourea 
b
Yields are of isolated products. For entries 1-4 unreacted starting material 

was recovered as dicobalt complex 3-29 and/or decomplexed dienyne 3-27.  

 

     After observing dramatic [4+2] reactivity changes by merely installing a single additional 

atom on to substrate rings, we decided to test even larger macrocycles to elucidate the general 

trend. 16-membered dienyne ring 3-32 was prepared via hydroboration of 3-30 followed by 

Pd(II)-catalyzed macrocyclization and then subjected to transannular [4+2] reaction conditions 

(Scheme 3.6). Metal-free TADA reaction of 3-32 was not effective as tricyclic compound 3-33 

was not formed even after heating 3-32 at 70 
o
C for 24 hours or at 80 

o
C for 72 hours. When 

macrocycle 3-32 was heated in toluene at 120 
o
C for 72 hours only a trace amount of product 

was observed by TLC.  Clearly, this larger system no longer benefits from a proximity effect and 

lacking diene or dienophile activating groups, no TADA reactions were observed.  

 

Scheme 3.6. Preparation and attempted metal-free TADA reaction of dienyne 3-32 
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     Proximity-induced, metal-free TADA reaction of macrocyclic dienyne 3-32 failed, but we 

postulated that the dicobalt complexed ring could undergo successful transannular [4+2] 

cycloaddition considering the reactivity improvement detected in the reactions of 15-membered 

macrocycle 3-27. Initially, we attempted to prepare dicobalt hexacarbonyl complexed 

macrocycle 3-35 through Pd(II)-catalyzed coupling reaction of complex 3-34 (Table 3.2) in order 

to benefit from the pseudo cis alkene structure of {Co2(CO)6}-alkyne unit that could release the 

strain in the product ring and force the vinylboronate ester coupling partners in close proximity 

during macrocyclization. 3-34 was synthesized in 62% yield by complexation of 

bis(vinylboronate ester) 3-31 (Scheme 3.7). Several intramolecular coupling reaction conditions, 

including the conditions that produced macrocycle 3-32 successfully (Scheme 3.6), were tested 

but unfortunately target complex 3-35 did not form (Table 3.2). Each trial led to a mixture of 

unreacted starting material and unidentifiable decomposition products. This could be caused by 

deactivation of palladium catalyst through CO coordination or unwanted CO insertion 

reactions.
25

 A coupling reaction was performed at 0 
o
C to inhibit the release of CO from the 

substrate complex but nevertheless 3-35 was not detected (Table 3.2 entry 6). 

 

Scheme 3.7. Preparation of complex 3-34 
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Table 3.2. Attempted synthesis of complex 3-35 by Pd(II)-catalyzed macrocyclization 

 

Entry Temperature 

(
o
C)  

Catalyst
 

Time (h) Solvent Base 

1 25 PdCl2(PPh3)2 24 MeOH K2CO3 

2
 25 PdCl2(PPh3)2 12 DMF K2CO3 

3
 25 PdCl2(PPh3)2 12 DMF CsF 

4
 25 PdCl2(PPh3)2 19 THF CsF 

5 25 PdCl2 48 DMF CsF
 

6
 0 PdCl2(PPh3)2 12 MeOH K2CO3

 

 

     We used the previous strategy to prepare dicobalt complex 3-35 and the complexation 

reaction of 3-32 with {Co2(CO)8} afforded the target macrocyclic complex in 93% yield (Table 

3.3). Transannular [4+2] cycloaddition reaction conditions were applied on 3-35 and to our 

delight tricyclic product 3-33; despite being inaccessible through metal-free thermal TADA 

reactions, formed in satisfactory yields (Table 3.3). Dicobalt-promoted reactions were highly 

dependent on the promoter/solvent composition. The previously most active promoter NMO was 

ineffective at room temperature or at 80 
o
C (Table 3.3 entries 1 and 2). When heat was used as 

the sole promoter product yields were low (Table 3.3 entries 3 and 4). While toluene/TMTU was 

found to provide a quantitative conversion of 15-membered cycle 3-27 to tricycle 3-28 (Table 
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3.1 entry 5), it failed to promote formation of tricycle 3-33. Higher yields were achieved when 

benzene was used as the solvent partner to TMTU (Table 3.3 entry 6).
 
Finally, product 3-33 was 

successfully synthesized in an 86% yield with a THF/DMSO system (Table 3.3 entry 7).  

Table 3.3. Preparation and transannular [4+2] reactions of complex 3-35 

 

Entry Temperature 

(
o
C)  

Promoter
 

Promoter 

equiv 

Time (h) Solvent
a 

Yield (%)
b
 

1 25 NMO 6 48 CH2Cl2 14
 

2
 80 NMO 6 48 DCE 17 

3
 80 - 100 - - 96 toluene 21 

4
 140 - - 17 (n-Bu)2O 25 

5 100 TMTU 0.6 24 toluene -
 

6
 70 TMTU 2 12 benzene 51

 

7 80 DMSO 6 18 THF 86 

 aDCE = 1,2-dichloroethane. 
b
Yields are of isolated products. For entry 1 unreacted starting 

material was recovered as complex 3-35 and decomplexed dienyne 3-32. For entries 2-6 

recovered 3-35 and 3-32 were detected together with unidentifiable decomposition products. 

      

     Tricyclic products 3-28 and 3-33 were obtained from the cobalt-promoted reactions as single 

diastereomers and they were predicted to have cis stereochemistry. 
1
H NMR analysis determined 

that thermal metal-free TADA reaction of dienyne 3-27 and transannular [4+2] cycloaddition 
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reaction of complex 3-29 formed the same diastereomer. Thus, the stereochemistry of tricylic 

products 3-28 and 3-33 from cobalt-promoted reactions were assigned as cis. 

     We next turned to a transannular cycloaddition reaction of an even larger dienyne ring. 18-

membered macrocycle 3-38 was synthesized from bis(vinylboronate ester) 3-37 in 42% yield by 

Pd(II)-catalyzed macrocyclization (Scheme 3.8). Like dienyne 3-32, macrocycle 3-38 failed to 

undergo a thermal TADA reaction; after heating at 120 
o
C for 72 hours, no desired tricycle 3-39 

was formed. These outcomes correspond well with results of theoretical studies. The TADA 

reaction activation energy was calculated to be 37.9 kcal/mol for 16-membered 3-32, a value 10 

units higher than the TADA activation barrier of 14-membered 3-23 (28.0 kcal/mol). The barrier 

was calculated to be even higher at 41.6 kcal/mol for 18-membered 3-38.
12b

 

 

Scheme 3.8. Preparation and attempted TADA reaction of dienyne 3-38 

     Dicobalt hexacarbonyl complex 3-40 was prepared by a complexation reaction of 3-38 with 

Co2(CO)8 and subjected to test experiments for transannular [4+2] reaction with various 

promoters (Table 3.4). Even at high temperatures with extensive reaction times (1-14 days), no 

product formation was detected. These experiments resulted in mixtures of unreacted complex 3-
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40 along with unidentifiable decomposition products (Table 3.4 entries 1-5). On the other hand, 

when reactive the promoter NMO was utilized together with solvent/promoter MeCN to facilitate 

the reaction, dicobalt-free macrocycle 3-38 was recovered quantitatively after 5 hours (Table 3.4 

entry 6). The lack of reactivity may be due to steric interference by the extended methylene 

chains and thus the increased distortion energy. 

Table 3.4. Preparation and attempted transannular [4+2] reactions of complex 3-40 

 

Entry Temperature 

(
o
C)  

Promoter
 

Promoter 

equiv 

Time (d) Solvent
 

1 60 TMTU 0.6 14 toluene 

2
 90 TMTU 0.6 3 toluene 

3
 110 TMTU 1.2 1 toluene 

4
 70 DMSO 6 1 toluene 

5 90 DMSO 6 5 toluene 

6
 70 NMO 6 5 h MeCN 

 

     Metal-free TADA reaction product 3-24, dicobalt-promoted transannular [4+2] cycloaddition 

products 3-28 and 3-33 are polycycles with 1,4-cyclohexadiene moieties, thus aromatization 

might be anticipated especially at high temperatures in the presence of oxidants. However, 

aromatization products derived from 3-24 and 3-33 were not observed. The aromatized form of 
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3-28 was detected by 
1
H NMR only in trials involving cobalt and oxidizing promoters together 

with heat. Fortunately, since it is possible to synthesize 3-28 at room temperature (Table 3.1 

entries 6-8), aromatization can be avoided. 

     One reason for the limited number of dicobalt-promoted [4+2] cycloaddition examples 

reported in the literature is the high propensity for Pauson Khand reactions to occur. 

{Co2(CO)6}-alkyne complexes are known to readily undergo intermolecular PKR with 

dienes.
21,26

 Moreover, it was shown that an intramolecular PKR pathway is preferred over 

dicobalt-promoted intramolecular [4+2] cycloaddition reactions when acyclic dienyne dicobalt 

complexes were treated with promoters.
27

 In our studies, transannular [4+2] cycloaddition 

reactions of dicobalt complexes showed impressive selectivity and none of the possible 

transannular PKR products 3-41, 3-42, 3-43 or 3-44 were detected (Scheme 3.9).   
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Scheme 3.9. Possible transannular Pauson-Khand reaction products 

     This selectivity may be due to conformational effects and a tendency for the intermediate 

cobaltocycle D that results from alkene insertion into the dicobalt-alkyne moiety to undergo a 

1,3-shift (Scheme 3.10) and subsequent reductive elimination faster than CO insertion/reductive 

elimination path (i.e. Pauson-Khand reaction path in Scheme 3.10).
22a

 Failed attempts to perform 

[4+2] cycloaddition reactions with catalytic amounts of {Co2(CO)8} (details are discussed in 

Chapter 4) imply that metal-activated classical concerted Diels-Alder type reactions
28

 are not 

likely to occur. This in turn strengthens the possibility of the proposed stepwise mechanism. 
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Scheme 3.10. Proposed general mechanism of dicobalt-promoted [4+2] cycloadditions 

     Finally, we tested intermolecular versions of dicobalt-promoted [4+2] cycloadditions. For 

these control reactions we selected dienes and dienophiles that are not activated with electron-

donating or electron-withdrawing components similar to our TADA reaction substrates. Diels –

Alder reactivities of dienophiles 1,4-dipropoxybut-2-yne (3-45) and 3-hexyne (3-48) were tested 

with 2,3-dimethylbuta-1,3-diene (3-46). Expected Diels-Alder adducts 3-47 and 3-49 were not 

formed at room temperature and thermal Diels-Alder reactions similarly did not occur (Scheme 

3.11).  
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Scheme 3.11. Attempted metal-free intermolecular Diels-Alder reactions of dienophiles 3-

45 and 3-48 with 2,3-dimethylbuta-1,3-diene (3-46)  

     Dicobalt hexacarbonyl complex 3-50 was prepared and tested for an intermolecular [4+2] 

cycloaddition (Table 3.5). Remarkably, the dicobalt complexed version of otherwise Diels-Alder 

inactive alkyne 3-45 formed product 3-47 at room temperature in the presence of NMO. 

Acetonitrile was found to be a better solvent choice for the reaction (Table 3.5 entry 1 vs entry 

2). Following previous reports,
22

 the equivalents of diene and the concentration of dienophile 3-

50 were increased which led to formation of product in a high yield (Table 3.5 entry 3). 

However, use of 30 equivalents of diene was considered as a setback in terms of reaction 

generality and efficiency, but use of stoichiometric amounts of diene decreased the yield 

considerably (Table 3.5 entry 4). We proposed that NMO-assisted CO decoordination is quite 

facile and that decomposition of the alkyne complex through multiple CO decoordinations 

occurs faster than coordination of the alkene to the metal center. Fortunately, slow addition of a 
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NMO/acetonitrile solution into the reaction and a small increase in diene equivalence afforded 

[4+2] product in satisfactory yields (Table 3.5 entries 6-8). 

Table 3.5. Preparation and intermolecular [4+2] reaction of complex 3-50 

 

Entry Concentration 

of 3-50 (M)  

Equivalent 

of 3-46
 

Time (h) Solvent Yield (%) 

1 0.1 10 12 CH2Cl2 30 

2
 0.1 10 24 MeCN 60 

3
 0.2 30 12 MeCN 84 

4
 0.2 1 24 MeCN 41 

5 1.0 5 24 MeCN 62
 

6
a 0.2 5 24 MeCN 63

 

7
b
 0.2 5 24 MeCN 70 

8
c 0.2 5 24 MeCN 67 

a
A solution of NMO was added dropwise over 1 hour. 

b
A solution of NMO was added  dropwise 

over 5 hours. 
c
A solution of NMO was added dropwise over 14 hours. 

 

     Complex 3-51 was also reactive and [4+2] adduct 3-49 was obtained in a 64% yield at room 

temperature by using 30 equivalents of diene and the mild promoter MeCN as the solvent. Slow 

addition of NMO avoided high loadings of 3-46 and afforded adduct 3-49 successfully in a 61% 

yield (Scheme 3.12). To our delight like the transannular analogues, the intermolecular [4+2] 



136 
 

reactions were chemoselective; a competing Pauson-Khand reaction was not observed from 3-50 

and only a trace was detected from 3-51.  These results suggest that dicobalt-promoted [4+2] 

cycloaddition reactions may be more feasible than previously thought and deserve further 

exploration.   

 

Scheme 3.12. Preparation and intermolecular [4+2] reaction of complex 3-51 

     Intermolecular [4+2] reactions of alkyne 3-45 with catalytic amounts of {Co2(CO)8} were 

also tested (Table 3.6). The reactions were not effective; in acetonitrile with the reactive 

promoter NMO only trace amounts of product were detected (Table 3.6 entries 1-3). As 

suggested in the reaction mechanism (Scheme 3.10) regeneration of a dicobalt hexacarbonyl-

alkyne complex may be necessary. Therefore, a catalytic reaction was tested under 1 atm of CO 

in the presence of the mild promoter DMSO since NMO was suspected to decompose the 

catalyst rapidly before alkyne-dicobalt complexation occurs (Table 3.6 entry 4). However, no 

product was observed. Finally, triphenyl phosphine was tested as a substitute ligand for CO 

(Table 3.6 entries 5 and 6), but {Co2(CO)6-n(PPh3)n}-alkyne complexes were likely to be less 

stable and more difficult to access compared to all carbonyl complexes, so the [4+2]-product 

could not be obtained through these trials. Bisphosphino ligands can be tested in the future as 

potentially more effective alternatives.    

 



137 
 

Table 3.6. Attempted catalytic intermolecular [4+2] reaction of 3-45 

 

Entry Concentration 

of 3-45 (M)  

Equivalent 

of 3-46
 

Equivalents of 

Co2(CO)8/NMO/PPh3 

Temperature 

(
o
C) 

Yield (%) 

1 2 1 0.1/0.1/- 25 trace 

2
 2 1 0.1/1/- 25 trace 

3
 0.5 1 0.1/1/- 40 8 

4
a 0.2 5 01/-/- 25 0 

5 0.5 1 0.1/-/1 25 0
 

6
 1 4 0.1/0.1/0.2 25 0

 

a
6 equiv DMSO was used. Reaction was carried under 1 atm CO. 

 

     In order to investigate the reactivity of terminal alkyne-dicobalt complexes we prepared 

complex 3-53 and subjected it to our optimized conditions. Complex 3-53 was highly resistant to 

cycloadditions. Even under thermal [4+2] reaction conditions, after 21 hours TLC studies 

showed complex 3-53 as the major component in the medium. Interestingly, the test experiments 

yielded only small amounts of Pauson-Khand product 3-54 as the sole isolated product (Scheme 

3.13, structure was determined by 
1
H-NMR). It was clear that dicobalt hexacarbonyl complexes 

of terminal alkynes have different reactivities than internal analogues and demand alternative 

approaches for further investigations. 
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Scheme 3.13. Preparation and attempted intermolecular [4+2] reaction of complex 3-53 
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3.3. Conclusions 

    In conclusion, we demonstrated the first transannular [4+2] cycloaddition reactions of dicobalt 

hexacarbonyl alkyne complexes. In addition, the examples presented are the first transition 

metal-mediated transannular [4+2]/Diels-Alder reactions. Substrates with 14-, 15-, 16-, and 18-

membered cyclic dienynes were efficiently synthesized via versatile Pd(II)-catalyzed 

macrocyclizations of the corresponding bis(vinylboronate esters). Proximity-induced, thermal 

TADA reactions of the macrocyclic dienynes were tested and a direct correlation between ring 

size and TADA reactivity was detected. In a cyclic dienyne as the bridge tethers connecting the 

diene and dienophile units get longer, the tendency of the molecule to go through a TADA 

reaction decreases. Experimental outcomes were in good agreement with the results of 

theoretical studies. Dicobalt-promoted transannular reactions were significantly more effective 

than the metal-free analogues and the transannular [4+2] cycloaddition product from a 16-

membered dienyne was only accessible by dicobalt-mediated reactions. Cycloadditions of 

dicobalt heaxcarbonyl complexes were highly selective; the tricyclic products were obtained as 

single diastereomers and competing Pauson-Khand reactions were not observed. Intermolecular 

control reactions confirmed the ability to force unactivated dienes and dienophiles to participate 

room temperature-[4+2] cycloaddition reactions selectively avoiding the Pauson-Khand reaction 

pathway. Overall, this project provided valuable contributions to an almost untouched research 

area of organocobalt chemistry and a novel, versatile method to prepare polycyclic structures 

under mild conditions. 
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3.4. Experimental 

General Procedures 

     All commercial compounds were used as received unless stated otherwise. Dicobalt 

octacarbonyl was purchased from Strem Chemicals, Inc. as a solid, stabilized with 1–5 % hexane 

and was stored at 0 °C. DCM and Et3N were purified by distillation over CaH2. THF, Et2O and 

toluene were distilled prior to use from sodium-benzophenone ketyl. All reactions were carried 

out in flame-dried glassware under a nitrogen atmosphere, unless stated otherwise. Column 

chromatography was performed using silica gel (Davisil, 40-63 micron) and reagent grade 

solvents without deactivation, unless noted. NMR spectra were recorded on a Bruker ARX-400 

instrument and calibrated to the solvent signal (CDCl3 δ = 7.26 ppm for 
1
H NMR, δ = 77.0 ppm 

for 
13

C NMR, C6D6 δ = 7.16 ppm for 
1
H NMR, δ = 128.0 ppm for 

13
C NMR). Multiplicities are 

indicated by s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), sextet (sext), m (multiplet), 

or b (broadened). IR spectra were recorded on a Jasco FTIR-4100 spectrophotometer with an 

ATR attachment and selected signals are reported in cm
-1

.  Mass spectra were recorded on a 

Thermo Fisher Scientific Exactive Plus with IonSense ID-CUBE Direct Analysis in Real Time 

(DART) ion source. 
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[(Co2(CO)6)-(µ-η
2
, η

2
-HOCH2C≡CCH2OH)] (3-19) 

     To a solution of but-2-yne-1,4-diol (0.50 g, 5.81 mmol) in DCM (25 mL) Co2(CO)8 (2.20 g, 

6.39 mmol) was added. The mixture was stirred at rt for 12 h and solvent was removed in vacuo. 

Chromatography with 1:1 hexanes/Et2O afforded 2.14 g (99% yield) of the known
29

 red crystals. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 4.87 (s, 4H), 2.70 (bs, 2H).  

 

[(Co2(CO)6)-(µ-η
2
, η

2
-HC≡C(CH2)2OCH2C≡CCH2O(CH2)2C≡CH] (3-20) 

     A flame dried round bottom flask was charged with 3-19 (0.46 g, 1.24 mmol) in dry DCM (12 

mL) under N2 atmosphere. The solution was cooled to 0 
o
C and BF3·OEt2 (0.30 mL, 2.48 mmol) 

was added dropwise. The mixture was stirred at 0 
o
C for 30 min before 3-butyn-1-ol (1 mL, 

12.40 mmol) was added dropwise. The reaction mixture was allowed to stir for 1 h at 0 
o
C and 

for 4 h at rt. The solution was diluted with DCM, washed with saturated NaHCO3 solution and 

brine, and dried over MgSO4. Chromatography with 9:1 petroleum ether/Et2O afforded 0.425 g 

(72% yield) of a red oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 4.70 (s, 4H), 3.74 (t, J = 7 Hz, 4H), 2.51 (td, J = 7.0, 2.8 

Hz, 4H), 1.97 (t, J = 2.8 Hz, 2H); 
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13
C NMR (100 MHz, CDCl3, ppm) δ: 91.7 (Co-C≡C-Co), 81.0, 71.2, 69.4, 69.0, 19.9 (CO signal 

was not observed); 

IR (neat ATR): 3310, 2868, 2093, 2049, 2000, 1340, 1095;  

HRMS (DART): calcd [M-OCH2CH2C≡CH]
+
 406.90068, found 406.90053. 

 

1,4-bis(but-3-ynyloxy)but-2-yne (3-21) 

     A flame dried round bottom flask was charged with 3-20 (0.41 g, 0.86 mmol) in dry acetone 

(12 mL) under N2 atmosphere. The solution was cooled to 0 
o
C and Ce(NO3)6(NH4)2 (2.4 g, 4.30 

mmol) was added. The reaction mixture was stirred at 0 
o
C for 30 min. After warming to rt, the 

solution was diluted with diethyl ether, washed with 1M NaOH, saturated NaHCO3 solution and 

brine, and dried over MgSO4. Filtration through a silica gel plug afforded 0.153 g (93% yield) of 

a colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 4.24 (s, 4H), 3.65 (t, J = 6.8 Hz, 4H), 2.50 (td, J = 6.8, 2.8 

Hz, 4H), 1.99 (t, J = 2.8 Hz, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 82.2, 81.0, 69.4, 67.9, 58.4, 19.7; 

IR (neat ATR): 3287, 2861, 1351, 1120, 1086, 1013; 

HRMS (DART): calcd [M+H]
+
 191.10666, found 191.10649. 
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 General Procedure 1: Preparation of bis(vinylboronate esters) 

     A dry two neck round bottom flask equipped with a reflux condenser was charged with 

Cp2ZrHCl (0.20 equiv) under a N2 atmosphere. A solution of triyne (1 equiv) in dry DCM was 

added at 0 
o
C forming a suspension with the Cp2ZrHCl. Pinacolborane (4 - 4.5 equiv) was added 

dropwise to this suspension. The resultant solution was stirred at 0 
o
C for 30 min and was 

refluxed for overnight. The reaction was quenched with water, diluted with DCM and washed 

with brine. After drying with MgSO4 the solvent was removed in vacuo. Chromatography with 

4:1 petroleum ether/Et2O afforded the product. 

 

1,4-bis((E)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-enyloxy)but-2-yne (3-22) 

     According to the General Procedure 1 Cp2ZrHCl (0.054 g, 0.21 mmol) reacted with 3-21 (0.2 

g, 1.05 mmol) and pinacolborane (0.70 mL, 4.73 mmol) to afford 0.276 g (59% yield) of a 

colorless oil.   

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.61 (dt, J = 18.0, 6.4 Hz, 2H), 5.52 (dt, J = 18.0, 1.6 Hz, 

2H), 4.18 (s, 4H), 3.60 (t, J = 6.6 Hz, 4H), 2.46 (tdd, J = 6.6, 6.4, 1.6 Hz, 4H), 1.25 (s, 24H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 150.1, 83.1, 82.3, 68.6, 58.3, 35.8, 24.8 (boron substituted 

vinyl carbons absent); 
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IR (neat ATR): 2977, 2931, 2857, 1639, 1441, 1389, 1357, 1318, 1142, 1102, 1084, 997, 970, 

849; 

HRMS (DART): calcd [M+H]
+
 447.30838, found 447.30665. 

 

(9E, 11E)-1,6-dioxacyclotetradeca-9,11-diene-3-yne (3-23) 

     A flame dried round bottom flask was charged with PdCl2(PPh3)2 (0.02 g, 0.029 mmol) and 

flashed with N2. Methanol (145 mL), 3-22 (0.129 g, 0.29 mmol), chloroacetone (0.23 mL, 2.89 

mmol) and aqueous K2CO3 (2 M, 0.7 mL, 1.45 mmol) were added and the mixture was allowed 

to stir at rt. The reaction was monitored via TLC and after 3 h all starting material was 

consumed. The reaction solvent was removed in vacuo and chromatography with 4:1 petroleum 

ether/Et2O afforded 0.038 g (68% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.24-6.19 (m, 2H), 5.75-5.65 (m, 2H), 4.11 (s, 4H), 3.60 (t, 

J = 5.4 Hz, 4H), 2.25 (dt, 7.2, 5.6 Hz, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 134.3, 128.4, 82.6, 71.8, 60.2, 33.5; 

IR (neat ATR): 2940, 2918, 2873, 1431, 1351, 1254, 1123, 1095, 1066, 993, 967; 

HRMS (DART): calcd [M+H]
+
 193.12231, found 193.12174. 
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(cis)-1,3,4,4a,6a,7,8,10-octahydropyrano[4,3-h]isochromene (3-24) 

     A flame dried round bottom flask was charged with 3-23 (12 mg, 0.0624 mmol) and toluene 

(2 mL). The solution was heated at 50 
o
C for 9.5 h. TLC and NMR showed complete conversion 

and removal of solvent in vacuo gave a quantitative yield of the colorless liquid TADA product. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.50 (s, 2H), 4.68 (d, J = 12.8 Hz, 2H), 4.02 (ddd, J = 11.4, 

4.4, 0.8 Hz, 2H), 3.62-3.56 (m, 4H), 2.80-2.77 (m, 2H), 1.78 (ddt, J =  13.2, 3.6, 2.0 Hz, 2H), 

1.63 (dd, J = 12.0, 4.4 Hz, 1H), 1.57 (dd, J = 12.0, 4.4 Hz, 1H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 127.70, 127.67, 68.2, 66.1, 36.4, 35.7; 

IR (neat ATR): 2965, 2937, 2916, 2838, 2359, 1138, 1098, 1077, 941, 861, 775; 

HRMS (DART): calcd [M+H]
+
 193.12231, found 193.12182 
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NMR conversion study 

     Compound 3-23 was dissolved in CDCl3, deoxygenated with N2 and placed in an NMR tube. 

The tube was kept in a mineral oil bath with a stabilized temperature of 21 
o
C and a 

1
H NMR 

spectrum was taken each time period shown below in Table 3.6 to monitor conversion of 3-23 to 

TADA product 3-24. From ln ([A]/[A0]) vs time plot the slope was found to be -0.0257 h
-1

 and 

the t1/2 was calculated to be 26.97 h (27 h).  

Table 3.7. Conversion of 3-23 to TADA product 3-24 

Entry Time (h) SM/TADA SM (A) % TADA % Ln([A]/[A0]) 

1. 0 1/0.01 99.00 1.00 0 

2. 2 1/0.06 94.34 5.66 -0.0482 

3. 4 1/0.12 89.28 10.72 -0.1033 

4. 6 1/0.19 84.03 15.97 -0.1639 

5. 8 1/0.25 80.00 20.00 -0.2131 

6. 19 1/0.64 60.97 39.03 -0.4847 

7. 22 1/0.77 56.50 43.50 -0.5609 

8. 25.5 1/0.94 51.55 48.45 -0.6527 

9. 27.5 1/1.03 49.26 50.74 -0.6980 

10. 30.5 1/1.18 45.87 54.13 -0.7993 



147 
 

Ln ([A]/[A0]) vs Time Plot 

 

 

4-(prop-2-yn-1-yloxy)but-2-yn-1-ol  

     To a suspension of KOH (11.60 g, 206.75 mmol) in DMSO (100 mL) were added propargyl 

bromide (4.50 mL, 41.25 mmol, 80% w/v in toluene) and but-2-yne-1,4-diol (17.5 g, 206.75 

mmol). The mixture was then stirred for 2 h, poured into water, and extracted with DCM. The 

aqueous phase was then acidified with aqueous HCl (6 M) and further extracted with DCM. The 

combined organic phases were reduced in volume, washed with water, dried with MgSO4, and 

concentrated in vacuo. Chromatography with 3:1 hexanes/EtOAc afforded 3.097 g (60% yield) 

of the known
30

 colorless oil. 
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1
H NMR (400 MHz, CDCl3, ppm) δ: 4.32 (s, 2H), 4.30 (s, 2H), 4.25 (d, J = 2.4 Hz, 2H), 2.45 (t, 

J = 2.4 Hz, 1H), 1.77 (bs, 1H). 

General Procedure 2: Preparation of 4-methylbenzenesulfonates  

     TsCl (1.1 equiv) was added portionwise to a stirred and ice-cooled solution of an alcohol (1.0 

equiv), DMAP (0.01 equiv) and Et3N (1.3 equiv) in DCM. The mixture was stirred for 1 h at 0 

°C and then at rt. Upon completion, the reaction solution was diluted with DCM, washed with 

brine, dried over MgSO4 and concentrated in vacuo. The product was purified by column 

chromatography with 4:1 Hexanes/EtOAc.  

 

Hex-5-yn-1-yl 4-methylbenzenesulfonate  

     According to the General Procedure 2, TsCl (10.80 g, 56.64 mmol) was reacted with hex-5-

yn-1-ol (6.4 mL, 51.50 mmol), DMAP (63 mg, 0.515 mmol) and Et3N (9.3 mL, 66.95 mmol) in 

DCM. Chromatography with 4:1 hexanes/EtOAc gave 12.08 g (93% yield) of the known
31

 

colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 7.78 (d, J = 8.0 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 4.05 (t, J 

= 6.4 Hz, 2H), 2.44 (s, 3H), 2.15 (td, J = 6.8, 2.4 Hz, 2H), 1.92 (t, J = 2.6 Hz, 1H), 1.80-1.73 (m, 

2H), 1.60-1.51 (m, 2H). 
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6-((4-(prop-2-yn-1-yloxy)but-2-yn-1-yl)oxy)hex-1-yne (3-25) 

     A flame dried flask was charged with NaH (157 mg, 3.92 mmol, 60% w/w dispersion in 

mineral oil) and dry DMF (4 mL) under a N2 atmosphere. The suspension was cooled to 0 
o
C and 

a solution of 4-(prop-2-yn-1-yloxy)but-2-yn-1-ol (374 mg, 3.01 mmol) in dry DMF (4 mL) was 

added dropwise. The mixture was stirred for 45 min at 0 
o
C prior to the addition of hex-5-yn-1-yl 

4-methylbenzenesulfonate (760 mg, 3.01 mmol). The reaction solution was allowed to stir at 85 

o
C overnight. Upon completion, water was added and the crude mixture was extracted with 

DCM. The combined organic layers were washed with water, brine and dried over MgSO4. 

Solvent was removed in vacuo. Chromatography with 4:1 hexanes/EtOAc afforded 496 mg (81% 

yield) of a colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 4.30 (t, J = 1.4 Hz, 2H), 4.25 (d, J = 2.4 Hz, 2H), 4.17 (t, J 

= 1.8 Hz, 2H), 3.52 (t, J = 6.2, 2H), 2.44 (t, J = 2.4 Hz, 1H), 2.22 (td, J = 7.0, 2.8 Hz, 2H), 1.94 

(t, J = 2.6 Hz, 1H), 1.75-1.68 (m, 2H), 1.65-1.57 (m, 2H);   

13
C NMR (100 MHz, CDCl3, ppm) δ: 84.1, 83.2, 81.1, 78.8, 75.0, 69.4, 68.5, 58.1, 56.7, 56.4, 

28.4, 25.0, 18.1; 

IR (neat ATR): 3234, 2947, 1432, 1253, 1206, 1066, 1046, 966; 

HRMS (DART): calcd [M+H]
+
 205.12231, found 205.12120. 
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4,4,5,5-tetramethyl-2-((E)-6-((4-(((E)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)allyl)oxy)but-2-yn-1-yl)oxy)hex-1-en-1-yl)-1,3,2-dioxaborolane (3-26) 

     Following General Procedure 1 the product was obtained in a 48% yield, so the procedure 

was modified; Cp2ZrHCl (0.24 g, 0.92 mmol) reacted with 3-25 (0.94 g, 4.60 mmol), 

pinacolborane (3.0 mL, 20.71 mmol) and Et3N (0.13 ml, 0.92 mmol). The reaction was refluxed 

for 7 h and afforded 1.38 g (65% yield) of a colorless oil.   

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.65-6.57 (m, 2H), 5.70 (dt, J = 18.0, 1.6 Hz, 1H), 5.42 (dt, 

J = 18.0 Hz, 1.6 Hz, 1H), 4.19 (t, J = 1.6 Hz, 2H), 4.15 (t, J = 1.6 Hz, 2H), 4.12 (dd, J = 4.8, 1.6 

Hz, 2H), 3.47 (t, J = 6.4 Hz, 2H), 2.20-2.14 (m, 2H), 1.63-1.56 (m, 2H), 1.52-1.45 (m, 2H), 

1.258 (s, 12H), 1.254 (s, 12H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 154.1, 148.2, 83.3, 82.9, 82.6, 81.9, 71.1, 69.9, 58.2, 57.7, 

35.4, 29.0, 24.78, 24.76, 24.71 (boron substituted vinyl carbons absent); 

IR (neat ATR):2978, 2934, 2865, 1639, 1350, 1320, 1142, 1121, 997, 970, 848; 

HRMS (DART): calcd [M+H]
+
 461.32403, found 461.32247.  
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(8E,10E)-1,6-dioxacyclopentadeca-8,10-dien-3-yne (3-27) 

     A flame dried round bottom flask was charged with PdCl2(PPh3)2 (45 mg, 0.064 mmol) and 

flushed with N2. Methanol (320 mL), 3-26 (0.294 g, 0.64 mmol), chloroacetone (0.50 mL, 6.38 

mmol) and aqueous K2CO3 (2 M, 1.6 mL, 3.19 mmol) were added and the mixture was allowed 

to stir at rt overnight. Methanol was removed in vacuo and chromatography with 4:1 petroleum 

ether/Et2O afforded 83 mg (63% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.30 (dd, J = 15.2, 10.0 Hz, 1H), 6.15 (dd, J = 15.2, 10.0 

Hz, 1H), 5.86 (dt, J = 15.2, 7.2 Hz, 1H), 5.77 (dt, J = 15.2, 7.6 Hz, 1H), 4.16 (t, J = 1.6 Hz, 2H), 

4.13, (t, J = 1.8 Hz, 2H), 4.09 (dd, J = 7.2, 0.4 Hz, 2H), 3.49 (t, J = 8.0 Hz, 2H), 2.18 (td, J = 6.4, 

5.6 Hz, 2H), 1.69-1.63 (m, 2H), 1.51-1.45 (m, 2H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 135.2, 134.8, 130.2, 127.6, 84.8, 82.5, 74.1, 69.0, 58.6, 

57.9, 33.7, 28.9, 22.4; 

IR (neat ATR): 2934, 2857, 1648, 1540, 1357, 1121, 1087, 1041, 997; 

HRMS (DART): calcd [M+H]
+ 

207.13796, found 207.13718. 

 



152 
 

 

Complex 3-29 

     To a solution of 3-27 (102 mg, 0.495 mmol) in DCM (10 mL) Co2(CO)8 (170 mg, 0.495 

mmol) was added. The mixture was stirred at rt overnight. The solvent was removed in vacuo. 

Chromatography with 19:1 hexanes/EtOAc afforded 217 mg (89% yield) of a red oil. 

1
H NMR (400 MHz, C6D6, ppm) δ: 5.92-5.77 (m, 2H), 5.44-5.32 (m, 2H), 4.32 (s, 2H), 4.25 (s, 

2H), 3.74 (bd, J = 7.2 Hz, 2H), 3.15 (t, J = 7.2 Hz, 2H), 1.84-1.79 (m, 2H), 1.42-1.38 (m, 2H), 

1.12 (bs, 2H);  

13
C NMR (100 MHz, C6D6, ppm) δ: 199.8 (CO), 135.9, 134.5, 131.2, 126.4, 93.8 (Co-C≡C-Co), 

92.9 (Co-C≡C-Co), 70.95, 70.93, 70.0, 67.5, 31.5, 26.5, 22.9; 

IR (neat ATR): 3016, 2937, 2857, 2091, 2048, 2004, 1615, 1448, 1353, 1088, 1065, 993;  

HRMS (DART): calcd [M+H]
+ 

492.97384, found 492.97159.  
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(cis)-1,3a,5a,6,7,8,9,11-octahydro-3H-oxocino[3,4-e]isobenzofuran (3-28) 

     A flame dried round bottom flask was charged with complex 3-29 (75 mg, 0.152 mmol) in 

DCM (5 mL). NMO (107 mg, 0.914 mmol) dissolved in 3 mL DCM was added slowly. The 

solution was stirred at rt and monitored by TLC. After the complete consumption of starting 

material (4 h) the reaction mixture was filtered through short silica plug to remove a purple 

precipitate. Removal of solvent in vacuo afforded 28 mg (90% yield) of a colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.77 (bdt, J = 9.6 Hz,1.6, 1H), 5.57 (bd, J = 10.0 Hz, 1H), 

4.51 (d, J = 12.8 Hz, 1H), 4.39 (bd, J = 12.8 Hz, 1H), 4.19 (t, J = 7.2 Hz, 1H), 4.09 (bs, 2H), 

3.86-3.80 (m, 1H), 3.41 (ddd, J = 11.2, 8.8, 2.8 Hz, 1H), 3.28 (dd, J = 10.8, 7.2 Hz, 1H), 3.16-

3.06 (m, 2H), 2.51-2.44 (m, 1H), 1.77-1.70 (m, 1H), 1.66-1.56 (m, 2H), 1.52-1.36 (m, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 137.4, 134.6, 127.4, 121.8, 71.4, 69.3, 68.7, 67.9, 41.0, 

38.3, 30.9, 28.9, 22.6; 

IR (neat ATR): 3020, 2928, 2852, 1068, 1029, 901, 815, 703; 

HRMS (DART): calcd [M+H]
+
 207.13796, found 207.13717. 
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Pent-4-yn-1-yl 4-methylbenzenesulfonate   

     According to General Procedure 2, TsCl (3.0 g, 15.7 mmol) was reacted with pent-4-yn-1-ol 

(1.3 mL, 14.27 mmol), DMAP (17 mg, 0.143 mmol) and Et3N (2.6 mL, 18.55 mmol) in DCM. 

Chromatography with 4:1 hexanes/EtOAc gave 3.04 g (90% yield) of the known
32

 colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 7.79 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 7.6 Hz, 2H), 4.14 (t, J 

= 6.0 Hz, 2H), 2.44 (s, 3H), 2.25 (td, J = 6.8, 2.8 Hz, 2H), 1.88 (t, J = 2.8 Hz, 1H), 1.87-1.82 (m, 

2H). 

 

1,4-bis(pent-4-ynyloxy)but-2-yne (3-30) 

     A flame dried flask was charged with NaH (584 mg, 14.6 mmol, 60% w/w dispersion in 

mineral oil) and dry DMF (10 mL) under a N2 atmosphere. The suspension was cooled to 0 
o
C 

and a solution of but-2-yne-1,4-diol (0.42 g, 4.87 mmol) in dry DMF (10 mL) was added 

dropwise. The mixture was stirred for 45 min at 0 
o
C prior to the addition of pent-4-yn-1-yl 4-

methylbenzenesulfonate (2.9 g, 12.2 mmol in 5 mL dry DMF). The reaction solution was 

allowed to stir at 90 
o
C overnight. Upon completion, water was added and the crude mixture was 

extracted with DCM. The combined organic layers were washed with water, brine, and dried 
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over MgSO4. Solvent was removed in vacuo. Chromatography with 9:1 hexanes/EtOAc afforded 

0.72 g (68% yield) of a colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 4.14 (s, 4H), 3.56 (t, J = 6.2 Hz, 4H), 2.25 (td, J = 7.2, 2.8 

Hz, 4H), 1.92 (t, J = 2.8 Hz, 2H), 1.80-1.73 (m, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 83.7, 82.3, 68.6, 68.3, 58.4, 28.4, 15.2; 

IR (neat ATR): 3289, 2944, 2884, 1435, 1304, 1250, 1103, 1075; 

HRMS (DART): calcd [M-H]
+
 217.12231, found 217.12217. 

 

1,4-bis((E)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-enyloxy)but-2-yne (3-31) 

     According to General Procedure 1 Cp2ZrHCl (0.22 g, 0.84 mmol) reacted with 3-30 (0.92 g, 

4.21 mmol) and pinacolborane (2.5 mL, 16.86 mmol) to afford 1.34 g (67% yield) of a colorless 

oil.   

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.61 (dt, J = 18.0, 6.4 Hz, 2H), 5.44 (dt, J = 18.0, 1.4 Hz, 

2H), 4.16 (s, 4H), 3.49 (t, J = 6.4 Hz, 4H), 2.25-2.19 (m, 4H), 1.75-1.68 (m, 4H), 1.26 (s, 24H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 153.5, 83.0, 82.3, 69.5, 58.3, 32.2, 28.0, 24.8 (boron 

substituted vinyl carbons absent); 

IR (neat ATR): 2916, 2852, 1638, 1443, 1349, 1139, 1102, 1074, 987, 959, 895, 742; 
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HRMS (DART): calcd [M+H]
+
 475.33968, found 475.33886. 

 

(10E, 12E)-1,6-dioxacyclohexadeca-10,12-diene-3-yne (3-32) 

     A flame dried round bottom flask was charged with PdCl2(PPh3)2 (0.07 g, 0.098 mmol) and 

flushed with N2. Methanol (500 mL), 3-31 (0.465 g, 0.98 mmol), chloroacetone (0.80 mL, 9.80 

mmol) and aqueous K2CO3 (2 M, 2.5 mL, 4.9 mmol) were added and the mixture was allowed to 

stir at rt for 4 h. Methanol was removed in vacuo and chromatography with 4:1 petroleum 

ether/Et2O afforded 0.125 g (58% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.08-6.01 (m, 2H), 5.59-5.48 (m, 2H), 4.10 (s, 4H), 3.49 (t, 

J = 6.2 Hz, 4H), 2.21-2.16 (m, 4H), 1.73-1.67 (m, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 131.5, 130.7, 82.2, 68.4, 57.9, 29.5, 27.8, 

IR (neat ATR): 3014, 2911, 2849, 2360, 1667, 1344, 1133, 1098, 1084, 989, 957; 

HRMS (DART): calcd [M+H]
+ 

221.15361, found 221.15314. 
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Complex 3-34 

     To a solution of 3-31 (700 mg, 1.476 mmol) in DCM (5 mL) Co2(CO)8 (420 mg, 1.230 mmol) 

was added. The mixture was stirred for 5h at rt. The solvent was removed in vacuo. 

Chromatography with 9:1 hexanes/EtOAc afforded 580 mg (62% yield) of a red oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.63 (dt, J = 17.6, 6.4 Hz, 2H), 5.45 (d, J = 18.0 Hz, 2H), 

4.59 (s, 4H), 3.59 (t, J = 6.4 Hz, 4H), 2.27-2.22 (m, 4H), 1.77-1.70 (m, 4H), 1.26 (s, 24H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 200.2 (CO), 153.7, 117.2 (Co-C≡C-Co), 83.0, 70.9, 70.4, 

32.2, 28.3, 24.7 (boron substituted vinyl carbons absent). 

 

Complex 3-35   

     To a solution of 3-32 (125 mg, 0.567 mmol) in DCM (15 mL) Co2(CO)8 (194 mg, 0.567 

mmol) was added. The mixture was stirred at rt for 24 h. The solvent was removed in vacuo. 

Chromatography with 19:1 hexanes/EtOAc afforded 265 mg (93% yield) of a red oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.09-6.02 (m, 2H), 5.61-5.54 (m, 2H), 4.61 (s, 4H), 3.57 (t, 

J = 5.4 Hz, 4H), 2.18 (td, J = 6.8, 5.2 Hz, 4H), 1.78-1.73 (m, 4H); 
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13
C NMR (100 MHz, CDCl3, ppm) δ: 131.9, 131.5, 92.9 (Co-C≡C-Co), 71.5, 70.3, 30.4, 29.3 

(CO peak was not observed);  

IR (neat ATR): 3020, 2942, 2848, 2090, 2049, 1997, 1627, 1441, 1346, 1095, 988; 

HRMS (DART): calcd [M+H]
+ 

506.98949, found 506.98830. 

 

(cis)-1,3,4,5,5a,7a,8,9,10,12-decahydrobenzo[2,1-c:3,4-c']bis(oxepine) (3-33) 

     A flame dried two necked round bottom flask equipped with a reflux condenser was charged 

with complex 3-35 (130 mg, 0.257 mmol) in THF (30 mL). DMSO (0.10 mL, 1.54 mmol) was 

added and the solution was refluxed for 18 h. The solvent was removed in vacuo. 

Chromatography with 4:1 hexanes/EtOAc afforded 57 mg (86% yield) of a colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.71(dd, J = 2.8, 1.2 Hz, 2H), 4.31 (d, J = 14.0 Hz, 2H), 

4.11 (d, J = 14.4 Hz, 2H), 4.03 (dtd, J = 12.2, 3.4, 1.6 Hz, 2H), 3.21 (td, J = 11.8, 2.0 Hz, 2H), 

2.95 (d, J = 10 Hz, 2H), 1.94-1.89 (m, 2H), 1.78-1.60 (m, 4H), 1.16-1.06 (m, 2H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 133.9, 129.9, 71.2, 70.0, 38.0, 37.7, 30.3; 

IR (neat ATR): 3022, 2914, 2863, 2053, 1132, 1100, 1070, 895, 740; 

HRMS (DART): calcd [M+H]
+
 221.15361, found 221.15300. 
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1,4-bis(hex-5-ynyloxy)but-2-yne (3-36) 

     A flame dried flask was charged with NaH (648 mg, 16.25 mmol, 60% w/w dispersion in 

mineral oil) and dry DMF (20 mL) under N2 atmosphere. The suspension was cooled to 0 
o
C and 

a solution of but-2-yne-1,4-diol (467 mg, 5.42 mmol) in dry DMF (10 mL) was added dropwise. 

The mixture was stirred for 45 min at 0 
o
C prior to the addition of hex-5-yn-1-yl 4-

methylbenzenesulfonate (4.10 g, 16.25 mmol in 5 mL dry DMF). The reaction solution was 

allowed to stir at 90 
o
C for 36 h. Upon completion, water was added and the crude mixture was 

extracted with DCM. The combined organic layers were washed with water, brine, and dried 

over MgSO4. Solvent was removed in vacuo. Chromatography with 4:1 hexanes/EtOAc afforded 

1.16 g (87% yield) of a colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 4.17 (s, 4H), 3.52 (t, J = 6.4 Hz, 4H), 2.22 (td, J = 7.0, 2.8 

Hz, 4H), 1.94 (t, J = 2.8 Hz, 2H), 1.75-1.67 (m, 4H), 1.65-1.57 (m, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 84.1, 82.2, 69.3, 68.3, 58.2, 28.4, 25.0, 18.0; 

IR (neat ATR): 3292, 2939, 2862, 1350, 1137, 1105, 1082, 906; 

HRMS (DART): calcd [M+H]
+
 247.16926, found 247.16907. 
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1,4-bis((E)-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pent-4-enyloxy)but-2-yne (3-37) 

     According to General Procedure 1 Cp2ZrHCl (0.22 g, 0.84 mmol) reacted with 3-36 (0.92 g, 

4.21 mmol) and pinacolborane (2.5 mL, 16.86 mmol) to afford 1.34 g (67% yield) of a colorless 

oil.   

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.61 (dt, J = 18.0, 6.4 Hz, 2H), 5.44 (dt, J = 18.0, 1.4 Hz, 

2H), 4.16 (s, 4H), 3.49 (t, J = 6.4 Hz, 4H), 2.25-2.19 (m, 4H), 1.75-1.68 (m, 4H), 1.26 (s, 24H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 153.5, 83.0, 82.3, 69.5, 58.3, 32.2, 28.0, 24.8 (boron 

substituted vinyl carbons absent); 

IR (neat ATR): 2916, 2852, 1638, 1443, 1349, 1139, 1102, 1074, 987, 959, 895, 742; 

HRMS (DART): calcd [M+H]
+
 475.33968, found 475.33886. 

 

(11E, 13E)-1,6-dioxacyclooctadeca-11,13-diene-3-yne (3-38) 

     A flame dried round bottom flask was charged with PdCl2(PPh3)2 (56 mg, 0.079 mmol) and 

flushed with N2. Methanol (600 mL), 3-37 (0.396 g, 0.79 mmol), chloroacetone (0.60 mL, 7.90 

mmol) and aqueous K2CO3 (2 M, 2.0 mL, 3.90 mmol) were subsequently added and the mixture 
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was allowed to stir at rt for 7 h. Methanol was removed in vacuo and chromatography with 4:1 

petroleum ether/Et2O afforded 82 mg (42% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.10-6.03 (m, 2H), 5.61-5.51 (m, 2H), 4.16 (s, 4H), 3.50 (t, 

J = 7.2 Hz, 4H), 2.13 (dt, J = 6.4, 5.6 Hz, 4H), 1.66 (tt, J = 6.8, 6.0 Hz, 4H) 1.56-1.50 (m, 4H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 132.0, 131.0, 82.2, 70.1, 57.9, 31.8, 28.5, 24.2; 

IR (neat ATR): 3012, 2931, 2855, 2359, 1443, 1350, 1267, 1207, 1121, 1099, 990, 740; 

HRMS (DART): calcd [M+H]
+ 

249.18491, found 249.18450. 

 

Complex 3-40 

     To a solution of 3-38 (60 mg, 0.242 mmol) in DCM (10 mL) Co2(CO)8 (91 mg, 0.265 mmol) 

was added. The mixture was stirred at rt overnight. The solvent was removed in vacuo. 

Chromatography with 19:1 hexanes/EtOAc afforded 124 mg (96% yield) of a red oil. 

1
H NMR (400 MHz, C6D6, ppm) δ: 5.99-5.92 (m, 2H), 5.44-5.37 (m, 2H), 4.36 (s, 4H), 3.27 (t, J 

= 6.6 Hz, 4H), 1.88 (td, J = 6.8, 5.2 Hz, 4H), 1.44 (p, J = 6.8 Hz, 4H), 1.30-1.24 (m, 4H); 

13
C NMR (100 MHz, C6D6, ppm) δ: 199.8 (CO), 131.7, 131.5, 93.5 (Co-C≡C-Co), 70.6, 70.0, 

31.3, 27.5, 23.9; 

IR (neat ATR): 3012, 2934, 2859, 2092, 2048, 2003, 1615, 1443, 1350, 1096, 989;  



162 
 

HRMS (DART): calcd [M+H]
+
 535.02079, found 535.01808.  

 

1,4-dipropoxybut-2-yne (3-45) 

     But-2-yne-1,4-diol (1.07 g, 12.5 mmol) was dissolved in H2O/DMSO mixture (5 mL/20 mL) 

and cooled to 0 
o
C. Potassium hydroxide (1.75 g, 31.2 mmol) was added prior to dropwise 

addition of 1-bromopropane (2.5 mL, 27.5 mmol). The solution was warmed to rt and stirred for 

48 h. The reaction mixture was diluted with water, extracted with diethyl ether. Organic extracts 

were washed with brine, dried over MgSO4 and filtered through a short silica plug. Removal of 

solvent in vacuo afforded 1.67 g (78% yield) of the known
33

 colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 4.18 (s, 4H), 3.46 (t, J = 6.8 Hz, 4H), 1.66-1.57 (m, 4H), 

0.93 (t, J = 7.4 Hz, 6H).  

 

Complex 3-50 

     To a solution of 3-45 (493 mg, 2.89 mmol) in DCM (15 mL) Co2(CO)8 (1.0 g, 2.89 mmol) 

was added. The mixture was stirred at rt for 5 h. The solvent was removed in vacuo. 

Chromatography with 19:1 hexanes/EtOAc afforded 1.30 g (98% yield) of a red oil. 

1
H NMR (400 MHz, C6D6, ppm) δ: 4.31 (s, 4H), 3.21 (t, J = 6.1 Hz, 4 H), 1.46 (bsext, J = 6.8 

Hz, 4H), 0.84 (t, J = 7.2 Hz, 6H); 
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13
C NMR (100 MHz, C6D6, ppm) δ: 199.7 (CO), 92.8 (Co-C≡C-Co), 72.5, 70.5, 22.9, 10.3; 

IR (neat ATR): 2965, 2938, 2878, 2093, 2049, 2007, 1464, 1337, 1096; 

HRMS (DART): calcd [M-OCH2CH2CH3]
+
 396.91633, found 396.91446.  

 

1,2-dimethyl-4,5-bis(propoxymethyl)cyclohexa-1,4-diene (3-47) 

     A flame dried round bottom flask was charged with 3-50 (274 mg, 0.60 mmol) and 2,3-

dimethylbuta-1,3-diene (0.3 mL, 3.00 mmol). A solution of NMO (422 mg, 3.60 mmol) in 

MeCN (3 mL) was added dropwise over 5 h and the resultant reaction solution was stirred for 24 

h at rt. Solvent was removed and flash chromatography with 9:1 hexanes/EtOAc afforded 104 

mg (70% yield) of a colorless oil. 

1
H NMR (400 MHz, C6D6, ppm) δ: 3.95 (s, 4H), 3.20 (t, J = 6.4 Hz, 4H), 2.76 (s, 4H), 1.55-1.46 

(m, 10H), 0.85 (t, J = 7.4 Hz, 6H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 130.3, 122.7, 71.8, 69.2, 36.3, 22.9, 18.0, 10.6; 

IR (neat ATR): 2961, 2931, 2857, 1609, 1456, 1351, 1089, 1036, 957;  

HRMS (DART): calcd [M+H]
+
 253.21621, found 253.21546.  
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Complex 3-51 

     To a solution of 3-hexyne (0.5 mL, 4.40 mmol) in DCM (10 mL) Co2(CO)8 (1.7 g, 4.84 

mmol) was added. The mixture was stirred at rt overnight. The solvent was removed in vacuo. 

Chromatography with 19:1 hexanes/EtOAc afforded 1.59 g (98% yield) of the known
34

 red oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 2.87 (bs, 4H), 1.29 (bs, 6H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 200.6 (CO), 101.5 (Co-C≡C-Co), 27.0, 15.5; 

 

 

1,2-diethyl-4,5-dimethylcyclohexa-1,4-diene (3-49) 

     A flame dried round bottom flask was charged with 3-51 (92 mg, 0.25 mmol) and 2,3-

dimethylbuta-1,3-diene (0.14 mL, 1.25 mmol). A solution of NMO (176 mg, 1.50 mmol) in 

MeCN (1.2 mL) was added dropwise over 5 h and the resultant reaction solution was stirred for 

24 h at rt. Solvent was removed and flash chromatography with petroleum ether afforded 25 mg 

(60% yield) of a colorless oil. During the work-up processes some aromatization occurred as 
1
H-

NMR showed 9% aromatized product with a signals at 6.93 ppm (s, 2H), 2.21 (s, 6H), 2.15-2.10 

(m, 4H), 1.20 (t, J = 7.4 Hz, 8H). Trace amounts of possible Pauson-Khand reaction products 

were detected in 
1
H-NMR as evidenced by weak signals at 6.00 (s), 5.63 (s), 5.33 (t, J = 7.2 Hz), 
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5.22 (t, J = 7.4 Hz), 5.05 (s), 4.96 (s), 2.61 (d, J = 7.2 Hz), 1.94 (dt, J = 8.4, 0.8 Hz), 1.86-1.85 

(m), 1.05-0.92 (m or multiple singlets) ppm.    

1
H NMR (400 MHz, CDCl3, ppm) δ: 2.57 (s, 4H), 2.05 (q, J = 7.4 Hz, 4H), 1.64 (s, 6H), 0.98 (t, 

J = 7.4 Hz, 6H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 129.0, 123.4, 37.2, 24.9, 18.0, 13.2; 

IR (neat ATR): 2963, 2932, 2869, 2050, 2024, 1616, 1456, 1373, 887;  

HRMS (DART): calcd [M+H]
+
 165.16378, found 165.16353.  

 

Complex 3-53 

     Hex-1-yne (0.3 mL, 2.66 mmol), dicobalt octacarbonyl (900 mg, 2.66 mmol) and DCM (10 

mL) were added into a round bottom flask. The mixture was stirred at room temperature under 

N2 overnight. Solvent was removed in vacuo and the crude product was passed through a short 

silica plug with hexanes affording 866 mg (88% yield) of known
35

 red oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.00 (s, 1H), 2.85 (t, J = 7.2 Hz, 2H), 1.64-1.57 (m, 2H), 

1.51-1.42 (m, 2H), 0.96 (t, J = 7.2 Hz, 3H). 
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2-butyl-5-methyl-5-(prop-1-en-2-yl)cyclopent-2-en-1-one (3-54) 

     A flame dried round bottom flask was charged with 3-53 (146 mg, 0.39 mmol) and 2,3-

dimethylbuta-1,3-diene (0.23 mL, 1.98 mmol). A solution of NMO (280 mg, 2.38 mmol) in 

MeCN (2 mL) was added dropwise over 5 h and the resultant reaction solution was stirred 

overnight at 50 
o
C. Solvent was removed and flash chromatography with 19:1 hexanes/EtOAc 

afforded 10 mg (13% yield) of a white solid. 

1
H NMR (400 MHz, C6D6, ppm) δ: 6.53-6.51 (m, 1H), 4.89 (bd, J = 0.4 Hz, 1H), 4.82 (dq, J = 

1.6, 1.6 Hz, 1H), 2.27 (ddd, J = 18.6, 4.7, 2.0 Hz, 1H), 2.18-2.05 (m, 2H), 1.83 (ddt, J = 18.8, 

2.8, 2.0 Hz, 1H), 1.49 (dd, J = 1.2, 0.8 Hz, 3H), 1.42-1.26 (m, 2H), 1.16 (sext, J = 7.4 Hz, 2H), 

1.11 (s, 3H), 0.78 (t, J = 7.4 Hz, 3H); 

13
C NMR (100 MHz, C6D6, ppm) δ: 209.5, 153.1, 146.0, 144.5, 110.9, 51.7, 41.5, 29.9, 24.8, 

22.36, 22.26, 19.3, 13.6; 

IR (neat ATR): 2963, 2933, 2872, 1704, 1637, 1451, 1379, 1007, 890; 

HRMS (DART): calcd [M+H]
+
  193.15869, found 193.15829.  
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Intermolecular and Transannular Cycloadditions of Macrocyclic {Co2(CO)6}-Alkyne 

Complexes 

4.1. Introduction 

     Organocobalt compounds have been pivotal in chemistry and taken part in a wide range of 

scientific
1
 and industrial

2
 applications.

 
Cobalt has a high propensity to form octahedral structures 

and sandwich molecules with ligands containing C, O and N atoms. Mono- and dicobalt 

complexes have a high affinity to interact with carbonyl groups, C-C and C-N π-bonds. These 

features led to cobalt-mediated transformations that benefit from π-bond reactivity
1c

 like 

cycloadditions, alkyne protections, C-H activations, reductive couplings, addition reactions, 

carbocyclizations, cross-coupling reactions, enyne couplings and transformations in which cobalt 

constitutes the core of vitamin B12-type catalysts.
1b

 

     Among various cobalt complexes, dicobalt octacarbonyl {Co2(CO)8}, discovered by Mond 

and Cowap in 1910,
3
 is the most widely utilized.

1,4
 The complex is commercially available, easy 

to handle (no glovebox is required) and requires no further pre-experiment purifications.
4
 The 

complex has high functional group tolerance, forms stable acetylenic dicobalt hexacarbonyl 

molecules with many different alkynes through simple, high yielding-experiments at ambient 

temperatures with common solvents.
4
  

     Reactions of dicobalt hexacarbonyl complexes can be segregated into three major groups. In 

Nicholas reactions
5
 dicobalt stabilized propargyl cations or radicals readily react with various 

nucleophiles (also see chapter 3 section 3.2). Dicobalt carbonyl complexation is used to protect 

alkynes
6
 (also see chapter 2 section 2.2.1) and through bond angle modifications this 

complexation decreases the bond order in the host organic molecule from three to a pseudo two 

thus placing the substituents in more favorable positions for cyclization reactions and by the 
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same distortion effect decreasing strain in cyclic organic compounds.
7
 Finally, {Co2(CO)6}-

alkyne complexes took place in many important cycloaddition reactions among which the 

[2+2+1] cycloaddition known as the Pauson-Khand Reaction (PKR)
8
 is the most frequently 

studied.
1,4

  

     Participation of dicobalt octacarbonyl in macrocycle chemistry is rather limited compared to 

the massive number of examples with small and medium cyclic {Co2(CO)6}-alkyne complexes. 

Several macrocycle syntheses employing the Nicholas reaction were illustrated in literature.
9
 A 

number of studies reported on dicobalt hexacarbonyl complexed macrocyclic alkynes, diynes and 

triynes investigating the reactivity change in these macrocycles caused by the distortion effects 

of {Co2(CO)8} complexation.
10

 However, potential cycloadditions and transannular reactions of 

macrocyclic complexes have been overlooked. In that sense our {Co2(CO)6}-mediated 

transannular [4+2] reactions (Chapter 3) represent the first examples. We extended our 

investigations to other synthetic applications and discovered novel transannular and 

intermolecular [2+2+1] reactions, intermolecular [2+2+2] cycloaddition reactions and 

intermolecular [2+2+1+1] cycloaddition reactions of macrocyclic dicobalt hexacarbonyl 

complexes with the key controlling factor being choice of reaction promoter.  

4.2. Results and Discussion 

4.2.1. Intermolecular [2+2+2] Cycloadditions 

     [2+2+2] cycloadditions, or generally called cyclotrimerisations, have been studied in detail 

and well understood since evidence of these transformations was first spotted by Berthelot in 

1866.
11

 Over the years this trivial reaction has been used to efficiently prepare benzene, 

cyclohexadiene and cyclohexene derivatives along with heterocycles.
12

 As elaborate studies 

continued more advanced applications of [2+2+2] cycloadditions were discovered: reactions 
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were performed stereoselectively,
13

 applied on medium and large rings with multiple double and 

triple bonds in transannular fashion
9e,14

 and widely incorporated in polymer chemistry.
15

 Many 

metals can catalyze [2+2+2] reactions, but group 9 metals, especially cobalt, were found to be 

best suited for the task.
12

 Although most of the [2+2+2] cycloaddition examples were established 

with cyclopentadienyl cobalt complexes,
12c,d

 the carbonyl complex {Co2(CO)8} was employed in 

a considerable number of syntheses. In fact one of the earliest examples of a [2+2+2] 

cycloaddition reaction was cyclotrimerisation of cyclooctyne catalyzed by {Co2(CO)8}.
16

 

Dicobalt octacarbonyl-mediated cyclotrimerisations were used in sugar chemistry to form water 

soluble trimannosides with protein cross-linker properties,
17

 in functionalization of 

organometallic alkynes in order to enhance electrochemical properties of substrates,
18

 in cluster 

formations with acetylenic heterocycles,
19

 in construction of bulky polycyclic systems with 

extended aromaticities,
20

 in intramolecular functionalizations of dicobalt-stabilized triynes
21

 and 

in tandem organic syntheses.
22

 However, to the best of our knowledge intermolecular 

cyclotrimerisation of macrocyclic {Co2(CO)6}-alkyne complexes has yet to be reported. 

     We investigated dicobalt hexacarbonyl-promoted [4+2] cycloaddition reactions (Chapter 3). 

Dicobalt complex of 16-membered dienyne 4-1 was found to go through a transannular [4+2] 

reaction in the presence of DMSO as the promoter in refluxing THF forming the polycyclic 

product 4-3 (Scheme 4.1). During our attempts to perform this reaction catalytically, we 

observed instead an intermolecular [2+2+2] cycloaddition reaction of macrocyclic dienyne 4-1. 

Trimer 4-2 was synthesized in 56% yield along with a small amount of the transannular [4+2] 

reaction product 4-3 (Scheme 4.1). 

     In order to test the generality of this transformation we subjected model alkyne 4-5 to 

[2+2+2] cycloaddition reaction conditions (Scheme 4.2). Cyclotrimerisation was only modestly 



174 
 

catalytic, with high substrate concentrations (0.5M) and 5 mol % catalyst the target benzene 

product 4-6 was obtained in 20% yield. Trimer 4-6 was synthesized in 70% yield when 

{Co2(CO)8} was used in 30 mol %. 

 

Scheme 4.1. Intermolecular [2+2+2] cycloaddition vs transannular [4+2] cycloaddition of 

macrocyclic dienyne 4-1 

 

Scheme 4.2. Intermolecular [2+2+2] cycloaddition of model alkyne 4-5 
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     Since intermolecular [2+2+2] cycloaddition reactions are important in the synthesis of 

dendrimeric structures,
12,15,17,18

 formation of a benzene fused with three macrocyclic substituents 

is particularly interesting. Therefore, we tested 18-membered dienyne 4-7 in the 

cyclotrimerisation reaction and successfully obtained benzene derivative 4-8 in 60% yield as the 

sole cycloaddition product (Scheme 4.3).    

 

Scheme 4.3. Intermolecular [2+2+2] cycloaddition of macrocyclic dienyne 4-7 

     Detailed studies on the mechanism of dicobalt hexacarbonyl-promoted alkyne 

cyclotrimerisation have been reported
23,24

 and a general schematic is depicted in Scheme 4.4. 

The mechanism is initiated with alkyne coordination and subsequent insertion of a metal-free 

alkyne into a Co-C bond forming cobaltocycle D. Experimental studies showed stabilization of 

complex D through formation of various cyclopentadienyl dicobalt “flyover” complexes that 

favor coordination and insertion of a second alkyne leading to cobaltocycle F.
18b,24

 Consecutive 

reductive coupling and reductive elimination steps produce the final benzene product. It was 

shown that this mechanistic cycle can work with catalytic amounts of {Co2(CO)8} when the 

reaction is performed under high pressures of CO (~30 atm)
22

 and/or high temperatures.
12c,d
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Scheme 4.4. General mechanism of {Co2(CO)8}-promoted [2+2+2] cycloaddition 

     Our preliminary results were particularly exciting as the products synthesized belong to an 

important class of organic molecules (Scheme 4.5). Benzene derivatives with hexa-(CH2OR) 

substituents have proven quite useful in various chemical applications.
25

 The key hexa-

substituted benzene pattern is found in sugar clusters with protein cross-linker properties,
17

 in 

crown ethers (or hexa-hosts for inclusion complexes),
26 

in active ligands for transition metal 

catalysts,
27

 in dendrimers used in production of scratch-free, self-standing cross-linked 

transparent films,
28

 in biodegradable polymers
29

 and in metal-organic frameworks (MOFs).
30

 The 

novel intermolecular [2+2+2] cycloaddition products prepared in the course of our project could 

thus be investigated in the future as potential substrates for these applications. 
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Scheme 4.5. Examples of chemically important molecules with structural resemblance to 

products 4-2, 4-5 and 4-8 

4.2.2. Intermolecular [2+2+1+1] Cycloadditions 

     During our investigations on cycloaddition reactions of dicobalt hexacarbonyl-alkyne 

complexes various promoters were scanned in order to facilitate the CO de-coordination step in 

the reactions. The choice of promoter/solvent system was determined to be crucial as different 
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systems altered the reaction chemoselectivities observed. The 18-membered dienyne dicobalt 

complex 4-12 lacked reactivity in transannular [4+2] and [2+2+1] cycloadditions even when the 

most common Pauson-Khand reaction promoters were used (Chapter 3). Therefore, we decided 

to test the complex under more stringent conditions. Amines, acting as hard ligands, were shown 

to possess labilizing effects in {Co2(CO)8}-mediated Pauson-Khand reactions at high 

temperatures.
31

 Complex 4-12 was heated in 1,4-dioxane in the presence of co-solvent/promoter 

aqueous ammonium hydroxide, but neither the tricyclic transannular [4+2] cycloaddition product 

nor transannular the Pauson-Khand reaction product was observed. Unexpectedly intermolecular 

[2+2+1+1] cycloaddition adduct 4-13 was isolated in 17% as the sole product (Scheme 4.6). 

 

Scheme 4.6. Intermolecular [2+2+1+1] cycloaddition of macrocyclic complex 4-12 

     Although the starting material was mostly lost through decomposition and the synthesis was 

not very efficient, this was an interesting outcome not just due to the importance of 

hydroquinone derrivatives,
32

 but also the scarcity of hydroquinone or quinone syntheses 

mediated by cobalt-carbonyl complexes.
33

 The reported examples of participation of {Co2(CO)8} 

in hydroquinone/quinone synthesis are limited to dicobalt octacarbonyl-promoted intramolecular 

rearrangement of 1-(1,2-propadienyl)cyclopropanols to 1,4-hydroquinones
34

 and synthesis of η
4
-

quinone cobalt complexes.
35

 Therefore, there have been no reports of {Co2(CO)8} directly 

promoting hydroquinone synthesis via cycloaddition. However, it is likely that the 
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transformation of 4-12 to 4-13 in the presence of an amine resembles the industrially significant 

hydroquinone preparation process investigated by Reppe and co-workers in 1940s.
36

 Reppe’s 

investigations showed that alkynes undergo [2+2+1+1] cycloadditions with metal carbonyl 

complexes yielding 1,4-hydroquinones under high pressures of CO gas in the presence of water. 

Even though Fe(CO)5 is used most frequently, this process can be catalyzed by metal amine salts 

such as [Fe(NH3)6][Co(CO)4]2 or [Co(NH3)6][Co(CO)4]2 (Scheme 4.7).
36c,37

 In addition, the 

Liebeskind research group demonstrated more recently that various quinones can be prepared by 

reacting alkynes with maleoylcobalt complexes carrying amino ligands.
38

 

 

Scheme 4.7. Reppe’s hydroquinone synthesis 

     The dicobalt hexacarbonyl complex (4-14) of model alkyne 4-5 was tested for hydroquinone 

synthesis (Table 4.1). Experiments were monitored by TLC for completion and overall, complex 

4-14 exhibited low reactivity under the tested conditions. Even after long reaction times, 

unreacted starting molecule was detected. However, conditions that afforded 4-13 (Scheme 4.6) 

produced the target molecule 4-15 in a modest 26% yield (Table 4.1, entry 1). Et3N was 

ineffective as a co-solvent/promoter and TLC studies showed that acetonitrile solvent did not 

lead to hydroquinone product, but instead favored formation of the [2+2+2] cycloaddition adduct 
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4-6 (Table 4.1, entries 2 and 3). Likewise, THF was best suited for the [2+2+2] cycloaddition 

reaction and benzene product 4-6 was obtained in 56% yield while 4-15 was not detected in the 

reaction solution (Table 4.1, entry 4). We added metal free alkyne 4-5 in the [2+2+1+1] test 

reactions to increase the yield of 4-15, but these trials favored formation of the [2+2+2] adduct 

instead. Benzene derivative 4-6 was obtained in 23% yield when 1,4-dioxane was used as the 

solvent and in 69% yield in the presence of THF (Table 4.1, entries 5 and 6) while 4-15 was not 

detected in either case.  

Table 4.1. Intermolecular [2+2+1+1] cycloaddition of complex 4-14 

 

Entry Promoter
 

Equiv of 

4-5
a 

Time (h)
 

Solvent
 

Yield of 

4-15 (%) 

1 NH4OH - 36 1,4-dioxane 26
 

2
 Et3N - 72 1,4-dioxane - 

3
b NH4OH - 14 MeCN - 

4
c,b NH4OH - 14 THF - 

5
d NH4OH 1 40 1,4-dioxane -

 

6
e,b NH4OH 1 14 THF -

 

 a1 equiv with respect to complex 4-14. 
b
Complete consumption of starting molecules was 

observed.  
c
56% 4-6 was isolated. 

d
23% 4-6 was isolated. 

e
69% 4-6 was isolated. 
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     The intermolecular [2+2+1+1] cyloaddition reaction of alkyne 4-5 was tested in the presence 

of catalytic amounts of {Co2(CO)8} (Table 4.2). DMSO as co-promoter/solvent and 1-

methylpiperidine as promoter were both ineffective (Table 4.2, entries 1 and 2). Incorporation of 

Et3N as promoter (Table 4.2, entry 3) and NH4OH as the sole solvent yielded trace amounts of 4-

15 that was only detectable by TLC (Table 4.2, entry 4). A 1,4-dioxane/NH4OH 

solvent/promoter system was effective and produced hydroquinone 4-15 in a modest 21% yield 

(Table 4.2, entry 5). This result is particularly promising as it shows there is a minute efficiency 

difference between the catalytic transformation and hydroquinone synthesis by the reaction of 

dicobalt complex (Table 4.1, entry 1). These results might be improved under the stringent 

conditions suggested by previously reported investigations (Scheme 4.7) if the design of an 

industrial process is targeted. 

Table 4.2. {Co2(CO)8}-catalyzed intermolecular [2+2+1+1] cycloaddition of alkyne 4-5  

 

Entry Promoter
 

Time (h) Solvent
 

Yield (%) 

1
a,b NH4OH 12 1,4-dioxane/DMSO

 
-
 

2
c 1-methylpiperine 12 1,4-dioxane - 

3
b Et3N 72 1,4-dioxane trace 

4
c NH4OH 24 - trace 

5
c NH4OH 17 1,4-dioxane 21
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a
1,4-dioxane and DMSO were used in a 1:1 ratio. 

b
TLC showed unreacted 4-5 and complex 4-14 

as the major products which were not isolated. 
c
TLC showed [2+2+2] cycloaddition adduct as 

the major product. 

     It was suspected that the existence of propargylic ether units in substrates 4-5, 4-12 and 4-14 

would be problematic and could be the cause of the poor product yields, so 3-hexyne complex 4-

16 was tested under these [2+2+1+1] reaction conditions. Unfortunately, TLC studies showed 

that starting material was inert and hydroquinone 4-17 or the [2+2+2] cycloaddition adduct 4-18 

were not observed in the course of trial experiments (Scheme 4.8). 

 

Scheme 4.8. Attempted intermolecular [2+2+1+1] cycloaddition of complex 4-16 

4.2.3. Pauson-Khand Reactions of Dicobalt Hexacarbonyl-Alkyne Complexes 

     The Pauson-Khand reaction (PKR), discovered by Ihsan Ulhan Khand and Peter Ludwig 

Pauson in the early 1970’s,
8
 is a dicobalt octacarbonyl-promoted [2+2+1] cycloaddition of an 

alkyne, an alkene and a carbon monoxide (for the general mechanism, see scheme 4.9).
39

 The 

Pauson-Khand reaction has evolved and been improved tremendously over the years.
40

 The 

reaction was shown to tolerate a wide range of functional groups, the scope was extended to 

substrates different than alkenes,
41 

the reaction was performed catalytically
42

 and promoted by 

various metal complexes other than {Co2(CO)8}.
43

 In addition, complete stereochemical control 

over the reaction was achieved.
44

 Due to its high versatility this cycloaddition reaction is now 

accepted as one of the most powerful synthetic tools and the most efficient method to prepare 
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cyclopentenone derivatives. Countless Pauson-Khand transformations have been applied in total 

synthesis of significant natural products and biologically active molecules.
45

  

 

Scheme 4.9. Mechanism of Pauson-Khand reaction 

     Surprisingly, the transannular version of this well studied reaction was unknown. It was 

previously illustrated that dicobalt hexacarbonyl complexes of macrocyclic dienynes undergo 

transannular [4+2] cycloaddition and no transannular Pauson-Khand (TAPK) reaction products 

were observed (Chapter 3). Our goal was to investigate the possibility to alter the 

reactivity/chemoselectivity of macrocyclic complexes and achieve the first TAPK reaction.  

     First we tested the reactivity of the alkyne units in the structures. Occasionally, propargylic 

ethers were shown to be problematic in Pauson-Khand reactions leading to undesired 

rearrangements, ionizations and hydrogenolyses,
46

 so model alkyne complex 4-14 and 

norbornadiene (4-19) were subjected to various intermolecular PK reaction conditions (Table 

4.3). Heat as the sole reaction promoter was ineffective and 64% of the staring material was 

recovered (Table 4.3, entry 1). In previous studies amine and sulfide promoters with 1,2-

dicholoroethane (DCE) solvent were used to overcome the problems caused by propargylic 
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ethers.
47

 However, in our system i-PrNH2 was ineffective yielding unreacted 4-14 together with 

unidentifiable decomposition products while dimethyl sulfide caused complete decomposition of 

4-14 to a large number of inseparable and unidentifiable molecules (Table 4.3, entries 2 and 3). 

The reactive promoter NMO (N-methylmorpholine-N-oxide) paired with solvent and mild 

promoter MeCN produced novel molecule 4-20 in a 29% yield, but the reaction was quite slow; 

even after 19 hours 50% of the starting material 4-14 was recovered (Table 4.3, entry 4). 

DMSO/toluene solvent system (DMSO is a mild oxidant and PK reaction promoter) increased 

the yield to 49% at 70 
o
C (Table 4.3, entry 5), but 1,1,3,3-tetramethylthiourea (TMTU) was 

found to be the best promoter for the formation of 4-20 (Table 4.3, entry 6).   

Table 4.3. Intermolecular PK reaction of complex 4-14 

 

Entry
a 

Promoter
 

Promoter 

Equiv
 

Time (h)
 

Solvent
 

Temperature 

(
o
C) 

Yield 

(%)
c 

1 - - 24 toluene 80 -
 

2
 i-PrNH2 3.5 48 DCE 25 - 

3
 Me2S 10 24 DCE 35 - 

4
 NMO 6 19 MeCN 25 29 

5
 - - 12 DMSO/toluene

b 
70 49

 

6
 TMTU 0.6 12 toluene 70 56

 

 aFor entry 1, 64% 4-14 was recovered. For entry 4, 50% of 4-14 was recovered. 
b
DMSO/toluene 

was used in 3:1 ratio. 
c
Yields are of isolated products.  
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     Macrocyclic complexes 4-4 and 4-12 were tested under the optimized intermolecular PK 

reaction conditions with norbornadiene. To our delight, the complexes were quite active and 

novel PK reaction products 4-21 and 4-22 were obtained in 68 and 82% yields respectively 

(Scheme 4.10). It is noteworthy that the molecules preferred to follow an intermolecular reaction 

path over intramolecular [4+2] (see Chapter 3, Tables 3.3 and 3.4) or [2+2+1] reaction paths.  

 

Scheme 4.10. Intermolecular PK reactions of complexes 4-4 and 4-12 

     Since the alkyne units in the macrocyclic complexes were shown to be active in PK reactions, 

the effect of chain length on possible TAPK reactions of macrocyclic dienynes was tested. 

Model acyclic dienyne complex 4-23 was heated at 70 
o
C in the presence of the promoter TMTU 

and the experiment was monitored by TLC. Over 4 days no change in reaction solution was 

observed. The temperature was increased to 90 
o
C; however, in 24 hours 4-23 decomposed into a 

complex mixture of inseparable and unidentifiable molecules and the expected intramolecular 

PK reaction product 4-24 could not be isolated or detected (Scheme 4.11).   
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Scheme 4.11. Attempted intramolecular PK reaction of complex 4-23 

     The length of the tether connecting {Co2(CO)6}-alkyne and alkene units is crucial in 

intramolecular PK reactions. Although complex 4-23 failed to go through an intramolecular PK 

reaction, unsymmetrical acyclic dienyne complex 4-25 afforded novel cyclopentenone product 4-

26 in 34 and 56% yields in the presence of promoters TMTU and NMO respectively (Scheme 

4.12). The regioisomer 4-27 that would be formed through the reaction of {Co2(CO)6}-alkyne 

with the alkene unit separated by the longer chain, was not observed. Unfortunately the 

transannular version of this intramolecular PK reaction was not possible since under the 

conditions that formed 4-26 (Schem 4.12), 15-membered unsymmetrical macrocyclic dienyne 

complex 3-29 underwent a high yielding transannular [4+2] cycloaddition without forming 

TAPK products (see Chapter 3, table 3.1). 
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Scheme 4.12. Intramolecular PK reaction of complex 4-25 

     Previous reports in the literature show that Pauson-Khand reactions of dicobalt hexacarbonyl-

alkyne complexes with dienes are more challenging than the reactions with simple alkenes
46,48

 

and often different metal carbonyl complexes were utilized.
43,49

 We tested cyclic dienyne 4-1 

with the catalyst RhClCO(PPh3)2 under 1 atm CO pressure for a TAPK reaction, but no 

transannular [2+2+1] (4-28 and 4-29) or [4+2] (4-3 and 4-30) products were observed either at 

room temperature or at 60 
o
C (Scheme 4.13). After the reactions 99% and 80% of starting cyclic 

dienyne 4-1 were recovered, respectively. These results also reconfirmed the results on TADA 

reactions presented in Chapter 3. 18-membered macrocyclic dienyne 4-7 was heated with 

Mo(CO)6 in the presence of TMTU, however, starting material did not undergo any 

transformations (Scheme 4.13)     
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Scheme 4.13. Attempted Rh- and Mo-mediated TAPK reactions of dienynes 4-1 and 4-7 

     Since cyclic dienynes had exhibited no transannular Pauson-Khand reactivity, we gravitated 

towards different macrocyclic substrates. There have been examples of iron carbonyl complexes 

promoting Pauson-Khand reactions of dienes with alkynes.
50

 We proposed that these 

transformations could be performed in a transannular fashion with macrocyclic dienes. Diyne 4-

31 was prepared from benzylamine and subjected to our standard hydroboration conditions 

(Scheme 4.14). Bis(vinyl boronate ester) 4-32 was synthesized in 78% yield and successfully 

transformed into cyclic diene 4-33 under our optimized Pd(II)-catalyzed macrocyclization 

conditions.
51

 13-membered macrocycle 4-33 was subjected to previously reported Pauson-Khand 

reaction conditions
50,52

 in the presence of Fe2(CO)9 (Scheme 4.15). Heat, NMO and Lewis acid 

AlCl3 were tested as promoters to activate the PK reaction of in situ formed Fe(CO)3-diene 
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complex 4-34. The expected TAPK reaction product 4-35 was not detected most likely due to 

steric constraints. 

 

Scheme 4.14. Preparation of macrocyclic diene 4-33 

 

Scheme 4.15. Attempted Fe2(CO)9-promoted TAPK reaction of diene 4-33 

     Finally, we decided to test the transannular Pauson-Khand reactivity of macrocyclic enynes 

which are easily accessible by our RCM strategy (Chapter 2). Intramolecular Pauson-Khand 

reactions of enynes show a distinct regioselectivity compared to the intermolecular 

counterparts.
39,46

 Enynes with short tethers form 3,4-substituted bicyclopentenones locating the 

bulky substituents β to the carbonyl group, whereas in the products of intermolecular PK 
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reactions sterically demanding groups are found α to the carbonyl groups (Scheme 4.16). 1,6- 

and 1,7-enynes are known to exhibit the former regioselectivity in intramolecular PK reactions.  

 

Scheme 4.16. Regioselectivity in {Co2(CO)8}-promoted PK reactions 

     On the other hand, it is extremely challenging to perform intramolecular PK reactions of 

enynes with long tethers and synthesize medium sized rings fused with cyclopentenones 

(Scheme 4.11 and 4.12). There are very few examples of bicyclopentenone molecules with 3,4-

substitution pattern formed, with poor yields, through intramolecular PK of dicobalt 

hexacarbonyl enyne complexes with the reactive sites 5 or more atoms apart.
53

  

     The reactivity, regioselectivity and stereoselectivity of a cycloaddition reaction can be altered 

by performing the reaction in a transannular fashion so even though formation of bicycles 4-24 

and 4-27 failed, we tested the TAPK reactivity of 16-membered cyclic {Co2(CO)6}-enyne 

complex 4-37 (Scheme 4.17). The complex was unreactive in TMTU/toluene system as 63% of 

4-37 together with a trace amount of 4-36 was recovered after heating the reaction solution at 90 
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o
C for two days. DMSO/THF and NMO/DCM promoter/solvent systems were too harsh and the 

experiments resulted in decomposition of the starting complex. The target TAPK product 4-38 

was not detected. 

 

Scheme 4.17. Preparation and attempted TAPK reaction of complex 4-37 

     A macrocycle with a 1,6- or 1,7-enyne unit was expected to favor the 3,4-substitution product 

thus cyclic enyne 4-39 was subjected to a quick, small scale TAPK test reaction (Scheme 4.18). 

The dicobalt hexacarbonyl complex was prepared in situ and following complete conversion of 

the enyne the promoter NMO was added. The reaction solution was heated with a gradual 

temperature increase and monitored by TLC. After 24 hours complete decomposition of the 

substrate occurred and TAPK reaction adduct 4-40 was not detected by NMR spectroscopy. 

 

Scheme 4.18. Attempted TAPK reaction of enyne 4-39 
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      The Krafft research group took a different approach to synthesis of medium rings via the 

Pauson-Khand reaction and embedded rigid aromatic rings into long tethers of enynes in order to 

decrease conformational mobility and favor 3,4-substitution.
54

 A large library of 1,8-, 1,9-, 1,10-, 

and 1,11-enynes were prepared and subjected to various {Co2(CO)8}-promoted intramolecular 

PK reaction conditions (Scheme 4.19). Restrains in conformational flexibility did not solve the 

3,4-substitution path problem and only a few medium ring products (4-42, 4-44) were 

synthesized in poor yields. Interestingly, the Krafft group detected the first 2,5-substituted 

bicyclic PK reaction products (4-45, 4-47, 4-49). Various substrates with different tether lengths 

were tested, but only some of the 1,10- and 1,11-enynes were found to be reactive.
54

 Reaction 

conditions were not general and optimization experiments were done for each substrate. 

 

Scheme 4.19. Intramolecular PK reactions of long tethered enynes by the Krafft group 
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     The results of the above mentioned experiments were particularly crucial to our study. It was 

evident that there are several structural restrictions in building transannular Pauson-Khand 

reaction substrates. The cyclic substrate should have one short chain connecting the alkyne to the 

alkene so that 3,4-substitution can be achieved forming the fused bicyclic moiety of the TAPK 

reaction product. Moreover, the substrate should have one long chain allowing formation of the 

2,5-substituted (bridged) bicyclic unit.  

     Macrocyclic enyne complex 4-51 was prepared in high yield via reaction of 19-membered 

enyne 4-50 (synthesized by our RCM methodology, Chapter 2) with {Co2(CO)8} (Scheme 4-20). 

To our delight the complex afforded the desired TAPK reaction product 4-52 in 18% yield by 

mild heating in the presence of TMTU. In order to improve the product yield, 4-51 was tested in 

a NMO/DCM system at room temperature. After 17 hours only unreacted starting material and 

decomplexed macrocyclic enyne was detected. A small scale test reaction was performed with 

NMO in refluxing MeCN. The reaction was quite fast; after 1 hour a 1:1 mixture of decomplexed 

starting material and TAPK reaction product was obtained. The NMO/MeCN combination was 

more productive and improved the conversion; however, the cycloaddition was not as fast or 

faster than the decomplexation side reaction. Thus we applied the technique used in 

intermolecular [4+2] cycloadditions to overcome a similar obstacle (Chapter 3). Thus, a solution 

of NMO in MeCN was added dropwise over 14 hours at 50 
o
C and tricycle 4-52, the first TAPK 

reaction product, was synthesized in 44% yield (Scheme 4-20). The transannular Pauson-Khand 

reaction was stereospecific like intramolecular Pauson-Khand reactions
44

 as 4-52 was obtained 

with same  diastereoisomeric ratio as macrocyclic enyne complex 4-51.  
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Scheme 4.20. First transannular Pauson-Khand reaction 

     Previously, the beneficial effects of all-carbon chains as a structural constraint in cyclization 

reactions was established (Chapter 2 and Chapter 3). Macrocylic enyne 4-53 with an all-carbon 

1,8-enyne unit was subjected to TAPK reaction conditions following the synthesis of dicobalt 

hexacarbonyl complex 4-54 (Scheme 4.21). However, the tether length was not adequate for a 

successful 2,5-substitution and decomplexed cyclic enyne was recovered quantitatively. 

Synthesis of different macrocyclic enynes are currently under investigation.  

 

Scheme 4.21. Attempted transannular Pauson-Khand reaction of enyne 4-53 

 

 



195 
 

4.3. Conclusions  

     In conclusion macrocycle functionalizations through dicobalt hexacarbonyl-promoted 

cycloadditions were investigated. The complexes were easily synthesized by reactions of 

dicobalt octacarbonyl with macrocyles prepared by versatile palladium(II)-catalyzed oxidative 

coupling reactions or ring closing metathesis reactions. The cyclization processes uncovered 

encompass intermolecular [2+2+2], [2+2+1+1], [2+2+1] reactions of macrocyclic dienynes and 

the first transannular Pauson-Khand reactions of macrocyclic enynes. In all the discovered 

cycloadditions the key issue was the choice of reaction promoter/solvent system. 

Chemoselectivity in the cycloadditions was modulated by simple alterations of reagents used. 

The structural requirements for transannular Pauson-Khand cyclization substrates were explored 

and reaction conditions were optimized. A novel tricyclic cyclopentenone was synthesized under 

optimized TAPK reaction conditions in a stereospecific manner. We believe our studies provide 

compelling evidence for the overlooked utility of macrocycles in transition metal chemistry and 

the reactions investigated can be utilized in preparations of chemically and industrially valuable 

molecules.   
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4.4. Experimental 

General Procedures 

     All commercial compounds were used as received unless stated otherwise. Dicobalt 

octacarbonyl was purchased from Strem Chemicals, Inc. as a solid, stabilized with 1–5 % hexane 

and was stored at 0 °C. Metathesis catalysts (Materia Inc.) were stored in a glovebox and used as 

received. DCM and Et3N were purified by distillation over CaH2. THF, Et2O and toluene were 

distilled prior to use from sodium-benzophenone ketyl. All reactions were carried out in flame-

dried glassware under a nitrogen atmosphere, unless stated otherwise. Column chromatography 

was performed using silica gel (Davisil, 40-63 micron) and reagent grade solvents without 

deactivation, unless noted. NMR spectra were recorded on a Bruker ARX-400 instrument and 

calibrated to the solvent signal (CDCl3 δ = 7.26 ppm for 
1
H NMR, δ = 77.0 ppm for 

13
C NMR, 

C6D6 δ = 7.16 ppm for 
1
H NMR, δ = 128.0 ppm for 

13
C NMR). Multiplicities are indicated by s 

(singlet), d (doublet), t (triplet), q (quartet), p (pentet), sextet (sext), m (multiplet), or b 

(broadened). IR spectra were recorded on a Jasco FTIR-4100 spectrophotometer with an ATR 

attachment and selected peaks are reported in cm
-1

.  Mass spectra were recorded on a Thermo 

Fisher Scientific Exactive Plus with IonSense ID-CUBE Direct Analysis in Real Time (DART) 

ion source. 

     For synthesis protocols and characterization information of hex-5-en-1-yl 4-

methylbenzenesulfonate, 4-23, 4-36, 4-37, 4-39, 4-50, 4-53, see Chapter 2, section 2.4; for hex-

5-yn-1-yl 4-methylbenzenesulfonate, 4-1, 4-3, 4-4, 4-5, 4-7, 4-12, 4-14, 4-16, see Chapter 3, 

section 3.4. 
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(6E,8E,20E,22E,34E,36E)-

1,3,4,5,10,11,12,14,15,17,18,19,24,25,26,28,29,31,32,33,38,39,40,42-tetracosahydrobenzo[1,2-

c:3,4-c':5,6-c'']tri[1,6]dioxacyclohexadecine (4-2)  

     4-1 (158 mg, 0.72 mmol) was dissolved in THF (14 mL). Dicobalt octacarbonyl (74 mg, 0.21 

mmol) and DMSO (0.3 mL, 4.30 mmol) were added and the solution was refluxed for 24 h. 

Solvent was removed in vacuo and column chromatography with 4:1 hexanes/EtOAc afforded 88 

mg (56% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.23-6.16 (m, 6H), 5.65-5.55 (m, 6H), 4.57 (s, 12 H), 3.45 

(t, J = 4.8 Hz, 12H), 2.22 (td, J = 6.8, 6.0 Hz, 12 H), 1.67-161 (m, 12H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 138.1, 132.0, 130.8, 69.4, 66.9, 30.9, 28.6; 

IR (neat ATR): 2908, 2851, 1107, 1085, 983; 

HRMS (DART): calcd [M+H]
+
 661.44627, found 661.44470. 
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1,2,3,4,5,6-hexakis(propoxymethyl)benzene (4-6)  

     4-5 (126 mg, 0.74 mmol) was dissolved in THF (15 mL). Dicobalt octacarbonyl (76 mg, 0.22 

mmol) and DMSO (0.3 mL, 4.44 mmol) were added and the solution was refluxed for 24 h. 

Solvent was removed in vacuo and column chromatography with 4:1 hexanes/EtOAc afforded 88 

mg (70% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 4.63 (s, 12H), 3.46 (t, J = 6.6 Hz, 12H), 1.60 (sext, J = 7.0 

Hz, 12H), 0.92 (t, J = 7.4 Hz, 18H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 137.7, 72.4, 66.2, 22.9, 10.6;  

IR (neat ATR): 2962, 2936, 2873, 1353, 1087, 908, 728;  

HRMS (DART): calcd [M+H]
+
  511.39932, found 511.39808.  
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(5E,7E,17E,19E,29E,31E)-1,3,4,9,10,12,13,15,16,21,22,24,25,27,28,33,34,36-

octadecahydrobenzo[1,2-c:3,4-c':5,6-c'']tri[1,6]dioxacyclotetradecine (4-8) 

     4-7 (43 mg, 0.17 mmol) was dissolved in THF (4 mL). Dicobalt octacarbonyl (18 mg, 0.05 

mmol) and DMSO (0.07 mL, 1.04 mmol) were added and the solution was refluxed for 24 h. 

Solvent was removed in vacuo and column chromatography with 6:1 hexanes/EtOAc afforded 26 

mg (60% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.11-6.04 (m, 6H), 5.54-5.47 (m, 6H), 4.47 (s, 12H), 3.48 

(t, J = 8.0 Hz, 12H), 2.15 (td, J = 7.2, 4.4 Hz, 12H), 1.66-1.59 (m, 12H), 1.49-1.42 (m, 12H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 137.7, 132.4, 131.3, 71.1, 66.0, 33.0, 28.3, 23.8; 

IR (neat ATR): 2927, 2857, 1443, 1356, 1081, 989, 907, 727; 

HRMS (DART): calcd [M+H]
+
  745.54017, found 745.53687.  
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(7E,9E,24E,26E)-3,4,5,6,11,12,13,14,18,20,21,22,23,28,29,30,31,33-octadecahydro-1H,16H-

benzo[1,2-c:4,5-c']di[1,6]dioxacyclooctadecine-17,34-diol (4-13) 

     In a round bottom flask complex 4-12 (145 mg, 0.27 mmol), NH4OH (2.2 mL, 2 M) and 

dioxane (6 mL) were mixed. The reaction solution was heated at 90 
o
C for 48 h. The reaction 

mixture was diluted with ether, filtered through celite and then through MgSO4. Column 

chromatography with 9:1 hexanes/EtOAc afforded 13 mg (17% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 8.30 (s, 2H), 6.08-6.01 (m, 4H), 5.55-5.47 (m, 4H), 4.59 (s, 

8H), 3.48 (t, J = 7.4 Hz, 8H), 2.13 (td, J = 7.0 , 4.8 Hz, 8H), 1.66-1.59 (m, 8H), 1.51-1.44 (m, 

8H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 148.3, 132.2, 131.5, 122.5, 69.8, 65.5, 32.0, 27.6, 23.6; 

IR (neat ATR): 3361, 2922, 2857, 1691, 1541, 1432, 1375, 1267, 1089, 1035, 985; 

HRMS (DART): calcd [M+H]
+
 555.36802 , found 555.36545.  
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2,3,5,6-tetrakis(propoxymethyl)benzene-1,4-diol (4-15)  

     In a round bottom flask complex 4-14 (280 mg, 0.61 mmol), NH4OH (1.7 mL, 4 M) and 

dioxane (5 mL) were mixed. The reaction solution was heated at 90 
o
C for 36 h. The reaction 

mixture was diluted with ether, filtered through celite and then through MgSO4. Column 

chromatography with 9:1 petroleum ether/Et2O afforded 32 mg (26% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 8.11 (s, 2H), 4.71 (s, 8H), 3.45 (t, J = 6.6 Hz, 8H), 1.66-

1.57 (m, 8H), 0.91 (t, J = 7.4 Hz, 12H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 148.4, 122.8, 72.0, 65.7, 22.8, 10.6; 

IR (neat ATR): 3748, 1558, 1540, 1363, 1215, 1077; 

HRMS (DART): calcd [M+H]
+
 398,26629 , found 398.26503.  

 

2,3-bis(propoxymethyl)-3a,4,7,7a-tetrahydro-1H-4,7-methanoinden-1-one (4-20) 

     A flame dried round bottom flask was charged with TMTU (52 mg, 0.39 mmol) and flushed 

with N2. A solution of complex 4-14 (300 mg, 0.65 mmol) in toluene (10 mL) and norbornadiene 

(0.13 mL, 1.31 mmol) was added. The reaction solution was stirred at 70 
o
C for 12 h. Solvent 
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was removed in vacuo and column chromatography with 4:1 hexanes/EtOAc afforded 106 mg 

(56% yield) of a colorless oil.  

1
H NMR (400 MHz, C6D6, ppm) δ: 5.99 (dd, J = 5.6, 3.2 Hz, 1H), 5.86 (dd, J = 5.6, 2.8 Hz, 1H), 

4.33 (d, J = 15.2 Hz, 1H), 4.16 (dd, J = 15.2, 0.8 Hz, 1H), 4.15 (d, J = 12.0 Hz, 1H), 4.06 (d, J = 

12.0 Hz, 1H), 3.17 (t, J = 6.6 Hz, 2H), 3.13 (ddt, J = 19.6, 9.2, 6.4 Hz, 2H), 2.91 (bs, 1H), 2.74 

(bs, 1H), 2.73 (d, J = 5.2 Hz, 1H), 2.14 (d, J = 5.2 Hz, 1H), 1.50-1.36 (m, 4H), 1.26-1.21 (m, 

2H), 0.81 (t, J = 7.4 Hz, 3H), 0.78 (t, J = 7.4 Hz, 3H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 208.1, 174.9, 140.9, 138.4, 137.1, 73.0, 72.5, 67.3, 61.5, 

52.3, 48.7, 43.6, 42.6, 41.3, 22.80, 22.76, 10.51, 10.50; 

IR (neat ATR): 2964, 2938, 2874, 1698, 1100, 693;  

HRMS (DART): calcd [M+H]
+
  291.19547, found 291.19484.  

 

(6E,8E)-1,3,4,5,10,11,12,14,14b,15,18,18a-dodecahydro-19H-15,18-methanoindeno[1,2 

c][1,6]dioxacyclohexadecin-19-one (4-21)   

     A flame dried round bottom flask was charged with TMTU (26 mg, 0.19 mmol) and flushed 

with N2. A solution of complex 4-4 (166 mg, 0.33 mmol) in toluene (6 mL) and norbornadiene 

(0.10 mL, 0.65 mmol) was added. The reaction solution was stirred at 70 
o
C for 24 h. Solvent 

was removed in vacuo and column chromatography with 4:1 hexanes/EtOAc afforded 76 mg 

(68% yield) of a colorless oil.  
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1
H NMR (400 MHz, CDCl3, ppm) δ: 6.32 (dd, J = 5.6, 2.8, 1H), 6.20 (dd, J = 5.6, 2.8 Hz, 1H), 

6.02 (dd, J = 14.6, 6.6 Hz, 1H), 5.93 (dd, J = 14.4, 6.4 Hz, 1H), 5.62-5.47 (m, 2H), 4.36 (d, J = 

15.2 Hz, 1H), 4.31 (d, J = 15.2 Hz, 1H), 3.90 (s, 2H), 3.54 (ddd, J = 9.8, 6.0, 3.8 Hz, 1H), 3.49-

3.38 (m, 3H), 3.01 (bs, 1H), 2.94 (bs, 1H), 2.90 (d, J = 5.2 Hz, 1H), 2.31 (d, J = 5.2 Hz, 1H), 

2.28-2.09 (m, 4H), 1.76-1.66 (m, 4H), 1.40 (dt, J = 9.2, 1.2 Hz, 1H), 1.24 (bd, J = 9.2 Hz, 1H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 208.3, 175.9, 139.7, 138.6, 137.0, 133.0, 131.9, 129.9, 

129.3, 71.7, 70.1, 67.9, 60.7, 52.2, 48.7, 43.7, 42.7, 41.1, 31.9, 30.6, 28.5 (2 C signals overlap); 

IR (neat ATR): 2916, 2868, 1692, 1095, 985, 911, 727; 

HRMS (DART): calcd [M+H]
+
  341.21112, found 341.21017.  

 

(7E,9E)-1,3,4,5,6,11,12,13,14,16,16b,17,20,20a-tetradecahydro-21H-17,20-

methanoindeno[1,2-c][1,6]dioxacyclooctadecin-21-one (4-22) 

     A flame dried round bottom flask was charged with TMTU (17 mg, 0.13 mmol) and flushed 

with N2. A solution of complex 4-12 (115 mg, 0.22 mmol) in toluene (5 mL) and norbornadiene 

(0.04 mL, 0.43 mmol) was added. The reaction solution was stirred at 70 
o
C for 24 h. Solvent 

was removed in vacuo and column chromatography with 4:1 hexanes/EtOAc afforded 65 mg 

(82% yield) of a colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: 6.30 (dd, J = 5.4, 3.0, 1H), 6.19 (dd, J = 5.4, 3.0 Hz, 1H), 

6.05 (dd, J = 14.4, 10.4 Hz, 1H), 5.98 (dd, J = 14.4, 10.4 Hz, 1H), 5.55-5.44 (m, 2H), 4.46 (d, J = 
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16 Hz, 1H), 4.32 (d, J = 15.6 Hz, 1H), 4.08 (dd, J = 18.8, 12.4 Hz, 2H), 3.50 (td, J = 7.2, 2.4 Hz, 

2H), 3.30 (t, J = 7.2 Hz, 2H), 2.94-2.91 (m, 3H), 2.29 (d, J = 5.2 Hz, 1H), 2.21-2.03 (m, 4H), 

1.66-1.60 (m, 2H), 1.58-1.47 (m, 4H), 1.45-1.40 (m, 2H), 1.38 (bd, J = 9.2 Hz, 1H), 1.21 (bd, J = 

9.2 Hz, 1H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 208.1, 175.6, 140.1, 138.6, 137.1, 132.6, 131.8, 131.5, 

131.3, 70.3, 70.1, 66.7, 61.9, 52.3, 48.8, 43.7, 42.8, 41.3, 32.0, 31.3, 27.42, 27.32, 24.1, 23.5;  

IR (neat ATR): 2937, 2861, 1690, 1637, 1372, 1107, 990, 913, 731;  

HRMS (DART): calcd [M+H]
+
  369.24242, found 369.24141. 

 

4-(allyloxy)but-2-yn-1-ol 

     To a suspension of KOH (2.30 g, 41.3 mmol) in DMSO (20 mL) were added allyl bromide 

(1.4 mL, 16.2 mmol) and but-2-yne-1,4-diol (3.5 g, 41.3 mmol). The mixture was then stirred for 

1 h, poured into water, and extracted with ether. The aqueous phase was then acidified with 

aqueous HCl (6 M) and further extracted with ether. The combined organic phases were reduced 

in volume, washed with water, dried with MgSO4, and concentrated in vacuo. Chromatography 

with 3:1 hexanes/Et2O afforded 1.15 g (57% yield) of a known
55

 colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.90 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.31 (ddt, J = 17.2, 

1.6, 1.6 Hz, 1H), 5.22 (ddt, J = 10.4, 1.6, 1.2 Hz, 1H), 4.32-4.30 (m, 2H), 4.19 (t, J = 1.6 Hz, 

2H), 4.05 (dt, J = 5.6, 1.2 Hz, 2H), 1.74 (bt, J = 5.6 Hz, 1H).  
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6-((4-(allyloxy)but-2-yn-1-yl)oxy)hex-1-ene 

     A flame dried flask was charged with NaH (261 mg, 6.53 mmol, 60% w/w dispersion in 

mineral oil) and dry DMF (6 mL) under N2 atmosphere. The suspension was cooled to 0 
o
C and a 

solution of 4-(allyloxy)but-2-yn-1-ol (343 mg, 2.72 mmol) in dry DMF (6 mL) was added 

dropwise. The mixture was stirred for 45 min at 0 
o
C prior to the addition of hex-5-en-1-yl 4-

methylbenzenesulfonate (830 mg, 3.26 mmol). The reaction solution was allowed to stir at room 

temperature for 24 h. Upon completion, water was added and the crude mixture was extracted 

with DCM. The combined organic layers were washed with water, brine, and dried over MgSO4. 

Solvent was removed in vacuo. Chromatography with 9:1 hexanes/EtOAc afforded 520 mg (92% 

yield) of a colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.90 (ddt, J = 17.2, 10.4, 5.6 Hz, 1H), 5.79 (ddt, J = 17.0, 

10.4, 6.8 Hz, 1H), 5.29 (ddt, J = 17.2, 1.6, 1.6 Hz, 1H), 5.21 (ddt, J = 10.4, 1.2, 1.2 Hz, 1H), 4.99 

(ddt, J = 17.2, 1.6, 1.6 Hz, 1H), 4.94 (ddt, J = 10.0, 1.2, 1.2 Hz, 1H), 4.19-4.16 (m, 4H), 4.05 (dt, 

J = 5.6, 1.2 Hz, 2H), 3.50 (t, J = 6.6 Hz, 2H), 2.09-2.04 (m, 2H), 1.64-1.56 (m, 2H), 1.49-1.41 

(m, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 138.6, 133.9, 117.8, 114.5, 82.6, 81.9, 70.6, 70.0, 58.2, 

57.4, 33.4, 28.9, 25.4; 

IR (neat ATR): 2937, 2857, 1439, 1349, 1117, 1080, 992, 909; 
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HRMS (DART): calcd [M+H]
+
 209.15361, found 209.15374.  

 

Complex 4-25 

     To a solution of 6-((4-(allyloxy)but-2-yn-1-yl)oxy)hex-1-ene (156 mg, 0.75 mmol) in DCM 

(10 mL) Co2(CO)8 (282 mg, 0.82 mmol) was added. The mixture was stirred at room 

temperature for 3 h. The solvent was removed in vacuo. Chromatography with hexanes afforded 

323 mg (87% yield) of red oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.93 (ddt, J = 17.2, 10.8, 5.4 Hz, 1H), 5.80 (ddt, J = 17.0, 

10.2, 6.6 Hz, 1H), 5.35-5.30 (m, 1H), 5.20 (dd, J = 10.4, 1.2 Hz, 1H), 5.00 (dd, J = 17.2, 1.6 Hz, 

1H), 4.94 (bd, J = 10.4 Hz, 1H), 4.65 (s, 2H), 4.62 (s, 2H), 4.15 (bd, J = 5.2 Hz, 2H), 3.60 (t, J = 

6.4 Hz, 2H), 2.10-2.05 (m, 2H), 1.66-1.59 (m, 2H), 1.52-1.45 (m, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 138.7, 134.3, 116.8, 114.4, 71.6, 70.99, 70.95, 70.2, 67.9 

33.5, 29.2, 25.3 (cobalt coordinated alkyne carbons absent and CO signal was not observed);   

IR (neat ATR): 3016, 2969, 2942, 2093, 2049, 1997, 1439, 1365, 1228, 1216, 1091, 910; 

HRMS (DART): calcd [M-OCH2CH=CH2]
+
 436.94763, found 436.94797, calcd [M-

O(CH2)4CH=CH2] 394.90068, found 394.90097.  
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6-((hex-5-en-1-yloxy)methyl)-3a,4-dihydro-1H-cyclopenta[c]furan-5(3H)-one (4-26) 

     A flame dried round bottom flask was charged with NMO (388 mg, 2.89 mmol) and flushed 

with N2. A solution of complex 4-25 (238 mg, 0.48 mmol) in DCM (10 mL) was added and the 

resultant solution was stirred at room temperature for 27 h. DCM was removed in vacuo and 

column chromatography with 4:1 hexanes/EtOAc afforded 64 mg (56% yield) of a colorless oil. 

1
H NMR (400 MHz, C6D6, ppm) δ: 5.66 (ddt, J = 17.0, 10.2, 6.8 Hz, 1H), 4.98-4.89 (m, 2H), 

4.48 (d, J = 16.4 Hz, 1H), 4.41 (dd, J = 16.4, 1.6 Hz, 1H), 4.07 (ddt, J = 14.4, 2.8, 2.0 Hz, 1H), 

4.01 (dtd, J = 14.4, 2.4, 1.4 Hz, 1H), 3.71 (t, J = 7.8 Hz, 1H), 3.06 (t, J = 6.2 Hz, 2H), 2.58 (dd, J 

= 11.2, 8.0 Hz, 1H), 2.42-2.37 (m, 1H), 2.05 (ddd, J = 17.6, 6.4, 0.4 Hz, 1H), 1.89-1.83 (m, 2H), 

1.50 (dd, J = 17.4, 3.8 Hz, 1H), 1.37-1.30 (m, 2H), 1.29-1.21 (m, 2H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 207.1, 178.6, 138.4, 133.8, 114.5, 71.37, 71.20, 65.5, 64.7, 

44.0, 39.0, 33.3, 28.9, 25.2; 

IR (neat ATR): 2934, 2857, 1710, 1680, 1374, 1272, 1121, 1024, 911, 887, 732;  

HRMS (DART): calcd [M+H]
+
 237.14852, found 237.14890.  
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N-benzyl-N-(hex-5-yn-1-yl)hex-5-yn-1-amine (4-31)  

     In a flame-dried round bottom flask benzylamine (0.5 mL, 4.57 mmol), potassium carbonate 

(2.0 g, 13.73 mmol) and hex-5-yn-1-yl 4-methylbenzenesulfonate (2.3 g, 9.15 mmol) were mixed 

with dry acetonitrile (15 mL). The resultant suspension was refluxed for 24 h. Upon completion 

the reaction mixture was filter through celite and the solvent was removed in vacuo. Column 

chromatography with 4:1 hexanes/EtOAc (small amount of Et3N was added) afforded 930 mg 

(76% yield) of a colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 7.32-7.27 (m, 4H), 7.24-7.20 (m, 1H), 3.53 (s, 2H), 2.41 (t, 

J = 6.8 Hz, 4H), 2.15 (td, J = 6.8, 2.8 Hz, 4H), 1.93 (t, J = 2.6 Hz, 2H), 1.61-1.48 (m, 8H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 127.8, 128.0, 126.60, 126.57, 84.4, 68.1, 58.5, 52.9, 26.13, 

26.01, 18.1. 

 

(E)-N-benzyl-6-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-N-((E)-6-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)hex-5-en-1-yl)hex-5-en-1-amine (4-32) 

     A dry two neck-round bottom flask equipped with a reflux condenser was charged with 

Cp2ZrHCl (70 mg, 0.27 mmol) under a N2 atmosphere. A solution of 4-31 (366 mg, 1.37 mmol) 

in dry DCM was added into the flask at 0 
o
C and formed a suspension with Cp2ZrHCl. 

Pinacolborane (0.8 mL, 5.47 mmol) was added dropwise to this suspension. The resultant 
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solution was stirred at 0 
o
C for 30 min and was refluxed for overnight. The reaction was 

quenched with water, diluted with DCM and washed with brine. After drying with MgSO4 the 

solvent was removed in vacuo. Chromatography with 4:1 hexanes/EtOAc (small amount of Et3N 

was added) afforded 560 mg (78% yield) of a colorless oil. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 7.29-7.28 (m, 4H), 7.23-7.20 (m, 1H), 6.60 (dt, J = 18.0, 

6.4 Hz, 2H), 5.40 (dt, J = 18.0, 1.4 Hz, 2H), 3.51 (s, 2H), 2.37 (t, J = 7.0 Hz, 4H), 2.14-2.06 (m, 

4H), 1.46-1.34 (m, 8H), 1.26 (s, 24H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: 154.4, 128.68 (2 C signals overlap), 127.97 (2 C signals 

overlap), 82.8, 58.5, 53.4, 35.6, 26.5, 25.9, 24.6 (boron substituted vinyl carbons absent). 

 

(6E,8E)-1-benzylazacyclotrideca-6,8-diene (4-33) 

     A flame dried round bottom flask was charged with PdCl2(PPh3)2 (154 mg, 0.22 mmol) and 

flushed with N2. Methanol (550 mL), 4-32 (1.15 g, 2.20 mmol), chloroacetone (1.8 mL, 22.0 

mmol) and aqueous K2CO3 (2 M, 5.5 mL, 10.98 mmol) were subsequently added and the 

mixture was allowed to stir at room temperature for 6 h. Methanol was removed in vacuo and 

chromatography with 3:2 hexanes/EtOAc (small amount of Et3N was added) afforded 366 mg 

(62% yield) of a white solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 7.34-7.28 (m, 4H), 7.24-7.20 (m, 1H), 6.12-6.05 (m, 2H), 

5.43-5.32 (m, 2H), 3.59 (s, 2H), 2.36-2.29 (m, 4H), 2.10-2.05 (m, 4H), 1.42-1.35 (m, 4H), 1.26-

1.20 (m, 4H); 
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13
C NMR (100 MHz, CDCl3, ppm) δ: 140.9, 132.0, 130.3, 128.5, 127.9, 126.4, 58.4, 52.5, 33.6, 

23.3, 22.8.  

 

Complex 4-51 

     To a solution of 4-50 (132 mg, 0.50 mmol) in DCM (10 mL) Co2(CO)8 (171 mg, 0.50 mmol) 

was added. The mixture was stirred at room temperature for 9 h. The solvent was removed in 

vacuo. Chromatography with 19:1 petroleum ether/Et2O afforded 242 mg (88% yield, E/Z = 

2.5/1) of a red oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: (E) 5.71-5.51 (m, 2H), 4.64 (s, 2H), 4.61 (s, 2H), 4.14 (d, J 

= 5.6 Hz, 2H), 3.58 (t, J = 5.8 Hz, 2H), 2.08 (bd, J = 6.0 Hz, 2H), 1.59-1.55 (m, 2H), 1.40-1.28 

(m, 14H), (Z) 5.71-5.51 (m, 2H), 4.67 (s, 2H), 4.64 (s, 2H), 4.23 (d, J = 6.0 Hz, 2H), 3.58 (t, J = 

5.8 Hz, 2H), 2.08 (bd, J = 6.0 Hz, 2H), 1.59-1.55 (m, 2H), 1.40-1.28 (m, 14H); 

13
C NMR (100 MHz, CDCl3, ppm) δ: (E) 199.5 (CO), 193.2 (CO), 135.1, 126.8, 94.23 (Co-

C≡C-Co), 94.22 (Co-C≡C-Co), 71.33, 71.29, 71.0, 68.8, 31.6, 28.9, 27.9, 27.48, 27.39, 27.13, 

27.09, 27.04, 24.7, (Z) 199.5 (CO), 193.2 (CO), 133.9, 126.3, 94.26 (Co-C≡C-Co), 94.19 (Co-

C≡C-Co), 71.6, 70.9, 69.8, 66.4, 29.0, 28.3, 27.66, 27.59, 27.57, 27.26, 27.1 (2 C signals 

overlap), 26.9, 25.0;   

IR (neat ATR): 2928, 2857, 2092, 2049, 2013, 1622, 1460, 1348, 1095, 971; 
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HRMS (DART): calcd [M+H]
+
 551.05209, found 551.05013. 

 

4-52 

     A flame-dried flask was charged with 4-51 (115 mg, 0.21 mmol) and acetonitrile (20 mL). 

The solution was heated to 50 
o
C and NMO (147 mg, 1.25 mmol in 10 mL MeCN) was added 

dropwise over 14 h. Upon completion, the reaction was cooled to room temperature, solvent was 

removed in vacuo and chromatography with 1:1 hexanes/Et2O afforded 27 mg (44% yield) of a 

colorless oil.  

1
H NMR (400 MHz, CDCl3, ppm) δ: (Major) 4.70 (d, J = 16.4 Hz, 1H), 4.53 (d, J = 16.0 Hz, 

1H), 4.34 (dd, J = 14.0, 14.0 Hz, 1H), 4.24 (d, J = 12.8 Hz, 1H), 4.04 (d, J = 12.8 Hz, 1H), 3.50-

3.44 (m, 1H), 3.42-3.36 (m, 1H), 3.24-3.18 (m, 2H), 2.26 (bt, J = 2.6 Hz, 1H), 2.19-2.11 (m, 

1H), 1.76-1.64 (m, 1H), 1.65-1.50 (m, 2H), 1.47-1.14 (m, 14H), (Minor) 4.66 (d, J = 16.8 Hz, 

1H), 4.60 (d, J = 16.4 Hz, 1H), 4.19 (dt, J = 11.6, 0.8 Hz, 1H), 4.15 (dd, J = 8.4, 8.4 Hz, 1H), 

3.96 (d, J = 11.6 Hz, 1H), 3.56 (dd, J = 11.2, 8.4 Hz, 1H), 3.50-3.44 (m, 1H), 3.36-3.18 (m, 2H), 

2.72-2.67 (m, 1H), 1.76-1.64 (m, 2H), 1.47-1.14 (m, 16H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: (Major) 209.7, 180.2, 133.9, 71.4, 69.5, 64.9, 61.4, 49.2, 

47.5, 28.1, 27.7, 27.3, 26.7, 26.6, 26.4, 26.0, 25.61, 24.5,  (Minor) 210.4, 177.4, 130.9, 70.7, 
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67.3, 65.3, 61.8, 49.7, 47.7, 28.7, 27.8, 27.6, 26.9, 25.59, 25.2, 24.2, 23.7 (1 C signal overlaps 

around 27.0 ppm);  

IR (neat ATR): 2925, 2855, 1712, 1676, 1094, 1025, 986, 889, 733;  

HRMS (DART): calcd [M+H]
+
 293.21112, found 293.21005. 

 

Complex 4-54  

     To a solution of 4-53 (95 mg, 0.34 mmol) in DCM (7 mL) Co2(CO)8 (116 mg, 0.34 mmol) 

was added. The mixture was stirred at room temperature for 6 h. The solvent was removed in 

vacuo. Chromatography with 9:1 petroleum ether/Et2O afforded 142 mg (74% yield) of a red 

solid. 

1
H NMR (400 MHz, CDCl3, ppm) δ: 5.88-5.65 (m, 2H), 4.66 (s, 2H), 4.00 (d, J = 1.6 Hz, 2H), 

3.74 (s, 6H), 3.65 (s, 2H), 2.14 (bs, 2H), 2.02-1.96 (m, 2H), 1.41 (bs, 2H);  

13
C NMR (100 MHz, CDCl3, ppm) δ: 199.4 (C≡O), 170.8 (C=O), 136.2, 128.4, 95.0 (Co-C≡C-

Co), 87.0 (Co-C≡C-Co), 70.5, 66.6, 58.0, 52.6, 38.2, 28.7, 28.2, 23.2; 

IR (neat ATR): 2947, 2855, 2089, 2050, 1998, 1730, 1301, 1242, 1205, 1182, 1059, 1013; 

HRMS (DART): calcd [M+H]
+
 566.97424, found 566.97174. 
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