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Abstract 

 

 

In Part I, efforts toward the total synthesis of a novel antibacterial γ-lactone, 

Trocheliophorolide A, are described.  The natural product was isolated from Red Sea soft 

corals S. trocheliophorum and L. arboreum.  Biological assays show that this compound 

exhibits significant growth inhibition of bacterial cell lines S. aureus and B. subtilis.  The 

structure consists of an (S)-β-angelica lactone ring connected to an ynediene side chain. 

 

Our strategy employs synthesis of the lactone ring as a stannylfuranone, which will be 

Stille coupled with vinylidene dibromide to form an alkenyl bromide.  This alkenyl 

bromide will be cross-coupled with an enynyl metal species to install the remainder of the 

sidechain, affording the target natural product. The stannylfuranone ring was constructed 

using a tandem palladium-catalyzed hydrostannation-lactonization protocol. 

 

In Part II, a study towards the synthesis of alkenyl alkynyl ketones via a novel palladium-

catalyzed carbonylative cross-coupling reaction of alkynyl halides and alkenylstannanes 

is discussed.  Initial efforts have focused on optimization of the direct cross-coupling of 

the two components in the absence of carbon monoxide pressure antecedent to 

development of the carbonylative coupling reaction. 
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1.0 Introduction and Background 

 

The objective of this project is to synthesize Trocheliophorolide A, a novel butenolide 

natural product.  Upon completion the compound will be furnished to Professor Michael 

Savka of the RIT Biology Department for further biological evaluation. 

 

1.1 Isolation and Biological Activity of Trocheliophorolide A 

Soft corals have been the source of dozens of natural products, primarily steroids and 

their derivatives
1,2
.  Fatty acid derivatives are less known

3
, although more than 30 years 

ago, butenolide lipids were isolated from Pterogorgia anceps and Pterogorgia 

guadalupensis
2,4-6

, and recently several terpenoid fatty acids were isolated from Nephthea 

chabrolii
7
.  Several years ago

8
, six unique butenolide and butanolide lipids (Figure 1) 

possessing rare unsaturation patterns were isolated from soft corals Sarcophyton 

trocheliophorum and Lithophyton arboretum, collected in the gulf of Aqaba of the Red 

Sea.  Many natural products
9
 and natural aroma components

10
 possess such butenolide 

units.  Biological evaluation of these lactones showed that they have antibacterial activity 

against two bacterial cell lines, and toxicity against brine shrimp Artemia salina (Table 

1
8
).  The (S)-butenolides seemed to exhibit somewhat higher activity. To date, their 

molecular mode of action is unknown. 

 

Table 1.  Bioactivities of Τrocheliophorolides A-F (1-6).  

Test organism 1 2 3 4 5 6 

Staphylococcus 

aureus
a 

11.5 13.2 8.5 10.3 7.8 

 

18.6 

Bacillus 

subtilis
a 

13.0 14.9 7.6 13.9 5.6 14.7 

Artemia 

salina
b,c 

8.3 61.5 0.8 3.2 15.3 21.4 

 
a 
Samples (10 µg) were applied on 50.8 mm paper disks, values are in diameters (mm) of inhibitory zones.  

b 
In µg mL

-1
 (minimum lethal doses).  

c
 The sample (~0.05 mg) was dissolved in 50 µL of DMSO and 

added to a test vial of artificial seawater (3.0 mL).  Approximately 20 brine shrimp, Artemia salina, were 

added to the vial.  The brine shrimp were observed periodically over a 24 h period.  A positive assay was 

the death of all brine shrimp. 
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Figure 1.  Molecular Structures of Trocheliophorolides A-F. 
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1.2 Biological Significance of (S)-ββββ-Angelica Lactone Natural Products 

(5S)-5-methyl-5H-furan-2-one, more commonly known as (S)-β-Angelica lactone (7, 

Figure 2) is a type of butenolide (8, Figure 2).  A butenolide is a γ-lactone ring possessing 

a single element of unsaturation.  Butenolides are also referred to as 2-furanones since 

they are oxidized derivatives of furans.  They are ubiquitous in nature, and are common 

structural elements of natural products synthesized by biochemical pathways in 

organisms
11
.  The vast majority of butenolide-containing natural products either exhibit 

some kind of biological activity or are potent flavor and aroma components
10,12

.  (S)-β-

angelica lactone natural products, in particular the annonaceous acetogenin
13,14

 class of 

natural products, encompass a broad array of antibacterial, antitumor, anthelminitic, 

antimalarial, antiprotozoal, pesticidal, herbicidal, fungicidal, cancerostatic, and 

anticarcinogenic agents
13-17

.   
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Figure 2.  Molecular Structures of (S)-β-Angelica Lactone (7) and Butenolide (8). 
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1.3 Previous Synthetic Approaches to the (S)-ββββ-Angelica Lactone Ring in Natural 

Products 

Dozens of natural products and their derivatives containing the (S)-β-Angelica lactone 

ring have been synthesized in the past several decades
13,14

.  Construction of the lactone 

ring has been accessed via a number of commonly used synthetic approaches.    

 

1.3.1 Synthesis of the Lactone Ring Using (S)-Lactal 

An approach that has been heavily used for the past ten years involves the crossed aldol 

reaction of an ester with THP-protected (S)-lactal, followed by lactonization, and finally 

elimination of a leaving group at the α- or β- position of the lactone ring to afford the 

butenolide.  A recent example of this strategy was used by Strand
18
 in the syntheses of 

pyranicin (15) and pyragonicin (16) (Scheme 1).   
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Scheme 1.  Synthesis of the Butenolide Fragment of Pyranicin and Pyragonicin from (S)-

Lactal. 

 

O
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Pyranicin 15: R2 = C9H19, n = 2
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R1 =

many steps

9 11
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Ph
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TMS
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MeOH, ∆
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Ester 9 was converted to adduct 11 via crossed aldol reaction with THP-protected (S)-

lactal (10) using LDA as the base.  The THP group was removed with camphorsulfonic 

acid and heat, which under the same conditions, induced transesterification to the methyl 

ester and subsequent ring closure to hydroxylactone 12.  Subsequent conversion of the 

hydroxyl group of the lactone to a trichloroacetoyl group gave intermediate 13, which 

was worked up with sodium bicarbonate to afford the butenolide fragment 14 in 79% 

yield over 3 steps.  Butenolide 14 was then converted to Pyranicin (15) and Pyragonicin 

(16) after multiple steps.  This approach was also used in previous syntheses of 

pyranicin
19,20

 and pyragonicin
20
, as well as syntheses of AA005

21
, Annonacin

22
, Asimin

23
, 

(+)-Bullaticin
24
, Cyclogoniodenin T

25
, Goniocin

25
, (+)-Longicin

26
, Longimicin C

27
, 

Mucocin
28,29

, Muconin
30,31

, Muricatetrocin C
32,33

, Pseudoannonacin A
34
, Rollidecins C 
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and D
35
, Squamotacin

36
, Tonkinecin

22
, and various other annonaceous acetogenin 

analogues
15,33,37-45

.   

 

One of the limitations of this method is that a methylene carboxylic acid ester unit must 

be built into the intermediate prior to conversion to the butenolide ring.  Another is the 

need to protect the (S)-lactal prior to its installation into the substrate, which adds an 

additional two steps to the synthesis.  A further issue is that camphorsulfonic acid, in 

addition to inducing the desired THP deprotection and ring closure, may also cause other 

unwanted lactonization reactions, deprotections, and isomerizations of unsaturated 

systems in the intermediate.  Lastly, the use of trichloroacetyl chloride poses a 

chemoselectivity problem in the presence of other nucleophilic functional groups in the 

substrate, such as other hydroxyl groups and amino groups, which would require 

protection to prevent their acylation.   

 

1.3.2 Synthesis of the Lactone Ring Using (S)-Propylene Oxide 

Another approach that has been used involves the treatment of a carboxylic acid enolate 

with (S)-propylene oxide, esterification of the carboxyl group, lactonization of the 

hydroxyester to the lactone, and elimination of a leaving group at the α- or β- position, 

which is either present in masked form in the carboxylic acid starting material or installed 

subsequently, to afford the furanone.  A prototypical example of this approach was used 

by Koert
46
 in a synthesis of (–)-Mucocin (Scheme 2).   
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Scheme 2.  Synthesis of the Butenolide Fragment of (–)-Mucocin from (S)-Propylene 

Oxide. 
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many steps
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OO
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Intermediate carboxylic acid 17 was converted to its enolate with LDA, and then treated 

with (S)-propylene oxide (18) to yield hydroxyacid 19.  Acid 19 was esterified with 

pivaloyl chloride to the corresponding hydroxyester, which underwent lactonization to 

20.  Lactone 20 was enolized with KHMDS, and then subjected to phenylselenium 

chloride to give selenide 21.  Selenide 21 was oxidized with magnesium 

monoperoxyphthalate and subsequently underwent a retro hetero-ene reaction to give 

butenolide fragment 22 in 73% yield over 2 steps.  22 was then converted to (–)-Mucocin 

(23) after multiple steps.  This approach and some variations have also been used in 

another synthesis of (–)-Mucocin
47
, as well as syntheses of Asimicin

48-50
, Asimin

49
, 

Asiminocin
49
, Bullanin

49
, Bullatacin

48,50,51
, Bullatanocin

52
, Jimenezin

53
, Longimicin D

54
, 

Mosin B
55,56

, Membranacin
57
, (+/–)-Muconin

58
, (+)-Muconin

59
, Mucoxin

60
, Murisolin

61-

63
, Pyragonicin

64
, Reticulatacin

65,66
, Reticulatamol

67
, Rollicosin

68
, Rollimembrin

57
, 

Rolliniastatin 1
57,69

, Solamin
65,66,70

, Squamocin A and D
71,72

, (+)-Squamostanal-A
73
, 
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Squamostolide
74
, Tonkinelin

75
, Trilobacin

76
, Uvaracin

77
, Uvigrandin A

78
, and various 

analogues of the annonaceous acetogenins
79-96

. 

 

One obvious limitation of this method is that the substrate must possess a 

methylenecarboxylic acid unit.  Another is that the required formation of an enolate for 

both the (S)-propylene oxide installation and the phenylselenium chloride substitution use 

lithium diisopropylamide and potassium hexamethyldisilazide, both very strong bases 

which may deprotonate other acidic protons in the molecule.  Lastly, the use of MMPP as 

an oxidant poses a chemoselectivity problem in the presence of other groups susceptible 

to oxidation by this reagent, including olefins and aromatic aldehydes
97
. 

 

1.3.3 Synthesis of the Lactone Ring via Sharpless Asymmetric Dihydroxylation 

A unique and concise approach to the β-angelica lactone ring employs the Sharpless 

asymmetric dihydroxylation to produce a diastereomerically enriched diol, which 

undergoes lactonization.  Conversion of the hydroxyl group to a leaving group and 

subsequent elimination affords the butenolide ring.  This approach was exploited by 

Bruckner
98
 in the syntheses of (+)-Blastmycinone and (+)-Antimycinone (Scheme 3). 

 

Scheme 3.  Synthesis of the Butenolide Intermediate of (+)-Blastmycinone and (+)-

Antimycinone via Sharpless Dihydroxylation. 

 

several steps

O

OO

OCH3

AD mix α, t -BuOH/H2O (1:1)

0°C, 10 days

47%

O

O

HO

Et3N, MsCl

CH2Cl2, 0°C

87%
25, 78% ee 7, 75% ee

O

O
R

OiBu

O

(+)-Blastmycinone 26: R = n-Bu
(+)-Antimycinone 27: R = n-Hex

24

 

 

Commercially available β, γ-unsaturated ester 24 was asymmetrically dihydroxylated and 

lactonized using asymmetric dihydroxylation mixture α over 10 days to produce 
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hydroxylactone 25 in 47% yield and 78% ee.  The hydroxyl group was mesitylated and 

subsequent elimination afforded (S)-β-angelica lactone 7 in 87% yield and 75% ee.  After 

several more steps, (+)-Blastmycinone (26) and (+)-Antimycinone (27) were obtained.  

Although the dihydroxylation step affords the desired isomer in relatively low yield, the 

synthesis overall was a higher yielding and more concise route to both (S)-β-angelica 

lactone and the target molecules than other available methods.  This approach was also 

used in the synthesis of (+)-Montecristin
99
 and a trio of mosquito-larvicidally active 

annonaceous acetogenins
45,100

. 

 

A major limitation of the asymmetric dihydroxylation route is that the starting β, γ-

unsaturated ester is unstable and may undergo isomerization to the α, β-unsaturated ester.  

In addition, the lactonization step takes 10 days to drive to completion and is low-

yielding. 

 

1.3.4 Synthesis of the Lactone Ring via Free Radical Cyclization and Elimination 

An approach less frequently exploited involves the free radical cyclization of a 

selenocarbonate, followed by an elimination.  Takahashi
101

 used this approach in a 

synthesis of (–)-Mucocin (Scheme 4). 
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Scheme 4.  Synthesis of the Butenolide Fragment of (–)-Mucocin via Free-Radical 

Cyclization. 

 

many steps
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Alcohol 28 was acylated with triphosgene in pyridine, then treated with benzeneselenol 

to provide selenocarbonate 29 in 78% yield.  A free radical cyclization using tributyltin 

hydride and azobisisobutyronitrile in toluene at 100°C afforded lactone 30 in 90% yield, 

which was then deprotected with tetrabutylammonium fluoride and eliminated with 1,8-

diazabicyclo[5.4.0]undec-7-ene to provide butenolide 31 in 60% yield over both steps.  

Butenolide 31 was then further elaborated to provide (–)-Mucocin (23).  This approach 

has also been used in two other syntheses of (–)-Mucocin
102,103

. 

 

A drawback of this method is that the starting substrate must be a homoallylic alcohol 

with a leaving group on the carbon adjacent to the double bond.  This is a complex 

structural element which requires multiple steps to synthesize.  The use of triphosgene
104

 

to acylate the hydroxyl group presents a toxicity hazard, as well as a chemoselectivity 

problem due to its extremely high reactivity.  Finally, the successful use of free radical 

chain chemistry using AIBN and tributyltin hydride can sometimes be precluded by slow 

propagation step(s), which can result in termination and therefore low yields.  
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1.3.5 Synthesis of the Lactone Ring via Silver (I)-Promoted Allenic Acid Cyclization 

An elegant approach to the butenolide ring developed by Marshall and coworkers
105

 in 

the synthesis of (+)-Asimicin employed a palladium(0)-catalyzed hydroxycarbonylation 

to produce an allenic acid, followed by a silver(I)-promoted cyclization to afford the 

butenolide ring (Scheme 5). 

 

Scheme 5.  Synthesis of the Butenolide Ring of (+)-Asimicin via Allenic Acid 

Cyclization. 
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Propargyl alcohol 32 was trifluoroacetylated using trifluoromethane acetic anhydride in 

2,6-lutidine to provide 33.  Carbonate 33 was carboxylated under an atmosphere of 

carbon monoxide in THF and water, catalyzed by tetrakistriphenylphosphine 

palladium(0), to give allenic acid 34.  Acid 34 was cyclized with silver (I) nitrate to 

afford butenolide 35 in 83% over 3 steps, which was finally deprotected to give (+)-

Asimicin (36) in 67% yield.  The same approach was utilized in another synthesis of 

Asimicin
106

, and syntheses of Asiminecin
107

, Asiminocin
107

, (30S)-Bullanin
108

, and (+)-

Bullatacin
109

. 
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The main drawback of this method lies in the relative instability of allenes.  The presence 

of a carboxyl group on the allene moiety further increases its reactivity, particularly the 

electrophilicity of the distal allenic carbon atom.  This instability is the basis for the 

functionality’s facile electrocyclization under such incredibly mild conditions. 

 

1.3.6 Synthesis of the Lactone Ring via the Trost Ruthenium-Catalyzed Alder-Ene 

Ynoate Annulation 

Trost and coworkers
110

 developed a method for synthesizing α,γ-substituted butenolides 

using a ruthenium-catalyzed Alder-ene reaction
111-113

 of an alkene and a 

hydroxyalkynoate, which has been widely used in the synthesis of various natural 

products containing butenolide rings.  A recent example of this strategy was used by 

Brown and coworkers
114

 in a synthesis of Membranacin (Scheme 6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 13

Scheme 6.  Synthesis of the Butenolide Fragment of Membranacin via Trost Alder-Ene 

Ynoate Annulation. 
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Alkene intermediate 37 was subjected to a Ru-catalyzed Alder-ene reaction with 

hydroxyalkynoate 38 in methanol under reflux to provide butenolide 41 in 72%.  The 

reaction hypothetically proceeds through metallacycle 40, which yields a 

hydroxyalkenoate that subsequently lactonizes under thermal conditions.  Saturation of 

the double bond with tosyl hydrazine, sodium acetate, water, and THF under reflux 

yielded Membranacin (42) in 78% yield.  This protocol has been employed in syntheses 

of (+)-Ancepsenolide
110

, (+)-5S-Hydroxyparviflorin
115

, (+)-Parviflorin
115

, (+)-Solamin
116

, 

(+)-Squamocin K
115

, and various derivatives of the annonaceous acetogenins
117-123

. 

 

The drawback of this method is the need to reflux the olefin under the Alder-ene reaction 

conditions, which poses a risk for unwanted side reactions or decomposition of the 

substrate. 
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1.3.7 Synthesis of the Lactone Ring via Carbonylation 

Synthesis of the butenolide ring of several natural products has been accomplished by the 

intramolecular carbonylation of a 1-iodo-2-methylenehydroxy olefin.  Marshall and 

coworkers
124

 exemplified this approach in a synthesis of Asimicin (Scheme 7). 

 

Scheme 7.  Synthesis of the Butenolide Fragment of Asimicin via Carbonylation. 
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Propargyl alcohol intermediate 43 was hydroaluminated with Red-Al in THF, then 

iodinated to afford allyl alcohol 44 in 97% yield.  44 was carbonylated under a carbon 

monoxide atmosphere catalyzed by trans-dichlorobis(triphenylphosphine) palladium (II) 

in triethylamine, hydrazine, and THF in 75% yield to provide butenolide 45, which after 

further elaboration gave (+)-Asimicin (36).  Carbonylation methodologies have been used 

in another synthesis of (+)-Asimicin
125

 in addition to syntheses of (+)-Bullatacin
125

, (+)-

Gigantecin
126

, (+)-Hamabiwalactone B
127

, (+)-Parviflorin
128

, and derivatives of 

annonaceous acetogenins
126,129,130

. 

 

A drawback of this method is the need to synthesize an intermediate possessing a 1S-

methyl propargyl alcohol moiety.  Additionally, the regioselectivity of the 

hydroalumination-iodination must be very high in order to install the iodine on the carbon 

atom of the double bond distal to the hydroxyl group, in order to make the butenolide 
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ring; steric hindrance near this position may preclude dominant formation of this isomer 

and therefore the ability to form the butenolide ring.  

 

1.3.8 Synthesis of the Lactone Ring via Ring-Closing Metathesis 

An approach that has seen use in recent years has been ring-closing metathesis of an α,β-

unsaturated propenyl ester.  Crimmins
131

 used this approach in a synthesis of  (+)-

Gigantecin (Scheme 8). 

 

Scheme 8.  Synthesis of the Butenolide Fragment of (+)-Gigantecin via Ring-Closing 

Metathesis. 
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Vinyl bromide 46 was lithium-halogen exchanged using t-BuLi in THF at –78°C, then 

put under a carbon dioxide atmosphere to afford the carboxylate, which after aqueous 

workup gave vinylogous carboxylic acid 47 in 82% yield.  A Mitsunobu coupling with 

alcohol 48 using diethylazodicarboxylate and triphenylphosphine in THF gave ester 49 in 
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87% yield.  A ring-closing olefin metathesis was performed on 49 using catalyst 50 in 

methylene chloride to give butenolide fragment 51.  A number of further transformations 

afforded (+)-Gigantecin (52).  The ring-closing metathesis strategy has also been used in 

the synthesis of S,S-(+)-Dehydrohomoancepsenolide
132

 and a synthesis of (–)-Mucocin
133

.  

 

A major shortcoming of this method is the need to perform a lithium-bromide exchange 

on the alkenyl bromide; besides its handling dangers, tert-butyllithium is an extremely 

strong base which can effect undesired deprotonations of kinetically reactive alkenyl and 

aryl protons in other regions of the substrate.  Another pitfall is the possibility of a 

“lithium-halogen dance”, a cascade of sequential deprotonation–halogen exchange 

reactions which result in the most stable organolithium species
134

.   

 

1.3.9 Synthesis of the Lactone Ring From D-Glutamic Acid 

This approach involves the separate synthesis of a thiomethylated lactone via a 

precedented procedure
135-137

, its installation into an intermediate of the natural product 

via the enolate, and subsequent elimination to afford the angelica lactone ring.  This 

approach is demonstrated in Kitahara’s
138

 synthesis of (+)-Muconin (Scheme 9). 
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Scheme 9.  Synthesis of the Butenolide Fragment of (+)-Muconin from D-Glutamic Acid. 
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D-glutamic acid 53 was dehydrated with nitrous acid to produce lactone 54 in 85% yield, 

which was converted to its acid chloride 55 in 96% yield using thionyl chloride.  55 was 

reduced to alcohol 56 using sodium borohydride in diglyme, and then tosylated with p-

toluenesulfonyl chloride in pyridine to give tosylate 57 in 48% yield.  Tosylate 57 was 

converted to the corresponding iodide via a Finkelstein reaction with lithium iodide 

followed by a Raney-nickel reduction to give methylated lactone 58 in 49% across both 

steps.  Lactone 58 was then converted to its enolate with lithium diisopropylamide, then 

to methyl sulfide 59 with methyl methanethiolsulfonate.  Sulfide 59 was converted again 

to its enolate with sodium hexamethyldisilazide and treated with iodide 60, which 

underwent an SN2 substitution to give adduct 61 in 76% yield.  Lactone 61 was TMS-
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deprotected with potassium carbonate in methanol, and iodinated with iodine to give 

propargyl iodide 62 in 75% yield.  Iodide 62 was converted to the corresponding sulfone 

using meta-chloroperoxybenzoic acid, then refluxed in toluene to give the butenolide 

elimination product 63 in 40% yield across both steps.  (+)-Muconin (64) was 

synthesized from 63 after several more steps.  This method has been used in two other 

syntheses of (+)-Muconin
139,140

, the synthesis of Acaterin
137

, and a synthesis of 

Squamostolide
141

. 

 

An obvious and significant shortfall of this approach is the sheer number of steps 

required to synthesize the thiomethylated lactone, install it into the alkyl iodide, oxidize 

the thiomethyl group to a sulfone, then perform the elimination.   

Furthermore, the overall yield of the lactone synthesis prior to its installation into the 

substrate is an unacceptably low 10%, and after taking the installation, oxidation and 

elimination steps into account for this particular case, results in an extremely low 3% 

yield.  As a result, this method is likely the most limited and least desirable one available.   

 

1.3.10 Synthesis of the Lactone Ring as a Stannylfuranone  

Another convenient approach to the synthesis of butenolide-containing natural products 

and precursors involves the synthesis of the butenolide fragment as a stannylfuranone for 

subsequent metal-catalyzed cross-coupling.  To date, two methods have been developed 

to synthesize the stannylfuranone.  The first method, used by Sweeney
142,143

 and 

coworkers in the synthesis of (+)-Hamabiwalactone B, is somewhat similar to the method 

described in Section 1.3.2, except the last step involves a direct interconversion of the 

thiophenyl group to a tributylstannyl group (Scheme 10). 
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Scheme 10.  Synthesis of the Stannylfuranone from (S)-Propylene Oxide. 
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Thiophenylacetic acid 65 was converted to its lithium enolate with LDA, followed by 

addition of (S)-propylene oxide (18).  The resulting hydroxyacid 66 was then lactonized 

using p-toluenesulfonic acid in toluene under reflux to afford lactone 67 in 29% yield 

over 2 steps.  67 was then converted to stannylfuranone 68 in 85% yield using tributyltin 

hydride and VAZO-88
®
 as the free radical initiator.  After several more steps, (+)-

Hamabiwalactone B (69) was afforded. 

 

One drawback of this synthesis is the extremely low yield of the first two steps; it can be 

assumed that the epoxide ring opening step had a very low regioselectivity, contributing 

to the low yield.  Additionally, (S)-propylene oxide is an unnatural compound which, 

whether purchased commercially or freshly synthesized, must be purified via chiral 

chromatography.  The approach is therefore neither a chiral pool nor an asymmetric 

synthesis.  All of these considerations make the overall synthesis unelegant. 

 

Another approach to stannylfuranone 68 employed by Hofman
144

 and coworkers in their 

synthesis of Himbacine derivatives involves the hydrostannation of a 

hydroxyalkynoate
110

, which subsequently lactonizes (Scheme 11). 
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Scheme 11.  Synthesis of the Stannylfuranone via Hydrostannation. 
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Commercially available (S)-ethyl lactate 70 was TBS-protected to give silyl ether 71, 

then DIBAL-H reduced to aldehyde 72 in 72% yield over both steps.  Aldehyde 72 was 

converted to gem-dibromide 73 in 75% yield via a Corey-Fuchs olefination using 

triphenylphosphine and carbon tetrabromide in dichloromethane at –78°C.  Dibromide 73 

was doubly eliminated using n-butyllithium in THF at –78°C to the corresponding 

alkynyllithium, quenched with ethyl chloroformate to give the alkynoate, and worked up 

with aqueous acetic acid and THF under heat to remove the TBS group, all in 80% yield.  

A hydrostannation was then performed on the resulting alkynoate (38), using tributyltin 

hydride and tetrakistriphenylphosphine palladium(0) catalysis in THF to afford 

stannylfuranone 68 in 80% yield.  68 was further elaborated to give Himbacine derivative 

74. 

 

The main drawback of this synthesis is the use of gem-dibromoolefin 73 as the 

intermediate prior to elimination.  These compounds are notoriously unstable, and 

therefore have an extremely short shelf life. 
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1.4 Previous Synthetic Approaches to the Ynediene Appendage in Natural Products 

The only other biologically active natural products that possess the ynediene chain are 

those of the cytotoxic Caulerpenyne family
145-149

.  Additionally, advanced intermediates 

containing the chain have also been synthesized. 

 

1.4.1 Synthesis of the Ynediene Chain via Stille Cross-Coupling 

The only published approach to the chain’s assemblage in the Caulerpenynes involves the 

synthesis of an enynyl stannane, and its Stille cross-coupling to a vinyl halide.  This 

approach is shown in the Commeiras
150

 synthesis of (+/–)-Taxifolial A (Scheme 12). 

 

Scheme 12.  Synthesis of the Ynediene Appendage of (+/–)-Taxifolial A. 

 

O CBr4, PPh3, Zn

CH2Cl2, rt

83%75 76

Br

Br

77

SnMe3

i. n-BuLi, THF, –78oC

i i. Me3SnCl, –78
oC to rt

I

OAc

OTBS

OAc

PdCl2(MeCN)2

78, DMF, rt

78 =

OAc

OTBS

OAc OAc

O

AcO

79 (+/–)-Taxifolial A (80)
99%

88%

several steps

 

 

Commercially available crotonaldehyde derivative 75 was converted to dibromide 76 in 

83% yield via a Corey-Fuchs reaction using carbon tetrabromide, triphenylphosphine, 

and zinc in dichloromethane.  Dibromide 76 then underwent elimination at –78°C with n-

BuLi and subsequent lithium-bromide exchange to the corresponding alkynyllithium, 

then quenched with trimethyltin chloride to give enynyl stannane 77 in a yield of 88%.  

Stannane 77 was then efficiently Stille cross-coupled with alkenyl iodide 78 to give 

ynediene 79 in 99% yield, which was then elaborated after several more steps to afford 

(+/–)-Taxifolial A (80).  This approach has also been used in another synthesis of (+/–)-

Taxifolial A
151

 and the synthesis of other Caulerpenyne family members, namely (+/–)-
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Caulerpenyne
151,152

, (+/–)-iso-Caulerpenyne
150,151

, (+)-Furocaulerpin
153

, and (–)-

Furocaulerpin
151,153,154

. 

 

1.4.2 Synthesis of the Ynediene Chain via Sonagashira Coupling 

Salerno
155

 and Marshall
156

 both used a Sonagashira coupling to synthesize the ynediene 

intermediate in their syntheses of Rosefuran (Scheme 13).
 

 

Scheme 13.  Synthesis of the Ynediene Intermediate of Rosefuran. 
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Commercially available enynol 81 was cross-coupled with vinyl bromide 82 using trans-

dichlorobis(triphenylphosphine) palladium(II), copper (I) iodide, and diethylamine to 

give ynediene 83 in 78% yield.  This was then cycloisomerized to Rosefuran (84) in 77% 

yield using palladium (II) iodide, potassium iodide, and N,N-dimethylacetamide. 
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2.0 Synthetic Design 

 

 2.1 Retrosynthetic Analysis of ΤΤΤΤrocheliophorolide A 

As shown in Figure 3, Τrocheliophorolide A (1) contains an (S)-β-angelica lactone ring 

connected at the α-carbon to an unusual ynediene side chain.  

 

Figure 3.  Molecular structure of Τrocheliophorolide A. 

OO

1  

 

Our retrosynthetic strategy is outlined in Scheme 14. The natural product can be 

constructed using a Stille or Negishi cross-coupling of alkenyl bromide 86 with an in situ 

generated alkynylmetal species of gem-dibromoolefin 76.  The dibromoolefin is accessed 

from allyl alcohol 85.  Alkenyl bromide 86 can be derived from a Stille coupling of 

stannylfuranone 68 and vinylidene dibromide 88.  Stannylfuranone 68 can be obtained 

from a precursor alkynoate 38, which could be accessed from tosylate intermediate 87.  

Tosylate 87 can be synthesized from commercially available (S)-ethyl lactate 70.   
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Scheme 14.  Retrosynthetic Analysis of Τrocheliophorolide A. 
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There are several distinct advantages to our method of incorporating the (S)-β-angelica 

lactone ring into natural products via stannylfuranone 68 over the methods discussed in 

Section 1.3.  The main benefit is that it can be installed via a simple Stille cross-coupling 

at any point in a synthesis to obtain a variety of complex systems.  Since the ring is 

constructed separately prior to installation into a system, all of the conditions used in its 

construction do not have to be adapted or altered to accommodate the presence of 

functional groups or other structural features unique to that system.  In addition, it is 

stable, has a long shelf life, and can be synthesized on a large scale.  Its attractiveness is 

enhanced by virtue of its derivation from an inexpensive, naturally-derived starting 

material that is commercially available and chiral, so its enantiomer can be synthesized 

simply by starting the synthesis with (R)-ethyl lactate instead of the (S)-enantiomer.  
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An advantage of our particular synthetic route over those discussed in Section 1.3.10 is 

that it is a chiral pool approach and therefore more elegant when contrasted with 

Sweeney’s
142,143

, which was neither regioselective nor derived from a chiral pool.  It is 

also higher yielding than his approach.  Another advantage is that our route proceeds 

through the highly stable, storable tosylate intermediate 87 instead of the unstable gem-

dibromoolefin 73 used by Hofman
144

. 

 

2.2 Synthetic Strategy: Construction of Stannylfuranone 68  

The hydrostannation reaction is the addition of a trialkyltin hydride across a double or 

triple bond.  The hydrostannation reaction is a common method of producing a stannane 

coupling partner for a Stille cross-coupling reaction.  It can proceed through a radical 

mechanism
157-161

, in which addition of the trialkylstannyl and hydrido substituents add 

anti to the olefin or acetylene, through a Lewis acid-catalyzed mechanism
162

, which also 

gives the anti product, or through a metal-catalyzed mechanism
163-169

, which gives the 

syn product.  Scheme 15 shows examples of each of these approaches. 
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Scheme 15.  Conditions Used in the Hydrostannation Reaction. 
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In the case of the palladium-catalyzed hydrostannation of an alkynoate
164,168

, the 

trialkyltin hydride adds syn across the triple bond of an alkynoate to regioselectively 

produce an (E)-α-stannyl enoate, generating the (E)-β-stannyl enoate as a minor product.  

The mechanism of this reaction (Scheme 16) is not well understood, and has been 

proposed based on observed products and analogy with other related reactions
168

.   
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Scheme 16.  Proposed Mechanism of Alkynoate Hydrostannation. 

 

O

OR2

L2Pd (97)

R, R1, R2 = Alkyl groups

O

OR2

R1

O

OR2

R1

H PdL2 L2Pd SnR3

HSnR3

δ+

δ−

δ−

δ+

H

R1

L2Pd

SnR3

L2Pd SnR3 (99)

H

O

OR2

R1

R3Sn H (98)

O

OR2H

R1

R3Sn

oxidative insertionreductive elimination

(transmetallation)

hydropalladation alkyne coordination

100

101102

103

104

 
 

The first step in the catalytic cycle is the oxidative insertion of a 14-electron palladium(0) 

complex (97) into the the trialkyltin hydride Sn-H bond to form palladium(II) complex 

99.  Coordination of alkynoate 100 ensues, followed by alignment of the partially 

negative α-carbon of the alkynoate with partially positive palladium, and the partially 

positive β-carbon of the alkynoate with the partially negative hydrido ligand.  Migratory 

insertion then occurs to form alkenylpalladium complex 103.  Reductive elimination 

follows to regenerate complex 97 while forming alkenylstannane 104. 
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3.0 Results and Discussion 

 

3.1 Synthesis of Stannylfuranone 68 

Following our retrosynthetic analysis, we started our synthesis of the stannylfuranone 

using commercially available (S)-ethyl lactate which conveniently possessed the chiral 

center of our target molecule.   

 

3.1.1 Synthesis of TBS-Protected αααα-Hydroxy Aldehyde 71 

(S)-ethyl lactate (70) was TBS-protected using tert-butyldimethylsilyl chloride and 

imidazole in N,N-dimethylformamide to cleanly provide silyl ether 71 in 90% yield
170

 

(Scheme 17).  The ethoxycarbonyl group of 71 was reduced to give aldehyde 72
170

 in 

68% yield after distillation using diisobutylaluminum hydride in hexanes at –78°C.   

 

Scheme 17.  Synthesis of TBS-Protected α-Hydroxy Aldehyde 72. 
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3.1.2 Synthesis of Tosylate 87 

Aldehyde 72 was then treated with an in situ-generated dichloromethane anion to give the 

tetrahedral lithium alkoxide followed by trapping with p-toluenesulfonyl chloride to give 

tosylate 87
170

 (Scheme 18). 

 

Scheme 18.  Synthesis of Tosylate 87. 
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This reaction proceeds via a nucleophilic addition mechanism, as illustrated in Scheme 

19. 
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Scheme 19.  Mechanism of Tosylation. 
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Fresh lithium diisopropylamide is added to dichloromethane, and deprotonates it to 

generate its anion.  The anion nucleophilically adds to the carbonyl group of 72 to give 

alkoxide intermediate 105.  105 attacks p-toluenesulfonyl chloride, displacing the 

chloride ion to give tosylate 87. 

 

The reaction is quite impure, with a main side product being the adduct formed by 

addition of the dichloromethane anion to p-toluenesulfonyl chloride.  Chromatography of 

87 needed to be performed slowly, and since several minor impurities that are 

undetectable by TLC are present, fractions needed to be tested by H
1
 NMR before 

combining.  The reaction yield is 62% after calculating the impurities out of the crude H
1
 

NMR, and is a 55:45 mixture of diasteromers.   

 

3.1.3 Synthesis of Alkynoate 108 

Our next priority was to convert tosylate 87 to its corresponding terminal alkyne via an 

elimination reaction, then react it to form an ethyl alkynoate.  Crude tosylate 87 was 

treated with 3.3 equivalents of n-butyllithium to make the alkynyllithium, which was 

quenched with aqueous ammonium chloride to generate terminal alkyne 106 (Scheme 
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20).  The reaction gave a complex mixture of products containing a tiny amount of 106.  

Volatility of 106 was also suspected. 

 

Scheme 20.  Synthesis of Terminal Alkyne 106. 
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To determine whether the elimination was occurring, crude tosylate 87 was converted to 

the alkynyllithium with n-butyllithium as before, but the acetylide was instead quenched 

with trimethylsilyl chloride to make TMS-protected alkyne 107 (Scheme 21).  The 

reaction proceeded in 23% yield from aldehyde 72. 

 

Scheme 21.  Synthesis of TMS-Protected Alkyne 107. 
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We concluded that the elimination worked, and that the yield would likely improve in an 

analogous elimination–trapping to directly furnish alkynoate 108 in a one-pot 

transformation.   

 

We proceeded to repeat the reaction using pure tosylate and quenched the alkynyllithium 

with distilled ethyl chloroformate to give alkynoate 108 (Scheme 22). 

 

Scheme 22.  Synthesis of Alkynoate 108. 
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If the ethyl chloroformate is not distilled, the crude product has to be chromatographed 

before bringing to the deprotection step.  The only impurities in the crude were ethyl 

chloroformate and ethylcarbonic acid. 

 

3.1.4 Synthesis of γγγγ-Hydroxy Alkynoate 38 

After obtaining our alkynoate, our next objective was to remove the TBS group in order 

to perform the final hydrostannation-lactonization step.  Initial studies tested the 

effectiveness of tetrabutylammonium fluoride as a desilylating agent (Scheme 23). 

 

Scheme 23.  TBAF Deprotection of Alkynoate 108. 
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The reaction was performed using pure 108 in THF at 0°C, and the product alcohol was 

attained in an unacceptable 15% yield after preparative thin layer chromatography.  

Multiple unidentified side products were also isolated.  Whenever the reaction was 

performed using impure 108, only a tiny amount of product was generated, and was 

inseparable from impurities.   

 

We then explored the feasibility of using hydrogen fluoride–pyridine complex (Scheme 

24). 

 

Scheme 24.  Hydrogen Fluoride–Pyridine Deprotection of Alkynoate 108. 
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The deprotection was performed at 0°C in THF, and it was necessary to use at least 16 

equivalents of HF•pyridine to drive the reaction to completion.  The product mixture, 

although not particularly dirty, required chromatographic purification for the 
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hydrostannation step.  The isolated yield was 57% across 3 steps, from pure tosylate 87.  

The alcohol 38 starts to decompose after 1-2 weeks at 0°C.  Crude alkynoate 108 can also 

be used in the reaction with no detrimental effect on percent conversion or ease of 

purification.   

 

3.1.5 Hydrostannation to Stannylfuranone 68 

With the hydroxyalkynoate in hand, we proceeded to the final hydrostannation step
144

 

(Scheme 25).  A solution of 38 and freshly made tetrakistriphenylphosphine palladium(0) 

in THF was subjected to a dropwise addition of tributyltin hydride in THF, which, after 

workup and chromatography, afforded stannylfuranone 68 in 68% yield. 

 

Scheme 25.  Hydrostannation to Stannylfuranone 68. 
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A minor product is the β-stannylated lactone.    Earlier studies showed that in situ 

generation of the Pd-catalyst before addition of 38 and tributyltin hydride affords the 

product in 12% yield, so the catalyst must be separately made.   

 

The proposed mechanism
168

 of the reaction is depicted in Scheme 26.  The first step is  
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Scheme 26.  Proposed Mechanism of Hydrostannation to Produce Precursor to 

Stannylfuranone 68. 
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oxidative insertion of the bis(triphenylphospine) palladium(0) complex (109) into the tin-

hydrogen bond of tributyltin hydride (110) to form complex 111.  Hydroxyalkynoate 38 

then coordinates to the palladium to form complex 112.  This is followed by alignment of 

the partially negative α-carbon of the alkynoate with partially positive palladium, and the 

partially positive β-carbon of the alkynoate with the partially negative hydrido ligand.  

Subsequent migratory insertion then occurs to form alkenylpalladium intermediate 114.  

Reductive elimination affords the product alkenylstannane 115 while regenerating the 

catalyst.  Alkenylstannane 115 undergoes lactonization to form the stannylfuranone (68).  

 

3.2 Synthetic Studies Toward the Stille Cross-Coupling Partner 

Our earliest work towards synthesizing Trocheliophorolide A involved constructing the 

entire ynediene side chain of the natural product as a coupling partner for direct Stille 

cross-coupling with the stannylfuranone.  Current efforts are focused on coupling the 



 34

stannylfuranone with vinylidene dibromide, then using the resulting alkenyl bromide in a 

final Stille coupling with an enynylmetal species to complete Trocheliophorolide A. 

 

3.2.1 Chloroynediene Coupling Partner 117 

The first ynediene coupling partner we attempted to make was a chloroynediene.  Studies 

towards the synthesis of the chloroynediene
171

 focused on two approaches: one utilizing 

an in situ elimination-Sonogashira coupling, and the other a Stille coupling. 

 

3.2.1.1 Via In Situ Elimination–Sonogashira Coupling 

This approach begins with commercially available 3-methyl-2-buten-1-ol (85), which is 

oxidized to aldehyde 75 using pyridinium chlorochromate (Scheme 27).  The aldehyde is 

subjected to a Corey-Fuchs reaction to give dibromoolefin 76, which is then subjected to 

a one-pot elimination–lithium-bromide exchange–Sonogashira coupling to provide 

chloroynediene 117. 

 

Scheme 27.  Elimination–Sonogashira Coupling Route Toward Chloroynediene 117. 
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The oxidation of alcohol 85 to aldehyde 75 was performed using pyridinium 

chlorochromate in methylene chloride and resulted in a 89% yield
172

 (Scheme 28).  

Although the byproduct chromium (IV) salt is extremely difficult to remove completely 

from the crude product, a filtration through florisil followed by a second filtration 

through silica gel removed the vast majority.  Aldehyde 75 is suspected to be volatile as 

yields have varied over multiple attempts using the same procedure.  Several attempts to 

make 75 via manganese (II) oxide oxidation resulted in low yields. 
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Scheme 28.  Synthesis of 3-Methyl-2-Butenal 75. 
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Aldehyde 75 was then converted to dibromoolefin 76 via a Corey-Fuchs reaction
173

 using 

carbon tetrabromide and triphenylphosphine in methylene chloride (Scheme 29). 

 

Scheme 29.  Synthesis of Dibromoolefin 76. 
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It was found that the use of zinc, often used to promote the reaction and increase yields, 

actually had the opposite effect in our case, and was therefore not used in later reactions.  

The highest yields and most pure material was obtained when aldehyde 75 was purchased 

commercially instead of synthesized, presumably because of the presence of the 

byproduct chromium salt from the PCC oxidation of alcohol 85. 

 

The mechanism of the Corey-Fuchs reaction
174

 is illustrated in Scheme 30, and is 

analogous to that of the Wittig reaction.  First, triphenylphosphine abstracts a bromine 

atom from carbon tetrabromide.  This forms a bromophosphonium salt (118), which is in 

equilibrium with the triphenyl tribromomethyl phosphonium bromide salt (119).  

Triphenylphosphine abstracts a bromine atom from 119, which forms a phosphorous 

ylide (120).  The carbanion of the ylide nucleophilically attacks aldehyde 75, which 

forms a betaine intermediate (121) that quickly closes to an oxaphosphatane intermediate 

(122).  A 2+2 retro cycloaddition extrudes triphenylphosphine oxide to afford the product 

dibromoolefin 76. 

 

 

 

 



 36

Scheme 30.  Mechanism of Corey-Fuchs Olefination. 
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Our next aim was to convert dibromoolefin 76 to a terminal alkyne, using n-butyllithium 

followed by an aqueous ammonium chloride quench.  No alkyne was isolated, so we 

suspected that it was volatile.  We therefore tested whether the elimination was working 

by conducting another elimination using trimethylsilyl chloride to quench the 

alkynyllithium, to make the less volatile TMS-protected acetylene.  The product was 

isolated in high yield.   

 

In light of these results, we decided to convert dibromoolefin 76 directly to 

chloroynediene 117 without synthesizing the alkyne in a separate step, via a one-pot 

elimination-Sonogashira reaction (Scheme 31).  A Sonogashira coupling of a terminal 

alkyne and vinylidene dichloride has been precedented
175

, however, one in which the 

alkynyllithium is used has not and would therefore comprise a novel transformation. 
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Scheme 31.  Synthesis of Chloroynediene 117 via In Situ Elimination-Sonogashira. 
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Slightly over 2 equivalents of n-Butyllithium were added dropwise to a solution of 76 in 

THF at –78
°
C.  After 2 hours of stirring at –78°C, a separate flask was charged with 

tetrakis(triphenylphosphine) palladium(0), toluene, and vinylidene dichloride, and the 

first flask containing the intermediate alkynyllithium was cannulated to this second flask.  

Copper (I) iodide was added, and the reaction was stirred overnight.  After 

chromatography with n-pentane, chloroynediene 117 was afforded in 15% yield.  Most 

other attempts at this synthesis either failed or resulted in extremely low yields.  

Instability and/or volatility of 117 was strongly suspected.   

 

The mechanism of this Sonogashira coupling
174

 (Scheme 32) uses the alkynyllithium 

(125) generated from the n-BuLi promoted elimination of the dibromoolefin directly, 

instead of a terminal alkyne and amine base. 
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Scheme 32.  Mechanism of the Sonogashira Cross-Coupling. 
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Bis(triphenylphosphine) palladium(0) (109) undergoes an oxidative insertion into one of 

the carbon-chloride bonds of vinylidene dichloride 116 to form palladium(II) complex 

123.  Alkynylcuprate 124, generated from the transmetallation of copper (I) iodide with 

alkynyllithium 125, transmetallates with palladium to form alkynylpalladium complex 

126.  Complex 126 then undergoes reductive elimination to form chloroynediene 117, 

while regenerating the catalyst. 

 

3.2.1.2 Via Stille Cross-Coupling 

Our other approach towards the synthesis of the chloroynediene appendage was through a 

Stille cross-coupling of an alkynylstannane with vinylidene dichloride.  This synthesis 

uses the same intermediate dibromoolefin 76 as in the elimination-Sonogashira approach.  

 

Treatment of 76 with n-butyllithium in THF at –78°C, followed by quenching with 

trimethyltin bromide or trimethyltin chloride and warming to room temperature afforded 

alkynylstannane 77
150
 in high purity (Scheme 33).   
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Scheme 33.  Synthesis of Alkynylstannane 77. 
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Although Parrain
150

 purified this stannane by distillation, we found that subsequent 

chromatography decomposed the product.  Stannane 77 must also be used within 2-3 

days to avoid decomposition.  The stannane was thus taken without purification into the 

following Stille coupling step (Scheme 34). 

 

Scheme 34.  Synthesis of Chloroynediene 117 via Stille Cross-Coupling. 

Cl

ClCl
117

(116)

Pd(PPh3)4, THF, reflux

SnMe3

77  

 

Stannane 77 was added to a mixture of tetrakis(triphenylphosphine) palladium (0) and 

vinylidene dichloride in THF and refluxed overnight.  The catalytic cycle of this Stille 

cross-coupling
174

 is similar to that of the Sonogashira coupling, and shares some of the 

same steps (Scheme 35). 
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Scheme 35.  Mechanism of the Stille Cross-Coupling. 
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Bis(triphenylphosphine) palladium(0) (109) oxidatively inserts into a carbon-chlorine 

bond of vinylidene dichloride 116 to form palladium(II) complex 123.  Transmetallation 

of alkynylstannane 77 with complex 123 yields alkynylpalladium complex 126.  

Reductive elimination generates chloroynediene 117 and regenerates the catalyst. 

 

The reaction generated no product, and all of stannane 77 and vinylidene dichloride 116 

were consumed.   

 

3.2.2 Triflylynediene Coupling Partner 128 

As a result of our difficulties in synthesizing the chloroynediene, the synthesis of a 

triflate instead of a chloride as the coupling partner with the stannylfuranone was 

investigated.  We originally perceived that the triflate would be more stable and less 

volatile than the chloroynediene, and would also give a higher yield in the Stille coupling 

with the stannylfuranone.  The synthesis
176

 starts from dibromoolefin 76, and is shown in 

Scheme 36. 
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Scheme 36.  Synthetic Route Toward Triflylynediene 128. 

12776

Br

Br

i. n-BuLi, THF, –78°C to 0°C

ii. AcCl, –78°C to rt
O

128

OTf

i. LDA, THF, 0°C

ii. Tf2O, 0°C to rt

 

 

Elimination of dibromoolefin 76 with n-butyllithium will yield the alkynyllithium, which 

can be quenched with acetyl chloride to yield alkynyl methyl ketone 127, also known as 

taxifolione.  Taxifolione is a member of the Caulerpenyne family of natural products, and 

is of biogenetic significance
146

.  Conversion of taxifolione into its corresponding enol 

triflate using a strong base and trifluoromethanesulfonic anhydride will yield 

triflylynediene 128.   

 

3.2.2.1 Synthesis of ΤΤΤΤaxifolione (127) 

Our initial efforts at synthesizing 128 using the aforementioned treatment of an 

alkylnyllithium with acetyl chloride (Scheme 37) resulted in unacceptable yields in the 

range of 25–35%.  The product was only able to be semi-purified via column 

chromatography. 

 

Scheme 37.  Acyl Substitution of Acetyl Chloride with Alkynyllithium to Synthesize 127. 

12776

Br

Br

i. n-BuLi, THF, –78°C to 0°C

ii. AcCl, –78°C to rt
O

25–35%  

 

We then focused our attention on using palladium-catalyzed methods to construct the 

ketone.  Our first approach was an in situ elimination-Sonogashira coupling (Scheme 38) 

analogous to that used in our first attempt to synthesize 117 (Section 3.2.1.1).  The 

mechanism is the same as that shown in Scheme 32. 
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Scheme 38.  In Situ Elimination-Sonogashira Coupling to Synthesize 127. 

12776

Br

Br

i. n-BuLi, THF, –78°C to 0°C

ii. PdCl2(PPh3)2, CuI, AcCl, THF
O

40%  

 

The isolated yield was 40%, a modest improvement over our initial efforts. 

 

We then tested the efficacy of a Negishi cross-coupling
177

 in assembling the two 

fragments (Scheme 39).   

 

Scheme 39.  Negishii Coupling to Synthesize 127. 

12776

Br

Br

i. n-BuLi, THF, –78°C to 0°C

ii. PdCl2(PPh3)2, CuI, AcCl, THF
O

40%  

 

After elimination and lithium-halogen exchange with n-butyllithium at –78°C, we treated 

the alkynyllithium with purified zinc chloride at –10°C to generate the alkynylzinc 

chloride.  This solution was added slowly to a mixture of tetrakis(triphenylphosphine) 

palladium (0) and acetyl chloride in tetrahydrofuran at –10°C.   

 

The mechanism of this Negishi cross-coupling is shown in Scheme 40
174

.   

 

 

 

 

 

 

 

 

 

 

 



 43

Scheme 40.  Mechanism of the Negishi Cross-Coupling. 
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Bis(triphenylphosphine) palladium(0) (109) oxidatively inserts into the carbon-chlorine 

bond of acetyl chloride 129 to form palladium(II) complex 130.  Transmetallation of 

alkynylzinc chloride 131 with complex 130 yields alkynylpalladium complex 132.  

Reductive elimination generates taxifolione (127) and regenerates the catalyst. 

 

The isolated yield of the reaction was 23%.  Despite this, the Negishii coupling of an acid 

chloride with an alkynylzinc chloride
178

 is not extensively precedented, and is therefore 

novel. 

 

We next decided to perform a nucleophilic acyl substitution using an alkynylzinc chloride 

instead of an alkynyllithium, under the assumption that possible bis addition of the 

alkynyl group would be less likely due to the lower nucleophilicity of alkynylzinc 

chlorides (Scheme 41).   
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Scheme 41.  Synthesis of 127 via Acyl Substitution of Acetyl Chloride with an 

Alkynylzinc Chloride. 

12776

Br

Br

i. n-BuLi, THF, –78°C to –10°C

ii. ZnCl2, THF, –10°C
O

54%

iii. AcCl, –10°C

 

 

Dibromoolefin 76 was lithium-bromide exchanged with n-butyllithium at –78°C, then 

warmed to –10°C  to effect elimination and make the corresponding alkynyllithium.  A 

solution of unpurified zinc chloride in THF was added slowly at –10°C to generate the 

alkynylzinc chloride.  After warming to –10°C, acetyl chloride was added dropwise.  The 

reaction proceeded in 54% isolated yield, a marked improvement over previous efforts.   

 

Initial attempts to optimize this approach gave unexpected results.  We tested the same 

conditions, using purified and dried zinc chloride, and observed a surprisingly low 40% 

yield.  We then made an attempt to reduce possible bis addition of the alkynyl group by 

varying the order of addition of reagents, by adding the freshly prepared alkynylzinc 

chloride solution dropwise to an excess of acetyl chloride in THF.  A disappointing 42% 

yield was obtained. 

 

We then decided to perform a different variation of the original set of conditions shown 

in Scheme 41.  The revised procedure was operationally identical to those conditions up 

until generation of the alkynylzinc chloride, at which point the solution was cooled back 

down to –78°C, and 4 equivalents of acetyl chloride were added quickly.  The solution 

was then warmed to –10°C.  The objective of this procedure was to add a large excess of 

acetyl chloride at a temperature at which no reaction could occur, to allow homogeneous 

mixing of the electrophile in the solution before warming it to a temperature at which the 

nucleophile can attack it.  We envisioned that this may be a more effective method of 

reducing bis addition than our original strategy of adding the alkynylzinc chloride to an 

excess of acetyl chloride.  A yield of 61% was observed, the best achieved thus far.   
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This is a significant result in that there are no examples of an elimination of a gem-

dibromoolefin to give an alkynylmetal species, which is then used in a nucleophilic acyl 

substitution with an acid chloride in situ to generate an alkynyl ketone.  There is, 

however, one example in which the alkyne is isolated, then used in a separate subsequent 

nucleophilic substitution with an acid chloride
179

. 

 

We made a final attempt at increasing the yield of the taxifolione synthesis by forming 

the ketene of acetyl chloride to undergo nucleophilic attack by the alkynylmetal species 

in situ (Scheme 42). 

 

Scheme 42.  Synthesis of 127 via Ketene Trapping of an Alkynylzinc Chloride. 

12776

Br

Br

i. n-BuLi, THF, –78°C to –10°C

ii. ZnCl2, THF, –10°C
O

iii. Et3N, AcCl, –10°C, dark
 

 

Dibromoolefin 76 was lithium-bromide exchanged with n-butyllithium at –78°C, then 

warmed to –10°C  to effect elimination and generate the corresponding alkynyllithium.  

A solution of zinc chloride in THF was added slowly at –10°C to make the alkynylzinc 

chloride.  After warming to –10°C, triethylamine was added slowly.  The reaction was 

then continued in the dark, while acetyl chloride was added dropwise.  After several 

hours, the reaction had become a viscous red material which was insoluble in the reaction 

solvent.  Thin layer chromatography indicated the absence of taxifolione 127 or 

dibromoolefin 76.  We assumed that polymerization had occurred. 

 

3.2.2.2 Synthesis of ΤΤΤΤriflylynediene 128 

In our preliminary efforts towards the synthesis of triflylynediene 128 we used classical 

conditions for conversion of a ketone to an enol triflate (Scheme 43). 

 

Scheme 43.  Synthesis of Triflylynediene 128 via Enolate Trapping. 

127

O

128

OTf

i. LDA, THF, –78°C

ii. Tf2O, –78°C to rt
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Taxifolione (127) was converted to its lithium enolate using lithium diisopropylamide in 

THF at –78°C.  The enolate was quenched with undistilled trifluoromethanesulfonic 

anhydride at –78°C  and the reaction warmed to room temperature.  Only starting 

material 127 and a few side products were observed upon reaction. 

 

We tested multiple other variations of the same conditions, substituting lithium 

hexamethyldisilazide, sodium hexamethyldisilazide, and sodium hydride as the base, and 

interchanging trifluoromethane sulfonic anhydride and N,N-

bis(trifluoromethylsulfonyl)aniline as the triflating reagents.  In all cases, mostly starting 

material and a few minor unidentified side products resulted.   

 

We also tried adding trifluoromethane sulfonic anhydride to the ketone, followed by 

triethylamine to effect a “soft” enolization (Scheme 44). 

 

Scheme 44.  Synthesis of Triflylynediene 128 via Soft Enolization. 

127

O

128

OTf
Tf2O, Et3N

CH2Cl2, 0°C to rt

 

 

We found that the main component of the product mixture was the starting material, 

accompanied by some of the same unidentified minor products we observed in the 

enolate trapping experiments. 

 

In light of our initial lack of success, we sought to determine whether the enolization of 

ketone 127 was the problem.  We formed the enolate using sodium hexamethyldisilazide 

in tetrahydrofuran at –78°C, and quenched it with an excess of tert-butyl dimethylsilyl 

chloride (Scheme 45). 
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Scheme 45.  Synthesis of Enol Silane 133. 

127

O

133

OTBS
i. NaHMDS, THF, –78°C

ii. TBSCl, –78°C to rt

 

 

The product mixture contained pure enol silane 133 and the excess tert-butyl 

dimethylsilyl chloride.  This confirmed that the enolization was not the problem, and that 

either the triflation was not working, or that the product triflate was unstable.   

 

It is known that conjugated enol triflates are prone to heterolysis to give resonance-

stabilized vinyl cations
180-184

.  Since the vinyl cation of 128 is stabilized by three 

resonance contributors (134, 135, 136; Scheme 46), we suspected that our triflate is 

possibly undergoing SN1 solvolysis with water during thin layer chromatography and 

workup to regenerate taxifolione, or that other decomposition pathways may be occurring 

via this intermediate. 

 

Scheme 46.  Heterolysis of Triflylynediene 128 to Form a Vinyl Cation. 

128

OTf

134 135 136

•
•

•

•
•

TfO+  

 

Triflate 128 could also undergo possible E2 elimination in the presence of excess base 

from the enolization step to generate the diyne (Scheme 47).  This may be particularly 

facile as the hydrogen atom to be abstracted is conformationally locked anti- to the 

leaving group.  The elimination can also occur via an E1 pathway on the vinyl cation 134 

depicted in Scheme 46. 
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Scheme 47.  E2 Elimination of Triflate 128 to Form a Diyne. 

128

OTf

137

TfO+

H H

Base

+ Base H

 

 

We observed during the enolate trapping experiments that when the triflating reagent was 

added to the enolate at –78°C, the color of the reaction turned from yellow to a deeper 

yellow.  When this mixture was warmed to room temperature, the color turned brown or 

black.  This led us to believe in the possibility that the triflate was successfully 

synthesized, but decomposed back to starting material and minor products when warmed 

to room temperature.  Based on this assumption, we attempted to synthesize 

Trocheliophorolide A in one pot by generating triflylynediene 128 at –78°C, then adding 

catalytic tetrakis(triphenylphosphine) palladium(0) and stannane 68 to perform the Stille 

coupling in situ (Scheme 48). 

 

Scheme 48.  Attempted In Situ Enolization–Triflation–Stille Coupling to Form 

Trocheliophorolide A. 

127

O
i. NaHMDS, THF, –78°C

ii. Tf2O, –78°C

Pd(PPh3)4, –78°C to 0°C

O O

SnBu3

(68)

OO

1

iii.

 

 

Although all of taxifolione 127 and stannane 68 were consumed, no product was formed 

by 
1
H NMR.   

 

3.2.3 Synthesis of Vinylidene Dibromide (88) 

Due to our difficulties in synthesizing an ynediene side chain coupling partner, we 

revised our approach to Stille couple vinylidene dibromide with stannylfuranone 68, then 

use the resulting alkenyl bromide to cross-couple with an enynylmetal species to form the 

target natural product.  Scheme 49 shows our initial attempt to synthesize vinylidene 

dibromide
185

 (88).   
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Scheme 49.  Synthesis of Vinylidene Dibromide 88. 

BrBr

88

BrBr
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The first step in the synthesis is an electrophilic bromination of vinyl bromide 138, which 

proceeded in 95% yield to give 1,1,2-tribromoethane 139.  The second step, a potassium 

acetate/potassium carbonate–promoted elimination of hydrogen bromide
185

, is under 

investigation.   

 

3.3 Final Convergence to Synthesize Trocheliophorolide A 

 

3.3.1 Synthesis of Alkenyl Bromide 86 

According to the literature, vinylidene dibromide 88 is unstable and difficult to isolate, 

As such, we plan on performing the Stille coupling in situ immediately after generating it.  

Because our previous attempts at synthesizing an ynediene side chain substituted with a 

triflyl or halo group did not work, we will avoid performing the Stille coupling with the 

enynylmetal species generated from gem-dibromoolefin 76 and instead attempt to couple 

vinylidene dibromide 88 with stannylfuranone 68 in the hope that the resulting alkenyl 

bromide will be stable and isolable (Scheme 50).  

 

 

Scheme 50.  Stille Coupling of In Situ Generated Vinylidene Dibromide with 

Stannylfuranone 68. 

BrBr

Br

139

i. KOAc, K2CO3, DMF, reflux
OO

Br

86

ii. Pd(PPh3)4,
O O

SnBu3

(68)

 
 

1,1,2-tribromoethane (139) will be eliminated using potassium carbonate as the base 

under reflux in N,N-dimethylformamide.  The resulting in situ generated vinylidene 

dibromide (88) will be subjected to an addition of catalytic tetrakis(triphenylphosphine) 

palladium (0) and stannylfuranone 68 to afford alkenyl bromide 86. 
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3.3.2 Synthesis of Trocheliophorolide A 

The final step of the synthesis is a palladium-catalyzed cross-coupling of alkenyl bromide 

86 with the alkynylzinc chloride species generated from gem-dibromoolefin 76 (Scheme 

51). 

 

Scheme 51.  Negishi Coupling to Synthesize Trocheliophorolide A (1). 
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Br

Br
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1

 
 

Other alkynylmetal species that may be tested include alkynylstannanes (Stille coupling) 

and alkynylcuprates (Sonogashira coupling). 
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4.0 Conclusions 

 

In summary, an efficient synthetic approach to Trocheliophorolide A has been explored. 

Our studies have accomplished the following: 

1. An improved synthesis of stannylfuranone 68, a versatile Stille coupling partner 

which can be used in the construction of a large array of (S)-β-angelica lactone 

natural products, through the intermediacy of the less volatile and more stable 

tosylate intermediate 87 and use of the palladium-catalyzed hydrostannation; 

2. Efficient application of the chiral pool approach to incorporate the stereocenter of 

the lactone ring; 

3. The highest-yielding published synthesis
186

 of the natural product taxifolione 

(127). 

4. Established that the chloroynediene (117) and triflylynediene (128) coupling 

partners are likely not suitable for cross-coupling due to their difficulty of 

synthesis and probable instability; 

5. Initiation of the synthesis of alkenyl bromide 86, a potentially more stable 

coupling partner than the chloroynediene (117) and triflylynediene (128). 

6. Significant progress toward the total synthesis of Trocheliophorolide A (1), the 

completion of which will be the first synthesis of a member of a new class of 

bioactive (S)-β-angelica lactone natural products with an ynediene side chain; 
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Part II:  Studies on the Development of a Palladium-Catalyzed 

Carbonylative Cross-Coupling Towards the Synthesis of 

Alkenyl Alkynyl Ketones. 
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1.0 Introduction and Background 

 

1.1 Synthetic Utility of Alkenyl Alkynyl Ketones 

The alkenyl alkynyl ketone structural unit is widely used as a versatile component of 

synthetic intermediates and precursors, and is found in a number of bioactive natural 

products.  As such, our goal is to develop a more mild and efficient synthesis towards this 

important functionality. 

 

1.1.1 Synthesis of Heterocycles Using Alkenyl Alkynyl Ketones 

A large number of variably substituted heterocycles have been synthesized from alkenyl 

alkynyl ketones in the last 50 years, including fluorenones (140)
187

, pyrroles (141)
188

, 4,5-

dihydropyrazoles (142)
189

, thiophen-3-one (143)
190

, furan-3-one (144)
191,192

, telluropyran-

4-ones (145)
193-196

, selenopyran-4-ones (146)
194-196

, thiopyran-4-ones (147)
194-196

, pyran-

4-ones (148)
194-197

, 1H-Pyridin-4-one (149)
190

, 2,3-dihydropyran-4-one (150)
198

, and 2,3-

dihydrothiopyran-4-one (151)
199,200

 (Figure 4). 

 

Figure 4.  Heterocycles Accessible From Alkenyl Alkynyl Ketones. 
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1.1.2 Synthesis of Carbocycles Using Alkenyl Alkynyl Ketones 

A substantial amount of research investigating the acid-catalyzed electrocyclization of 

alkenyl alkynyl ketones to form methylenecyclopentenones
201-209

 has been performed, 

and applied to the synthesis of several natural products
201-204,207-209

.  Scheme 52 shows the 

mechanism of this reaction.  Variably substituted propenyl alkynyl ketone 152 undergoes 

acid-catalyzed tautomerisation to conjugated enol 153, which then undergoes the 

electrocyclization to give methylenecyclopentenone 155. 

 

Scheme 52.  Electrocyclization of Alkenyl Alkynyl Ketones to 

Methylenecyclopentenones. 
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An alternate pathway (Scheme 53) allows the synthesis of phenol derivatives
207,208,210

.  

Variably substituted butenyl alkynyl ketone 156 undergoes acid-catalyzed enolization to 

157, which undergoes a tautomerisation to allene 158.  A 2+2+2 electrocyclization 

affords exocyclic olefin 160, which isomerizes to phenol 161.  

 

Scheme 53.  Electrocyclization of Alkenyl Alkynyl Ketones to Phenol Derivatives. 
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Phenols can also be synthesized from alkenyl alkynyl ketones via ring-closing 

metathesis
211

. 

 

1.1.3 Synthesis of Acyclic Structures Using Alkenyl Alkynyl Ketones 

There have been several acyclic structures synthesized from alkenyl alkynyl ketones, 

including vinyl allenes (162)
212

, 1,4,6-trien-3-ones (163)
213

, and 1-ene-3,5-diynes (164)
214

 

(Figure 5). 

 

Figure 5.  Acyclic Structures Accessible From Alkenyl Alkynyl Ketones. 

 

•

R3

R1

SS

R2

162

O

R1 R4

163

R2

R1

164

O

R1

R2

 

 

1.1.4 Miscellaneous Synthetic Applications of Alkenyl Alkynyl Ketones 

Alkenyl alkynyl ketones have been used as substrates in various other synthetic contexts, 

including electrocyclizations
215

, Diels-Alder cycloadditions
216-219

, palladium-catalyzed 

cycloadditions
220

, and as Michael acceptors in silyl enol ether conjugate additions
221

.  

Scheme 54 shows an example of an intramolecular Michael addition followed by an 

electrocyclization to build the bicyclic ring system of (+)-Harziphilone (168)
215

, and the 

Michael addition of a silyl enol ether to an alkenyl alkynyl ketone to afford δ-keto silyl 

enol ether (171)
221

. 
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Scheme 54.  Electrocyclization and Michael addition of Alkenyl Alkynyl Ketones. 
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1.1.5 Alkenyl Alkynyl Ketones as Structural Units in Natural Products and as 

Intermediates Towards their Synthesis 

Many natural products containing the alkenyl alkynyl ketone structural feature have been 

isolated from natural sources.  The polyacetylenic Panax family of natural products
222-259

 

comprise the majority of them, and their members feature cytotoxic
260

, anti-

inflammatory
230,261,262

, antimycotic
263,264

, antileukemic
265,266

, anticarcinomic
267

, and 

ACAT inhibitory
268

 agents.  Chalconic natural products include nematocides
269

, 

fungicides
269-271

, antimicrobial agents
272

, antiplatelet aggregation agents
273,274

, and anti-

inflammatory agents
273,274

.  Figure 6 shows an example of a member of the Panax family 

of natural products, falcarinone (172)
263

, and a chalconic natural product, Capillaridin C 

(173)
273,274

. 
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Figure 6.  Falcarinone (172) and Capillaridin C (173). 
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In addition to their presence in natural products, alkenyl alkynyl ketones have been used 

as intermediates in the synthesis of many natural products, including (+)-

Bisorbibutenolide
275

, (+)-Bisorbicillinolide
275

, (+)-Bisorbicillinol
275

, Bullatenone
198

, 2’-

epi-Ginsenoyne L
276

, Griseofulvin
277

, (+)-Harziphilone
215

, Juncusol
202

, Methylenomycin 

A
203

, Methylenomycin B
209

, Panaxytriol
278

, Petrofuran
279

, Xanthocidin
203
, as well as in 

AB Taxane ring systems
216,218,219

, the ABCD ring fragment of (+)-Azaspiracid-1
280

, the 

C1-C13 domain of Discodermolide
281

, the Phomactin core
282

, and the Spirastrellolide A 

dioxatrispiroketal
283

.  Figure 7 shows the alkenyl alkynyl ketone intermediates used en 

route to 2’-epi-Ginsenoyne L (174)
276

 and to the ABCD ring system of (+)-Azaspiracid-1 

(176)
280

. 
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Figure 7.  Intermediates in the Syntheses of 2’-epi-Ginsenoyne L (174) and the ABCD 

Ring System of (+)-Azaspiracid-1 (176). 
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1.2 Existing Methods of Alkenyl Alkynyl Ketone Synthesis 

An array of synthetic methods are used to synthesize alkenyl alkynyl ketones; however, 

most of them have significant limitations in scope or require multiple steps. 

 

1.2.1 Synthesis of Alkenyl Alkynyl Ketones via Oxidation of an Alkenyl Alkynyl 

Carbinol 

The most widely used method to make alkenyl alkynyl ketones is via the oxidation of a 

secondary carbinol to which an alkenyl and an alkynyl group are attached
188,199,268,276,284-

296
.  The alcohol is most often generated by the trapping of an alkynylmetal (usually an 

alkynyllithium) with an α,β-unsaturated aldehyde.  The general form of this sequence is 

shown in Scheme 55. 
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Scheme 55.  Alkynylmetal Trapping and Oxidation. 
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The primary drawbacks of this method are that the trapping step is often low-yielding; the 

synthesis requires three steps (two of them in one pot); and the alkyne is often treated 

with a strong base to generate the alkynylmetal, which may pose chemoselectivity 

problems in the presence of other base-sensitive functionalities.   

 

1.2.2 Synthesis of Alkenyl Alkynyl Ketones via Nucleophilic Acyl Substitution 

Another frequently used method employs the nucleophilic acyl substitution by an 

alkynylmetal of an acid chloride or acid chloride synthetic equivalent.  There are 

examples of alkynyllithium (181)
297

, alkynylcerium (182)
272

, alkynylmanganese bromide 

(183)
298

, alkynyltrimethylsilane (184)
214,299

, and alkynylzinc chloride (185)
300

 additions to 

acid chlorides (188).  Other examples include alkynyltrimethylsilane (184) additions to 

acyl cyanides (189)
301

, alkynylsodium (186) additions to acid anhydrides (190)
302

, 

alkynyllithium (181) additions to weinreb amides (191)
280

, alkynylmagnesium bromide 

(187) additions to N-acylbenzotriazoles (192)
303

, and alkynyllithium (181) additions to 1-

(N-acyl-N-methylamino) imidazolium iodides (193)
304

 (Scheme 56).   

 

Scheme 56.  Alkenyl Alkynyl Ketone Synthesis via Nucleophilic Acyl Substitution. 
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The primary problem with this method is the need to prepare the alkynylmetal species, 

the acid chlorides, and the acid chloride synthetic equivalents in separate syntheses, some 

requiring multiple steps.  Additionally, the reactivity of several of the alkynylmetal 

species and of acid chlorides lends to incompatibility with a wide range of functionalities 

and a short shelf-life.   

 

1.2.3 Synthesis of Alkenyl Alkynyl Ketones via Palladium-Catalyzed Cross-

Coupling of an Alkynylmetal with an αααα,ββββ-Unsaturated Acid Chloride 

An approach that was pursued shortly following the advent of metal-catalyzed cross 

coupling chemistry is the palladium-catalyzed coupling of alkynylmetals with α,β-

unsaturated acid chlorides.  Alkynylalanes (194)
305

, alkynylzinc chlorides (195)
178

, and 

alkynylstannanes (196)
306

 have all been coupled with acid chlorides (197) (Scheme 57). 

 

Scheme 57.  Palladium-Catalyzed Cross-Coupling of Alkynylmetals with Acid Chlorides. 
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As previously discussed (Section 1.2.2), acid chlorides need to be synthesized separately, 

are highly reactive, and have a short shelf life.  Furthermore, alanes can sometimes be so 

highly reactive that they can add to the product ketone, as well as other carbonyl groups 

or electrophilic centers in the product or starting material.  Alkynylzinc halides must 

usually be prepared in situ, and therefore cannot be purified prior to use, while 

alkynylstannanes can be unstable to chromatographic purification. 

 

A closely related approach is the Sonogashira coupling of terminal alkynes (199) with 

acid chlorides (188)
299,307-314

 (Scheme 58).  Thioesters (200) have also been used in place 

of acid chlorides
315

.   
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Scheme 58.  Sonogashira Coupling of Terminal Alkynes and Acid Chlorides or 

Thioesters. 
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Although terminal alkynes are often more stable and easier to prepare, the same reactivity 

and shelf-life problem of the acid chloride coupling partner exists.  In the case of thiol 

esters, the couplings are relatively low-yielding and thiol ester preparation is typically 

performed in a two-step synthesis from a carboxylic acid.   

 

1.2.4 Synthesis of Alkenyl Alkynyl Ketones via Metal-Catalyzed Carbonylative 

Cross-Coupling 

Another catalytic method for forming alkenyl alkynyl ketones employs carbon monoxide 

pressure to form the carbonyl functional group, instead of using an acylalkenyl cation 

synthon to incorporate it (Section 1.2.3).  There are examples of carbonylative couplings 

between alkynylstannanes (201) and alkenyl triflates (204)
316,317

 alkynylstannanes (201) 

and alkenyl phenyliodonium tetrafluoroborates (205)
318

, alkynyldimethylfluorosilanes 

(202) and alkenyl phenyliodonium tetrafluoroborates (205)
319

; and trialkynylindiums 

(203) and alkenyl bromides (206)
320

 (Scheme 59). 

 

Scheme 59.  Carbonylative Cross-Couplings of Alkynylmetals With Alkenyl Coupling 

Partners. 
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Carbonylative Sonogashira and Sonogashira-type couplings accomplish the same 

transformation using terminal alkynes, eliminating the need to separately synthesize an 

alkynylmetal species (Scheme 60).  Palladium-catalyzed Sonogashira reactions of alkenyl 
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phenyliodonium tetrafluoroborates (205)
321

, copper (I) iodide-catalyzed couplings of 

alkenyl phenyliodonium tetrafluoroborates (205)
321

 or alkenyl iodides (207)
321,322

, and 

palladium-catalyzed couplings of alkenyl halides (207, 206)
323,324

 or triflates (204)
325

 

without the need for a copper (I) cocatalyst are all known. 

 

Scheme 60.  Carbonylative Sonogashira and Sonogashira-Type Couplings. 
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The drawback of the Sonogashira coupling approach is rooted in the alkenyl 

phenyliodonium tetrafluoroborate synthesis.  These must be synthesized from the 

corresponding silane
326

, which itself must be synthesized.  Therefore, its preparation 

requires multiple steps.  An additional drawback is that the iodosylbenzene that is used in 

its synthesis is unstable and potentially explosive
327-329

.   

 

In the case of the copper (I) catalyzed couplings, only a relatively small percentage of the 

tested coupling partners underwent the reaction, so it is very limited in scope.  The 

palladium-only catalyzed coupling reactions have not been successful when electron 

deficient alkynes are employed (R1 = CO2Et, CH(OEt)2), severely restricting this 

synthetic approach.  

 

A particularly unusual carbonylative coupling approach is the copper (I) iodide-catalyzed 

cross-coupling of α-seleno alkenylzirconocenes with alkynyl halides under a carbon 

monoxide atmosphere (Scheme 61).   
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Scheme 61.  Carbonylative Cross-Couplings of Alkynylmetals With Alkenyl Coupling 

Partners. 
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Although the reaction conditions are mild, preparation of the alkenyl zirconocene 

chloride is limited to hydrozirconation of alkynes at the least sterically hindered 

carbon
330

.  In addition, hydrozirconation can occur with olefins and has been shown to 

open heterocyclic rings
331

.  Therefore, efficient preparation of vinyl zirconocenes starting 

with internal alkynes is very difficult and the reagent must not be used when olefins and 

other sensitive functionalities exist elsewhere in the starting material.  As a result this 

method is unsuitable as a general process because of this substrate limitation. 

 

1.2.5 Miscellaneous Methods of Alkenyl Alkynyl Ketone Synthesis 

There are many other less general methods of synthesizing alkenyl alkynyl ketones.  

Catalytic methods include the silver (I) nitrate-catalyzed coupling of alkenylthioesters 

(211) with alkynyltrimethylsilanes (212)
332

 and the ruthenium-catalyzed regioselective 

isomerization of one triple bond of a dialkynylketone (214) to generate an alkynyl dienyl 

ketone (215)
333,334

 (Scheme 62). 

 

Scheme 62.  Miscellaneous Catalytic Methods to Synthesize Alkenyl Alkynyl Ketones. 
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Scheme 63 shows the condensation reactions used to synthesize alkenyl alkynyl ketones.  

There has been an example of a 3-formyl pyrroline (216) undergoing an aldol 

condensation with an alkynyl methyl ketone (217)
335

, as well as the use of a Knoevenagel 

condensation of an aldehyde (219) with a β-ketoester (220) in Deng’s syntheses of 

Bisorbicillinolide, Bisorbicillinol, and Bisorbibutenolide
275

. 

 

Scheme 63.  Miscellaneous Condensation Methods to Synthesize Alkenyl Alkynyl 

Ketones. 
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Scheme 64 shows some of the particularly unusual methods used to synthesize alkenyl 

alkynyl ketones.  The first involves the ring opening of a 1-ethoxy-2,3-diphenyl 

cyclopropenylium salt (224) by an alkynyllithium species (222, 223) to form the resultant 

ketone (225, 226)
336

.  The second example depicts the debromination of a tetrabromo 

ketone (227) in an ionic liquid (228) via microwave irradiation to afford the product 

ketone (229)
337

. 

 

Scheme 64.  Miscellaneous Unusual Methods of Alkenyl Alkynyl Ketone Synthesis. 
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Some other methods include the Horner-Wadsworth-Emmons (HWE) olefination of a 2-

oxo-3-alkynyl β-keto phosphonate ester (230)
338

, and an oxidative ring opening of a 

cyclobut-3-ene-1,2-diol (233) to form the C2-symmetrical diketone (234)
339,340

 (Scheme 

65). 

 

Scheme 65.  HWE Olefination and Oxidative Ring Cleavage Methods of Alkenyl 

Alkynyl Ketone Synthesis. 
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1.3 Our Proposed Methodology 

 

1.3.1 Methodology Design 

In light of the limitations of scope inherent in the existing methods, an alternate, more 

general approach towards alkenyl alkynyl ketones is under investigation.  The method 

employs a palladium-catalyzed cross-coupling of alkenyl stannanes (235) with alkynyl 

iodides (236) under carbon monoxide pressure to form the resultant ketone (237, Scheme 

66). 

 

Scheme 66.  Palladium-Catalyzed Carbonylative Coupling of Alkenyl Stannanes With 

Alkynyl Iodides. 
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The benefits of this protocol are the following: 

� Two carbon-carbon bonds formed in a single step. 

� The reagents used are neutral and mild. 

� Reagents are easily synthesized. 

� The reagents are storable and have a long shelf-life. 

� The alkynyl iodides and alkenyl stannanes are compatible with a broad range of 

sensitive functionalities. 

� Alkynyl iodides with electron-withdrawing groups attached to the opposite end 

of the triple bond can be coupled. 

 

1.3.2 Mechanism of Carbonylation 

The proposed mechanism of the carbonylative cross-coupling is based on an analogy with 

existing carbonylative cross-coupling mechanisms
341

 (Scheme 67).   

 

Scheme 67.  Catalytic Cycle of the Palladium-Catalyzed Carbonylative Cross-Coupling 

of Alkynyl Iodides With Alkenyl Stannanes. 
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The first step of the catalytic cycle is the oxidative insertion of the palladium (0) complex 

(109) into the carbon-iodine bond of the alkynyl iodide (236) to form palladium (II) 

complex 238.  Carbon monoxide coordinates to the complex, which then undergoes 

migratory insertion to form acylpalladium complex 240.  The alkenyl group of stannane 

235 transmetallates with palladium, generating acylalkenylpalladium complex 242 and a 

trialkyltin iodide (241).  Reductive elimination yields the product ketone (237) while 

regenerating the catalyst (109). 

 

1.3.3 Possible Problems 

Alkynyl groups are used as dummy ligands in lithium diorganocuprate reagents for 

conjugate additions
342

 since they transfer to the Michael acceptor at a lower rate than 

alkenyl or alkyl ligands
343

 (Scheme 68).   

 

Scheme 68.  Diorganocuprate Conjugate Addition Using Alkynyl Dummy Ligand. 
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As depicted in Scheme 69, by analogy it is possible that the alkynyl ligand of complex 

239 migrates to carbon monoxide to form the acylalkynyl ligand of complex 240 more 

slowly than the transmetallation step occurs.  If this happens, transmetallation will occur 

first, and the enyne (246) will likely be reductively eliminated, precluding formation of 

acylpalladium intermediate 240 and ultimately the desired ketone (237).   
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Scheme 69.  Catalytic Cycle if Carbonyl Insertion is Rate-Limiting Step. 
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However, since the transmetallation step is rate-limiting in some palladium cross-

coupling catalytic cycles, this step may occur more slowly than migratory insertion, 

allowing formation of 240 before transmetallation and therefore ultimately generating 

desired ketone 237.   

 

It has also been demonstrated that in cases where the non-carbonylated cross-coupled 

product is yielded, increasing the carbon monoxide pressure results in a higher yield of 

the carbonylation product
344

. 
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2.0 Results and Discussion 

 

2.1 Initial Carbonylation Attempts 

Our first attempts were aimed at testing some common solvents and catalysts under 1 atm 

carbon monoxide pressure (Table 2).  In all three test reactions, no desired product was 

yielded, and instead a complex mixture of products resulted.  The analysis of entry 1 

indicated that all of iodide 247 was consumed, while far less than an equimolar amount of 

stannane 248 reacted, the remainder recovered chromatographically.  This led us to 

believe that possible side reaction(s) occurred that consumed the iodide faster than it 

could react via the desired pathway.  In the case of entry 3, in which the stannane was the 

limiting reagent, both the stannane and the iodide were consumed.  Since the iodide was 

in excess, it must have undergone side reactions in this case as well. 

 

Table 2.  Carbonylative Cross-Coupling of 247 and 248. 

247 249

O

TBSO
I

TBSO

SnBu3
(248)

CO (1 atm)

see table

 

Entry 247 (equiv.) 248 (equiv.) Catalyst Solvent Results 

1
 

1.0 1.1 Pd(PPh3)4 THF –– 
a 

2
 

1.0 1.1 PdCl2(PPh3)2 DMF ––
 a
 

3
 

1.2 1.0 Pd2(dba)3, PPh3 THF ––
 a
 

 
a 
No product isolated.   

 

2.2 Direct Stille Cross-Coupling Optimization 

In light of our lack of success in synthesizing and isolating ketone coupling product 249, 

we focused our efforts on optimizing the direct Stille coupling reaction between the 

iodide and stannane to compartmentalize and therefore solve any problems that were 

occurring with the coupling reaction itself, before performing further carbonylation 

experiments.  We also opted to synthesize and use 1-iodoheptyne to eliminate the 

possibility that the silyl ether was participating in or contributing to any side reactions.   
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In the first Stille coupling experiment, we used catalytic tetrakis(triphenylphosphine) 

palladium (0) and dimethylsulfoxide as the solvent, and heated the reaction at 60°C 

(Scheme 70).  No product was detected in the reaction mixture. 

 

Scheme 70.  Direct Cross-Coupling of 250 with 248. 
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We then investigated conditions that were precedented in the literature for couplings of 

alkynyl iodides
345-357

 and bromides
358-367

 with alkenyl stannanes.  The most common 

catalyst used is tetrakis(triphenylphosphine) palladium (0), while the most commonly 

used solvents are N,N-dimethylformamide and N-methylpyrrolidinone.  In addition, the 

vast majority of couplings were performed using either cocatalytic copper (I) 

iodide
349,350,354,355,357,366,368,369

, copper (I) chloride
361,365

, or lithium chloride
351,356,362,370,371

. 

 

The function of copper (I) iodide
369

 in the Stille cross-coupling is illustrated in Scheme 

71. 
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Scheme 71.  Mechanism of the Stille Cross-Coupling Cocatalyzed by Copper (I) Iodide. 
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Copper (I) iodide transmetallates with the alkenylstannane (248), affording an 

alkenylcuprate (253) and tributyltin iodide.  The alkenylcuprate (253) subsequently 

transmetallates with palladium complex 252 faster than the alkenylstannane, increasing 

the overall rate of reaction in cases in which transmetallation is the limiting step.  The 

copper (I) iodide is regenerated to convert another molecule of alkenylstannane (248) to 

alkenylcuprate (253).   

 

It has also been suggested that copper (I) iodide promotes dissociation of 

triphenylphosphine from palladium, raising the concentration of the 14-electron 

bis(triphenylphosphine) palladium (0) complex available for catalysis, and therefore 

providing another potential benefit of its use.  This additional effect usually occurs in N-

methylpyrrolidinone and to a lesser extent in N,N-dimethylformamide.  

 

Copper (I) chloride performs essentially the same function as copper (I) iodide in Scheme 

71, and lithium chloride is an additive sometimes used to suppress homocoupling of the 

alkynyl halide
372

. 
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Table 3 shows our efforts in performing the direct coupling of iodide 250 and 

tributylvinyltin 248 using catalytic tetrakis(triphenylphosphine) palladium (0) in N,N-

dimethylformamide. 

 

Table 3.  Direct Cross-Coupling of 250 and 248. 

250 251

I
SnBu3

(248)

see table

 

Entry 250 (equiv.) 248 (equiv.) Catalyst (equiv.) Solvent Results 

1
 

1.0 1.1 Pd(PPh3)4 (0.15), 

LiCl (2.2) 

DMF ––
 a
 

2 1.0 1.0 Pd(PPh3)4 (0.15), 

CuI (0.75) 

DMF 11.5% 
b
 

3 1.0 3.0 Pd(PPh3)4 (0.15), 

CuI (3.0) 

DMF 14.7%
 b
 

 

a 
No product isolated.   

b 
Yield determined by GC-MS.   
 

Entry 1, which we performed in the presence of lithium chloride, resulted in no product 

formation.  Analysis of the crude product mixture revealed the presence of unreacted 

stannane 248, providing further evidence that the alkynyl iodide undergoes side reactions 

before reacting with stannane 248.  Entry 2, performed in the presence of 0.75 

equivalents of copper (I) iodide, provided the desired enyne 251 in 11.5% yield by GC-

MS, with the absence of remaining iodide.  Entry 3 used analogous conditions, with an 

increase of stannane 248 to 3.0 equivalents, and an increase of copper (I) iodide to 3.0 

equivalents.  This merely boosted the yield to 14.7%.   

 

Chromatography of enyne 251 furnished a trace of product, less than what was present in 

the crude 
1
H NMR.  This brought us to the conclusion that 251 is quite volatile.  We 

therefore decided to instead perform these couplings with iodide 247 in the hope that this 

would produce an involatile enyne cross-coupling product.  Table 4 shows the results of a 

series of cross-couplings using iodide 247 and stannane 248. 
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Table 4.  Direct Cross-Coupling of 247 and 248. 

255

TBSO

SnBu3
(248)

see table

247

I

TBSO

 

Entry 247 (equiv.) 248 (equiv.) Catalyst (equiv.) Solvent Yield 

1
 

1.13 1.0 Pd(PPh3)4 (0.13),  

CuI (0.73) 

DMF 24% 
a
 

2
 

1.13 1.0 Pd(PPh3)4 (0.13), 

CuI (1.33) 

DMF 25% 
a
 

3
 b
 1.0 1.35 Pd(PPh3)4 (0.13), 

CuI (0.73) 

DMF 25%
 a
; 20%

 c
 

4 1.0 1.0 Pd(PPh3)4 (0.2) DMF 6.5%
 a
; 7.5%

 c
 

5
 d
 1.0 1.35 Pd(PPh3)4 (0.2), CuI 

(1.0) 

DMF 32%
 a
 

 

a 
Yield determined by GC-MS.   

b 
247 was added to reaction as a 0.25M solution in DMF at a rate of 0.02 mL/min over 2 hours.   

c
Yield determined by 

1
H NMR using an internal standard of anhydrous DMF.   

d
 Ran at 0°C in reduced light; added solution of 247 in DMF dropwise over 2 hours.         

 

Entry 1 was run using nearly the same conditions as used in entry 2 of Table 3, and 

resulted in a 24% yield, a considerable improvement.  Entry 2 was conducted using 1.33 

equivalents of copper (I) iodide and resulted in a 25% yield, almost no change from entry 

1.  Entry 3 was run using the same conditions as reaction 1, except iodide 247 was added 

to the reaction slowly over 2 hours.  This resulted in 25% yield by GC-MS; a 
1
H NMR 

ran using an internal standard indicated a yield of 20%.   

 

Entry 4 was performed in the absence of cocatalytic copper (I) iodide, resulting in a yield 

of 6.5%, which was confirmed accurate by 
1
H NMR using an internal standard.  This 

experiment verified that the use of copper (I) iodide increases the yield of the coupling 

reaction. 

 

Entry 5 was run using an excess of stannane 248, 1.0 equivalent of copper (I) iodide, and 

0.2 equivalents of tetrakis(triphenylphosphine) palladium (0) at 0°C in the dark.  The 

iodide was added dropwise over 2 hours.  The yield showed a marked increase to 32%.  

However, a GC-MS of the crude product mixture taken prior to concentration in vacuo 

indicated the area of the product peak decreased after concentration; this led us to 
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conclude that the enyne 255 is also a volatile coupling product, and that iodide 247 was 

thus unsuitable for further optimization studies. 

 

We therefore decided to synthesize 1-iodophenylacetylene (256) as our coupling partner, 

believing the incorporation of aromaticity into the enyne product would reduce its 

volatility.  Table 5 shows our results. 

 

Table 5.  Direct Cross-Coupling of 256 and 248. 

257

SnBu3
(248)

see table

256

I

 

Entry 256 (equiv.) 248 (equiv.) Catalyst (equiv.) Solvent Yield 

1
 a 

1.13 1.0 Pd(PPh3)4 (0.2),  

CuI (2.0) 

DMF 35% 
b
 

2
 a 

1.13 1.0 Pd(PPh3)4 (0.2), CuI 

(1.0), CsF (1.0) 

DMF 25% 
b
 

 

a 
 Ran at 0°C in reduced light; added solution of 256 in DMF dropwise over 2 hours 

b 
Yield determined by GC-MS.   

 

Entry 1 resulted in a 35% yield, suggesting a lower volatility of 257 as compared to 255.  

However, the GC-MS indicated the product peak had decreased in area after 

concentration in vacuo as compared to its area before concentration, indicating volatility 

once again. 

 

Entry 2 was performed using cesium (I) fluoride
373

, an additive sometimes used to 

promote the Stille coupling reaction.  In our case, it seemed to exert the opposite effect, 

giving a yield of 25%.  Scheme 72 shows the mechanism of this promotion. 
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Scheme 72.  Mechanism of Stille Coupling Promotion by Cesium Fluoride. 

 

257

256

L = PPh3

L2Pd

L2Pd
I

L2Pd

Ph

SnBu3

258 248

259

oxidative insertion

reductive
elimination

109

IPh

Ph

Cu

253
CuIISnBu3

Ph

SnBu3F + CsI

+ CsF

 

 

Cesium fluoride converts the tributyltin iodide transmetallation side product into 

tributyltin fluoride, which is insoluble in the reaction solvent and thus precipitates out of 

solution.  The equilibrium is continually shifted to the right, and the transmetallation step 

is therefore promoted by virtue of LeChatelier’s Principle. 

 

Due to the presumed volatility of 257, we decided to test the carbonylative coupling 

reaction using the best conditions developed thus far, in the hopes that the ketone product 

would be less volatile and higher-yielding (Scheme 73). 

 

Scheme 73.  Carbonylative Cross-Coupling of 256 with 248. 

256

I

SnBu3 (248)

Pd(PPh3)4, DMF, CO (1 atm)

260

O

CuI, 0°C

 

 

No product was isolated or detected in the reaction.   
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2.3 Synthesis of an Involatile Coupling Partner 

Based on these results, we pursued the synthesis of a heavier stannane coupling partner 

that would decrease the volatility of the product.   Scheme 74 shows the AIBN-initiated 

free-radical hydrostannation of phenylacetylene (94) based on a precedented 

procedure
374

. 

 

Scheme 74.  Hydrostannation of Phenylacetylene. 

94

Bu3SnH, AIBN

261

SnBu3

PhCH3, 90°C

 

 

After 4 attempts of the reaction using minor variations, very little product was generated; 

when the reaction did occur, the major product was hexabutyldistannane.  

 

We then turned our attention back to synthesizing a heavy iodide coupling partner.  

Propargyl alcohol was triphenylmethylated using chlorotriphenylmethane to provide trityl 

ether 263, then iodinated to provide iodoalkyne 264 (Scheme 75). 

 

Scheme 75.  Synthesis of Iodoalkyne 264. 

262 263

Py, 40°C
HO TrO

TrCl

264

TrO

I
i. n-BuLi, THF, –78°C

ii. I2, THF, –78°C to rt

44% 97%  

 

This coupling partner will increase the molecular weight of the enyne product, and should 

therefore eliminate further volatility issues.  Additionally, the enyne should have a strong 

UV chromophore making reaction tracking and purification easier.  
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3.0 Conclusions 

 

In summary, the development and initial optimization of a palladium-catalyzed 

carbonylative cross-coupling of alkenyl stannanes and alkynyl iodides has been explored. 

Our studies have:  

1. Revealed that the alkynyl iodide undergoes side reactions which lower the yield; 

2. Established that tetrakis(triphenylphosphine) palladium (0) is thus far the optimal 

catalyst used in the direct Stille coupling; 

3. Demonstrated that copper (I) iodide cocatalyst increases the yield of the direct 

Stille coupling considerably; 

4. Shown that N,N-dimethylformamide is the optimal solvent used thus far in the 

direct Stille coupling; 

5. Exemplified that conducting the direct Stille coupling at 0°C in the absence of 

light with dropwise addition of the iodide increases the yield; 

6. Identified the problem of enyne product volatility and synthesized an involatile 

coupling partner for future optimization studies. 
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4.0 Future Work 

 

It is suggested that future studies focus first on the optimization of the direct Stille 

coupling.  Performing the coupling with involatile, strongly UV-absorbing coupling 

partner 264 may allow accurate yields to be obtained, and should also simplify 

purification.  Further screening of the following parameters are recommended: 

 

� Catalysts: Pd2(dba)3 and other Pd(II) catalysts; 

� Ligands: AsPh3, PPh3 

� Additives/cocatalysts: CsF, LiCl 

� Solvents: N-methylpyrrolidinone, N,N-dimethylacetamide 

 

After optimization of the Stille coupling, carbon monoxide pressure will be applied, and 

the carbonylation conditions may be optimized by varying the following parameters: 

 

� Carbon monoxide pressure: 1 atm, 5 atm, 15 atm, 25 atm, 40 atm, 80 atm. 

� Reaction temperature: 0°C, 25°C, 50°C, 90°C. 

 

After optimization of the carbonylation conditions, a range of high-molecular weight 

coupling partners can be coupled using these conditions. 
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General Procedures 

 

 All non-aqueous reactions were performed in oven or flame-dried glassware 

under an argon atmosphere and were stirred magnetically unless otherwise specified. All 

reagent transfers were conducted via syringe or cannula as noted and were introduced to 

the reaction through a rubber septum. Temperatures, other than room temperature, refer 

to bath temperatures. All distillations were performed under an argon atmosphere or at 

reduced pressure attained by either a water aspirator (10-20 mm Hg) or a mechanical 

pump (<1 mm Hg).  

 The phrase “concentrated in vacuo” indicates that the removal of solvent was 

performed by means of a Buchi rotary-evaporator attached to a water aspirator (15-30 

mm Hg) followed by pumping with a mechanical bench pump (<1 mm Hg).  

 

Chromatography 

 Purification by flash chromatography was performed using the indicated solvent 

system on EM reagent silica gel 60 (230-400) mesh. Analytical thin layer 

chromatography (TLC) was performed using EM silica gel 60 F-254 pre-coated glass 

plates (0.25 mm). Visualization was effected by short-wave UV illumination or by 

dipping the plate into a solution of p-anisaldehyde, ceric ammonium molybdate, or 

potassium permanganate, followed by heating on a hot plate. These stains were prepared 

as described below: 

p-Anisaldehyde was prepared by mixing 15 mL p-anisaldehyde, 3 mL glacial acetic acid, 

and 10 mL concentrated H2SO4 in 260 mL of 95% ethanol. 

Ceric ammonium molybdate was prepared by mixing 0.2 g cerium sulfate, 4.8 g 

ammonium molybdate, and 10 mL concentrated H2SO4 in 90 mL water. 

Potassium permanganate was prepared by mixing 6 g of potassium permanganate, 40 g 

potassium carbonate, and 10 mL of 5% sodium hydroxide.  The mixture was diluted to 1 

L with water.  
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Reagents and Solvents 

 Reagent grade solvents were used without purification for all extractions and 

work-up procedures. Deionized water was used for all aqueous reactions, work-ups, and 

for the preparation of all aqueous solutions. Reaction solvents were dried and purified 

according to published literature procedures by distillation under argon or vacuum from 

an appropriate drying agent. 

 Distilled from sodium benzophenone ketyl: 

  Tetrahydrofuran (THF) 

 Distilled from calcium hydride: 

N,N-Dimethylformamide (DMF), hexanes, methylene chloride (CH2Cl2), 

pyridine, toluene. 

Copper (I) iodide was purified according to a literature procedure.  All other starting 

materials were commercially available reagents and used without further purification 

unless otherwise noted. 

 

Physical Data 

 Proton nuclear magnetic resonance (NMR) spectra were obtained on a Bruker 300 

(300 MHz, RIT) or a Bruker 300 (300 MHz, University of Rochester) nuclear magnetic 

resonance spectrometer. Carbon-13 NMR spectra were obtained on a Bruker 300 (75.5 

MHz, RIT) nuclear magnetic resonance spectrometer. Chemical shifts are reported in 

ppm (δ) downfield relative to trimethylsilane and are referenced to the deuterated solvent 

(CDCl3 at 7.26 ppm).  Data are reported as follows: chemical shift (multiplicity, coupling 

constants in Hertz, number of hydrogens). Multiplicity is designated using the following 

abbreviations and combinations: s (singlet), d (doublet), dd (doublet of doublets), t 

(triplet), q (quartet), m (multiplet and/or multiple resonances). 

 Infrared (IR) spectra were collected on a BioRad FTS 3000 FTIR 

spectrophotometer and are reported in wave numbers (cm
-1
) with polystyrene as a 

standard.  Mass spectra were obtained using a Hewlett Packard 5973 MSD mass 

spectrometer using EI methods and methanol as a solvent. 
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Experimentals 

 

2-(tert-Butyl dimethylsilanyloxy)-propionic acid ethyl ester (71): 

 

OEt

O

HO
TBSCl, imidazole

DMF, 0°C to rt
OEt

O

TBSO

70 71  

 

To a mixture of 2-hydroxypropionic acid ethyl ester (70) (4.76 mL, 42 mmol) and 

imidazole (4.3 g, 42 mmol) in N,N-dimethylformamide (2.1 mL) at 0°C was added tert-

butyl dimethylsilyl chloride (6.6 g, 44 mmol) in three portions.  The solution was stirred 

to RT overnight.  The resulting white slurry was diluted with water (12 mL) and extracted 

with hexanes (2 x 20 mL).  The combined hexane layers were washed with brine (10 

mL), dried over MgSO4, filtered, and concentrated in vacuo to give 71 (8.9 g, 90%) as a 

colorless oil having identical spectral characteristics to that which is reported in the 

literature
170

. 

 

1
H NMR: (CDCl3, 300 MHz): δ 4.27 (q, J = 7.2 Hz, 1H), 4.12 (m, 2H), 1.36 (d, J = 6.6 

Hz, 3H), 1.24 (t, J = 7.2 Hz, 3H), 0.82 (s, 9H), 0.04 (s, 3H), 0.03 (s, 3H). 
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2-(tert-Butyl dimethyl silanyloxy)-propionaldehyde (72): 

 

DIBAL-H

hexanes, –78°C
OEt

O

TBSO

71 72

H

O

TBSO

 

 

To a solution of ethyl ester 71 (1.22 g, 5.24 mmol) in hexanes (21 mL) at –78°C was 

added a 1M solution of DIBAL-H in toluene (5.2 mL, 5.4 mmol) dropwise over 10 

minutes.  The solution was stirred at –78°C for 2 hours, then quenched with methanol 

(0.7 mL).  The solution was stirred for an additional 15 minutes, then warmed to RT.  

The reaction was added to a round-bottom flask containing a saturated aqueous solution 

of sodium potassium tartrate (11 mL) and stirred vigorously overnight.  The biphasic 

mixture was partitioned, and the aqueous layer extracted with hexanes (2 x 40 mL).  The 

combined organic layers were washed with brine (40 mL), dried over anhydrous Na2SO4, 

filtered, and concentrated in vacuo to afford a yellow oil.  The oil was distilled (<20 mm 

Hg, 100 °C bath temperature) to afford the pure aldehyde 72 (677 mg, 68%) as a 

colorless oil having identical spectral characteristics to that which is reported in the 

literature
170

. 

 

1
H NMR (CDCl3, 300 MHz): δ 9.62 (d, J = 1.2 Hz, 1H), 4.07 (m, 1H), 1.23 (d, J = 6.9 

Hz, 3H), 0.91 (s, 9H), 0.11 (s, 3H), 0.09 (s, 3H). 
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Toluene-4-sulfonic acid 2-(tert-butyl dimethyl silanyloxy)-1-dichloromethyl propyl 

ester (88): 

 

i. LDA, CH2Cl2, THF

–78°C to 0°C

ii . p-TsCl, 0°C to rt

87

OTs

TBSO

72

H

O

TBSO Cl

Cl

 

 

To a solution of diisopropylamine (4.5 mL, 51 mmol) in THF (33 mL) at 0°C was added 

a 0.95 M solution of n-BuLi in hexanes (50 mL, 48 mmol) dropwise over 15 minutes.  To 

a second flask containing a solution of 72 (6.0 g, 32 mmol) and CH2Cl2 (6.1 mL) in THF 

(50 mL) at –78°C was added via cannula the first solution slowly over 10 minutes.  The 

resulting yellow solution was stirred at –78°C for 30 minutes, then warmed to 0 °C over 

30 minutes.  To the resulting brown solution was added p-toluenesulfonyl chloride (6.1 g, 

32 mmol) in one portion, and the mixture was stirred to RT overnight.  The solution was 

quenched with water (1 mL) and stirred for 30 minutes.  The biphasic mixture was 

partitioned, and the organic layer was washed with aqueous 10% HCl (50 mL) and 

aqueous 1M NaOH (50 mL).  The aqueous layers were each back-extracted with Et2O (2 

x 50 mL) and the combined organics washed with brine, dried over anhydrous MgSO4, 

filtered, and concentrated in vacuo to afford crude 87 (0.71 g) as a brown oil having 

identical spectral characteristics to that which is reported in the literature
170

. 

 

1
H NMR (CDCl3, 300 MHz): δ 7.83-7.82 (dd, J = 8.4, 5.4 Hz, 4H), 7.32 (d, J = 8.4 Hz, 

4H), 6.01 (d, J = 2.4 Hz, 1H), 5.82 (d, J = 6.3 Hz, 1H), 4.77-4.73 (dd, J = 7.5, 2.2 Hz, 

1H), 4.71-4.70 (dd, J = 6.3, 3.3 Hz, 1H), 4.36-4.32 (m, 1H), 4.09-4.02 (m, 1H), 2.44 (s, 

6H), 1.30 (d, J = 6.0 Hz, 3H), 1.25 (d, J = 6.3 Hz, 3H), 0.89 (s, 18H), 0.08 (s, 6H), 0.07 

(s, 6H). 
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4-(tert-Butyl dimethyl silanyloxy)-pent-2-ynoic acid ethyl ester (108): 

 

i. n-BuLi, hexanes, THF

–78°C to 0°C

ii . EtCO2Cl, –78°C to rt

87

OTs

TBSO Cl

Cl

108

TBSO
OEt

O

 

 

To a solution of purified 87 (0.70 g, 1.63 mmol) in THF (6 mL) at –78°C was added a 

2.33 M solution of n-BuLi in hexanes (2.3 mL, 5.4 mmol) dropwise over 10 minutes.  

The resulting yellow solution was stirred at –78°C for 30 minutes, then warmed to 0°C 

over 45 minutes.  The resulting orange suspension was cooled to –78°C, and ethyl 

chloroformate (1.86 mL, 1.96 mmol) was added dropwise over 10 minutes.  Reaction was 

warmed to RT over 2 hours.  The mixture was diluted with a saturated solution of 

aqueous ammonium chloride (25 mL), brine (20 mL), and water (15 mL).  The aqueous 

mixture was then extracted with Et2O (50 mL) and CH2Cl2.  The combined organics were 

dried over anhydrous MgSO4, filtered, and concentrated in vacuo to afford crude 108 

(0.92 g) as a clear oil having identical spectral characteristics to that which is reported in 

the literature
375

. 

 

IR (cm
-1
)
 
2928, 2857, 2243, 1714, 1239. 

 

1
H NMR (CDCl3, 300 Hz): 4.63 (q, J = 6.6 Hz, 1H), 4.25 (q, J = 7.2 Hz, 2H), 1.41 (d, J = 

6.6 Hz, 3H), 0.92 (s, 9H), 0.20 (s, 3H), 0.15 (s, 3H). 

13
C NMR (CDCl3, 75 Hz): 154.0, 89.5, 62.4, 59.1, 30.1, 26.1, 24.8, 18.5, 14.4, -4.6, -4.7. 
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4-Hydroxy pent-2-ynoic acid ethyl ester (38): 

 

HF·pyr

108

TBSO
OEt

O

38

HO
OEt

O

THF, 0°C to rt

 

 

To a solution of 108 (0.38 g, 0.81 mmol) in THF (6 mL) at 0°C was added a 70% 

solution of hydrogen fluoride-pyridine complex (0.71 mL, 27.5 mmol) dropwise over 10 

minutes.  After complete addition, the solution was warmed to RT over 2.5 h.  The 

solution was slowly quenched with saturated aqueous sodium bicarbonate (100 mL), and 

extracted with Et2O (35 mL) and CH2Cl2 (2 x 25 mL).  The combined organics were 

washed with saturated aqueous copper (II) sulfate (25 mL) and brine (25 mL), then dried 

over anhydrous MgSO4, filtered, and concentrated in vacuo.  The residue was 

chromatographed on silica gel eluting with a gradient of 99:1–85:15 hexanes/ethyl 

acetate to afford 38 (134 mg, 57% over 2 steps) as a clear oil having identical spectral 

characteristics to that which is reported in the literature
110

. 

 

IR (cm
-1
)
 
3400, 2914, 2840, 2240, 1695, 1239. 

 

1
H NMR (CDCl3, 300 Hz): 4.65 (q, J = 6.9 Hz, 1H), 4.24 (q, J = 7.2 Hz, 2H), 1.74 (s, 

1H), 1.49 (d, J = 6.6 Hz, 3H), 1.32 (t, J = 7.2 Hz, 3H). 

13
C NMR (CDCl3, 75 Hz): 153.8, 88.5, 62.6, 58.5, 30.1, 23.7, 14.4. 
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5-Methyl-3-tributylstannanyl-5H-furan-2-one (68): 

 

Pd(PPh3)4, Bu3SnH

38

HO
OEt

O

THF
O

O
Bu3Sn

68  

 

To a solution of 38 (0.080 g, 0.56 mmol) and tetrakis(triphenylphosphine) palladium (0) 

(0.065 g, 0.056 mmol) in THF (0.56 mL) was added a solution of tributyltin hydride 

(0.17 mL, 0.62 mmol) in THF (0.56 mL) dropwise over 5 minutes.  Reaction flask was 

covered with aluminum foil and stirred at RT for 4 h.  The yellow mixture was 

concentrated under reduced pressure, diluted with n-pentane (100 mL), and cooled to –

10°C.  The suspension was stirred for 1 h, filtered, and concentrated in vacuo.  The 

resulting pale yellow oil was chromatographed on silica gel eluting with a gradient of 

100:0–98:2 n-pentane/ethyl acetate to afford 68 (150 mg, 68%) as a pale yellow oil 

having identical spectral characteristics to that which is reported in the literature
142

. 

 

IR (cm
-1
)
 
2921, 1731, 1143. 

 

1
H NMR (CDCl3, 300 Hz): 7.44 (d, J = 1.5 Hz, 1H), 5.05 (m, 1H), 1.49 (m, 6H), 1.40 (d, 

J = 6.0 Hz, 1H), 1.31 (m, 6H), 1.07 (m, 6H), 0.89 (t, J = 7.2 Hz, 9H). 
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6-Methyl hept-5-en-3-yn-2-one (7): 

 

76 127

Br

Br

O
i. n-BuLi, THF, –78

°
C to –10

°
C

ii. ZnCl2, THF, –10
°
C

iii. AcCl, –10
°
C

 

 

To a solution of 76 (0.395 g, 1.65 mmol) in THF (1 mL) at –78°C was added n-BuLi in 

hexanes (1.3 mL, 3.5 mmol) dropwise.  The orange slurry was stirred for 10 minutes, 

warmed to –10°C, and stirred for another 25 minutes.  A solution of zinc chloride (0.25 

g) in THF (2 mL) was added dropwise, and the solution stirred at –10°C for 30 minutes.  

Acetyl chloride was then added dropwise, and the solution stirred for 40 minutes.   The 

reaction mixture was diluted with diethyl ether (50 mL), a saturated aqueous solution of 

sodium bicarbonate (30 mL), brine (10 mL), and water (20 mL).  The organic layer was 

partitioned, and the aqueous layer extracted with diethyl ether (3 x 40 mL).  The 

combined organics were washed with brine (10 mL), dried over anhydrous magnesium 

sulfate, filtered, and in vacuo.  The resulting orange oil was chromatographed on silica 

gel eluting with a gradient of 100:0–98:2 hexanes/ethyl acetate to afford 127 (108 mg, 

54%) as a pale yellow oil. 

 

IR (cm
-1
)
 
2921, 1731, 1143. 

 

1
H NMR (CDCl3, 300 Hz): 5.41 (s, 1H), 2.37 (s, 3H), 1.99 (s, 3H), 1.90 (s, 3H). 

 

 

 

 

 

 

 

 

 

 



 88

(Diphenyl prop-2-ynyloxy methyl) benzene (263): 

 

TrCl, pyr

262

HO

40°C

263

O

 

 

To a solution of 262 (0.52 mL, 9.0 mmol) in pyridine (7.0 mL) was added 

chlorotriphenylmethane (2.74 g, 10.0 mmol) and the solution stirred at 40°C for 16 h.  

The reaction mixture was concentrated in vacuo, dissolved in ethyl acetate (70 mL), and 

washed with water (80 mL).  The aqueous layer was extracted with ethyl acetate (2 x 50 

mL) and the combined organics concentrated in vacuo.  The resulting beige solid was 

chromatographed
376

 on silica gel eluting with with a gradient of 97:0:3–95:2:3 

hexanes/ethyl acetate/triethylamine to afford 263 as a white solid (1.2 g, 44%
377

). 

 

IR (cm
-1
)
 
3290.8, 3057.2, 2870.2, 2126.3, 1446.9, 1054.8, 696.8. 

 

1
H NMR (CDCl3, 300 Hz): 7.48-7.45 (dd, J = 6.9 Hz, 1.7 Hz, 6H), 7.34-7.23 (m, 9H), 

3.75 (d, J = 2.4 Hz, 2H), 2.39 (d, J = 2.4 Hz, 1H). 
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Representative Procedure for Iodination of Terminal Alkynes:  [Diphenyl-(3-iodo 

prop-2-ynyloxy) methyl] benzene (264): 

 

264

O

263

O

I
i . n-BuLi, THF, –78°C

i i. I2, THF, –78°C to rt

 

 

To a solution of 263 (1.17 g, 3.9 mmol) in THF (8.0 mL) at –78°C in a 3-neck flask 

affixed with two addition funnels was added a 2.3 M solution of n-BuLi in hexanes (1.74 

mL, 4.0 mmol) dropwise via addition funnel over 30 minutes.  The resulting pink 

solution was stirred at –78°C for 30 minutes, then a solution of iodine (1.2 g, 4.7 mmol) 

in THF (8.0 mL) was added dropwise via addition funnel over 30 minutes.  The yellow 

slurry was stirred to room temperature over 16 h.  The reaction mixture was diluted with 

diethyl ether (50 mL) and washed with a saturated aqueous solution of sodium 

metabisulfite (3 x 25 mL) and brine (20 mL).  The organic layer was dried over 

anhydrous magnesium sulfate, filtered, and concentrated in vacuo to afford 264 as a beige 

solid (1.6 g, 97%). 

 

IR (cm
-1
)
 
3058.8, 2893.2, 2850.8, 2193.1, 1443.8, 1064.7, 694.4. 

 

1
H NMR (CDCl3, 300 Hz): 7.48-7.45 (dd, J = 6.9 Hz, 1.7 Hz, 6H), 7.34-7.23 (m, 9H), 

3.92 (s, 1H). 
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Representative Carbonylation Procedure:  6-(tert-Butyl dimethyl silanyloxy)-hex-1-

en-4-yn-3-one (249): 

 

247

TBSO

I Pd(PPh3)4, THF

CO (1 atm), TBSO

O

249SnBu3  

 

A solution of tetrakis(triphenylphosphine) palladium (0) (78 mg, 0.067 mmol) in THF 

(2.7 mL) was sparged with carbon monoxide for 15 minutes.  Iodide 247 (0.2 g, 0.67 

mmol) was added via syringe, and the solution sparged with carbon monoxide for 1 

minute.  Tributylvinyltin (0.22 mL, 0.74 mmol) was added via syringe, and the reaction 

was stirred at room temperature under a carbon monoxide atmosphere for 3 h.  The 

reaction mixture was concentrated under reduced pressure to afford a red oil (415 mg), 

which was chromatographed on silica gel eluting with a gradient of 100:0–0:100  

hexanes/ethyl acetate.  Multiple unidentifiable impure and semipure products were 

recovered. 
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Representative Direct Coupling Procedure:  But-3-en-1-ynyl benzene (257): 

 

256

Pd(PPh3)4, CuI

, DMF, 0°C

257

SnBu3

I

 

 

To an aluminum-covered, argon-purged flask was added tetrakis(triphenylphosphine) 

palladium (0) (75 mg, 0.064 mmol), copper (I) iodide (62 mg, 0.32 mmol), and pre-argon 

sparged DMF (0.9 mL).  To the resulting black mixture was added tributylvinyltin (0.13 

mL, 0.44 mmol) via syringe.  The reaction was sparged for 5 minutes, then cooled to 0°C.  

A solution of 256 (75 mg, 0.32 mmol) in pre-argon sparged DMF (0.9 mL) was added 

dropwise over 2 h.  The reaction was stirred to room temperature over 16 h.  The 

resulting black mixture was diluted with diethyl ether (40 mL) and a saturated aqueous 

solution of potassium fluoride (40 mL) and stirred vigorously for 2 h.  The layers were 

partitioned, and the organic layer washed with a 5% aqueous solution of lithium chloride 

(3 x 20 mL), brine (20 mL), dried over magnesium sulfate, filtered, and concentrated in 

vacuo to afford crude 257 (205 mg, 35%
378

). 

  

GC-MS:  m/e:  128 [M] (100%); 102 [M-26] (22%). 
 

1
H NMR (CDCl3, 300 Hz): 7.44 (m, 2H), 7.32 (m, 3H), 6.03 (dd, J = 17.4, 11.2 Hz, 1H), 

5.74 (dd, J = 17.4, 2.2 Hz, 1H), 5.55 (dd, J = 11.2, 2.2 Hz, 1H). 
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Appendix I: Compound Index 
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Appendix II: 
1
H NMR, 

13
C NMR, IR, and Mass Spectra 
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