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The efficient construction of complex organic molecules mandates that an assortment of 

methods for forming C-C bonds be available to the practicing synthetic chemist. The addition of 

carbon based nucleophiles to carbonyl compounds represents a broad class of reactions used to 

achieve this goal. Traditional methodology requires the use of stoichiometrically preformed 

organometallic reagents as nucleophiles in this type of reaction. However, due to the moisture 

sensitivity, excessive preactivation and inevitable generation of stoichiometric waste required for 

the use of these reagents, alternative methods have become a focus of the synthetic organic 

community. The research presented in this dissertation describes a new class of C-C bond 

forming reactions enabled through catalytic transfer hydrogenation. Here, the development and 

implementation of efficient green methods for carbonyl addition employing π-unsaturates as 

surrogates to preformed organometallic reagents is described. Additionally, this research 

describes the first systematic studies toward using alcohols as electrophiles in carbonyl 

allylation, propargylation and vinylation reactions. 
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Chapter 1: Transition Metal Catalyzed Carbonyl Vinylation 

Employing Alkynes as Vinyl Donors. 

1.1 Introduction and Scope 

 As organic chemistry continues to progress as a field, the focus of modern synthesis has 

shifted towards methodological developments that obey the principles of atom economy and 

enable the construction of complex organic molecules with high levels of selectivity. The 

efficient construction of C-C bonds lies at the core of this paradigm shift, and addition of carbon 

nucleophiles to carbonyl compounds embodies a classical approach to their formation. 

Traditionally, additions of this type have relied upon the use of stoichiometrically preformed 

organometallic reagents. Reagents of this type are generally air and moisture sensitive which 

detract from their use on scale. Additionally, these reagents invariably produce stoichiometric 

amounts of metallic waste upon reaction workup. These limitations have not gone unnoticed by 

the synthetic community and collective efforts to develop environmentally friendly protocols 

have focused on transition metal catalysis. 

 This review will focus on transition metal catalyzed methods for carbonyl vinylation 

employing alkynes as surrogates to preformed vinyl metal reagents. Transition metal catalyzed 

carbonyl addition employing vinyl halides, such as the Nozaki-Hiyama-Kishi reaction, are not 

discussed. Furthermore, indirect methods for carbonyl vinylation involving hydroboration or 

hydrozirconation will not be covered. To discuss the developments of this field in context, the 

presentation of material will proceed in chronological order with each subsection being divided 

by the transition metal employed.  
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1.2 Titanium 

 One of the earliest reports on metal catalyzed vinylation involved the titanium mediated 

cyclization of 1 to yield silyl ether 2 in 73% yield (Scheme 1.1).
1
 Due to the oxophilic nature of 

early transition metals, reductive couplings employing these catalysts generally utilize a 

stoichiometric amount of metal and often suffer from poor functional group tolerance. 

Remarkably, this report demonstrates that use of triethoxysilane as terminal reductant enables 

catalyst turnover to be achieved. Hazards accompanied by the use of triethoxysilane in the 

presence of Lewis acids have been documented and detract from the use of this reductant on 

scale.
2
 Despite these limitations, this finding provided a platform for the development of other 

carbonyl vinylation protocols employing more user friendly silane reductants and transition 

metals less prone to functional group incompatibility.  

Scheme 1.1: Titanium catalyzed reductive cyclization mediated by silane. 

 

1.3 Nickel 

1.3.1 Nickel Catalyzed Carbonyl Vinylation: Alkylative Coupling 

with Alkynes 

 In pioneering studies by Montgomery et al., nickel catalyzed alkylative cyclizations of 

acetylenic aldehydes were explored.
3
 Here, alkyl zinc reagents were demonstrated to serve as 

alkylative reductants providing stereoselective access to allylic alcohols with tri- and 

tetrasubstituted alkenes in good yield (Table 1.1, entries 1-4). The alkyl zinc reagents used for 

this transformation are generated in-situ by transmetallation between the corresponding alkyl 
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lithium reagent and zinc chloride. Additions employing sp
2
 or sp

3
 hybridized alkyl zinc reagents 

are readily tolerated. Interestingly, cyclizations conducted with diethyl zinc as reductant in the 

presence of added Bu3P ligand (20 mol%) were found to proceed in the absence of alkylation 

(Table 1.1, entries 5-8). Presumably, the phosphine ligand acts to promote β-hydride elimination 

for alkyl groups possessing β-hydrogens during their transmetallation to the nickel center from 

the zinc reductant. This observation enables access to a complementary set of stereoisomeric 

trisubstituted allylic alcohols by the appropriate choice of starting material, ligand and zinc 

reductant (Table 1.1, entry 1 and 7). 

Table 1.1: Nickel catalyzed intramolecular vinylation employing alkyl zinc reagents. 

 

 Intermolecular couplings were also investigated in this report leading to the 

stereoselective formation of trisubstituted allylic alcohols (Table 1.2). Aryl aldehydes were 

shown to be competent coupling partners; however, diminished yields were observed when 
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aldehydes with enolizable protons were employed (Table 1.2, entry 4). Complete regiocontrol is 

observed in all cases examined with coupling taking place proximal to the hydrogen atom of the 

alkyne. 

Table 1.2: Nickel catalyzed three component coupling with alkyl zinc reagents. 

 

 The mechanism for this reaction is believed to proceed via oxidative coupling of the 

alkyne with the aldehyde electrophile to provide a nickel metallocycle intermediate. 

Transmetallation of an alkyl group from the organozinc followed by reductive elimination at the 

nickel center would release the zinc alkoxide and regenerate the nickel catalyst.  

1.3.2 Nickel Catalyzed Carbonyl Vinylation: Reductive Couplings 

with Alkynes 

 Following Montgomery’s seminal reports
3-4

 on intra- and intermolecular carbonyl 

vinylations catalyzed by nickel, Jamison et al. reported that triethylborane can be used to affect 

intermolecular carbonyl vinylations catalyzed by nickel.
5
 Excellent levels of regiocontrol are 

obtained in these reactions when unsymmetrical alkynes are employed (Table 1.3). Notably, 

alkynes possessing silyl groups at the alkyne terminus proceed with exceptional levels of 

regiocontrol where coupling occurs adjacent to the silyl group (Table 1.3, entries 3 and 4). Both 

aryl and aliphatic substituted aldehydes are tolerated under the reaction conditions and deliver 

the vinylation adducts in comparable yields (Table 1.3, entries 1 and 2). 
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Table 1.3: Intermolecular carbonyl vinylation mediated by triethylborane. 

 

 Previous studies on alkynal cyclizations revealed that silanes could be used as reductants 

in nickel catalyzed processes.
4
 However, attempted use of silanes for intermolecular coupling 

failed to produce acceptable yields of product when trialkyl phosphines were used as ligands. 

Focused efforts to improve this reaction revealed that N-heterocyclic carbenes were critical for 

improving reaction efficiency.
6
 Reaction conditions that employ these ligands with triethylsilane 

as reductant, enable vinylation adducts to be obtained as the protected silyl ethers. These 

protected ethers can be beneficial in the context of target oriented synthesis. These studies show 

that comparable levels of reactivity and regioselectivity are observed in reactions mediated by 

silane when compared to couplings mediated by triethylborane (Table 1.4). Furthermore, 

reactions with 1,3-enynes were shown to invert the regioselectivity typically observed indicating 

a substantial alkene directing effect (Table 1.4, entry 5). Alkene directed additions were later 

studied in detail providing additional insight into the origin of these effects.
7
 

 

 

 

 

 



6 

 

Table 1.4: Intermolecular carbonyl vinylation mediated by triethylsilane. 

 

 Terminal reductants such as chromous chloride can also be used in nickel catalyzed 

vinylation reactions.
8
 The regioselectivities observed in this reaction are complementary to those 

observed via the indirect alkyne additions developed by Oppolzer and Wipf. Again, as seen 

before in nickel catalyzed additions, simple aryl and aliphatic aldehydes couple in good yield 

(Table 1.5, entries 1 and 2). Markedly, alkynes containing unprotected hydroxy groups are 

competent substrates (Table 1.5, entry 4).  

Table 1.5: Intermolecular carbonyl vinylation mediated by chromous chloride. 

 

1.3.3 Nickel Catalyzed Carbonyl Vinylation: Asymmetric Variants 

 Shortly after  the development of the first efficient intermolecular vinylations an 

enantioselective variant was reported by the Jamison group.
9
 This study demonstrated that 

catalytic quantities of (+)-(neomenthyl)diphenylphosphine (NMDPP) could promote highly 
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asymmetric additions of unsymmetrical alkynes to α-branched aldehydes (Table 1.6). 

Differentially substituted aryl alkynes coupled regioselectively (Table 1.6, entries 1-11) and 

propargyl ethers and amines were tolerated under the reaction conditions (Table 1.6, entries 12 

and 13). Silyl substituted alkynes showed diminished reactivity under these conditions and the 

reaction with a dialkyl substituted alkyne displayed a drastic decrease in enantioselectivity 

(Table 1.6, entries 14 and 15). To date, the enantioselectivities observed in this reaction remain 

benchmarks for the development of future asymmetric variants.  

Table 1.6: Monodentate phosphines for enantioselective carbonyl vinylation.  

 

 

 In 2007, enantioselective variants of silane mediated couplings were reported by the 

Montgomery group. 
10

 In this study, a variety of N-heterocyclic carbenes were synthesized and 

assayed in the coupling of phenylpropyne to benzaldehyde. The highest reactivity and 
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enantioselectivity was observed with ligand 11 (Table 1.7). Employing this ligand, a range of 

differentially substituted alkynes couple to aryl and aliphatic aldehydes in good yield with 

moderate enantioselectivity (Table 1.7) Here the highest enantioselectivity was observed in the 

coupling of 3-hexyne to cyclohexanecarbaldehyde in 84% yield and 85% ee (Table 1.7, entry 5). 

Although the enantioselectivities in this variant are not as high as those observed in the 

triethylborane mediated couplings, these studies provide valuable information for the design of 

second-generation ligands.  

Table 1.7: N-Heterocyclic carbenes for enantioselective carbonyl vinylation. 
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 Diastereoselective carbonyl additions to α-chiral aldehydes have also been explored 

independently by the groups of Jamison and Montgomery respectively.
11

 In both cases excellent 

levels of anti-diastereocontrol were observed for the formation of optically pure 1,2-
 
diols from 

vinyl addition to α-oxyaldehydes (Scheme 1.2 and Scheme 1.3). In the case of reactions 

mediated by triethylborane the chiral ligand (+)-NMDPP was required and only aldehydes with 

large groups at the β-position provided high levels of diastereocontrol. In the case of silane 

mediated additions, broader substrate scope was achieved in the coupling of silyl substituted 

alkynes to give allylic silyl ethers as single regioisomers (Scheme 1.3).  

Scheme 1.2: Nickel catalyzed diastereoselective carbonyl vinylation mediated by triethylborane. 

 

Scheme 1.3: Nickel catalyzed diastereoselective carbonyl vinylation mediated by triethylsilane. 

 

 

 Recently, fine tuning of the N-heterocyclic carbene ligands employed by the 

Montgomery group has lead to a general approach to controlling the regioselectivity of alkyne 
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additions in the absence of chelating or directing groups.
12

 In general, by using ligands 

containing large substituents, coupling of the alkyne occurs proximal to the largest group. This 

orientation avoids steric interactions with the bulk of the carbene ligand. When smaller carbene 

ligands are used this trend in reversed. To illustrate this concept, the coupling of phenyl propyne 

to benzaldehyde was examined and the regioselectivity determined (Table 1.8). Here the smaller 

mesityl substituted carbene ligand promotes coupling adjacent to the methyl group in 84% yield, 

>98:2 r.r. (Table 1.8, entry 1). The coupling mediated by a bulkier ligand almost completely 

reverses the regioselectivity observed (Table 1.8, entry 2).   

Table 1.8: A general strategy for regiocontrol. 

 

1.4 Rhodium 

 The first observation of rhodium catalyzed reductive vinylation was reported by Ojima 

(1994).
13

 In an isolated example, cyclization of an acetylenic aldehyde was discovered 

employing Et3SiH (500 mol%) as the terminal reductant (Scheme 1.4). This reaction was 

conducted with a catalytic amount of Rh2Co2(CO)12 (1 mol%) under an atmosphere of carbon 

monoxide to deliver cyclized product 13 in 77% Yield. The silane mediated carbocyclization of 

alkynals was an important contribution leading to further developments in the field. 
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Scheme 1.4: Silane mediated rhodium catalyzed reductive cyclization. 

 

 Intermolecular vinylations catalyzed by rhodium were soon developed. In the initial 

discovery it was reported that 1,3-diynes could be reductively coupled to glyoxals (Table 1.9).
14

 

Interestingly, these reactions could be conducted under an atmosphere of hydrogen gas to deliver 

highly unsaturated products in the absence of over reduction. When these reactions are 

conducted in the presence of the chiral bidentate phosphine ligand (R)-Cl-MeO-BIPHEP, highly 

enantioselective vinylation of differentially substituted glyoxals can be achieved (Table 1.9, 

entries 1-4). Additionally, under the same reaction conditions, silyl substituted 1,3-diynes were 

found to couple enantioselectively with complete levels of regiocontrol where coupling occurs 

proximal to the silyl group (Table 1.9, entries 5-9).
15

 Mechanistic studies indicate that these 

additions take place through 1,4-addition as opposed to 1,2-addition.
16

 Thus, a transition state 

involving a seven membered cyclic cumulene is proposed to explain the selective formation of 

linear carbonyl addition adducts when 1,3-diynes are employed as nucleophilic coupling 

partners. 
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Table 1.9: Hydrogen mediated coupling of 1,3-diynes. 

 

 Following the reports on rhodium catalyzed addition of 1,3-diynes to glyoxals
14

 and 

glyoxalates;
15

 the additions of 1,3-enynes were studied. Initially, coupling of 1,3-enynes to α-

ketoesters was found to proceed with low conversion under the conditions previously reported 

for hydrogenative couplings of this type. This observation led to the discovery that a Brønsted 

acid additive was critical for increasing the rate of catalyst turnover. It was hypothesized that the 

acid additive helped facilitate protonolysis of the oxametallacycle formed via oxidation coupling 

of the 1,3-enyne and carbonyl electrophile. This protonation likely proceeds through a six 

centered transition state, and support for this hypothesis has been found through computational 

studies on related systems.
16,17 

Remarkably, by simply changing the chiral bidentate phosphine 

ligand employed, coupling of differentially substituted 1,3-enynes could proceed with high levels 

of enantiocontrol for additions to glyoxalates,
18

 α-ketoesters,
19

 and heteroaromatic aldehydes and 

ketones (Table 1.10).
20

 Notably, in the case of heteroaromatic electrophiles it was found that 

highly enantioselective carbonyl additions could be performed by using a chiral phosphoric acid 

additive in the absence of a chiral phosphine ligand.
20
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Table 1.10: Hydrogen mediated reductive coupling of 1,3-enynes. 

R1 R1 O

R2

O

O

R2
H

Rh(cod)2OTf (5 mol%)

(R)-(3,5-t-Bu-4-MeOPh)-MeO-BIPHEP

(5 mol%)

Ph3CCO2H (5 mol%)

H2 (1 atm), DCE, 25 °C

HHO

R1 R1 O

R3

O

O

R3
R2

Rh(cod)2OTf (2 mol%)

(R)-Xylyl-Walphos (2 mol%)

Ph3CCO2H (1 mol%)

H2 (1 atm), DCE, 60 °C

R2HO

R1 R1

Arhet

O

ArhetR2

Rh(cod)2OTf (2 mol%)

(R)-Tol-BINAP (2 mol%)

or (R)-Xylyl-Walphos (2 mol%)

Ph3CCO2H (2 mol%)

H2 (1 atm), DCE, 40 °C

R2HO

Entry YieldArhetR1 R2 ee

91%

95%

92%

92%

97%

98%

2-pyridinyl

2-pyridinyl

2-pyrazinyl

H

Me

Me

Ph

(CH2)2OAc

CH2NHBoc

7

8

9

Entry YieldR3R1 R2 ee

88%

73%

92%

90%

91%

93%

OMe

OMe

OEt

Me

Ph

Me

CH2NHBoc

CH2OAc

2-indolyl

4

5

6

Entry YieldR2R1 ee

82%

72%

70%

95%

92%

90%

OEt

OEt

OEt

Ph

2-thienyl

(CH2)2OTES

1

2

3

 

 The first intramolecular coupling of acetylenic aldehydes mediated by hydrogen gas were 

reported by Krische et al. in 2006.
21

 This report describes the first highly enantioselective 

couplings of this type. Highly functionalized pyrolidines (Table 1.11, entries 1 and 2) and furans 

(Table 1.11, entries 3 and 4) can be readily accessed using this methodology in good chemical 

yield and high enantioselectivity. Additionally, when substrates containing preexisting 

stereocenters are submitted to the reactions conditions good to excellent levels of 

diastereoselectivity are obtained in the absence of a chiral ligand. Notably, when these conditions 

are applied to cyclizations without catalytic quantities of 2-napthoic acid, the yields obtained are 
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greatly diminished. This result further highlights the benefit of Brønsted acid additives in these 

couplings. 

Table 1.11: Hydrogen mediated cyclization. 

 

 Intermolecular carbonyl vinylations of nonconjugated alkynes catalyzed by rhodium can 

also be achieved using basic chemical feedstocks such as acetylene gas.
22

 In this study it was 

found that modification of the rhodium catalyst counterion had a profound effect on reactivity for 

this system. Specifically, substantial increases in conversion can be obtained by exchanging the 

OTf counterion for the larger SbF6 or BARF noncoordinating counterions. Additionally, the use 

of a desiccant, sodium sulfate, was found to be beneficial and presumably removes trace amounts 

of water from the reaction mixture thus avoiding the formation of catalytically inactive hydroxy 

bridged rhodium dimers. Reactions conducted with a catalytic amount of (R)-MeO-BIPHEP (5 

mol%) were found to give products of aldehyde Z-dienylation in good yield with good 

enantioselectivity (Table 1.12, entries 1 and 2). Again, the use of a Brønsted acid additive was 

found to be essential for efficient conversion. 

 

 

 



15 

 

Table 1.12: Hydrogen mediated coupling of acetylene. 

 

 A catalytic mechanism has been proposed for the rhodium catalyzed coupling of 

acetylene to aldehydes (Scheme 1.5). This mechanism is supported by ESI-MS analysis of 

reaction mixtures, computational studies and chemical diversion of intermediates in the proposed 

catalytic cycle.
17

 The proposed mechanism initiates with the dimerization of acetylene catalyzed 

by the cationic rhodium catalyst to form a rhodacyclopentadiene intermediate. This intermediate 

can then insert a molecule of aldehyde to form an oxarhodacycloheptadiene. Protonolysis of the 

rhodium alkoxide with a Brønsted acid can form a Z-dienyl rhodium carboxylate. The rhodium 

carboxylate can heterolytically activate hydrogen gas through a six centered transition state to 

regenerate the Brønsted acid and furnish a Z-dienylrhodium hydride. Reductive elimination can 

then release the product and regenerate the cationic rhodium catalyst. 
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Scheme 1.5: Proposed mechanism for acetylene coupling. 

 

 The hydrogen mediated reductive coupling of acetylene has recently been used in a 

synthetic application to access a key fragment of the cyclotrienin A core structure.
23

 The mild 

conditions employed in this rhodium catalyzed process enable efficient coupling of acetylene to 

a α-tosyloxyaldehyde in good yield with good enantiocontrol (Scheme 1.6). Remarkably, the 

potential cyclization byproduct arising from a Darzens type reaction was not observed under 

these reaction conditions. This observation underscores the utility of this method in complex 

molecule synthesis. 
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Scheme 1.6: Acetylene coupling in synthesis. 

 

1.5 Iridium 

 Intermolecular carbonyl vinylations employing hydrogen gas as a terminal reductant were 

first discovered employing cationic rhodium catalysts. Notably, these couplings were restricted 

to the use of conjugated alkynes with the exception of acetylene gas. In 2007, the Krische group 

reported that related cationic iridium catalysts enabled the use of nonconjugated alkynes for the 

vinylation of α-ketoesters.
24

 This advancement revealed a broad substrate scope where various 

alkyl substitutions at the ester group (Table 1.13, entries 1-3), ketone group (Table 1.13, entries 

4-6) and alkyne groups (Table 1.13, entries 7-9) were readily tolerated, thus, delivering the 

allylic alcohol products in uniformly high chemical yields. Additionally, in most cases good to 

excellent levels of regiocontrol could be obtained in this reaction when unsymmetrically 

substituted alkynes were employed (Table 1.13, entries 4-6 and 8-9). An oxidative coupling 

mechanism is proposed for this transformation in analogy to related couplings catalyzed by 

rhodium and nickel. 
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Table 1.13: Iridium catalyzed reductive coupling of simple alkynes. 

 

1.6 Platinum 

 Hydrogen mediated cyclization of alkynals can also be performed by platinum based 

catalyst systems.
25

 This method is attractive because of its potential to be byproduct free; 

however, under these conditions the desired allylic alcohols are typically obtained as a mixture 

of olefinic isomers (Scheme 1.7, eqns. 1 and 2). Notably, one example is shown where platinum 

catalyzed cyclization occurs to produce a substituted piperidine in 52 % yield as the sole product 

(Scheme 1.7, eqn. 3). It is proposed that this cyclization proceeds through a hydrometallative 

mechanism which could explain the formation of trisubstituted alkene byproducts. This 

hypothesis has been corroborated by deuterium labeling studies employing deuterium gas. 
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Scheme 1.7: Platinum catalyzed reductive cyclization mediated by hydrogen. 
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1.7 Ruthenium 

 Recently, reports of ruthenium catalyzed carbonyl vinylation have appeared. While 

traditional metal catalyzed carbonyl vinylations require the use of external reductants; this report 

builds upon a body of research where hydrogen embedded in an alcohol substrate can serve as 

reductant.
26

 This strategy enables carbonyl additions from the alcohol oxidation level to be 

achieved in good yield (Table 1.14, top).
27

 Additionally, reactions from the aldehyde oxidation 

level can be achieved employing formic acid as the terminal reductant (Table 1.14, bottom). 

Here the only stoichiometric byproduct of this reaction is carbon dioxide. Notably, 

unsymmetrical alkynes couple with high levels of regiocontrol (Table 1.14, entry 3 and entries 5-

9). Iodide additives, such as NaI or Bu4NI, were shown to have a profound effect on the 

regioselectivity of this reaction.
28

 By using a catalytic amount of iodide additive, regioselective 

coupling occurs proximal to the aryl group (Table 1.14, entries 7 and 8).  Interestingly, reactions 

conducted with aryl substituted alkynes containing a chelating group give products where 



20 

 

coupling occurs adjacent to the chelating group even in the presence of iodide additive (Table 

1.14, entry 3 and entries 5-6). It is proposed that this selectivity originates from chelation 

directed hydrometallation.
28b

 

Table 1.14: Ruthenium catalyzed vinylation. 

 

 In analogy to the methods discussed previously, acetylenic aldehydes can be cyclized 

under the conditions of ruthenium catalysis employing formic acid a terminal reductant (Scheme 

1.8).
27

 In this isolated example, an 84% yield of pyrolidine 23 could be obtained. It should be 

mentioned that attempts to cyclize the corresponding acetylenic alcohol failed under these 

conditions. Presumably alcohol oxidation by the ruthenium catalyst is inhibited by alkyne 

chelation to the metal center. 
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Scheme 1.8: Ruthenium catalyzed reductive cyclization. 

 

 As a result of the high temperatures required for alcohol oxidation employing 

Ru(O2CCF3)2(CO)(PPh3)2; minor amounts of product oxidation were observed.
27

 By increasing 

the temperature, concentration, and reaction times of these reactions the oxidized products could 

be obtained exclusively from either oxidation level of substrate (Table 1.15, entries 1-6).
29

 Even 

under the high temperatures required for this reaction, an alkyne equipped with a homopropargyl 

benzyl ether served to direct the regioselectivity of this reaction (Table 1.15, entries 3 and 6). 

This transformation represents a unique approach to alkyne hydroacylation while avoiding metal 

catalyzed decarbonylation; a common problem encountered in reactions of this type.
30

 

Table 1.15: Ruthenium catalyzed formal hydroacylation. 
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 Conditions reported for ruthenium catalyzed vinyl addition to aldehydes were readily 

adapted for the vinylation of formaldehyde. A broad range of aryl and alkyl substituted alkynes 

were shown to couple effectively with good to excellent regiocontrol (Table 1.16).
28a

 

Furthermore, the regiocontrol obtained by ruthenium catalyzed additions to paraformaldehyde 

provides a set of products complementary to those obtained under the conditions of nickel 

catalysis.  

Table 1.16: Reductive coupling to paraformaldehyde. 

 

 A hydrometallative mechanism was proposed for ruthenium catalyzed vinylation 

(Scheme 1.9).
28b

 An in-situ counterion exchange of a trifluoroacetate ligand with iodide 

generates the active catalyst, Ru(O2CCF3)(I)(CO)(PPh3)2. Protonolysis of the remaining 

trifluoroacetate ligand with formic acid (not shown) followed by β-hydride elimination generates 

RuH(I)(CO)(PPh3)2 and carbon dioxide. Regioselective hydrometallation occurs producing a 

vinyl ruthenium intermediate which undergoes carbonyl addition. The ruthenium alkoxide thus 

formed is cleaved with trifluoroacetic acid to release the product and regenerate the active 

catalyst.  
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Scheme 1.9: Proposed mechanism for ruthenium catalyzed vinylation.  

 

1.8 Conclusion 

 Modern methods for C-C bond construction have focused on avoiding the use of 

preformed organometallic reagents as nucleophiles for carbonyl addition. The departure from 

these reagents is clearly chronicled in the evolution of protocols developed for the vinylation of 

carbonyl compounds. At present, state of the art methods for carbonyl vinylation employ alkynes 

as pronucleophiles thus minimizing the waste generation and preactivation required by more 

traditional vinylation procedures. Furthermore, the progression of the field has continued by the 

refinement of reductants used for this class of reactions where environmentally friendly 

reductants such as hydrogen gas are employed, thus enabling complete atom economy to be 

achieved. Additionally, recent discoveries have unveiled the potential of using hydrogen 

embedded in substrate alcohols as the reductant for these transformations which also presents an 

alternative avenue for byproduct free couplings to be achieved.  Continued research in this area 

will undoubtedly focus on improving efficiency and selectivity for carbonyl vinylations of this 

type. The future holds enormous potential for the application of this newly developed reactivity 

mode in the context of complex molecule synthesis.   
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Chapter 2: Transfer Hydrogenative Carbonyl Allylation 

2.1 Introduction 

The efficient construction of C-C bonds plays a central role in the progression of 

synthetic organic chemistry. Among the many methods that have been developed, carbonyl 

allylation has emerged a powerful tool for the construction of complex molecules, and are 

especially useful for the synthesis of polyketide natural products.
31

 Asymmetric protocols for 

carbonyl allylation have been realized by employing chirally modified allyl metal reagents
32

 or 

allyl metal reagents used in conjunction with chiral Lewis acid or chiral Lewis base catalysts.
33

 

These methods require the use of preformed allyl metal reagents and consequently generate 

stoichiometric amounts of metallic waste which can be problematic in large scale applications. 

Additionally, the preactivation associated with the preparation of these reagents increases cost 

and waste generation. Other methods for catalytic carbonyl allylation include the reduction of 

metallo-π-allyls derived from allylic alcohols, allylic carboxylates or allylic halides, which 

require stoichiometric amounts of metalic terminal reductants for catalytic turnover. 

In an effort to address the limitations of using stoichiometrically preformed 

organometallic reagents, transition metal catalyzed C-C bond formations have been developed 

which employ π-unsaturates as unstabilized carbanion equivalents.
34

 Though many of these 

methods still employ stoichiometric amounts of metallic reductant; protocols employing 

hydrogen as terminal reductant enable byproduct free carbonyl addition.
35

 Recently it was found 

that byproduct free carbonyl allylation could be achieved via iridium catalyzed hydrogenation of 

dimethyl allene in the presence of activated aldehydes or ketones.
36

 Interestingly, attempted 

coupling of allene gas delivered good conversions of C-C bond formation; however, 
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overreduction of the olefinic product was problematic (Scheme 2.1). This observation indicated 

that precise control of the terminal reductant would be needed for further development of this 

reaction. 

Scheme 2.1: Iridium catalyzed carbonyl allylation employing hydrogen as reductant. 

 

 Inspiration for the precise control of reductant was gleaned from metal catalyzed 

condensation reactions of alcohols.
37

 These reactions represent environmentally friendly methods 

for alkylation of stabilized carbanions without the need for alcohol preactivation. These so-called 

hydrogen auto-transfer processes rely on a metal catalyst to dehydrogenate a substrate alcohol, 

thus catalytically generating an aldehyde electrophile. In the presence of a stabilized nucleophile, 

condensation occurs. Hydrogen is then transferred from the catalyst back to the substrate 

resulting in olefinic reduction to deliver the saturated product (Figure 2.1, left). We postulated 

that metal catalyzed dehydrogenation of an alcohol, in the presence of an appropriate base, 

would generate an aldehyde electrophile and a metal hydride. It was envisioned that the metal 

hydride could hydrometallate an allene and thus catalytically generate an allyl metal reagent. 

Coupling of this reagent to the aldehyde generated in-situ followed by protonolysis would 

regenerate the catalyst and provide the product of carbonyl allylation in the absence of 

stoichiometric byproducts (Figure 2.1, right).     
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Figure 2.1: Mechanistic hypothesis. 

 

2.2 Reaction Development 

2.21 Iridium Catalyzed Carbonyl Allylation Employing Allenes as 

Pronucleophiles 

 Experiments designed to investigate the hypothetical coupling of allenes to alcohols by 

way of transfer hydrogenation were conducted. In an initial attempt, a solution of dimethyl allene 

and p-nitrobenzyl alcohol 1a was exposed to the conditions of iridium catalyzed hydrogenative 

carbonyl allylation. In the absence of hydrogen gas, coupling was observed to furnish reverse 

prenylated adduct 2a in 35% Yield (Scheme 2.2). Further optimization of these conditions 

enabled coupling of dimethyl allene to activated alcohols to be achieved in good to excellent 

yields (Table 2.1, entries 1-6).
38

  

Scheme 2.2: Initial discovery. 
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 With these conditions in hand, we reexamined couplings to methyl allene and allene gas. 

Under these conditions the products of carbonyl crotylation and allylation respectively could be 

obtained in the absence of overreduction byproducts (Table 2.1, entries 7-10). Crotylation 

products were obtained in good yields albeit with poor levels of diastereocontrol (Table 2.1, 

entries 7-9). Unfortunately, only small amounts of product 2j could be obtained alcohol 

oxidation level employing allene gas (Table 2.1, entry 10). Here, the diminished efficiency could 

be attributed to propyne contamination in the commercial reagent (a common impurity) or could 

be the result of issues associated with mass transfer.
39

 

Table 2.1: Iridium catalyzed carbonyl allylation from the alcohol oxidation level. 

 

 In allylations performed from the alcohol oxidation level the substrate alcohol serves as 

the source of reductant. Considering the high efficiencies observed in couplings to alcohols we 

postulated that additions from the aldehyde oxidation level could be achieved if a sacrificial 

alcohol was used as an external reductant. To avoid cross reactivity with the aldehyde substrate, 

secondary alcohols were screened as potential reductants for carbonyl allylation with aldehyde 
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electrophiles. Here we found that isopropanol, a green and cost effective reductant, could be used 

to obtain the desired adducts 2a-j using aldehydes as electrophiles. Under these conditions, 

acetone is produced as the only stoichiometric byproduct and the isolated yields are comparable 

to those observed employing alcohols as coupling partners (Table 2.2, entries 1-10). Notably, the 

isolated yield of allylation product 2j was dramatically increased (Table 2.2, entry 10). 

Table 2.2: Iridium catalyzed carbonyl allylation from the aldehyde oxidation level. 

 

 By using alcohols as reductants for iridium catalyzed carbonyl allylation, products of 

overreduction can be avoided. More importantly, carbonyl additions from the alcohol oxidation 

level employing allenes as pronucleophiles enable byproduct free carbonyl allylation. The ability 

to perform these additions from either oxidation level of substrate presents a flexible approach 

for synthesis where redox adjustments often hinder efficiency. To continue our study of modern 

methods for C-C bond construction we sought to apply the principles detailed in this study 

toward other traditional carbonyl addition reactions using various π-unsaturates.  
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2.22 Iridium Catalyzed Carbonyl Allylation Employing 1,3-

Cyclohexadiene 

 To explore couplings from the alcohol oxidation level with other π-unsaturates we turned 

our attention to conjugated dienes. Catalytic methods for the coupling of dienes to aldehydes 

exist and have been demonstrated in intra-
40

 and intermolecular
41

 settings. More recently, 

asymmetric protocols for these transformations have been developed.
41k,l

 In our initial assay, we 

found that simple conjugated acyclic dienes were not efficient coupling partners under the 

catalytic conditions reported for allenes. However, attempts to use 1,3-cyclohexadiene were 

more promising. Here, moderate yields of carbonyl allylation product could be obtained. During 

this study, we encountered reproducibility problems associated with the commercially available 

1,3-cyclohexadiene. Interestingly, it appeared that halide contaminants arising from the synthesis 

of the reagent were allowing the reaction to proceed efficiently. Notably, use of freshly distilled 

1,3-cyclohexadiene failed in reactions using cationic iridium catalysts. This finding lead us to 

exchange the cationic catalyst [Ir(cod)(BIPHEP)]BARF for the neutral [Ir(cod)Cl]2 dimer. This 

change resulted in reproducible yields, however, only moderate conversions were observed.  

 Given the adventitious effect of halide on the reaction, we screened a variety of halogenic 

additives.
42

 We found that the iodide additive, Bu4NI, was particularly effective for this 

transformation, however, the precise role of this additive remains unclear. Minor modifications 

to the other experimental variables lead to a generally useful set of reaction conditions.
43

 Under 

these conditions, 1,3-cyclohexadiene couples to a variety of aryl alcohols in moderate to 

excellent yields (Table 2.3, entries 1-6). In all cases, only the syn-diastereomer was observed, 

however, minor amounts of olefin isomerization contaminated the isolated product. The 
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stereochemical assignment of product 4a was made by comparison to literature NMR data. 

Additionally, 4a and 5a were demonstrated to be regioisomers (rather than diastereomers) by 

Dess-Martin oxidation which produces a pair of isomeric ketones. Lastly, heteroaromatic 

alcohols were also found to be competent coupling partners delivering adducts 4g-i in good yield 

(Table 2.3, entries 7-9). 

Table 2.3: Iridium catalyzed allylation from the alcohol oxidation level employing 

cyclohexadiene. 

87%

80%

94%

95%

95%

63%

61%

85%

64%

Entry Yield

1

2

3

4

5

6

7

8

9

Ph

2-MeO-Ph

4-CN-Ph

4-CO2Me-Ph

3-MeO-Ph

3-NO2-4-Br-Ph

5-piperonyl

2-thienyl

N-Me-2-indolyl

R

R

[Ir(cod)Cl]2 (3.75 mol%)

BIPHEP (7.5 mol%)

Bu4NI (10 mol%),

DCE (1 M),

65 °C

dr

>95:5

>95:5

>95:5

>95:5

>95:5

>95:5

>95:5

>95:5

>95:5

OH

4a-i

Product

4a

4b

4c

4d

4e

4f

4g

4h

4i

OH

R

4:5

13:1

5:1

6:1

7:1

9:1

15:1

11:1

6:1

8:1

5a-i

OH

R

 

 As was observed in our previous studies employing allenes as pronucleophiles,
38

 

carbonyl additions from the aldehyde oxidation level can be achieved when isopropanol is used 

as an external reductant. Slight increase of temperature (65 °C to 70 °C) and change of solvent 

(DCE to PhMe) enables the efficient coupling of 1,3-cyclohexadiene to the corresponding 

aldehydes  thus delivering an identical set of products 4a-i in good to excellent yield (Table 2.4, 

entries 1-9). Notably, in the case of aldehyde coupling, a reduced amount of olefin isomerization 

is observed. Thus, carbonyl addition products 4a-i are accessible from either oxidation level of 

substrate.  
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Table 2.4: Iridium catalyzed allylation from the aldehyde oxidation level employing 

cyclohexadiene. 

76%

96%

66%

61%

88%

73%

92%

89%

77%

Entry Yield

1

2

3

4

5

6

7

8

9

Ph

2-MeO-Ph

4-CN-Ph

4-CO2Me-Ph

3-MeO-Ph

3-NO2-4-Br-Ph

5-piperonyl

2-thienyl

N-Me-2-indolyl

R

R

[Ir(cod)Cl]2 (3.75 mol%)

BIPHEP (7.5 mol%)

i-PrOH (400 mol%)

Bu4NI (10 mol%),

PhMe (1 M),70 °C

dr

>95:5

>95:5

>95:5

>95:5

>95:5

>95:5

>95:5

>95:5

>95:5

O

4a-i

Product

4a

4b

4c

4d

4e

4f

4g

4h

4i

OH

R

4;5

25:1

11:1

25:1

33:1

17:1

33:1

7:1

10:1

7:1

5a-i

OH

RH

 

 A plausible mechanism for this reaction involves iridium catalyzed alcohol 

dehydrogenation to catalytically generate our electrophile and an iridium hydride. 

Hydrometallation of 1,3-cyclohexadiene could occur producing an iridium allyl species which 

could engage the aldehyde in a closed six centered transition state to deliver the syn-adduct. 

Protonolysis of the iridium alkoxide would release the alcohol product and regenerate the 

catalyst. Regioisomers 5a-i likely arise via metal hydride mediated isomerization of the coupling 

product. This interpretation is supported by the decreased levels of 5a-i observed upon NMR 

analysis of the reaction mixture at low conversion. Additionally, isotopic labeling studies 

corroborate the proposed mechanism.
43

 

 

 

 



32 

 

2.3 Conclusion 

 In summary, this research represents the first reports of byproduct free carbonyl allylation 

from the alcohol oxidation level.
38,43

 These studies demonstrate that allenes and 1,3- 

cyclohexadiene can serve as environmentally friendly surrogates to preformed allyl metal 

reagents. Additionally, isopropanol was shown to be a viable reductant for additions from the 

aldehyde oxidation level. Lastly, the knowledge gained from this research provided the platform 

for developing additional carbonyl additions via transfer hydrogenation where new classes of π-

unsaturates were explored. 
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2.4 Experimental Section 

General Experimental Details. All reactions were run under an atmosphere of argon, unless 

otherwise indicated. Anhydrous solvents were transferred via oven-dried syringe. Flasks were 

flame-dried and cooled under a stream of nitrogen. Dichloroethane, dichloromethane and ethyl 

acetate were distilled from CaH2 and sparged with argon prior to use. Toluene was passed 

through a column of Al2O3 and sparged with argon immediately prior to use. BIPHEP was used 

as received from Strem Chemicals. Dimethylallene and methylallene were used as received from 

Fluka. 1,3-Cyclohexadiene (Acros) was distilled immediately prior to use. Isopropanol was used 

as received from Fisher. Allene gas was used as received from SynQuest. Commercially 

available aldehydes were purified by distillation or recrystallisation. Analytical thin-layer 

chromatography (TLC) was carried out using 0.2-mm commercial silica gel plates (DC-

Fertigplatten Kieselgel 60 F254). Preparative column chromatography employing silica gel was 

performed according to the method of Still.
44

 

Solvents for chromatography are listed as 

volume/volume ratios. Infrared spectra were recorded on a Perkin-Elmer 1600 spectrometer. 

High-resolution mass spectra (HRMS) were obtained on a Karatos MS9 and are reported as m/z 

(relative intensity). Accurate masses are reported for the molecular ion [M+H]
+
 or a suitable 

fragment ion. Melting points were obtained on a Thomas-Hoover Unimelt apparatus and are 

uncorrected. Proton nuclear magnetic resonance (
1
H NMR) spectra were recorded with a Varian 

Gemini (400 MHz or 300MHz) spectrometer. Chemical shifts are reported in delta (δ) units, 

parts per million (ppm) downfield from tetramethylsilane. Coupling constants are reported in 

Hertz (Hz). Carbon-13 nuclear magnetic resonance (
13

C NMR) spectra were recorded with a 

Varian Gemini 300 (75 MHz) or 400 (100 MHz) spectrometer. Chemical shifts are reported in 

delta (δ) units, ppm relative to the center of the triplet at 77.0 ppm for deuteriochloroform. 
13

C 
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NMR spectra were routinely run with broadband decoupling. Where mixtures of diastereomers 

have been characterized together, they are referred to as A and B. Compound numbers used in the 

experimental section correspond to those employed in this chapter. 

Procedure for the Preparation of [Ir(cod)BIPHEP]BARF: [Ir(cod)Cl]2 (100 mg, 0.15 mmol, 

100 mol%) and BIPHEP (164 mg, 0.30 mmol, 200 mol%) were dissolved in freshly distilled 

DCM (1.5 mL, 0.1 M). This solution was added in one portion to a suspension of NaBARF (264 

mg, 0.30 mmol, 200 mol%) in freshly distilled DCM (2 mL). The reaction mixture was stirred at 

room temperature for 45 minutes and then filtered through a pad of MgSO4. Workup of the 

reaction mixture did not involve air-free procedures. Hexane (20 mL) was added causing the 

precipitation of a brown solid which was isolated by filtration. This material was then was 

recrystallized from DCM/hexane (1:2) to afford [Ir(cod)BIPHEP]BARF (302 mg, 59% yield) as 

a burgundy colored powder. 

1
H NMR (400 MHz, CDCl3): 7.70-7.29 (m, 32H), 7.19-6.94 (m, 8H), 6.34 (d, J = 7.7 Hz, 2H), 

4.40 (m, 2H), 4.08 (q, J = 7.4 Hz, 2H), 2.41 (m, 4H), 1.86 (m, 2H), 1.66 (m, 2H). 
31

P NMR (161 

MHz, CDCl3): 14.13 
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Experimental Procedures and Spectroscopic Data for Reverse Prenylated Adducts 2a-2j 

General Procedure A (for coupling dimethylallene to alcohols): To a reaction tube (ca. 18 

mm × 180 mm including the condenser), fitted with reflux condenser and magnetic stirrer, was 

added [Ir(cod)BIPHEP]BARF (5 mol%), Cs2CO3 (5 mol%) and the corresponding alcohol (0.30 

mmol, 100 mol%). DCE-EtOAc (0.30 mL, 1:1 v/v, 1.0 M concentration with respect to the 

alcohol) and then dimethylallene (1.2 mmol, 400 mol%) were added and the mixture was heated 

at 75 
o
C for the time stated. The mixture was then concentrated in vacuo and purified by flash 

column chromatography (SiO2), under the conditions noted, to afford the corresponding reverse 

prenylated adduct. 

General Procedure B (for coupling dimethylallene to aldehydes): To a reaction tube (ca. 18 

mm × 180 mm including the condenser), fitted with reflux condenser and magnetic stirrer, was 

added [Ir(cod)BIPHEP]BARF (5 mol%), Cs2CO3 (5 mol%) and the corresponding carbonyl 

compound (0.30 mmol, 100 mol%). DCE-EtOAc (0.30 mL, 1:1 v/v, 1.0 M concentration with 

respect to the carbonyl compound), isopropanol (200 mol%) and then dimethylallene (1.2 mmol, 

400 mol%) were added and the mixture was heated at 75 
o
C for the time stated. The mixture was 

then concentrated in vacuo and purified by flash column chromatography (SiO2), under the 

conditions noted, to afford the corresponding reverse prenylated adduct. 
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2,2-Dimethyl-1-(4-nitrophenyl)but-3-en-1-ol (2a) 

OH

Me Me
O2N  

Procedure A (via alcohol 1a): After heating the reaction at 75 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (61 mg, 92%) as a colorless, crystalline solid. 

Procedure B (via aldehyde 3a): After heating the reaction at 75 
o
C for 45 minutes the mixture 

was concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 

19/1) to afford the title compound (60 mg, 90%) as a colorless, crystalline solid. 

1
H NMR (400 MHz, CDCl3): 8.17 (d, J = 8.6 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 5.87 (dd, J = 

17.4, 10.8 Hz, 1H), 5.19 (dd, J = 10.8, 1.2 Hz, 1H), 5.09 (dd, J = 17.4, 1.2 Hz, 1H), 4.54 (d, J = 

2.9 Hz, 1H), 2.21 (d, J = 2.9 Hz, 1H), 1.03 (s, 3H), 0.97 (s, 3H). 
13

C NMR (100 MHz, CDCl3): 

148.3, 147.5, 144.3, 128.9, 128.8, 115.2, 79.9, 42.7, 24.4, 21.1. HRMS (CI) Calcd. for 

C12H16NO3 [M+H]
+
: 222.1130, Found: 222.1125. FTIR (neat): 3540, 3082, 2968, 1605, 1518, 

1347, 1180, 1055, 1013, 919, 852 cm
-1

. M.P. 66-68 
o
C (CH2Cl2-hexane) 

The spectroscopic properties of this compound were consistent with our previously reported 

data.
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2,2-Dimethyl-1-phenylbut-3-en-1-ol (2b) 

OH

Me Me
 

Procedure A (via alcohol 1b): After heating the reaction at 75 
o
C for 16.5 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (48 mg, 90%) as a colorless oil. 

Procedure B (via aldehyde 3b): After heating the reaction at 75 
o
C for 15.5 hours the mixture 

was concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 

19/1) to afford the title compound (43 mg, 81%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3): 7.34-7.24 (m, 5H), 5.92 (dd, J = 17.4, 10.8 Hz, 1H), 5.14 (dd, J = 

10.8, 1.2 Hz, 1H), 5.08 (dd, J = 17.4, 1.2 Hz, 1H), 4.44 (d, J = 2.9 Hz, 1H), 2.01 (d, J = 2.9 Hz, 

1H), 1.02 (s, 3H), 0.96 (s, 3H). 
13

C NMR (100 MHz, CDCl3): 145.3, 141.0, 128.0, 127.7, 127.6, 

114.1, 80.9, 42.5, 24.7, 21.2. FTIR (neat): 3441, 2964, 1636, 1493, 1452, 1378, 1187, 1050, 

1024, 913 cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
45
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1-(4-Methoxyphenyl)-2,2-dimethylbut-3-en-1-ol (2c) 

OH

Me Me
MeO  

Procedure A (via alcohol 1c): After heating the reaction at 75 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (43 mg, 70%) as a colorless oil. 

Procedure B (via aldehyde 3c): After heating the reaction at 75 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (51 mg, 83%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3): 7.22 (d, J = 8.7 Hz, 2H), 6.85 (d, J = 8.7 Hz, 2H), 5.86 (dd, J = 

17.6, 10.8 Hz, 1H), 5.13 (dd, J = 10.8, 1.2 Hz, 1H), 5.07 (dd, J = 17.6, 1.2, 1H), 4.39 (d, J = 2.3, 

1H), 3.80 (s, 3H), 1.97 (d, J = 2.3 Hz, 1H), 1.00 (s, 3H), 0.94 (s, 3H). 
13

C NMR (100 MHz, 

CDCl3): 159.1, 145.4, 133.2, 129.0, 114.0, 113.1, 80.5, 55.5, 42.6, 24.8, 21.2. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
46
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1-(3-Methoxyphenyl)-2,2-dimethylbut-3-en-1-ol (2d) 

OH

Me Me

MeO

 

Procedure A (via alcohol 1d): After heating the reaction at 75 
o
C for 21 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (47 mg, 76%) as a colorless oil. 

Procedure B (via aldehyde 3d): After heating the reaction at 75 
o
C for 15.5 hours the mixture 

was concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 

19/1) to afford the title compound (43 mg, 70%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3): 7.22 (dd, J = 8.0, 7.8 Hz, 1H), 6.89-6.85 (m, 2H), 6.81 (ddd, J = 

8.0, 2.7, 1.2 Hz, 1H), 5.86 (dd, J = 17.6, 10.8 Hz, 1H), 5.14 (dd, J = 10.8, 1.2 Hz, 1H), 5.07 (dd, 

J = 17.6, 1.2 Hz, 1H), 4.40 (d, J = 2.5 Hz, 1H), 3.80 (s, 3H), 2.07 (d, J = 2.5, 1H), 1.02 (s, 3H), 

0.97 (s, 3H). 
13

C NMR (100 MHz, CDCl3): 159.2, 145.3, 142.7, 128.6, 120.6, 114.1, 113.8, 

112.9, 80.8, 55.4, 42.5, 24.8, 21.4. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
47
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2,2-Dimethyl-1-thiophen-2-ylbut-3-en-1-ol (2e) 

OH

Me Me

S

 

Procedure A (via alcohol 1e): After heating the reaction at 75 
o
C for 15.5 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (37 mg, 68%) as a colorless oil. 

Procedure B (via aldehyde 3e): After heating the reaction at 75 
o
C for 15.5 hours the mixture 

was concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 

19/1) to afford the title compound (44 mg, 81%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3): 7.23 (dd, J = 4.7, 1.6 Hz, 1H), 6.98-6.93 (m, 2H), 5.97 (dd, J = 

17.6, 10.8 Hz, 1H), 5.17 (dd, J = 10.8, 1.4 Hz, 1H), 5.13 (dd, J = 17.6, 1.4 Hz, 1H), 4.70 (d, J = 

3.1 Hz, 1H), 2.16 (d, J = 3.1 Hz, 1H), 1.08 (s, 3H), 1.04 (s, 3H). 
13

C NMR (100 MHz, CDCl3): 

144.7, 126.3, 125.7, 124.6, 114.6, 77.7, 42.5, 24.5, 21.7 (only 9 signals were observed). FTIR 

(neat): 3443, 3081, 2964, 2869, 1638, 1466, 1382, 1021, 914, 853, 829 cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
48 
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2-(2-Hydroxy-3,3-dimethylpent-4-enyl)-isoindole-1,3-dione (2f) 

OH

Me Me

N

O

O  

Procedure A (via alcohol 1f): In a modification to Procedure A, increased loadings of 

[Ir(cod)BIPHEP]BARF (10 mol%) and Cs2CO3 (10 mol%) were employed. After heating the 

reaction at 75 
o
C for 15 hours the mixture was concentrated in vacuo and purified by flash 

column chromatography (SiO2, hexanes/EtOAc 4/1) to afford the title compound (65 mg, 84%) 

as a colorless oil. 

Procedure B (via aldehyde 3f): In a modification to Procedure B, increased loadings of 

[Ir(cod)BIPHEP]BARF (10 mol%), Cs2CO3 (10 mol%), isopropanol (400 mol%) and 

dimethylallene (800 mol%) were employed. After heating the reaction at 75 
o
C for 15.5 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 

hexanes/EtOAc 4/1) to afford the title compound (44 mg, 57%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3): 7.85 (dd, J = 5.5, 3.1 Hz, 2H), 7.72 (dd, J = 5.5, 3.1 Hz, 2H), 5.94 

(dd, J = 17.6, 11.0 Hz, 1H), 5.17-5.10 (m, 2H), 3.89 (d, J = 11.7, 1H), 3.69-3.62 (m, 2H), 2.23 

(d, J = 5.9, 1H), 1.14 (s, 6H). 
13

C NMR (100 MHz, CDCl3): 169.2, 143.9, 134.3, 132.2, 123.6, 

114.2, 77.0, 41.2 (2 signals), 23.5, 22.7. HRMS (CI) Calcd. for C15H18NO3 [M+H]
+
: 260.1287, 

Found: 260.1288. FTIR (neat): 3512, 2965, 1771, 1711, 1397, 1189, 1078, 1024, 913, 717 cm
-1

. 

The spectroscopic properties of this compound were consistent with our previously reported 

data.
35b
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Experimental Procedures and Spectroscopic Data for Crotylated Adducts 2g-i 

General Procedure C (for coupling methylallene to alcohols): To a reaction tube (ca. 18 mm 

× 180 mm including the condenser), fitted with reflux condenser and magnetic stirrer, was added 

[Ir(cod)BIPHEP]BARF (7.5 mol%), Cs2CO3 (7.5 mol%), the corresponding alcohol (0.30 mmol, 

100 mol%), and a mixture of DCE-EtOAc (0.50 mL, 1:1 v/v, 0.6 M concentration with respect to 

the alcohol). Methylallene (ca. 1.2 mmol, ca. 100 µL, 400 mol %) was condensed into a 1 dram 

vial at -78 
o
C and dissolved in DCE-EtOAc (0.50 mL, 1:1 v/v). This solution was then 

immediately transferred to the reaction tube and the resulting mixture was heated at 75 
o
C for the 

time stated. The mixture was then concentrated in vacuo and purified by flash column 

chromatography (SiO2), under the conditions noted, to afford the corresponding crotylated 

adduct. 

General Procedure D (for coupling methylallene to aldehydes): To a reaction tube (ca. 18 

mm × 180 mm including the condenser), fitted with reflux condenser and magnetic stirrer, was 

added [Ir(cod)BIPHEP]BARF (7.5 mol%), Cs2CO3 (7.5 mol%), the corresponding carbonyl 

compound (0.30 mmol, 100 mol%), isopropanol (400 mol%) and a mixture of DCE-EtOAc (0.50 

mL, 1:1 v/v, 0.6 M concentration with respect to the carbonyl compound). Methylallene (ca. 1.2 

mmol, ca. 100 µL, 400 mol %) was condensed into a 1 dram vial at -78 
o
C and dissolved in 

DCE-EtOAc (0.50 mL, 1:1 v/v). This solution was then immediately transferred to the reaction 

tube and the resulting mixture was heated at 75 
o
C for the time stated. The mixture was then 

concentrated in vacuo and purified by flash column chromatography (SiO2), under the conditions 

noted, to afford the corresponding crotylated adduct. 
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2-Methyl-1-(4-nitrophenyl)but-3-en-1-ol (2g) 

OH

Me
O2N  

Procedure C (via alcohol 1a): After heating the reaction at 75 
o
C for 14 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 9/1) to 

afford the title compound (51 mg, 82%, 1.5:1 d.r. A:B) as a yellow oil. 

Procedure D (via aldehyde 3a): After heating the reaction at 75 
o
C for 14 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 9/1) to 

afford the title compound (52 mg, 83%, 1.3:1 d.r. A:B) as a yellow oil. 

1
H NMR (400 MHz, CDCl3): 8.19-8.16 (m, 4H), 7.49-7.45 (m, 4H), 5.80-5.67 (m, 2H), 5.21-

5.04 (m, 4H), 4.76-4.74 (m, 1H of B), 4.49 (dd, J = 7.2, 2.2 Hz, 1H of A), 2.60-2.56 (m, 1H of B), 

2.47-2.41 (m, 1H of A), 2.30 (d, J = 2.2 Hz, 1H of A), 2.11 (d, J = 3.4 Hz, 1H of B), 0.94 (d, J = 

6.8 Hz, 3H of B), 0.91 (d, J = 6.8 Hz, 3H of A) 
13

C NMR (100 MHz, CDCl3): 149.8, 149.7, 

146.3, 146.2, 139.3, 139.2, 127.6, 127.2, 123.4, 123.3, 118.0, 116.7, 76.8, 76.0, 46.6, 44.6, 16.3, 

13.2. HRMS (CI) Calcd. for C11H14NO3 [M+H]
+
: 208.0978, Found: 208.0974. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
49
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2-Methyl-1-phenylbut-3-en-1-ol (2h) 

OH

Me
 

Procedure C (via alcohol 1b): After heating the reaction at 75 
o
C for 14 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, pentane/Et2O 9/1) to 

afford the title compound (34 mg, 69%, 1:1 d.r.) as a yellow oil. 

Procedure D (via aldehyde 3b): After heating the reaction at 75 
o
C for 14 hours the mixture 

was concentrated in vacuo and purified by flash column chromatography (SiO2, pentane/Et2O 

9/1) to afford the title compound (38 mg, 77%, 1:1 d.r.) as a yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.28-7.17 (m, 10H), 5.78-5.64 (m, 2H), 5.16-5.93 (m, 2H), 5.01-

4.95 (m, 2H), 4.54 (dd, J = 5.3, 3.5 Hz, 1H), 4.28 (dd, J = 8.0, 2.5 Hz, 1H), 2.55-2.47 (m, 1H), 

2.45-2.36 (m, 1H), 2.10 (d, J = 2.5 Hz, 1H), 1.91 (d, J = 3.5 Hz, 1H), 0.93 (d, J = 6.8 Hz, 3H), 

0.79 (d, J = 6.8 Hz, 3H) 
13

C NMR (100 MHz, CDCl3): 142.5, 142.3, 140.6, 140.2, 128.2, 128.0, 

127.6, 127.3, 126.8, 126.4, 116.8, 115.5, 77.8, 77.2, 46.3, 44.6, 16.5, 13.9. HRMS (CI) Calcd. 

for C11H15O [M+H]
+
: 163.1124, Found: 163.1123. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
49
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1-(4-Methoxyphenyl)-2-methylbut-3-en-1-ol (2i) 

OH

Me
MeO  

Procedure C (via alcohol 1c): After heating the reaction at 75 
o
C for 14 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 9/1) to 

afford the title compound (42 mg, 72%, 1.3:1 d.r. A:B) as a yellow oil. 

Procedure D (via aldehyde 3c): After heating the reaction at 75 
o
C for 14 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 9/1) to 

afford the title compound (46 mg, 79%, 1.3:1 d.r. A:B) as a yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.25-7.18 (m, 4H), 6.87-6.84 (m, 4H), 5.84-5.66 (m, 2H), 5.21-

5.14 (m, 2H), 5.04-4.99 (m, 2H), 4.51 (dd, J = 5.7, 1.6 Hz, 1H of B), 4.27 (d, J = 8.0 Hz, 1H of 

A), 3.78 (s, 6H), 2.57-2.49 (m, 1H of B), 2.48-2.38 (m, 1H of A), 2.14 (d, J = 2.0 Hz, 1H of A), 

1.94 (d, J = 2.6 Hz, 1H of B), 1.00 (d, J = 6.7 Hz, 3H of B), 0.82 (d, J = 6.8 Hz, 3H of A). 
13

C 

NMR (100 MHz, CDCl3): 159.0, 158.8, 140.9, 140.3, 134.7, 134.5, 127.9, 127.6, 116.7, 115.4, 

113.6, 113.4, 77.4, 77.1, 55.2 (2 signals), 46.4, 44.6, 16.5, 14.3. HRMS (CI) Calcd. for C12H17O2 

[M+H]
+
: 193.1232, Found: 193.1229. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
49
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Experimental Procedures and Spectroscopic Data for Allylated Adduct 2j 

1-(4-Nitrophenyl)-but-3-en-1-ol (2j) 

OH

O2N  

Via alcohol 1a: To a reaction tube (ca. 18 mm × 180 mm including the condenser), fitted with 

reflux condenser and magnetic stirrer, was added [Ir(cod)BIPHEP]BARF (5 mol%), Cs2CO3 (5 

mol%), the corresponding alcohol (0.30 mmol, 100 mol%) and a mixture of DCE-EtOAc (0.30 

mL, 1:1 v/v, 1.0 M concentration with respect to the alcohol). A 1.6 L gas sampling bag 

(Aldrich) was charged with allene gas and this was bubbled directly, via cannula (20 gauge), into 

the reaction mixture which was held at 75 
o
C for 14 hours. During this time a slight positive 

pressure was applied to the allene gas bag by means of a small weight (ca. 85 g) and pressure 

relief from the reaction vessel was provided by an additional, empty gas bag. This ensured a 

continual flow of allene through the mixture for the entire reaction period (no recharging of the 

gas bag was necessary). The mixture was then concentrated in vacuo and purified by flash 

column chromatography (SiO2, PhMe/EtOAc 19/1) to afford the title compound (14 mg, 23%) as 

a yellow oil.   

Via aldehyde 3a: To a reaction tube (ca. 13 mm × 180 mm including the condenser), fitted with 

reflux condenser and magnetic stirrer, was added [Ir(cod)BIPHEP]BARF (5 mol%), Cs2CO3 (5 

mol%), the corresponding carbonyl compound (0.30 mmol, 100 mol%), isopropanol (400 mol%) 

and a mixture of DCE-EtOAc (0.30 mL, 1:1 v/v, 1.0 M concentration with respect to the 

carbonyl compound). A 1.6 L gas sampling bag (Aldrich) was charged with allene gas and this 

was bubbled directly, via cannula (20 gauge), into the reaction mixture which was held at 75 
o
C 
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for 14 hours. During this time a slight positive pressure was applied to the allene gas bag by 

means of a small weight (ca. 85 g) and pressure relief from the reaction vessel was provided by 

an additional, empty gas bag. This ensured a continual flow of allene through the mixture for the 

entire reaction period (no recharging of the gas bag was necessary). The mixture was then 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (29 mg, 50%) as a yellow oil. 

1
H NMR (400 MHz, CDCl3): 8.21 (d, J = 8.5 Hz, 2H), 7.40 (d, J = 8.5 Hz, 2H), 5.79 (m, 1H), 

5.22-5.17 (m, 2H), 4.87 (m, 1H), 2.58 (m, 1H), 2.46 (m, 1H), 2.25 (m, 1H). 
13

C NMR (100 

MHz, CDCl3): 151.1, 147.2, 133.2, 126.5, 123.6, 119.7, 72.1, 43.9.  

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
50
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Experimental Procedures and Spectroscopic Data for Adducts 4a-i 

General Procedure E (for coupling 1,3-cyclohexadiene to alcohols): To a reaction tube (ca. 

18 mm × 180 mm including the condenser), fitted with reflux condenser and magnetic stirrer, 

was added [Ir(cod)Cl]2 (7.6 mg, 0.0113 mmol, 3.75 mol%), BIPHEP (11.8 mg, 0.0225 mmol, 7.5 

mol%), Bu4NI (11.1 mg, 0.0300 mmol, 10 mol%), and the corresponding alcohol (0.3000 mmol, 

100 mol%). DCE (0.30 mL, 1:1 v/v, 1.0 M concentration with respect to the alcohol) and then 

1,3-cyclohexadiene (0.34 ml, 3.6000 mmol, 12 equiv.) were added and the mixture was heated at 

65 
o
C for the time stated. The mixture was then concentrated in vacuo and purified by flash 

column chromatography (SiO2), under the conditions noted, to afford the corresponding 1,3-

cyclohexadiene adduct. 

General Procedure F (for coupling 1,3-cyclohexadiene to aldehydes): To a reaction tube (ca. 

18 mm × 180 mm including the condenser), fitted with reflux condenser and magnetic stirrer, 

was added [Ir(cod)Cl]2 (7.6 mg, 0.0113 mmol, 3.75 mol%), BIPHEP (11.8 mg, 0.0225 mmol, 7.5 

mol%), Bu4NI (11.1 mg, 0.0300 mmol, 10 mol%), and the corresponding carbonyl compound 

(0.3000 mmol, 100 mol%). PhMe (0.30 mL, 1:1 v/v, 1.0 M concentration with respect to the 

carbonyl compound), isopropanol (0.92 ml, 1.2000 mmol, 400 mol%) and then 1,3-

cyclohexadiene (0.11 ml, 1.2000 mmol, 400 mol%) were added and the mixture was heated at 70 

o
C for the time stated. The mixture was then concentrated in vacuo and purified by flash column 

chromatography (SiO2), under the conditions noted, to afford the corresponding 1,3-

cyclohexadiene adduct. 
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(R*,S*)-Cyclohex-2-enylphenylmethanol (4a) 

OH

 

Procedure E (via alcohol 1b): After heating the reaction at 65 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (49 mg, 87%, 13:1 4a:5a) as a pale yellow oil. 

Procedure F (via aldehyde 3b): After heating the reaction at 70 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 39/1) 

to afford the title compound (43 mg, 76%, 25:1 4a:5a) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.35-7.25 (m, 5H), 5.81 (m, 1H), 5.38 (m, 1H), 4.58 (d, J = 6.6 

Hz, 1H), 2.50 (m, 1H), 2.02-1.95 (m, 2H), 1.86 (s, 1H), 1.79-1.68 (m, 2H), 1.58-1.46 (m, 2H). 

Characteristic signals for regioisomeric product 5a: 5.65 (m, 1H), 5.56 (m, 1H), 4.38 (dd, J = 7.8, 

3.1 Hz, 1H). 
13

C NMR (100 MHz, CDCl3): 142.9, 130.4, 128.2, 128.0, 127.4, 126.5, 77.4, 43.0, 

25.2, 23.9, 21.1. HRMS (CI) Calcd. for C13H17O [M+H]
+
: 189.1279, Found: 189.1284. FTIR 

(neat): 3397, 3024, 2923, 1435, 1017, 764, 701 cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
41j
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(R*,S*)-Cyclohex-2-enyl(2-methoxyphenyl)methanol (4b) 

OH OMe

 

Procedure E (via alcohol 1g): After heating the reaction at 65 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (52 mg, 80%, 5:1 4b:5b) as a colorless oil. 

Procedure F (via aldehyde 3g): After heating the reaction at 70 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 39/1) 

to afford the title compound (63 mg, 96%, 11:1 4b:5b) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.31 (dd, J = 7.4, 1.7 Hz, 1H), 7.24 (ddd, J = 15.2, 7.9, 1.7 Hz, 

1H), 6.95 (ddd, J = 15.2, 7.4, 0.7 Hz, 1H), 6.88 (d, J = 7.9 Hz, 1H), 5.78 (m, 1H), 5.36 (m, 1H), 

4.76 (dd, J = 6.2, 6.2 Hz, 1H), 3.87 (s, 3H), 2.63 (m, 1H), 2.46 (dd, J = 6.2, 2.1 Hz, 1H), 2.04-

1.94 (m, 2H), 1.83-1.66 (m, 2H), 1.64-1.44 (m, 2H). Characteristic signals for regioisomeric 

product 5b: 5.67 (m, 1H), 5.57 (m, 1H), 4.54 (dd, J = 7.8, 7.8 Hz, 1H). 
13

C NMR (100 MHz, 

CDCl3): 156.5, 130.6, 129.6, 128.7, 128.2, 128.1, 120.4, 110.4, 74.3, 55.2, 41.0, 25.2, 24.1, 21.1. 

HRMS (CI) Calcd. for C14H19O2 [M+H]
+
: 219.1385, Found: 219.1382. FTIR (neat): 3417, 

3019, 2927, 1601, 1491, 1463, 1239, 1029, 755 cm
-1

. 
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(R*,S*)-4-(Cyclohex-2-enylhydroxymethyl)benzonitrile (4c) 

OH

CN  

Procedure E (via alcohol 1h): After heating the reaction at 65 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (60 mg, 94%, 6:1 4c:5c) as a colorless oil. 

Procedure F (via aldehyde 3h): After heating the reaction at 70 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 39/1) 

to afford the title compound (42 mg, 66%, 25:1, 4c:5c) as a pale yellow oil.  

1
H NMR (400 MHz, CDCl3): 7.64 (d, J = 8.2 Hz, 2H), 7.46 (d, J = 8.2 Hz, 2H), 5.91 (m, 1H), 

5.42 (m, 1H), 4.72 (d, J = 5.5 Hz, 1H), 2.50 (m, 1H), 2.09-1.92 (m, 3H), 1.73 (m, 1H), 1.57-1.40 

(m, 3H). Characteristic signals for regioisomeric product 5c: 5.67 (m, 1H), 5.57 (m, 1H), 4.52 

(dd, J = 7.0, 2.7 Hz, 1H). 
13

C NMR (100 MHz, CDCl3): 148.1, 132.0, 131.8, 127.1, 127.0, 

118.9, 110.9, 76.2, 43.0, 25.1, 22.9, 21.0. HRMS (CI) Calcd. for C14H16NO [M+H]
+
: 214.1232, 

Found: 214.1237. FTIR (neat): 3472, 2928, 2228, 1608, 1504, 1410, 1017, 847, 724, 564 cm
-1

. 
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(R*,S*)-4-(Cyclohex-2-enylhydroxymethyl)benzoic acid methyl ester (4d) 

OH

CO2Me  

Procedure E (via alcohol 1i): After heating the reaction at 65 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (70 mg, 95%, 6:1 4d:5d) as a colorless oil. 

Procedure F (via aldehyde 3i): After heating the reaction at 70 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 39/1) 

to afford the title compound (45 mg, 61%, 33:1 4d:5d) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 8.01 (d, J = 8.1 Hz, 2H), 7.42 (d, J = 8.1 Hz, 2H), 5.86 (m, 1H), 

5.41 (m, 1H), 4.69 (d, J = 5.8 Hz, 1H), 3.91 (s, 3H), 2.51 (m, 1H), 2.08-1.90 (m, 3H), 1.74 (m, 

1H), 1.66-1.40 (m, 3H). Characteristic signals for regioisomeric product 5d: 5.66 (m, 1H), 5.56 

(m, 1H), 4.48 (dd, J = 7.4, 3.1 Hz, 1H). 
13

C NMR (100 MHz, CDCl3): 167.0, 147.9, 131.1, 

129.5, 129.1, 127.5, 126.4, 77.2, 52.1, 43.0, 25.1, 23.3, 21.0. HRMS (CI) Calcd. for C15H19O3 

[M+H]
+
: 247.1334, Found: 247.1339. FTIR (neat): 3484, 3022, 2926, 1724, 1611, 1436, 1281, 

1192, 1113, 1018, 773, 721 cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
51
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(R*,S*)-Cyclohex-2-enyl(3-methoxyphenyl)methanol (4e) 

OH

OMe

 

Procedure E (via alcohol 1d): After heating the reaction at 65 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (62 mg, 95%, 9:1 4e:5e) as a pale yellow oil. 

Procedure F (via aldehyde 3d): After heating the reaction at 70 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 39/1) 

to afford the title compound (58 mg, 88%, 17:1 4e:5e) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.25 (m, 1H), 6.94-6.88 (m, 2H), 6.81 (ddd, J = 8.2, 2.7, 1.0 Hz, 

1H), 5.81 (m, 1H), 5.38 (m, 1H), 4.54 (d, J = 6.5 Hz, 1H), 3.81 (s, 3H), 2.48 (m, 1H), 2.04-1.89 

(m, 3H), 1.82-1.63 (m, 2H), 1.60-1.43 (m, 2H). Characteristic signals for regioisomeric product 

5e: 5.66 (m, 1H), 5.56 (m, 1H), 4.36 (dd, J = 7.8, 3.1 Hz, 1H). 
13

C NMR (100 MHz, CDCl3): 

159.5, 144.6, 130.3, 129.2, 128.0, 118.8, 112.8, 111.9, 77.2, 55.2, 42.9, 25.2, 23.8, 21.1. HRMS 

(CI) Calcd. for C14H19O2 [M+H]
+
: 219.1385, Found: 219.1387. FTIR (neat): 3419, 3021, 2921, 

1601, 1486, 1435, 1257, 1154, 1045, 787, 702 cm
-1

. 
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(R*,S*)-(4-Bromo-3-nitrophenyl)cyclohex-2-enylmethanol (4f) 

NO2

Br

OH

 

Procedure E (via alcohol 1j): After heating the reaction at 65 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (59 mg, 63%, 15:1 4f:5f) as a colorless oil. 

Procedure F (via aldehyde 3j): After heating the reaction at 70 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 39/1) 

to afford the title compound (68 mg, 73%, 33:1 4f:5f) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.85 (d, J = 2.1 Hz, 1H), 7.70 (d, J = 8.2 Hz, 1H), 7.41 (dd, J = 

8.2, 2.1 Hz, 1H), 5.93 (m, 1H), 5.45  (m, 1H), 4.72 (d, J = 5.5 Hz, 1H), 2.50 (m, 1H), 2.08 (s, 

1H), 2.04-1.93 (m, 2H), 1.74 (m, 1H), 1.57-1.40 (m, 3H). Characteristic signals for regioisomeric 

product 5f: 5.67 (m, 1H), 5.57 (m, 1H), 4.55 (d, J = 6.7 Hz, 1H). 
13

C NMR (100 MHz, CDCl3): 

149.6, 144.0, 134.6, 132.3, 131.0, 126.7, 123.5, 112.7, 75.3, 42.9, 25.0, 22.7, 20.9. HRMS (CI) 

Calcd. for C13H15
79

BrNO3 [M+H]
+
: 312.0235, Found: 312.0232. FTIR (neat): 3428, 3023, 2926, 

1599, 1537, 1472, 1435, 1351, 1093, 1032, 908, 814, 734, 698 cm
-1

. 
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(R*,S*)-Benzo[1,3]dioxol-5-ylcyclohex-2-enylmethanol (4g) 

OH

O

O

 

Procedure E (via alcohol 1k): After heating the reaction at 65 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (43 mg, 61%, 11:1 4g:5g) as a pale yellow oil. 

Procedure F (via aldehyde 3k): After heating the reaction at 70 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 39/1) 

to afford the title compound (64 mg, 92%, 7:1 4g:5g) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 6.86 (s, 1H), 6.79-6.76 (m, 2H), 5.94 (s, 2H), 5.79 (m, 1H), 5.35 

(m, 1H), 4.46 (d, J = 6.8 Hz, 1H), 2.43 (m, 1H), 2.04-1.94 (m, 2H), 1.90 (s, 1H), 1.81-1.67 (m, 

2H), 1.58-1.42 (m, 2H). Characteristic signals for regioisomeric product 5g: 5.66 (m, 1H), 5.56 

(m, 1H), 4.28 (dd, J = 7.8, 2.7 Hz, 1H). 
13

C NMR (100 MHz, CDCl3): 147.5, 146.7, 137.0, 

130.2, 127.8, 120.0, 107.8, 106.9, 100.9, 77.3, 43.0, 25.2, 24.1, 21.0. HRMS (CI) Calcd. for 

C14H17O3 [M+H]
+
: 233.1178, Found: 233.1181. FTIR (neat): 3404, 3022, 2916, 1487, 1442, 

1393, 1245, 1098, 1040, 932, 869, 809, 786, 731, 678, 656 cm
-1

. 
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(R*,S*)-Cyclohex-2-enylthiophen-2-ylmethanol (4h) 

OH

S

 

Procedure E (via alcohol 1e): After heating the reaction at 65 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 19/1) 

to afford the title compound (46 mg, 79%, 6:1 4h:5h) as a pale yellow oil. 

Procedure F (via aldehyde 3e): After heating the reaction at 70 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 39/1) 

to afford the title compound (52 mg, 89%, 10:1 4h:5h) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.26 (m, 1H), 7.00-6.95 (m, 2H), 5.82 (m, 1H), 5.46 (m, 1H), 4.82 

(d, J = 6.8 Hz, 1H), 2.56 (m, 1H), 2.11-1.92 (m, 3H), 1.90-1.64 (m, 2H), 1.61-1.46 (m, 2H). 

Characteristic signals for regioisomeric product 5h: 5.66 (m, 1H), 5.57 (m, 1H), 4.67 (dd, J = 

7.8, 3.1 Hz, 1H). 
13

C NMR (100 MHz, CDCl3): 146.7, 130.5, 127.3, 126.4, 124.6, 124.4, 73.7, 

43.4, 25.2, 24.4, 21.0. HRMS (CI) Calcd. for C11H15OS [M+H]
+
: 195.0844, Found: 195.0848. 

FTIR (neat): 3398, 3021, 2920, 1650, 1435, 1306, 1236, 1191, 1142, 1090, 1012, 954, 854, 833, 

699, 654 cm
-1

. 
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(R*,S*)-Cyclohex-2-enyl(1-methyl-1H-indol-2-yl)methanol (4i) 

OH
Me
N

 

Procedure E (via alcohol 1l): In a modification to Procedure E, increased loadings of 

[Ir(cod)Cl]2 (5 mol %) and BIPHEP (10 mol %) were employed. After heating the reaction at 65 

o
C for 15 hours the mixture was concentrated in vacuo and purified by flash column 

chromatography (SiO2, PhMe/EtOAc 19/1) to afford the title compound (46 mg, 64%, 8:1 4i:5i) 

as a colorless solid. 

Procedure F (via aldehyde 3l): After heating the reaction at 70 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe/EtOAc 39/1) 

to afford the title compound (56 mg, 77%, 7:1 4i:5i) as a pale yellow solid. 

1
H NMR (400 MHz, CDCl3): 7.58 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 7.8 Hz, 1H), 7.21 (ddd, J = 

15.2, 7.8, 1.0 Hz, 1H), 7.09 (ddd, J = 15.2, 7.9, 1.0 Hz, 1H), 6.47 (s, 1H), 5.76 (m, 1H), 5.40 (m, 

1H), 4.64 (d, J = 8.5 Hz, 1H), 3.76 (s, 3H), 2.69 (m, 1H), 2.08-1.93 (m, 3H), 1.89-1.71 (m, 2H), 

1.70-1.52 (m, 2H). Characteristic signals for regioisomeric product 5i: 5.70 (m, 1H), 5.57 (m, 

1H), 4.61 (dd, J = 8.6, 5.1 Hz, 1H). 
13

C NMR (100 MHz, CDCl3): 140.9, 137.7, 130.1, 127.5, 

127.2, 121.6, 120.6, 119.5, 109.1, 99.9, 70.9, 41.1, 30.2, 25.2, 25.1, 20.9. HRMS (CI) Calcd. for 

C16H20NO [M+H]
+
: 242.1545, Found: 242.1549. FTIR (neat): 3391, 3022, 2926, 1468, 1434, 

1316, 1232, 1135, 1086, 1010, 908, 785, 733 cm
-1

. 
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Chapter 3: Transfer Hydrogenative Carbonyl Propargylation 

3.1 Introduction 

 Carbonyl propargylation represents a classical method for the construction of C-C bonds 

which is closely related to carbonyl allylation processes.
52 

This important synthetic method has 

garnered a large amount of attention from the synthetic community due to the flexibility that the 

alkyne functional group provides in the synthesis of complex natural products. The products of 

carbonyl propargylation have been demonstrated to be especially important in the context of 

polyketide synthesis (Scheme 3.1).
53 

Scheme 3.1: Polyketide natural products synthesized via propargylation. 

 

Classical protocols for carbonyl propargylation typically rely on the use of 

stoichiometrically preformed allenyl metal reagents. The first reagents of this type were allenyl 

Grignard reagents employed by Prévost et. al. affording mixtures of β-acetylenic and α-allenic 

carbinols.
54  

Product mixtures of this type are common and represent an intrinsic challenge to the 

development of synthetically useful protocols.
52a

 These products arise from the isomerization of 
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the allenyl metal reagents to the propargyl metal species prior to carbonyl addition, a process 

described as propargylic transposition (Scheme 3.2).
54

 

Scheme 3.2: Propargylic transposition. 

 

 

 In 1969 the first stereocontrolled additions of allenyl metal reagents were reported by 

Chodkiewicz and coworkers.
55

 Following these seminal reports, subsequent studies focused on 

the development of other allenyl metal reagents for carbonyl propargylation. Specifically, 

metallic reagents based on tin
56

, boron
57

, and silicon
58

 were found to be effective reagents for 

this transformation. Furthermore, the discovery of these reagents led to the development of 

enantioselective approaches (Scheme 3.3). The use of chirally modified allenyl boron reagents
59

 

proved to be an effective strategy to obtain optically enriched β-acetylenic alcohols as did the use 

of allenyl tin reagents
60

 chirally modified at the tin center. Another strategy for inducing 

stereocontrol in these reactions was developed by Marshall and coworkers employing axially 

chiral allenyl tin reagents.
61

 Axially chiral allenyl reagents based on boron
62

 and silicon
63

 soon 

followed. A major drawback to the use of these protocols for asymmetric carbonyl 

propargylation originates from the need to use a stoichiometric amount of optically pure allenyl 

metal reagent. To address this limitation, catalytic methods have emerged which employ a chiral 

Lewis acid
64

 or Lewis base
65

 to facilitate asymmetric addition. Lastly, methods have been 

developed which avoid the use of stoichiometrically preformed allenyl metal reagents. Initial 

studies by Tamaru et al. demonstrated that palladium could catalyze the formation of allenyl zinc 

reagents in-situ from the combination of propargyl benzoates and diethyl zinc.
66

 The allenyl zinc 
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reagents thus formed catalytically in-situ were shown to participate in carbonyl addition. 

Subsequent studies by Marshall and coworkers demonstrated that optically pure propargyl 

mesylates could be used under these conditions to synthesize enantioenriched homopropargylic 

alcohols via chirality transfer.
67

  

Scheme 3.3: Chiral allenyl metal reagents for carbonyl propargylation. 
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3.2 Reaction Development 

3.21 Reaction Discovery and Optimization 

 In a continuation of our efforts toward atom economical allylation processes under the 

conditions of transfer hydrogenation, we sought to develop a related propargylation protocol.
38,43

 

We envisioned that 1,3-enynes might allow for efficient access to allenyl metal species under the 

conditions of transfer hydrogenation.
68

 We hypothesized that hydrometallation of the terminal 

olefin would give rise to a propargyl metal intermediate, which upon propargylic transposition, 

would generate the desired allenyl metal reagent catalytically in-situ (Scheme 3.4).  

Scheme 3.4: 1,3-Enynes as precursors to allenyl metal reagents. 

 

 We began our investigation by employing reaction conditions previously developed in 

the group for transfer hydrogenative C-C bond formation.
38,43 

 Initial screening revealed that 

neutral Iridium (I) complexes were competent catalysts for the desired transformation delivering 

the product of carbonyl propargylation in low yield and moderate diastereoselectivity (Scheme 

3.5). Continued screening of commercial catalysts revealed that RuHCl(CO)(PPh3)3 was an 

equally competent catalyst for the desired transformation and more attractive due to the lower 

cost of ruthenium (Table 3.1, entry 4). Using this catalyst, various bidentate ligands were 

assayed. It was found that the electron rich bidentate ferrocene ligand DPPF was particularly 

effective in promoting the reaction thus delivering the propargylation product in 65% yield 

(Table 3.1, entry 8). 
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Scheme 3.5: Initial Result. 

 

Table 3.1: Catalyst and ligand optimization.  

THF (2 M), 95 °C

OH
OH

NO2

Catalyst (5 mol%)
Ligand (5 mol%)

Ph

Me

Ph

NO2

Catalyst Ligand Yield d.r.

Ru(cod)(Cl)2

Ru(Cl)2(CO)2(PPh3)2

Ru(H)2(CO)(PPh3)3

RuHCl(CO)(PPh3)3

RuHCl(CO)(PPh3)3

RuHCl(CO)(PPh3)3

RuHCl(CO)(PPh3)3

RuHCl(CO)(PPh3)3

BIPHEP

Xantphos

BIPHEP

(Rac.)-BINAP

DPPF

-----------

-----------

-----------

20%

N.P.

N.P.

Trace

11%

47%

41%

65% 1:1

----

----

1:1

1:1

1:1

1:1

1:1

DPPF

Xantphos BIPHEP

(Rac.)-BINAP

Fe

PPh2

PPh2

O

PPh2 PPh2

PPh2

PPh2

PPh2

PPh2

MeMe

1a
2 eq.

2a
1 eq.

Entry

1

2

3

4

5

6

7

8

3a

 

3.22 Reaction Scope 

To evaluate the scope of the newly developed propargylation protocol we examined a 

variety of substrates utilizing the catalyst system derived from RuHCl(CO)(PPh3)3 and DPPF.
69

 

The first class of substrates examined were benzylic alcohols 2a-2i with 1,3-phenylenyne as the 

unsaturated coupling partner. It was found that electron rich, electron neutral and electron poor 

benzylic alcohols were competent substrates delivering the desired products in moderate to 

excellent yield (Table 3.2, top). Additionally it was found that even simple allylic and aliphatic 

alcohols underwent coupling to furnish homopropargylic alcohols in good yield (Table 3.2, 
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bottom). It is important to note, that under the conditions examined, coupling products were 

obtained with uniformly low levels of diastereoselectivity.  

Table 3.2: Coupling of 1,3-phenyl enyne to benzylic, allylic, and aliphatic alcohols. 

 

To conclude our examination of substrate scope, enynes 1b-1g were synthesized with 

differing substitution at the vinylic and acetylenic positions. It was found that enynes with 

varying substitution at the acetylenic terminus were readily accommodated; however, 
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substitution at the vinylic positions resulted in low conversion to product (Table 3.3). 

Additionally, carbonyl propargylation could be conducted from the aldehyde oxidation level 

employing isopropanol as the terminal reductant (Table 3.4).  

Table 3.3: Variation of enyne. 

 

Table 3.4: Coupling to aldehydes. 
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3.23 Evaluation of Stereoselectivity-Ruthenium 

 On the basis of the broad substrate scope achieved for the newly developed 

propargylation reaction and the utility of propargylation in complex natural product synthesis, 

we sought to develop a stereoselective variant. To begin our study we focused on the coupling of 

1,3-phenylenyne to the benzylic alcohol 2p in an effort to reduce any possible substrate bias 

towards stereoselectivity. We hypothesized that by employing commercially available chiral 

bidentate phosphine ligands with varying steric and electronic properties we might be able to 

identify key structural features of the ligand necessary for stereoselectivity.  

 To efficiently screen a large sampling of ligands we wished to generate the chiral 

catalysts in situ by combining the chiral ligand and ruthenium catalyst in the reaction vessel 

rather than preforming the chiral catalyst. To determine whether this method of catalyst 

generation would be feasible for a stereoselective process we examined the propensity of our 

standard ruthenium catalysts to undergo a non-selective background reaction. Performing the 

reaction under standard conditions with the exclusion of DPPF revealed that after 15 hours 18% 

yield of coupling product 3p was observed (Table 3.5, entry 2) compared to an 85% yield when 

DPPF was present (Table 3.5, entry 1) indicating that a substantial background reaction would 

occur with this catalyst. Evaluation of the related dihydride ruthenium catalyst revealed that after 

15 hours only 6% yield of product 3p was observed (Table 3.5, entry 3) indicating that this 

catalyst would be superior for screening chiral bidentate ligands.  
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Table 3.5: Evaluation of background reaction 

 

It is known that the dihydride catalyst can be used for the generation of ruthenium 

carboxylate complexes by exposure of the catalyst to an appropriate carboxylic acid followed by 

liberation of hydrogen gas.
70

 These observations lead us to hypothesize that we might be able to 

employ various chiral/achiral acids, in addition to phosphines, to probe the effects of counter ion 

on stereoselectivity. Indeed, by utilizing (Rac.)-BINOL phosphoric acid with the dihydride 

catalyst in the presence of DPPF, we observe an identical level of reactivity with respect to our 

original conditions and a modest increase in diastereoselectivity. This result lead us to perform 

the identical reaction with optically enriched (S)-BINOL phosphoric acid which provided the 

product in comparable yield and diastereoselectivity delivering the major diastereomer in 12% 

enantiomeric excess (Table 3.5, entry 6). This result was very promising as it supported our 

hypothesis that chiral acids could be used for stereoinduction. However, screening additional 

chiral/achiral acids for the reaction lead to no improvement on reactivity or selectivity. 

The dihydride catalyst provides a versatile platform for systematically screening ligands 

and thus we turned our attention to the evaluation of chiral bidentate phosphine ligands. 

Preliminary screening of ligands proved to be very fruitful as the values for enantiomeric excess 

ranged from 28-89% (Table 3.6). It should be noted that there was no appreciable effect on 
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diastereoselectivity regardless of the electronic or steric properties of the ligands examined. The 

best overall ligand in this transformation proved to be (-)-TMBTP delivering the coupling 

product in 77% yield, 2.1:1 d.r., and 87% ee for the major diastereomer (Table 6, entry 7). As 

expected, ferrocene derived chiral ligands provided the desired product in high conversion but 

failed to give any appreciable enantioselectivity (Table 3.6, entry 6). It was observed, however, 

that the chiral ferrocene ligands examined inverted the diastereoselectivity favoring the syn-

diastereomer to a very modest extent. 

Table 3.6: Chiral ligand assay 

 

With the successful employment of chiral phosphine ligands towards inducing 

enantioselection we hypothesized that using the chiral BINOL phosphoric acids in conjunction 

we might be able to observe a matching effect that would improve stereoselectivity. To begin 

this assay we performed the reaction with the dihydride catalyst and (S)-BINAP as the chiral 

ligand without any added acid. This catalyst system resulted in low conversion, as expected, but 
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gave the coupling product in 62% ee (Table 3.7, entry 1). When the reaction was performed 

using (Rac.)-BINOL phosphoric acid, we observed the expected increase in conversion and we 

also observed increased enantioselectivity (Table 3.7, entry 2). To evaluate the matching effect 

we performed identical reactions with (S)-BINAP and (S)-BINOL phosphoric acid and then (R)-

BINAP and (S)-BINOL phosphoric acid which demonstrated the desired matching effect giving 

a modest improvement on enantioselectivity for the (S)/(S) combination (Table 3.7, entries 3 and 

4). To evaluate this effect with a more selective ligand we utilized (S)-Segphos in identical 

experiments and found no significant change for the (S)/(S) combination indicating a threshold 

for the observed matching effect (Table 3.7, entries 5 and 6). Additionally, it was found that 

(Rac.)-BINOL itself was sufficiently acidic to promote the reaction delivering the product in 

58% yield, 1.6:1 dr, and 88% ee when used in combination with (S)-Segphos (Table 3.7, entry 

7).  

Table 3.7: Matching effect 
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With the excellent enantioselectivities observed for the benzylic alcohol substrate we 

hypothesized that employing these conditions in reactions that gave substrate directed 

diastereoselectivity we might be able to generate a synthetically useful process. During our 

studies on substrate scope we found that branched alcohols provided good levels of substrate 

controlled diastereoselectivity. Employing a set of ligands previously shown to be highly 

enantioselective with benzylic alcohols we observed much lower asymmetric induction for the 

coupling of enyne 1a to isobutanol 2q (Table 3.8, entries 2-5). Notably, the diastereoselectivity 

observed for the formation of homopropargyl alcohol 3w was significantly higher with 

RuHCl(CO)(PPh3)3 compared to RuH2(CO)(PPh3)3 (Table 3.8, entries 1 and 6). By performing 

the reaction with RuHCl(CO)(PPh3)3 and (-)-TMBTP we were able to increase the 

diastereoselectivity while maintaining the enantioselectivity, however, a lower conversion to 

product was observed (Table 3.8, entry 8). A further increase in stereoselectivity was found by 

using the cationic complex [RuH(MeCN)2(CO)(PPh3)2][PF6], again at the expense of conversion, 

however, this represents our best absolute stereocontrol to date (Table 3.8, entry 9). 

Table 3.8: Enantioselective additions to α-branched alcohols. 
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3.24 Evaluation of Stereoselectivity-Iridium 

 Previous studies from our group have demonstrated that cyclometallated iridium 

complexes are highly stereoselective catalysts for related carbonyl allylation processes 

employing allylic carboxylates as surrogates to preformed allyl metal reagents.
31f

 Furthermore, it 

has been shown that these catalysts can perform highly enantioselective allylation reactions 

employing substituted allenes.
71

 Using the same strategy employed for the examination of 

stereoselectivity in the ruthenium catalyzed propargylation we reexamined the iridium catalyzed 

process focusing on the cyclometallated catalyst. 

Table 3.9: Iridium catalyzed stereoselective carbonyl propargylation. 

 

 To commence our examination we performed the reaction in the absence of base using 

the iridium carbonyl allylation catalyst, which provides the desired product in 38% yield and 

1.6:1 dr (Table 3.9, entry 1). We found that the reaction gave cleaner conversion to product by 

employing a mild base such as sodium bicarbonate (Table 3.9, entry 4). Evaluation of the 
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carboxylate ligand (Table 3.9, entries 5-9) did not have a significant effect on the 

diastereoselectivity of the reaction and it was found that the catalyst formed from p-nitrobenzoic 

acid was most efficient for conversion (Table 3.9, entry 4). Examination of chiral ligands lead to 

the discovery that (R)-DM-Segphos provided useful levels of diastereoselectivity, however, the 

conversion and enantioselectivity were poor (Table 3.9, entry 11). The diastereocontrol in this 

reaction is the highest we have observed for catalyst directed diastereoselectivity.  

 

3.25 Mechanism 

 A catalytic mechanism for ruthenium catalyzed carbonyl propargylation can be proposed 

on the basis of stoichiometric reactions found in the literature and deuterium labeling 

experiments performed in our laboratory. It has been demonstrated that RuHCl(CO)(PPh3)3 

combined with DPPF in ethanol under refluxing conditions provides the DPPF ligated complex 

in quantitative yield.
72

 Additionally, it has been shown that RuHCl(CO)(PPh3)3 hydrometallates 

1,3-enynes to give the allenyl ruthenium complex in quantitative yield at room temperature as 

determined by x-ray crystallography.
68

  Employing dueterated benzyl alcohol under the standard 

reaction conditions gave the product of propargylation where deuterium was found to be 

incorporated at the carbinol methine (>95%), the propargyl methine (25%), and the propargyl 

methyl group (56%).
69

 Thus, the collective data suggests that hydrometallation occurs reversibly 

at the olefinic position of the enyne and accordingly a hydrometallative mechanism is proposed 

(Scheme 3.6). 

Entry into the catalytic cycle could occur via enyne hydrometallation with the DPPF 

ligated ruthenium catalyst followed by protonolysis of the allenyl ligand with a molecule of 
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substrate alcohol. This is supported by the observation of reduced enyne as a small byproduct in 

the reaction mixture. This intermediate (not shown) could then undergo beta hydride elimination 

to regenerate the hydride catalyst and release a catalytic amount of aldehyde into the reaction 

mixture. Hydrometallation of another molecule of enyne followed by propargylic transposition 

would generate the allenyl metal intermediate which could then undergo carbonyl addition. 

Protonolysis of the ruthenium alkoxide by substrate alcohol followed by beta hydride elimination 

releases the product, generates another molecule of aldehyde, and regenerates the proposed 

active catalyst (Scheme 3.6). 

Scheme 3.6: Proposed catalytic mechanism. 
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A mechanistic model for substrate controlled diastereoselectivity can also be proposed 

that is in agreement with the hypothetical mechanism. We propose that hydrometallation of the 
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1,3-enyne would allow access to a σ-allenyl ruthenium species that can coordinate a molecule of 

aldehyde. Addition of this allenyl species to the aldehyde through a six centered transition state 

should enable partitioning of the transition states leading to the syn- and anti- diastereomers 

based on steric interactions between the allenyl methyl group and the alkyl group of the 

aldehyde. Support for this model has been obtained experimentally by performing the 

propargylation of differentially substituted alcohols under the standard reaction conditions. 

When the alkyl groups of the alcohol are small, no appreciable diastereocontrol is observed 

(Table 3.10, entries 1 and 2). However, by increasing the size of the alkyl group a drastic 

increase in diastereoselectivity is observed (Table 3.10, entries 3 and 4). Hence, these results are 

in agreement with the proposed model for substrate directed diastereocontrol.  

Table 3.10: Proposed stereochemical model for substrate controlled diastereoselectivity. 
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3.3 Conclusion 

 Building upon the development of catalytic protocols for carbonyl allylation, we have 

successfully developed a related propargylation process under conditions of ruthenium catalysis. 

This method utilizes 1,3-enynes as surrogates to preformed allenyl metal reagents and has been 

found to have a very broad substrate scope. This method enables carbonyl propargylation from 

the alcohol or aldehyde oxidation level thus providing flexibility for the use of this methodology 

in complex molecule synthesis. Isotopic labeling studies and stoichiometric reactions found in 

the literature corroborate a hydrometallative mechanism and a hypothetical mechanism based on 

these findings has been proposed.  

Conditions for a stereoselective variant have been explored and some progress has been 

made with regard to enantio- and diastereocontrolled additions. Ruthenium catalysts with the 

appropriate phosphine ligands have been shown to perform highly enantioselective 

propargylation of a benzylic alcohol and have good levels of diastereocontrol when branched 

alcohols are employed. It was also demonstrated that iridium catalyst could be employed for 

catalyst directed diastereoselectivity. Future work in our laboratory is focused on the continued 

development of stereoselective variants of this process. 
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3.4 Experimental Section 

General Experimental Details: All reactions were performed under an atmosphere of argon, 

unless otherwise indicated. Anhydrous solvents were transferred via oven-dried syringe. 

Reaction tubes were flame-dried and cooled under a stream of nitrogen. Reaction tubes were 

purchased from Fisher Scientific (catalog number 14-959-35C). THF was passed through a 

column of Al2O3. DPPF and RuHCl(CO)(PPh3)3 were used as received from Strem Chemicals. 

Substrates 1a-1g were prepared in analogy with the procedure of Sonogashira and coworkers.
73

 

Commercially available alcohols were used as received. Reactions were monitored by thin-layer 

chromatography and products visualized with anisaldehyde stain. Analytical thin-layer 

chromatography (TLC) was carried out using 0.2-mm commercial silica gel plates (DC-

Fertigplatten Kieselgel 60 F254). Preparative column chromatography employing silica gel was 

performed according to the method of Still.
44

 Solvents for chromatography are listed as 

volume/volume ratios. Infrared spectra were recorded on a Perkin-Elmer 1600 spectrometer. 

High-resolution mass spectra (HRMS) were obtained on a Karatos MS9 and are reported as m/z 

(relative intensity). Accurate masses are reported for the molecular ion [M+H]
+
 or a suitable 

fragment ion. Proton nuclear magnetic resonance (
1
H NMR) spectra were recorded with a Varian 

Gemini (400 MHz or 300MHz) spectrometer. Chemical shifts are reported in delta (δ) units, 

parts per million (ppm) downfield from tetramethylsilane. Coupling constants are reported in 

Hertz (Hz). Where mixtures of isomers (e.g. diastereomers) have been characterized together, 

integrals are normalized to the major isomer. Carbon-13 nuclear magnetic resonance (
13

C NMR) 

spectra were recorded with a Varian Gemini 300 (75 MHz) or 400 (100 MHz) spectrometer. 

Chemical shifts are reported in delta (δ) units, ppm relative to the center of the triplet at 77.0 

ppm for deuteriochloroform. 
13

C NMR spectra were routinely run with broadband decoupling. 

Compound numbers used in the experimental section correspond to those employed in the 

chapter. 
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Experimental Procedures and Spectroscopic Data for Adducts 3a-3u 

General Procedure A (for the coupling of 1a to alcohols): To a re-sealable reaction tube 

containing a magnetic stirrer, was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%), 

DPPF (8.3 mg, 0.015 mmol, 5 mol%), and the corresponding alcohol (0.300 mmol, 100 mol%). 

THF (0.15 mL, 2.0 M concentration with respect to the alcohol) and 1a (76.9 mg, 0.600 mmol, 

200 mol%) were added and the mixture was heated at 95 
o
C for the time stated. The mixture was 

then concentrated in vacuo and purified by flash column chromatography (SiO2), under the 

conditions noted, to afford the corresponding product. 

General Procedure B (for the coupling of 2b to 1,3-enynes): To a re-sealable reaction tube 

containing a magnetic stirrer, was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%), 

DPPF (8.3 mg, 0.015 mmol, 5 mol%), m-NO2BzOH (2.5 mg, 0.015 mmol, 5 mol%), and 2b (31 

µL, 0.300 mmol, 100 mol%). THF (0.15 mL, 2.0 M concentration with respect to the alcohol) 

and the corresponding 1,3-enyne (0.600 mmol, 200 mol%) were added and the mixture was 

heated at 95 
o
C for the time stated. The mixture was then concentrated in vacuo and purified by 

flash column chromatography (SiO2), under the conditions noted, to afford the corresponding 

product. 

General Procedure C (for the coupling of 1a to aldehydes): To a re-sealable reaction tube 

containing a magnetic stirrer, was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%), 

DPPF (8.3 mg, 0.015 mmol, 5 mol%), and the corresponding aldehyde (0.300 mmol, 100 mol%). 

THF (0.15 mL, 2.0 M concentration with respect to the alcohol), 1a (76.9 mg, 0.600 mmol, 200 

mol%), and isopropanol (70 µL, 0.900 mmol, 300 mol%) were added and the mixture was heated 

at 90 
o
C for the time stated. The mixture was then concentrated in vacuo and purified by flash 

column chromatography (SiO2), under the conditions noted, to afford the corresponding product. 
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2-Methyl-1-(4-nitrophenyl)-4-phenybut-3-yn-1-ol (3a) 

OH

Me

Ph

NO2  

Procedure A (via alcohol 2a): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (55 mg, 65%, 1:1 d.r.) as a yellow oil. 

1
H NMR (400 MHz, CDCl3): 8.23 (d, J = 2.0 Hz, 2H), 8.22 (d, J = 2.0 Hz, 2H), 8.21 (d, J = 2.0 

Hz, 2H), 8.20 (d, J = 2.0 Hz, 2H), 8.18-7.18 (m, 10H), 4.90 (dd, J = 6.4, 3.9 Hz, 1H), 4.77 (dd, J 

= 6.4, 3.9 Hz, 1H), 3.13-2.98 (m, 2H), 2.73 (d, J = 3.9 Hz, 1H), 2.57 (d, J = 3.9 Hz, 1H), 1.25 (d, 

J = 6.4 Hz, 3H), 1.21 (d, J = 6.4 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 148.9, 148.7, 147.5, 

147.4, 131.6, 131.5, 128.3 (2 signals), 128.2, 127.4, 123.4, 123.2, 122.8, 122.6, 89.8, 88.9, 84.5, 

83.9, 76.3, 75.7, 35.9, 35.0, 17.2, 15.8 (only 24 signals observed). HRMS (CI) Calcd. for 

C17H16NO3 [M+H]
+
: 282.1132, Found: 282.1130. FTIR (neat): 3538, 2979, 2935, 1600, 1519, 

1490, 1443, 1347, 1192, 1108, 1038, 913, 846, 757, 693 cm
-1

. 
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2-Methyl-1,4-diphenyl-but-3-yn-1-ol (3b) 

OH

Me

Ph

 

Procedure A (via alcohol 2b): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (57 mg, 81%, 1:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.43-7.25 (m, 20H), 4.77 (dd, J = 3.8, 3.4 Hz, 1H), 4.58 (dd, J = 

3.8, 3.4 Hz, 1H), 3.08-2.99 (m, 2H), 2.64 (d, J = 3.8 Hz, 1H), 2.37 (d, J = 3.4 Hz, 1H), 1.22-1.16 

(m, 6H).  
13

C NMR (100 MHz, CDCl3): 141.5, 141.4, 131.6, 131.5, 128.2 (2 signals), 128.1, 

128.0 (2 signals), 127.9, 127.8, 127.7, 126.7, 126.5, 123.3, 123.1, 91.1, 90.5, 83.6, 83.2, 77.6, 

76.6, 36.0, 34.0, 17.3, 15.9. HRMS (CI) Calcd. for C17H17O [M+H]
+
: 237.1279, Found: 

237.1282. FTIR (neat): 3419, 3030, 2976, 2932, 1950, 1598, 1491, 1372, 1196, 1026, 913, 756, 

693, 546 cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
74
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1-(4-Methoxyphenyl)-2-methyl-4-phenylbut-3-yn-1-ol (3c) 

OH

Me

Ph

OMe  

Procedure A (via alcohol 2c): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (65 mg, 81%, 1:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.43-7.24 (m, 14H), 6.90-6.79 (m, 4H), 4.71 (dd, J = 3.8, 3.4 Hz, 

1H), 4.54 (dd, J = 3.8, 3.4 Hz, 1H), 3.80 (s, 6H), 3.06-2.96 (m, 2H), 2.62 (d, J = 3.8 Hz, 1H), 

2.30 (d, J = 3.4 Hz, 1H), 1.21 (d, J = 6.8 Hz, 3H), 1.15 (d, J = 6.8 Hz, 3H). 
13

C NMR (100 MHz, 

CDCl3): 159.3, 159.1, 133.8, 133.6, 131.6, 131.5, 128.2, 128.1, 128.0, 127.9, 127.7, 123.4, 

123.3, 113.6, 113.4, 91.2, 90.7, 83.5, 83.1, 77.6, 76.5, 55.2 (2 signals), 36.0, 35.0, 30.0, 17.4, 

16.2. HRMS (CI) Calcd. for C18H19O2 [M+H]
+
: 267.1385, Found: 267.1390. FTIR (neat): 3429, 

2932, 2836, 1612, 1513, 1490, 1442, 1372, 1303, 1249, 1175, 1034, 831, 757, 693 cm
-1

. 
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1-(2-Methoxyphenyl)-2-methyl-4-phenylbut-3-yn-1-ol (3d) 

OH

Me

Ph OMe

 

Procedure A (via alcohol 2d): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (73 mg, 91%, 2:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.46-7.38 (m, 3H), 7.31-7.23 (m, 7.5H), 7.01-6.96 (m, 1.5H) 6.89 

(d, J = 8.2 Hz, 1.5H), 4.98-4.91 (m, 1.5H), 3.84 (s, 4.5H), 3.25-3.12 (m, 1.5H), 2.89 (s, 1.5H), 

1.25 (d, J = 7.2 Hz, 4.5H). 
13

C NMR (100 MHz, CDCl3): 156.5, 156.4, 132.0 (2 signals), 130.1, 

129.4, 128.6, 128.5 (2 signals), 128.1 (2 signals), 127.8, 127.6, 127.4, 123.6, 123.4, 120.6, 120.4, 

110.3 (2 signals) 92.0, 91.0, 83.1, 82.6, 74.0, 72.8, 55.2 (2 signals), 34.7, 33.0, 18.1, 16.0. 

HRMS (CI) Calcd. for C18H19O2 [M+H]
+
: 267.1385, Found: 267.1389. FTIR (neat): 3448, 

2935, 2837, 1684, 1600, 1491, 1463, 1289, 1241, 1189, 1103, 1028, 986, 912, 786, 755, 693, 542 

cm
-1

. 
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1-Benzo[1,3]dioxol-5-yl-2-methyl-4-phenylbut-3-yn-1-ol (3e) 

OH

Me

Ph

O

O

 

Procedure A (via alcohol 2e): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (70 mg, 83%, 2:1 d.r.) as a yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.48-7.24 (m, 7.5H), 6.99 (d, J = 1.7 Hz, 0.5H), 6.94 (d, J = 1.7 

Hz, 1H), 6.91-6.83 (m, 1.5H), 6.80 (s, 1H), 6.78 (s, 0.5H), 5.96 (s, 3H), 4.71 (dd, J =  5.8, 3.1 

Hz, 0.5H), 4.51 (dd, J = 5.8, 3.1 Hz, 1H), 3.05-2.92 (m, 1.5H), 2.58 (d, J = 3.1 Hz, 1H), 2.21 (d, 

J = 3.1 Hz, 0.5H), 1.22 (d, J = 7.2 Hz, 1.5H), 1.16 (d, J = 7.2 Hz, 3H). 
13

C NMR (100 MHz, 

CDCl3): 147.7, 147.5, 147.3, 136.1, 135.6, 135.4, 131.7, 131.6, 129.0, 128.6, 128.3, 128.2, 

128.1, 123.3, 123.1, 120.4, 120.1, 107.9, 107.8, 106.9, 101.0, 91.0, 90.5, 83.7, 83.3, 77.6, 76.5, 

36.1, 35.1, 17.4, 16.1 (only 31 signals observed). HRMS (CI) Calcd. for C18H17O3 [M+H]
+
: 

281.1172, Found: 281.1178. FTIR (neat): 3450, 2896, 1696, 1604, 1489, 1471, 1443, 1247, 

1038, 935, 811, 757, 693 cm
-1

. 
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1-(4-Bromophenyl)-2-methyl-4-phenylbut-3-yn-1-ol (3f) 

OH

Me

Ph

Br  

Procedure A (via alcohol 2f): After heating the reaction at 95 
o
C for 16 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (69 mg, 73%, 1:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.50-7.46 (m, 4H), 7.41-7.38 (m, 2H), 7.34-7.25 (m, 12H), 4.72 

(dd, J = 5.5, 3.5 Hz, 1H), 4.55 (dd, J = 6.5, 4.0 Hz, 1H), 3.06-2.98 (m, 1H), 2.95 (dq, J = 4.0, 4.0 

Hz, 1H), 2.64 (d, J = 4.0 Hz, 1H), 2.40 (d, J = 3.5 Hz, 1H), 1.20-1.16 (m, 6H). 
13

C NMR (100 

MHz, CDCl3): 140.8, 140.7, 131.9, 131.8, 131.6, 131.4, 129.3, 128.6 (2 signals), 128.5 (2 

signals), 128.4, 128.2, 123.2, 122.1, 121.8, 90.8, 90.2, 84.3, 83.8, 77.1, 76.2, 36.2, 35.2, 17.5, 

16.2. HRMS (ESI) Calcd. for C17H16O
79

Br [M+H]
+
: 315.0385, Found: 315.0379. FTIR (neat): 

3415, 2976, 2876, 1594, 1488, 1442, 1404, 1071, 1010 cm
-1

. 
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1-Furan-2-yl-2-methyl-4-phenylbut-3-yn-1-ol (3g) 

OH

Me

Ph

O

 

Procedure A (via alcohol 2g): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (48 mg, 71%, 1.5:1 d.r.) as a pale yellow oil. 

 

1
H NMR (400 MHz, CDCl3): 7.41-7.26 (m, 8.3H), 6.42-6.36 (m, 5H), 4.76 (t, J = 6.2 Hz, 1H), 

4.62 (t, J = 6.6 Hz, 0.67H), 3.27-3.19 (m, 1.67H), 2.51 (d, J = 6.6 Hz, 1H), 2.28 (d, J = 6.2 Hz, 

0.67H), 1.29 (d, J = 6.5 Hz, 3H), 1.25 (d, J = 6.6 Hz, 2H).  
13

C NMR (100 MHz, CDCl3): 154.4, 

154.2, 141.9, 141.8, 131.7, 128.0, 127.8, 123.3, 123.1, 110.2, 107.3, 107.1, 90.2, 89.9, 83.0, 82.6, 

71.4, 71.3, 33.5, 33.0, 16.7, 16.3 (only 22 signals were observed).HRMS (CI) Calcd. for 

C15H15O2 [M+H]
+
: 227.1072, Found: 227.1074. FTIR (neat): 3421, 2933, 2361, 1699, 1653, 

1676, 1558, 1540, 1506, 1490, 1457, 1395, 1148, 1010, 918, 884, 757, 692, 598 cm
-1

. 
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2-Methyl-1-(1-methyl-1H-indol-2-yl)-4-phenylbut-3-yn-1-ol (3h) 

OH

Me

Ph
Me
N

 

Procedure A (via alcohol 2h): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (82 mg, 94%, 1:1 d.r.) as a yellow solid. 

1
H NMR (400 MHz, CDCl3): 7.61-7.01 (m, 18H), 6.68 (s, 1H), 6.60 (s, 1H), 4.87-4.81 (m, 1H), 

4.76-4.07 (m, 1H), 3.78 (s, 3H), 3.74 (s, 3H), 3.40-3.31 (m, 1H), 3.27-3.22 (m, 1H), 2.56 (s, 1H), 

2.21 (s, 1H), 1.41 (d, J = 7.2 Hz, 3H), 1.32 (d, J = 6.8 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 

139.8, 139.1, 138.3, 132.1 (2 signals), 128.7, 128.2, 127.5, 123.3, 123.1, 122.3, 121.1, 120.0, 

109.7, 101.1, 100.5, 91.0, 90.5, 84.3, 83.3, 70.5, 70.1, 33.5, 30.2, 18.4, 17.1 (only 26 signals 

were observed). HRMS (CI) Calcd. for C20H20NO [M+H]
+
: 290.1545, Found: 290.1545. FTIR 

(neat): 3429, 3055, 2973, 2934, 1681, 1598, 1532, 1490, 1316, 1233, 1173, 1139, 1110, 1070, 

1027, 984, 945, 908, 788, 751, 735, 692 cm
-1

. 
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1-(6-Bromopyridin-2-yl)-2-methyl-4-phenylbut-3-yn-1-ol (3i) 

OH

Me

Ph

N Br

 

Procedure A (via alcohol 2i): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (40 mg, 42%, 1.3:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.60-7.51 (m, 1.75H), 7.50-7.39 (m, 3.5H), 7.36-7.31 (m, 3.5H), 

7.30-7.26 (m, 5.25H), 4.80 (dd, J = 7.5, 5.5 Hz, 1H), 4.74-4.68 (m, 0.75H), 3.71 (dd, J = 7.5, 1.5 

Hz, 1H), 3.53 (dd, J = 7.5, 1.5 Hz, 0.75H), 3.30-3.23 (m, 1H), 3.06-3.01 (m, 0.75H), 1.31 (dd, J 

= 5.5, 1.5 Hz, 5.25H). 
13

C NMR (100 MHz, CDCl3): 161.8, 161.5, 141.1, 140.9, 138.7, 138.4, 

131.6, 131.5, 128.2, 128.0, 127.9, 127.1, 127.0, 123.2, 123.1, 120.8, 119.9, 90.7, 89.4, 84.0, 83.4, 

75.8, 75.2, 34.7, 34.6, 16.8, 16.3 (only 27 signals were observed). HRMS (CI) Calcd. for 

C16H15
79

BrNO [M+H]
+
: 316.0337, Found: 316.0337. FTIR (neat): 3423, 3055, 2976, 2933, 

1583, 1556, 1490, 1439, 1408, 1307, 1217, 1158, 1128, 1054, 989, 913, 788, 757, 692 cm
-1

. 
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4-Methyl-1,6-diphenylhex-1-en-5-yn-3-ol (3j) 

OH

Me

Ph

 

Procedure A (via alcohol 2j): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (54 mg, 68%, 1:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.43-7.23 (m, 20H), 6.71 (s, 1H), 6.67 (s, 1H), 6.38 (dd, J = 16.5, 

6.3 Hz, 1H), 6.30 (dd, J = 15.7, 6.5 Hz, 1H), 4.32 (dd, J = 15.7, 4.8 Hz, 1H), 4.24 (dd, J = 16.5, 

5.2 Hz, 1H), 3.04-2.89 (m, 2H), 2.24 (d, J = 4.8 Hz, 1H), 2.08 (d, J = 5.2 Hz, 1H), 1.32 (d, J = 

7.2 Hz, 3H), 1.30 (d, J = 7.2 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 136.6, 136.5, 132.3, 132.2, 

131.7 (2 signals), 129.5, 128.8, 128.6, 128.2 (2 signals), 128.0, 127.9, 127.8, 126.6, 123.3, 123.1, 

90.5, 90.1, 83.6, 83.2, 75.8, 75.4, 34.5, 34.0, 17.1, 16.5 (only 27 signals were observed). HRMS 

(CI) Calcd. for C19H19O [M+H]
+
: 263.1433, Found: 263.1436. FTIR (neat): 3421, 3026, 2974, 

2929, 1598, 1490, 1449, 1070, 1028, 966, 755, 692 cm
-1

. 
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3,6,10-Trimethyl-1-phenylundeca-5,9-dien-1-yn-4-ol (3k) 

OH

Me

Ph Me

Me

Me

 

Procedure A (via alcohol 2k): After heating the reaction at 95 
o
C for 16 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (53 mg, 63%, 1.5:1 d.r.) as a colorless oil. 

1
H NMR (400 MHz, CDCl3): 7.44-7.38 (m, 3.32H), 7.30-7.26 (m, 4.98H), 5.39 (d, J = 8.5 Hz, 

0.66H), 5.25 (d, J = 9.0 Hz, 1H), 5.13-5.06 (m, 1.66H), 4.40-4.34 (m, 0.66H), 4.32-4.26 (m, 1H), 

2.92 (ddd, J = 14.0, 7.0, 5.5 Hz, 0.66H), 2.72 (dq, J = 7.0 Hz, 1H), 2.17-2.03 (m, 8.3H), 1.74-

1.72 (m, 4.98H), 1.68-1.65 (m, 4.98H), 1.61-1.59 (m, 4.98H), 1.24-1.20 (m, 4.98H). 
13

C NMR 

(100 MHz, CDCl3): 141.1, 140.8, 132.0, 131.9 (2 signals), 129.3, 128.5, 128.1, 128.0, 125.5, 

125.2, 124.1, 123.6, 91.3, 91.2, 83.3, 82.9, 71.9, 71.3, 39.9, 35.1, 34.3, 26.6, 25.9, 12.9, 17.2, 

16.7 (only 27 signals were observed). HRMS (ESI) Calcd. for C20H26ONa [M+Na]
+
: 305.1882, 

Found: 305.1876. FTIR (neat): 3396, 2970, 2926, 1376, 1014 cm
-1

. 
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3-Methyl-1-phenylhept-5-en-1-yn-4-ol (3l) 

OH

Me

Ph

Me

 

Procedure A (via alcohol 2l): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (43 mg, 72%, 2:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.45-7.36 (m, 3H), 7.36-7.26 (m, 4.5H), 5.84-5.71 (m, 1.5H), 5.66 

(ddq, J = 15.4, 7.2, 1.7 Hz, 0.5H), 5.56 (ddq, J = 15.4, 7.2, 1.7 Hz, 1H), 4.10-4.02 (m, 0.5H), 

4.02-3.93 (m, 1H), 2.95-2.84 (m, 0.5H), 2.82-2.71 (m, 1H), 2.15 (d, J = 4.4 Hz, 1H), 1.95 (d, J = 

5.5 Hz, 0.5H), 1.78-1.71 (m, 4.5H), 1.25 (d, J = 6.8 Hz, 3H), 1.22 (d, J = 7.2 Hz, 1.5H). 
13

C 

NMR (100 MHz, CDCl3): 131.7, 131.6, 131.2, 130.5, 129.0 (2 signals), 128.2 (2 signals), 127.9, 

127.8, 123.4, 123.2, 90.8, 90.5, 83.2, 82.9, 75.9, 75.5, 34.3, 33.7, 17.8 (2 signals), 17.1, 16.5. 

HRMS (CI) Calcd. for C14H17O [M+H]
+
: 201.1279, Found: 201.1277. FTIR (neat): 3402, 2973, 

2935, 1599, 1490, 1443, 1377, 1015, 997, 928, 756, 692 cm
-1

. 
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1-Cyclopropyl-2-methyl-4-phenylbut-3-yn-1-ol (3m) 

OH

Me

Ph

 

Procedure A (via alcohol 2m): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (45 mg, 75%, 2:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.46-7.38 (m, 3H), 7.35-7.24 (m, 4.5H), 3.04-2.88 (m, 2H), 2.88-

2.78 (m, 1H), 2.04 (d, J = 5.1 Hz, 1H), 1.96 (d, J = 4.1 Hz, 0.5H), 1.40-1.31 (m, 4.5H), 1.19-1.03 

(m, 1.5H), 0.69-0.47 (m, 3H), 0.47-0.23 (m, 3H). 
13

C NMR (100 MHz, CDCl3): 131.6 (2 

signals), 128.2 (2 signals), 127.8, 127.7, 123.5, 123.3, 91.4, 90.8, 83.0, 82.6, 79.2, 78.9, 34.4, 

34.0, 17.6, 16.5, 15.8, 14.7, 3.7, 3.2, 2.4, 2.0. HRMS (CI) Calcd. for C14H17O [M+H]
+
: 

201.1279, Found: 201.1282. FTIR (neat): 3414, 3078, 3004, 2878, 1598, 1490, 1443, 1026, 974, 

915, 865, 756, 692 cm
-1

. 
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3-Methyl-1,5-diphenylpent-4-yn-2-ol (3n) 

OH

Me

Ph

 

Procedure A (via alcohol 2n): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (53 mg, 70%, 1:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.49-7.38 (m, 4H), 7.37-7.15 (m, 16H), 3.90-3.81 (m, 1H), 3.81-

3.69 (m, 1H), 3.13 (dd, J = 13.7, 3.4 Hz, 1H), 2.99 (dd, J = 13.7, 6.2 Hz, 1H), 2.95-2.72 (m, 4H), 

2.00-1.72 (m, 2H), 1.38-1.30 (m, 6H). 
13

C NMR (100 MHz, CDCl3): 138.3 (2 signals), 131.7, 

131.6, 129.5, 129.4, 128.6, 128.5, 128.2 (2 signals), 127.9, 127.8, 126.5 (2 signals), 123.4, 123.3, 

91.4, 90.0, 83.8, 83.0, 75.5, 41.8, 40.7, 33.0, 32.5, 17.4, 16.5 (only 27 signals were observed). 

HRMS (CI) Calcd. for C18H19O [M+H]
+
: 251.1436, Found: 251.1436. FTIR (neat): 3442, 3028, 

2974, 2933, 1599, 1491, 1454, 1071, 1031, 985, 756, 693 cm
-1

.  

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
75 
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3-Methyl-1-phenylnon-1-yn-4-ol (3o) 

OH

Me

Ph

Me

 

Procedure A (via alcohol 2o): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (50 mg, 72%, 2:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.43-7.38 (m, 3H), 7.36-7.23 (m, 4.5H), 3.69-3.57 (m, 0.5H), 3.57-

3.44 (m, 1H), 2.87-2.71 (m, 1.5H), 1.87-1.78 (m, 1.5H), 1.69-1.45 (m, 4.5H), 1.44-1.20 (m, 

12H), 0.85 (m, 4.5H). 
13

C NMR (100 MHz, CDCl3): 131.6 (2 signals), 128.5, 128.2, 127.9, 

127.8, 123.4, 123.3, 91.5, 90.3, 83.3, 82.6, 74.5, 74.4, 35.2, 33.7 (2 signals), 33.6, 31.8, 25.5 (2 

signals), 22.6, 17.5, 15.9, 14.0 (only 25 signals were observed). HRMS (CI) Calcd. for C16H23O 

[M+H]
+
: 231.1747, Found: 231.1749. FTIR (neat): 3412, 2932, 1598, 1490, 1456, 1377, 1070, 

1026, 943, 913, 756, 691 cm
-1

. 
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2-Methyl-1-phenyl-4-thiphen-2-ylbut-3-yn-1-ol (3p) 

OH

Me

S

 

Procedure B (via enyne 1b): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (52 mg, 71%, 1:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.43-7.29 (m, 10H), 7.20-7.16 (m, 3H), 7.08 (dd, J = 3.4, 2.4 Hz, 

1H), 6.95-6.90 (m, 2H), 4.77 (d, J = 3.2 Hz, 1H), 4.59 (d, J = 3.2 Hz, 1H), 3.09-3.00 (m, 2H), 

2.57 (d, J = 3.2 Hz, 1H), 2.34 (d, J = 3.2 Hz, 1H), 1.20 (d, J = 6.8 Hz, 3H), 1.15 (d, J = 6.8 Hz, 

3H). 
13

C NMR (100 MHz, CDCl3): 141.3, 131.6, 131.3, 128.3, 128.1, 128.0, 127.8, 126.8, 126.7, 

126.6, 126.5 (2 signals), 126.3, 123.4, 123.2, 95.1, 94.6, 77.8, 77.5, 76.7, 76.4, 76.3, 36.2, 35.3, 

17.2, 15.7. HRMS (CI) Calcd. for C15H15OS [M+H]
+
: 243.0844, Found: 243.0847. FTIR (neat): 

3403, 3030, 2976, 2932, 1494, 1453, 1427, 1237, 1193, 1025, 983, 910, 840, 757, 700 cm
-1

. 
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(6-Hydroxy-5-methyl-6-phenylhex-3-ynyl)carbamic acid tert-butyl ester (3q) 

OH

Me

BocHN

 

Procedure B (via enyne 1c): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (49 mg, 54%, 1:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.38-7.27 (m, 10H), 4.83-4.79 (m, 2H), 4.65 (d, J = 6.3 Hz, 1H), 

4.46 (d, J =  6.8 Hz, 1H), 3.26-3.16 (m, 2H), 2.84-2.74 (m, 2H), 2.37-2.27 (m, 4H), 1.45-1.43 

(m, 22H), 1.11 (d, J = 6.3 Hz, 3H), 1.07 (d, J =  6.8 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 

155.8 (2 signals), 141.8 (2 signals), 128.2, 128.0 (2 signals), 127.6, 126.5, 126.2, 83.1, 82.6, 

80.7, 80.2, 79.4 (2 signals), 79.3, 77.5, 39.5 (2 signals), 35.4, 34.3, 28.4 (2 signals), 20.4, 20.3, 

17.7, 16.1. HRMS (CI) Calcd. for C18H26NO3 [M+H]
+
: 304.1913, Found: 304.1917. FTIR 

(neat): 3420, 2977, 1694, 1515, 1366, 1252, 1171, 1026, 734, 701 cm
-1

. 
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8-(tert-Butyldimethylsilanyloxy)-2-methyl-1-phenyloct-3-yn-1-ol (3r) 

OH

Me

TBSO

 

Procedure B (via enyne 1d): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (66 mg, 63%, 1:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.38-7.23 (m, 10H), 4.96 (d, J = 7.2, 3.8 Hz, 1H), 4.42 (d, J = 7.2, 

3.8 Hz, 1H), 3.64-3.60 (m, 6H), 2.86-2.83 (m, 1H), 2.77-2.72 (m, 1H), 2.27-2.17 (m, 4H), 1.59-

1.53 (m, 8H), 1.06 (d, J = 7.2 Hz, 2H), 1.05 (d, J = 7.2 Hz, 4H), 0.90 (s, 18H), 0.05 (s, 12H). 
13

C 

NMR (100 MHz, CDCl3): 141.6, 141.5, 128.3, 128.2, 127.9, 127.8, 127.5 (2 signals), 126.7, 

126.6, 126.5, 125.9, 83.9, 83.1, 81.5, 80.9, 77.7, 76.4, 62.6 (2 signals), 35.6, 34.3, 31.9, 25.9, 

25.4, 25.3, 18.5, 18.3, 17.8, 15.9, -5.3 (2 signals). HRMS (CI) Calcd. for C21H35O2Si [M+H]
+
: 

347.2406, Found: 347.2407. FTIR (neat): 3432, 2929, 1628, 1471, 1388, 1255, 1105, 836, 776, 

700 cm
-1

. 
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5-(tert-Butyldimethylsilanyloxy)-2-methyl-1-phenylpent-3-yn-1-ol (3s) 

OH

Me

TBSO

 

Procedure B (via enyne 1e): In a modification to procedure B, m-NO2BzOH was not employed 

as a cocatalyst. After heating the reaction at 95 
o
C for 15 hours the mixture was concentrated in 

vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the title compound 

(71 mg, 78%, 1.5:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.36-7.34 (m, 8.25H), 4.73 (d, J = 5.5 Hz, 1H), 4.47 (d, J = 7.0 Hz, 

0.65H), 4.34 (d, J = 2.0 Hz, 1.3H), 4.28 (d, J = 2.0 Hz, 2H), 2.93-2.77 (m, 1.65H), 2.60 (br s, 

0.65H), 2.29 (br s, 1H), 1.10 (d, J = 7.0 Hz, 3H), 1.07 (d, J = 7.0 Hz, 1.95H), 0.92-0.88 (m, 

14.85H), 0.12 (s, 3.9H), 0.09 (s, 6H). 
13

C NMR (100 MHz, CDCl3): 141.3, 128.3, 128.1, 127.9, 

127.6, 127.4, 126.9, 126.7, 126.4, 125.8, 86.3, 85.8, 82.1, 81.5, 77.5, 76.1, 51.8, 35.5, 34.3, 25.9, 

25.8, 18.3, 17.3, 15.3, -5.1, -5.2. HRMS (CI) Calcd. for C18H29O2Si [M+H]
+
: 305.1937, Found: 

305.1940. FTIR (neat): 3446, 2929, 2857, 1472, 1255, 1083, 837, 778, 700, 435 cm
-1

. 
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5-(tert-Butyldimethylsilanyloxy)-2,5-dimethyl-1-phenylhex-3-yn-1-ol (3t) 

OH

Me

TBSO

MeMe

 

Procedure B (via enyne 1f): After heating the reaction at 95 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (56 mg, 56%, 1:1 d.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.41-7.24 (m, 10H), 4.68 (dd, J = 7.2, 3.76 Hz, 1H), 4.47 (dd, J = 

7.2, 3.8 Hz, 1H), 2.88-2.56 (m, 2H), 2.49 (d, J = 3.8 Hz, 1H), 2.14 (d, J =  3.8 Hz, 1H), 1.46 (s, 

3H), 1.45 (s, 3H), 1.38 (s, 3H), 1.37 (s, 3H), 1.12 (d, J = 7.2 Hz, 3H), 1.08 (d, J = 7.2 Hz, 3H), 

0.86 (s, 9H), 0.84 (s, 9H), 0.15 (s, 3H), 0.13 (s, 3H), 0.10 (s, 3H), 0.09 (s, 3H). 
13

C NMR (100 

MHz, CDCl3): 141.5 (2 signals), 128.2, 128.0, 127.7, 127.5, 126.8, 126.5, 90.2, 88.7, 83.5, 83.2, 

77.5 (2 signals), 66.3 (2 signals), 34.7, 34.3, 33.3, 33.1, 33.0, 25.7 (2 signals), 17.9, 17.1, 15.7, -

2.7 (2 signals). HRMS (CI) Calcd. for C20H33O2Si [M+H]
+
: 333.2250, Found: 333.2249. FTIR 

(neat): 3391, 2930, 2889, 2857, 1462, 1376, 1360, 1248, 1161, 1039, 905, 837, 810, 776, 700 

cm
-1

. 
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4-Cyclohexyl-2-methyl-1-phenylbut-3-yn-1-ol (3u) 

OH

Me
 

Procedure B (via enyne 1g): After heating the reaction at 95 
o
C for 21 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (51 mg, 70%, 1:1 d.r.) as a yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.38-7.24 (m, 10H), 4.67 (dd, J = 5.0, 3.5 Hz, 1H), 4.41 (dd, J = 

7.0, 3.5 Hz, 1H), 2.88-2.80 (m, 1H), 2.75 (ddd, J = 7.0, 7.0, 2.0 Hz, 1H), 2.68 (d, J = 3.5 Hz, 

1H), 2.42-2.28 (m, 3H), 1.82-1.21 (m, 20H), 1.05 (app. d, J = 7.0 Hz, 6H). 
13

C NMR (100 MHz, 

CDCl3): 141.9, 141.8, 128.4, 128.1, 128.0, 127.7, 127.0, 126.8, 88.8, 88.0, 81.4, 80.8, 78.0, 76.7, 

36.0, 34.6, 33.2, 33.1 (2 signals), 29.3, 29.2, 26.1, 25.1, 25.0, 18.1, 16.3. HRMS (CI) Calcd. for 

C17H23O [M+H]
+
: 243.1749, Found: 243.1749. FTIR (neat): 3432, 2927, 2853, 1449, 1025 cm

-1
. 
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Procedures for the Propargylation of 4a-4c Employing Isopropanol as Reductant 

2-Methyl-1-(4-nitrophenyl)-4-phenybut-3-yn-1-ol (3a)  

OH

Me

Ph

NO2  

Procedure C (via aldehyde 4a): After heating the reaction at 90 
o
C for 18 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (51 mg, 61%, 1:1 d.r.) as a pale yellow oil.  

The spectroscopic properties of this compound were identical to those reported earlier. 

This material was contaminated with ca. 10 % of material resulting from cis-reduction of the 

alkyne moiety (1:1 d.r.); characteristic signals for 
1
H NMR (400 MHz, CDCl3): 6.65 (d, J = 11.5 

Hz, 1H), 6.43 (d, J = 11.5 Hz, 1H), 5.56 (dd, J = 11.5, 10.5 Hz, 1H), 5.47 (dd, J = 11.5, 10.5 Hz, 

1H), 1.10 (d, J = 6.5 Hz, 3H), 0.95 (d, J = 6.5 Hz, 3H). The structural assignment of this 

byproduct was made by analogy with the material derived from the analogous reaction with 

benzaldehyde (see below). 
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2-Methyl-1,4-diphenyl-but-3-yn-1-ol (3b) 

OH

Me

Ph

 

Procedure C (via aldehyde 4b): After heating the reaction at 90 
o
C for 17 hours the mixture 

was concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford 

the title compound (52 mg, 74%, 1:1 d.r.) as a pale yellow oil.  

The spectroscopic properties of this compound were identical to those reported earlier. 

This material was contaminated with ca. 10 % of material resulting from cis-reduction of the 

alkyne moiety (1:1 d.r.); characteristic signals for 
1
H NMR (400 MHz, CDCl3): 6.63 (d, J = 11.5 

Hz, 1H), 6.39 (d, J = 11.5 Hz, 1H), 5.59 (dd, J = 11.5, 10.5 Hz, 1H), 5.50 (dd, J = 11.5, 10.5 Hz, 

1H), 1.08 (d, J = 6.5 Hz, 3H), 0.86 (d, J = 6.5 Hz, 3H).  

The spectroscopic properties of this compound were consistent with the data reported in the 

literature.
76
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1-(4-Methoxyphenyl)-2-methyl-4-phenylbut-3-yn-1-ol (3c) 

OH

Me

Ph

OMe  

Procedure C (via aldehyde 4c): After heating the reaction at 90 
o
C for 15 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) to afford the 

title compound (73 mg, 91%, 1:1 d.r.) as a pale yellow oil. No significant reduction of the alkyne 

moiety was observed. 

The spectroscopic properties of this compound were identical to those reported earlier. 
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Experimental Details for Mechanistic Studies  

deuterio- 2-Methyl-1,4-diphenylbut-3-yn-1-ol (deuterio-3b) 

(56% 2H)
(24% 2H)

Me

Ph

OH
(>95% 2H)

Ph H

H
 

Procedure A (via alcohol deuterio-2b): d2-benzyl alcohol (deuterio-2b, 98% deuterium 

incorporation) was purchased from Aldrich. After heating the reaction at 95 
o
C for 23 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe) 

to afford the title compound (55 mg, 78%, 2:1 d.r.) as a pale yellow oil. 

2
H NMR (77 MHz, CHCl3): 4.90-4.46 (m, 1.00

2
H), 3.15-2.95 (m, 0.24

2
H), 1.04-1.00 (m, 

0.56
2
H). 
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Chapter 4: Transfer Hydrogenative Carbonyl Vinylation 

4.1 Introduction 

 Carbonyl vinylation embodies a unique approach for the synthesis of allylic alcohols 

which are versatile building blocks in organic synthesis. Traditional methods have relied upon 

the use of stoichiometrically generated vinyl metal reagents to accomplish these additions. 

Recent efforts have been directed towards the use of alkynes as nucleophilic coupling partners 

for transition metal catalyzed carbonyl vinylation.
35a,77

 The earliest reports employing this 

strategy focused on the reductive cyclization of acetylenic aldehydes catalyzed by rhodium,
13

 

titanium
1
 and nickel.

3
 It was found that nickel catalysts were exceptionally well suited for 

additions of this type and intermolecular variants of this reaction appeared soon after.
5-6,9-10

 

Notably, these methods require the use of metallic reductants and thus generate stoichiometric 

amounts of waste. However, byproduct free carbonyl additions can be achieved in couplings 

utilizing rhodium
14-15,19-20,22

 or iridium
24

 catalysts and hydrogen gas as the terminal reductant. A 

review of the current methods for transition metal catalyzed carbonyl vinylations employing 

alkynes as vinyl donors is extensively covered in chapter one. This chapter will focus on the 

development of related ruthenium catalyzed variants of this transformation.      
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4.2 Reaction Development 

4.21 Reaction Discovery and Optimization 

 With the successful development of ruthenium catalyzed propargylation
69

 we 

hypothesized that further modification of our catalyst system might allow for a vinylation 

protocol to be developed. A promising observation toward this goal was gleaned from catalyst 

optimization studies performed during the development of the propargylation reaction. 

Specifically, the product of alcohol vinylation was observed under identical conditions using the 

catalyst Ru(O2CCF3)2(CO)(PPh3)2, however, this product was produced in low chemical yield 

(Scheme 4.1, exp. 2). This catalyst is readily available in two steps from RuCl3·3H2O providing 

the desired complex in high yield as yellow crystals.  

Scheme 4.1: Initial result. 

 

 To study this transformation further, we turned our attention to simple alkynes as 

coupling partners. It was found that coupling of 1-phenylpropyne to p-nitrobenzyl alcohol 

delivered the desired product in moderate yield, however, poor control of regioselectivity was 

observed (Scheme 4.2). Additionally, byproducts of overoxidation to the corresponding α,β-

unsaturated ketones were observed. Preliminary studies aimed at addressing the regioselectivity 
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of this reaction and attempts to suppress overoxidation were met with little success.  To evaluate 

the factors contributing to overoxidation we continued our study using 2-butyne. 

Scheme 4.2: Initial result with 1-phenylpropyne. 

 

By utilizing a symmetrically substituted alkyne, 2-butyne, we were able to focus entirely 

on the optimization of reaction conditions to suppress overoxidation. Using this strategy we 

found that 2-butyne (200 mol%) and p-nitrobenzyl alcohol 1b (100 mol%) combine to form the 

desired product of C-H vinylation, allylic alcohol 2b, in 78% isolated yield simply upon heating 

in THF solvent at 95 
o
C (sealed tube) in the presence of Ru(O2CCF3)2(CO)(PPh3)2 (5 mol%) and 

isopropanol (200 mol%). Enone 3b also forms in 12% isolated yield; however, this by-product is 

easily removed from the desired allylic alcohol by column chromatography. Under these 

conditions, diverse benzylic and aliphatic alcohols 1a-1l are converted to the corresponding 

allylic alcohols 2a-2l, accompanied by variable quantities of the corresponding enones 3a-3l 

(Table 4.1).
27

 Dilution of the reaction mixture with THF (2 M to 0.2 M) and addition of 

isopropanol (200 mol%) were the critical factors in minimizing formation of enones 3a-3l. 

 

 

 

 



105 

 

Table 4.1: Coupling of 2-butyne to alcohols 1a-1l. 

 

 With optimized conditions for the coupling of 2-butyne to alcohols 1a-1l in hand; 

carbonyl vinylation from the aldehyde oxidation level was explored. Preliminary studies using 

isopropanol as terminal reductant lead to low conversions. However, changing the reductant to 

formic acid (100 mol%), allowed aldehydes 4a, 4b and 4e to be converted to allylic alcohols 2a, 

2b and 2e in good yield, accompanied by products of olefin isomerization 5a, 5b and 5e. Here, 

addition of sodium iodide (5 mol%) enabled reactions to be conducted at lower temperature, thus 

suppressing over-oxidation leading to enone side-products (Table 4.2). 
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Table 4.2: Coupling of 2-butyne to aldehydes 4a, 4b, and 4e. 

 

 Alkynes 6a-6c were also examined in couplings to aldehyde 4a using formic acid as 

reductant. We speculated that incorporation of a chelating group into the alkyne might allow 

regioselective couplings to be achieved, and to test this hypothesis, alkynes 6b and 6c were 

synthesized. Employing alkynes 6a-6c necessitated the use of higher concentrations and longer 

reaction times in order for efficient coupling to take place, yet these modifications allow allylic 

alcohols 2m-2o to be synthesized as single regioisomers in excellent yields (Table 4.3, top). 

Over-oxidation under these conditions was not observed. Attempted coupling of alkynes 6a-6c, 

under the standard conditions indicated in Table 4.1, to p-nitrobenzyl alcohol 1b was far less 

efficient (Table 4.3, bottom). Finally, whereas cyclization of acetylenic alcohols failed, the 

reductive cyclization of acetylenic aldehyde 7a proceeds efficiently to deliver 8a in 84% isolated 

yield (Scheme 4.3).  
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Table 4.3: Coupling of alkynes 6a-6c to aldehyde 4b (top) and alcohol 1b (bottom). 

 

Scheme 4.3: Intramolecular ruthenium catalyzed vinylation. 

 

4.22 Development of a Protocol for the Synthesis of α,β-Unsaturated 

Ketones 

 During the development of ruthenium catalyzed alkyne-carbonyl couplings, enone 

byproducts arising from overoxidation were typically observed in varying quantities. In organic 

synthesis, α,β-unsaturated ketones are important functional groups that are typically employed as 

electrophiles for conjugate addition or dienophiles in Diels-Alder reactions. Alkyne 
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hydroacylation is a direct method to synthesize this functional group; however, intermolecular 

reactions of this type are typically complicated by competitive aldehyde decarbonylation.
30

 

Alternatively, the synthesis of these products could be achieved if efficient conditions for 

carbonyl vinylation and in-situ oxidation could be developed. With this goal in mind, we began 

our optimization studies.  

At the onset of this study, we postulated that efficient formation of conjugated enones 

could be promoted simply by raising reaction temperature and extending reaction times. 

Furthermore, by concentrating the reaction mixture alkoxide exchange at the metal center should 

be facilitated. Subsequent β-hydride elimination of the allylic alkoxide yields the enone product, 

thus population of this species in solution is crucial for the development of an efficient reaction. 

These considerations lead to the following modifications; reaction time was extended from 13 

hours to 30 hours, reaction temperature was raised slightly from 95 
o
C to 110 

o
C and the reaction 

was concentrated to 2.0 M from 0.2 M. Application of these adjustments delivered unsaturated 

ketone 3b exclusively in 88% isolated yield (Table 4.4, Entry 1).  
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Table 4.4: Coupling of 2-butyne to alcohols. 

 

 

 

 To explore the scope of this process, 2-butyne was coupled to benzylic alcohols. In each 

case, good to excellent isolated yields of enones were obtained.
29

 Coupling of 2-butyne to the 

corresponding aldehydes was equally efficient in most cases but required addition of isopropanol 

(100 mol%) to initiate the catalytic cycle (Table 4.5). Addition of a hydride donor serves to 

generate the requisite ruthenium hydride which in principle could be done catalytically; however, 

higher yields were obtained by employing a stoichiometric amount of reductant. In all cases, the 

enone products were isolated as a single geometrical isomers (> 95:5, E:Z selectivity). Thus, the 

ruthenium catalyzed coupling of 2-butyne enables the preparation of α,β-unsaturated ketones 

with equal facility from the alcohol or aldehyde oxidation level. 
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Table 4.5: Coupling of 2-butyne to aldehydes. 

 

 

 

Preliminary studies on the hydroacylation of nonsymmetric alkynes reveal promising 

levels of regioselectivity in certain cases. For example, the coupling of nonsymmetric alkyne 6o 

to alcohol 1c occurs in good isolated yield to deliver enone 3u as a 5:1 mixture of regioisomers 

and as a single geometrical isomer (�95:5, E:Z selectivity). Similarly, the coupling of 

nonsymmetric alkyne 6o to aldehyde 4c provides enone 3u in comparable yield as a single 

geometrical isomer (�95:5, E:Z selectivity) (Scheme 4.4). The origin of regioselectivity in this 

transformation could be explained by chelation of the homopropargyl ether to the ruthenium 

center which would direct delivery of hydride to the acetylenic position proximal to the methyl 

group of alkyne 6o.  
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Scheme 4.4: Regioselective coupling of alkyne 6o. 

 

 

4.23 Development of a General Strategy for Regiocontrol 

 Having developed a novel protocol for the vinylation of alcohols and aldehydes, we 

wished to revisit couplings of unsymmetrically substituted alkynes. Prior studies indicated that 

alkynes substituted with a chelating group were effective partners for regioselective coupling; 

however, the scope of this strategy was largely unexplored. Additionally, it had been found that 

aryl substituted alkynes exhibited good reactivity for the vinylation of alcohols, however, these 

reactions were plagued by overoxidation of the products to the corresponding α,β-unsaturated 

ketones. In general these reactions also exhibited poor regiocontrol. To address the issues 

mentioned above, we set out to develop a milder set of reaction conditions with a focus on 

regiocontrol. 

 Initial experiments were conducted using 1-phenylpropyne (100 mol%), 

paraformaldehyde (100 mol%), and formic acid (100 mol%) as reductant (Table 4.6). Reactions 

conducted at low temperature were assayed in an attempt to avoid overoxidation of the product, 

however, only trace amounts of the desired product were observed. This result could be 

attributed to inefficient depolymerization of paraformaldehyde at low temperature. By raising the 
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reaction temperature to 95 °C (sealed tube) moderate levels of conversion were obtained (Table 

4.6, entry 1). The desired allylic alcohol was isolated in a meager 36% yield as a 1:1 

regioisomeric mixture. Additionally, byproducts arising from overoxidation and formate 

generation were identified. Mechanistically, the formation of these byproducts can occur by way 

of a ruthenium alkoxide generated upon vinyl addition to paraformaldehyde (Scheme 4.5). To 

obtain the product of overoxidation, it is proposed that the ruthenium alkoxide undergoes β-

hydride elimination to generate the α,β-unsaturated aldehyde and a ruthenium hydride (Scheme 

4.5, eqn. 1). It is speculated that the formate byproduct accumulates via insertion of 

formaldehyde (used in excess) into the ruthenium alkoxide followed by β-hydride elimination 

(Scheme 4.5, eqn. 2). 

 In previous studies, sodium iodide was found to inhibit the formation of overoxidation 

byproducts.
27

 Reexamination of this additive revealed that overoxidation could again be 

suppressed and interestingly, regioselectivity was improved favoring coupling proximal to the 

phenyl group (Table 4.6, entry 2).  Studies directed toward elucidating the origin of improved 

selectivity with this additive have been conducted and are described in the mechanism section of 

this chapter. To further suppress byproduct formation, we postulated that excess reductant would 

facilitate protonolysis of the intermediate ruthenium alkoxide. Indeed, using formic acid (300 

mol%) in excess, the desired product was obtained in 70% yield and 16:1 regioselectivity (Table 

4.6, entry 3). Here, only trace amounts of overoxidation were observed and formate formation 

was completely suppressed. As overoxidation and formate formation would siphon off the major 

regioisomer during the course of the reaction, partitioning of these pathways with excess 

reductant leads to the increase in observed regioselectivity.   
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Table 4.6: Effect of additive and reductant. 

6d

9a

9a'

36% (1:1)

64% (6:1)

70% (16:1)

entry yield (9a:9a')

1

2

3

Ph

Me OH

Me

Ph OH

(CH2O)nPhMe

(300 mol%)(100 mol%)

Ru(O2CCF3 )2(CO)(PPh3)2
(5 mol%)

HCO2H, THF (2.0 M),

95 oC, 15 h

over [O]

Significant

Significant

Trace

formate

Significant

Significant

None

additive

None

NaI

NaI

HCO2H

100 mol%

100 mol%

300 mol%
 

Scheme 4.5: Mechanistic rationale for beneficial effect of added reductant. 

 

 These results prompted us to examine electronically dissimilar aryl substituted alkynes 

for their proficiency under the newly developed reaction conditions (Table 4.7). Using alkynes 

6e and 6f, vinylation of paraformaldehyde proceeded with excellent regioselectivity to deliver 

products 9b and 9c albeit in lower isolated yield (Table 4.7). Analysis of the crude reaction 

mixtures by 
1
H NMR also revealed that olefin isomerization of the allylic alcohol products had 

taken place. In the case of alkyne 6e, a significant amount of alkyne reduction was also observed 

under the reaction conditions. With the goal of developing a general procedure, alkyne 6e was 

chosen for further optimization experiments. 
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Table 4.7: Preliminary examination of scope. 

 

 Optimization with alkyne 6e revealed that exchange of NaI with Bu4NI lead to marginal 

improvement of yield, regioselectivity, and E:Z selectivity (Table 4.8, entry 2). In light of this 

observation, Bu4NI was used as additive for subsequent experimentation. Furthermore, due to the 

deliquescent nature of NaI, Bu4NI was found to be more amenable to use on small scale. 

Evaluation of reductant demonstrated that formic acid was superior to isopropanol (Table 4.8, 

entry 3) and in the absence of external reductant only trace amounts of vinylation product were 

observed (Table 4.8, entries 4). At this point, it was clear that employing excess formic acid was 

beneficial for suppressing overoxidation and formate production. However, this excess proved to 

be detrimental to the integrity of olefin stereochemistry and resulted in reduction of the alkyne 

limiting reagent. Thus, employing a mixture of formic acid (100 mol%) and isopropanol (200 

mol%) was postulated to restore E:Z selectivity. This hypothesis was born out experimentally 

(Table 4.8, entry 5) and it was found that nearly equal efficiency could be obtained in the 

absence of isopropanol (Table 4.8, entry 6). Lastly, overoxidation and alkyne reduction could be 

further suppressed by dilution of the reaction mixture (Table 4.8, entries 7-8); however, formate 

generation was still problematic. 
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Table 4.8: Optimization. 

 

 Based on the hypothetical mechanism for formate formation (Scheme 4.5, eqn. 2), we 

speculated that decreasing the loading of paraformaldehyde would decrease formate production. 

Thus, we examined a series of reactions with paraformaldehyde as the limiting reagent (Table 

4.9). Employing alkyne 6e (100 mol%), paraformaldehyde (100 mol%), and formic acid (100 

mol%) one obtains coupling product 9b in 60% yield with 10:1 regioselectivity in the absence of 

olefin isomerization (Table 4.9, entry 1). Increasing formic acid loading lead to alkyne reduction 

but delivered product 9b in 42% yield, �20:1 r.r. (Table 4.9, entry 2). Lastly, experiments using 

a slight excess of alkyne 6e and formic acid in the same equivalency provided the optimal results 

(Table 4.9, entries 3-4).  
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Table 4.9: Further optimization. 

 

 Employing the newly developed reaction conditions, coupling of alkynes 6d and 6e with 

paraformaldehyde were reexamined. In both cases good yields were obtained with excellent 

regioselectivity (Table 4.10, entry 1 and 3).
28a

 To further evaluate the scope of this reaction, 

alkynes 6g-o were synthesized and coupled to paraformaldehyde (Table 4.10, entries 4-12). In all 

cases examined, good yields of the trisubstituted allylic alcohols were obtained with good to 

excellent control of regioselectivity. Moreover, with the exception of product 9e, all coupling 

products were isolated as single olefinic isomers. In the case of alkyne 6i, the product 9e was 

obtained in 63% yield, �20:1 r.r., as a 5:1 mixture of 9e to the homoallylic alcohol arising from 

olefin isomerization (Table 4.10, entry 5). 
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Table 4.10: Substrate scope.  

 

Given the variety of alkynes that participate in regioselective coupling to 

paraformaldehyde, the next logical progression of this research was adaptation of the reaction 

conditions for the regioselective vinylation of other aldehydes. Modification of the existing 

conditions by decreasing the reaction temperature to 65 °C and increasing the loading of Bu4NI 

to 10 mol% enabled coupling of alkynes to aldehydes in moderate to good yield with generally 

high levels of regioselectivity (Table 4.11).
28b

 These experiments underscore the generality of 

this approach where alkynes possessing a chelating group or aryl substituent have been 

demonstrated to give dependable levels of regio- and stereocontrol in ruthenium catalyzed 

carbonyl vinylation. 
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Table 4.11: Coupling of unsymmetrically substituted alkyne to higher aldehydes. 

 

4.24 Mechanism 

 In order to propose a catalytic mechanism for ruthenium catalyzed carbonyl vinylation, 

the origin of regioselectivity had to be accounted for. We originally postulated that iodide 

additives were most likely acting as ligands for ruthenium however, no evidence to support this 

hypothesis had been obtained. We deemed that support for this hypothesis could be obtained by 

synthesizing ruthenium complexes containing different halide counterions. Examination of these 
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complexes under the conditions of catalysis would then allow us observe the effect of halide 

ligand on regioselectivity.  

To synthesize these complexes, conditions for the synthesis of RuHCl(CO)(PPh3)3 were 

adopted from the literature to prepare RuHBr(CO)(PPh3)3 and RuHI(CO)(PPh3)3 (Scheme 4.6). 

These catalysts were screened using the standard conditions for coupling of alkyne 6d to 

aldehyde 4s (Table 4.12). This assay revealed that ruthenium complexes incorporating Cl and Br 

counterions displayed no appreciable regioselectivity (Table 4.12, entries 1-2). In contrast, the 

iodide ligated catalyst exhibited excellent regiocontrol for the synthesis of 10g but was 

accompanied by large amounts of olefin isomerization (Table 4.12, entry 3). Additionally, the 

yields of these reactions were found to be substantially lower than the yields obtained using the 

Ru(O2CCF3)2(CO)(PPh3)2 catalyst with Bu4NI additive. These observations indicated that in 

order for efficient conversion to be obtained the catalyst employed must incorporate iodide and 

carboxylate ligands. 

Scheme 4.6: Preparation of ruthenium complexes. 
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Table 4.12: Counterion effects. 

 

 The synthesis of ruthenium catalysts containing halide and carboxylate ligands has been 

reported previously in the literature.
70

 These reactions are typically rapid; therefore, we 

postulated that addition of a fluorinated acid to the reaction mixture would promote carboxylate 

formation in-situ (Scheme 4.7, eqn. 1). To probe the effect of adding acid, C7F15CO2H (5 mol%), 

a crystalline solid, was used in place of CF3CO2H for precise control of stoichiometry.  

Reexamination of the reductive coupling to aldehyde 4s employing RuHX(CO)(PPh3)3 (X = Cl, 

Br, I, 5 mol%) with added acid revealed that allylic alcohol 10g could be obtained in 71% yield, 

�20:1 r.r. with a greatly reduced amount of olefin isomerization (Table 4.12, entry 6). 

Comparison of this result to the synthesis of 10g using Ru(O2CCF3)2(CO)(PPh3)2 as catalyst with 

added Bu4NI (10g isolated in 75% Yield, �20:1 r.r.) reveals that almost identical results are 

obtained (Table 4.11, entry 7). This result strongly suggests that the active catalyst in the newly 

developed ruthenium catalyzed reductive vinylation is in fact Ru(O2CCF3)(I)(CO)(PPh3)2.  

Scheme 4.7: Known method for ruthenium carboxylate synthesis. 
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 Based on the results obtained, a hydrometallative mechanism is proposed for the 

vinylation of aldehydes (Scheme 4.8). The postulated mechanism begins with in-situ generation 

of Ru(TFA)(I)(CO)(PPh3)2 by counterion exchange between Ru(TFA)2(CO)(PPh3)2 and Bu4NI.  

Protonolysis of the trifluoroacetate ligand followed by β-hydride elimination of the ruthenium 

formate (not shown) releases trifluoroacetic acid and carbon dioxide while generating 

RuHI(CO)(PPh3)2. This species can undergo regioselective alkyne hydrometallation delivering a 

vinyl ruthenium intermediate. Carbonyl addition can occur producing a ruthenium alkoxide 

followed by protonolytic cleavage with trifluoroacetic acid to provide the product of carbonyl 

vinylation and regenerate Ru(TFA)(I)(CO)(PPh3)2 which can then reenter the catalytic cycle. 

Scheme 4.8: A plausible catalytic mechanism for C-C coupling. 

Ru(O2CCF3)(I)(CO)(PPh3)2
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HO2CCF3 + CO2
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H
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Me H

OH

HO2CCF3

Ru(O2CCF3)2(CO)(PPh3)2
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Bu4NO2CCF3

R2
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The proposed hydrometallative mechanism for alkyne-carbonyl reductive coupling is 

corroborated by the stoichiometric conversion of Ru(TFA)2(CO)(PPh3)2 to 

Ru(TFA)(H)(CO)(PPh3)2 under transfer hydrogenation conditions employing ethanol as terminal 

reductant,
78

 and the subsequent reaction of Ru(TFA)(H)(CO)(PPh3)2 with diphenylacetylene to 

provide the corresponding vinylruthenium complex (Scheme 4.9).
79

 The regioselectivity of 

hydrometallation, which favors placement of ruthenium adjacent to the aryl substituent of the 
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alkyne, may be driven by additional stabilization associated with π-benzyl character of this 

intermediate. For alkyne 6o, the Lewis basic benzyl ether moiety is anticipated to direct the 

regioselectivity of hydrometallation. It should be noted that oxidative coupling pathways cannot 

be excluded on the basis of the available data and may account for contra-steric regiocontrol in 

the C-C coupling event. 

Scheme 4.9: Stoichiometric reactions supporting hydrometallation. 
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4.3 Conclusion 

In summary, a highly regio- and stereoselective ruthenium catalyzed vinylation protocol 

has been developed for the synthesis of trisubstituted allylic alcohols. This research has 

elucidated the critical role iodide plays in the regioselectivity of ruthenium catalyzed carbonyl 

vinylation.  The regioselectivities observed using this method complement those obtained in 

nickel mediated vinylation processes. In addition, a catalytic mechanism has been proposed that 

is supported by counterion studies and stoichiometric reactions described in the literature for 

related systems. Based on these findings, asymmetric variants of this transformation appear to be 

possible and are under current investigation within our group. 
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4.4 Experimental Section 

General Experimental Details. All reactions were run under an atmosphere of argon, unless 

otherwise indicated. Tetrahydrofuran was passed through a column of Al2O3 prior to use and 

transferred via oven-dried syringe. Reaction tubes were oven-dried and cooled under a stream of 

argon. Reaction tubes were purchased from Fisher Scientific (catalog number 14-959-35C). 

Anhydrous isopropanol (99.5% over molecular sieves) was purchased from Acros and used as 

received. Reagent grade formic acid was purchased from Aldrich and used as received. Sodium 

Iodide was purchased from Fisher Scientific and used as received. Commercially available 

alcohols and alkynes were used as received. Commercially available aldehydes were purified via 

distillation or recrystallization prior to use. Alkynes 6e and 6m were prepared via Sonogashira 

coupling in accordance with literature procedure employing commercially available aryl 

iodides.
80

 Ru(O2CCF3)2(CO)(PPh3)2 was prepared in accordance with literature procedure.
70

 

Analytical thin-layer chromatography (TLC) was carried out using 0.2-mm commercial silica gel 

plates (DC-Fertigplatten Kieselgel 60 F254) and products were visualized by UV, KMnO4, and/or 

Anisaldehyde stain. Preparative column chromatography employing silica gel was performed 

according to the method of Still.
44

 Infrared spectra were recorded on a Perkin-Elmer 1600 

spectrometer. High-resolution mass spectra (HRMS) were obtained on a Karatos MS9 and are 

reported as m/z (relative intensity). Accurate masses are reported for the molecular ion [M+H]
+
 

or a suitable fragment ion. Proton nuclear magnetic resonance (
1
H NMR) spectra were recorded 

with a Varian Gemini (400 MHz or 300MHz) spectrometer. Chemical shifts are reported in delta 

(δ) units, parts per million (ppm) downfield from tetramethylsilane. Coupling constants are 

reported in Hertz (Hz). Carbon-13 nuclear magnetic resonance (
13

C NMR) spectra were recorded 

with a Varian Gemini 300 (75 MHz) or 400 (100 MHz) spectrometer. Chemical shifts are 
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reported in delta (δ) units, ppm relative to the center of the triplet at 77.0 ppm for 

deuteriochloroform. 
13

C NMR spectra were routinely run with broadband decoupling. Compound 

numbers used in the experimental section correspond to those employed in this chapter. 
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General Procedure A (coupling of 2-Butyne to Aldehydes): To a resealable pressure tube 

equipped with magnetic stir bar was added Ru(O2CCF3)2(CO)(PPh3)2 (13.2 mg, 0.015 mmol, 5 

mol%) and NaI (2.2 mg, 0.015 mmol, 5 mol%). At this stage solid aldehyde coupling partners 

(0.300 mmol, 100 mol%) were added. The tube was then sealed with a rubber septum and purged 

with argon. At this stage liquid aldehyde coupling partners (0.300 mmol, 100 mol%) were added. 

THF (1.5 mL, 0.2 M concentration with respect to the aldehyde) was added and the tube was 

cooled to -78 
o
C. 2-Butyne (47 µL, 0.600 mmol, 200 mol%) and formic acid (12 µL, 0.300, 100 

mol%) were added and the rubber septum was quickly replaced with a screw cap. The mixture 

was heated at 65 
o
C for the time stated. The mixture was then concentrated in vacuo and purified 

by flash column chromatography (SiO2), under the conditions noted, to afford the corresponding 

vinylated adduct. 
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(E)-2-Methyl-1-phenylbut-2-en-1-ol (2a) 

 

Procedure A (via aldehyde 4a): After heating the reaction at 65 
o
C for 5 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe - 2% 

EtOAc/PhMe) to afford the title compound (43 mg, 88%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3): 7.37-7.23 (m, 5H) 5.71 (qquint, J = 6.8, 1.6 Hz, 1H) 5.13 (d, J = 

3.2 Hz, 1H) 1.90 (d, J = 3.2 Hz, 1H) 1.68-1.64 9 (m, 3H) 1.50-1.47 (m, 3H). 
13

C NMR (100 

MHz, CDCl3): 142.7, 137.8, 128.4, 127.4, 126.4, 121.5, 79.5, 13.4, 11.9. HRMS (CI) Calcd. for 

C11H15O [M+H]
+
: 163.1123, Found: 163.1118. FTIR (neat): 3379, 2918, 2859, 1450, 1014, 699 

cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
81
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(E)-2-Methyl-1-(4-nitrophenyl)-but-2-en-1-ol (2b) 

 

Procedure A (via aldehyde 4b): After heating the reaction at 65 
o
C for 5 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe - 2% 

EtOAc/PhMe) to afford the title compound (48 mg, 78%) as a colorless, crystalline solid. 

1
H NMR (400 MHz, CDCl3): 8.22-8.16 (m, 2H), 7.56-7.50 (m, 2H), 5.79-5.72 (m, 1H), 5.25 (s, 

1H), 2.09 (d, J = 2.4 Hz, 1H), 1.68 (dd, J = 6.8, 0.8 Hz, 3H), 1.47-1.45 (m, 3H). 
13

C NMR (100 

MHz, CDCl3): 150.0, 147.3, 137.0, 127.1, 123.9, 123.6, 79.1, 13.5, 11.2. HRMS (CI) Calcd. for 

C11H14NO3 [M+H]
+
: 208.0974, Found: 208.0972. FTIR (neat): 3495, 2919, 1514, 1342, 1013, 

858 cm
-1

. M.P. 79-82 
o
C (CHCl3). 
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(E)-1-(3-Methoxyphenyl)-2-methylbut-2-en-1-ol (2e) 

 

Procedure A (via aldehyde 4e): After heating the reaction at 65 
o
C for 5 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, PhMe - 2% 

EtOAc/PhMe) to afford the title compound (52 mg, 91%) as a colorless oil. 

1
H NMR (400 MHz, CDCl3): 7.29-7.24 (m, 1H), 6.95-6.91 (m, 1H), 6.80 (ddd, J = 8.0, 2.4, 0.8 

Hz, 1H), 5.74-5.67 (m, 1H), 5.11 (d, J = 2.8 Hz, 1H), 3.81 (s, 3H), 1.84 (d, J = 3.6 Hz, 1H), 1.68-

1.64 (m, 3H), 1.50 (t, J = 1.2 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 159.8, 144.4, 137.7, 129.4, 

121.7, 118.8, 112.8, 112.0, 79.5, 55.4, 13.4, 11.8. HRMS (CI) Calcd. for C12H17O2 [M+H]
+
: 

193.1229, Found: 193.1231. FTIR (neat): 3403, 2918, 2859, 2835, 1599, 1585, 1486, 1435, 

1039 cm
-1

. 
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General Procedure B (coupling of Alkynes 6a-6c to 4-Nitrobenzyl Alcohol): To a resealable 

pressure tube equipped with magnetic stir bar was added Ru(O2CCF3)2(CO)(PPh3)2 (13.2 mg, 

0.015 mmol, 5 mol%) and 4-nitorbenzyl alcohol (45.9 mg, 0.300 mmol, 100 mol%). At this stage 

solid alkyne coupling partners (0.600 mmol, 200 mol%) were added. The tube was then sealed 

with a rubber septum and purged with argon. At this stage liquid alkyne coupling partners (0.600 

mmol, 200 mol%) were added. THF (0.15 mL, 2.0 M concentration with respect to 4-nitrobenzyl 

alcohol) and isopropanol (46 µL, 0.600 mmol, 200 mol%) were added and the rubber septum 

was quickly replaced with a screw cap. The mixture was heated at 95 
o
C for the time stated. The 

mixture was then concentrated in vacuo and purified by flash column chromatography (SiO2), 

under the conditions noted, to afford the corresponding vinylated adduct. 

 

General Procedure C (coupling of Alkynes 6a-6c to 4-Nitrobenzaldehyde): To a resealable 

pressure tube equipped with magnetic stir bar was added Ru(O2CCF3)2(CO)(PPh3)2 (13.2 mg, 

0.015 mmol, 5 mol%), NaI (2.2 mg, 0.015 mmol, 5 mol%) and 4-nitorbenzaldehyde (45.3 mg, 

0.300 mmol, 100 mol%). At this stage solid alkyne coupling partners (0.600 mmol, 200 mol%) 

were added. The tube was then sealed with a rubber septum and purged with argon. At this stage 

liquid alkyne coupling partners (0.300 mmol, 100 mol%) were added. THF (0.15 mL, 2.0 M 

concentration with respect to 4-Nitrobenzaldehyde) and formic acid (12 µL, 0.300, 100 mol%) 

were added and the rubber septum was quickly replaced with a screw cap. The mixture was 

heated at 65 
o
C for the time stated. The mixture was then concentrated in vacuo and purified by 

flash column chromatography (SiO2), under the conditions noted, to afford the corresponding 

vinylated adduct. 
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(E)-1-(4-Nitrophenyl)-2,3-diphenylprop-2-en-1-ol (2m) 

 

Procedure B (via alcohol 1b): After heating the reaction at 95 
o
C for 37 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, 100% PhMe – 2% 

EtOAc/PhMe) to afford the title compound (62 mg, 62%) as an orange solid. 

Procedure C (via aldehyde 4b): In a modification to procedure D, the reaction was heated at 95 

o
C for 24 hours. The mixture was then concentrated in vacuo and purified by flash column 

chromatography (SiO2, 100% PhMe – 2% EtOAc/PhMe) to afford the title compound (91 mg, 

91%) as an orange solid. 

1
H NMR (400 MHz, CDCl3): 8.12 (d, J = 8.7 Hz, 2H) 7.46 (d, J = 8.7 Hz, 2H) 7.29-7.18 (m, 

3H) 7.15-7.05 (m, 2H) 6.99-6.88 (m, 4H) 6.86 (s, 1H) 5.67 (d, J = 3.8 Hz, 1H) 2.51 (d, J = 3.8 

Hz, 1H). 
13

C NMR (100 MHz, CDCl3): 149.0, 147.2, 142.7, 136.9, 135.6, 129.3, 128.7 (2 

signals), 128.0, 127.8, 127.4, 127.3, 123.4, 78.6 (only 14 signals were observed). HRMS (CI) 

Calcd. for C21H18NO2 [M+H]
+
: 332.1287, Found: 332.1288. FTIR (neat): 3442, 3056, 3024, 

1599, 1518, 1344, 906 cm
-1

. 
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(E)-2-Benzylidene-4-benzyloxy-1-(4-nitrophenyl)-butan-1-ol (2n) 

 

Procedure B (via alcohol 1b): After heating the reaction at 95 
o
C for 13 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, 100% PhMe – 2% 

EtOAc/PhMe) to afford the title compound (68 mg, 58%) as a yellow oil. 

Procedure C (via aldehyde 4b): After heating the reaction at 65 
o
C for 16 hours the mixture 

was then concentrated in vacuo and purified by flash column chromatography (SiO2, 100% 

PhMe – 2% EtOAc/PhMe) to afford the title compound (98 mg, 84%) as a yellow oil. 

1
H NMR (400 MHz, CDCl3): 8.17 (d, J = 8.7 Hz, 2H) 7.60 (d, J = 8.7 Hz, 2H) 7.46-7.28 (m, 

7H) 7.28-7.16 (m, 3H) 6.78 (s, 1H) 5.38 (d, J = 2.1 Hz, 1H) 4.84 (d, J = 4.4 Hz, 1H) 4.50 (s, 2H) 

3.59-3.40 (m, 2H) 2.67-2.53 (m, 1H) 2.26-2.12 (m, 1H). 
13

C NMR (100 MHz, CDCl3): 150.9, 

146.9, 140.6, 136.9, 136.4, 131.8, 128.5, 128.4, 128.1, 127.8, 127.2, 126.9, 123.3, 78.7, 73.4, 

69.1, 27.4 (only 17 signals were observed). HRMS (CI) Calcd. for C24H23NO4 [M+H]
+
: 

389.1627, Found: 389.1628. FTIR (neat): 3381, 3029, 2865, 1599, 1517, 1345, 1076, 739 cm
-1

. 
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(E)-2-[Hydroxy-(4-nitrophenyl)-methyl]-3-phenylallyl-carbamic acid tert-butyl ester (2o) 

 

Procedure B (via alcohol 1b): After heating the reaction at 95 
o
C for 13 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, 100% PhMe – 2% 

EtOAc/PhMe) to afford the title compound (18 mg, 15%) as an orange solid. 

Procedure C (via aldehyde 4b): After heating the reaction at 65 
o
C for 13 hours the mixture 

was then concentrated in vacuo and purified by flash column chromatography (SiO2, 100% 

PhMe – 2% EtOAc/PhMe) to afford the title compound (87 mg, 75%) as an orange solid. 

1
H NMR (400 MHz, CDCl3): 8.20 (d, J = 8.6 Hz, 2H) 7.67 (d, J = 8.6 Hz, 2H) 7.44-7.12 (m, 

5H) 6.70 (s, 1H) 5.46 (d, J = 5.3 Hz, 1H) 4.81 (s, 1H) 4.72 (s, 1H) 3.90 (dd, J = 15.1, 5.3 Hz, 

1H) 3.82 (dd, J = 15.1, 5.3 Hz, 1H) 1.36 (s, 9H). 
13

C NMR (100 MHz, CDCl3): 156.8, 150.0, 

147.1, 140.0, 135.9, 131.9, 128.6, 128.4, 127.6, 127.0, 123.5, 80.3, 76.6, 37.3, 28.2. HRMS (CI) 

Calcd. for C21H25N2O5 [M+H]
+
: 385.1764, Found: 385.1766. FTIR (neat): 3415, 2978, 2932, 

1685, 1517, 1346, 1250, 1162, 907, 729 cm
-1

. 
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(E)-4-Benzylidene-1-(toluene-4-sulfonyl)-pyrrolidin-3-ol (8a) 

 

Procedure C (via aldehyde 7a): After heating the reaction at 65 
o
C for 16 hours the mixture was 

then concentrated in vacuo and purified by flash column chromatography (SiO2, 25% 

EtOAc/Hex) to afford the title compound (83 mg, 84%) as a viscous yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.72 (d, J = 7.9 Hz, 2H) 7.42-7.22 (m, 4H) 7.15 (d, J = 7.9 Hz, 

1H) 6.58 (s, 1H) 4.67 (t, J = 5.2 Hz, 1H) 4.21 (d, J = 14.9 Hz, 1H) 4.10 (d, J = 14.9 Hz, 1H) 3.47 

(dd, J = 9.9, 5.2 Hz, 1H) 3.16 (dd, J = 9.9, 5.2 Hz, 1H) 2.39 (s, 3H) 2.26 (s, 1H). 
13

C NMR (100 

MHz, CDCl3): 143.9, 138.4, 135.6, 132.6, 129.8, 128.6, 128.4, 127.7, 125.9, 73.4, 54.2, 49.4, 

21.5 (only 13 signals were observed). HRMS (CI) Calcd. for C18H20NO3S [M+H]
+
: 330.1164, 

Found: 330.1169. FTIR (neat): 3479, 2918, 1597, 1493, 1449, 1336, 1152, 1091, 1039, 910, 813 

cm
-1

. 
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General Procedure D (coupling of 2-butyne to alcohols): To a pressure tube equipped with 

magnetic stir bar was added Ru(O2CCF3)2(CO)(PPh3)2 (13.2 mg, 0.015 mmol, 5 mol%). At this 

stage, solid alcohol substrates (0.300 mmol, 100 mol%) were added. The tube was then sealed 

with a rubber septum, purged with argon and THF (1.5 mL, 0.2 M concentration with respect to 

the alcohol) was added. At this stage, liquid alcohol coupling partners (0.300 mmol, 100 mol%) 

were added. The reaction vessel was cooled to -78 
o
C. 2-Butyne (35 µL, 0.450 mmol, 150 mol%) 

was added and the rubber septum was quickly replaced with a screw cap. The reaction vessel 

was allowed to reach room temperature and the reaction mixture was heated to the specified 

temperature and for the indicated time. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2) under the conditions noted to furnish the α,β-

unsaturated ketone. 

General Procedure E (coupling of 2-butyne to aldehydes): To a pressure tube equipped with 

magnetic stir bar was added Ru(O2CCF3)2(CO)(PPh3)2 (13.2 mg, 0.015 mmol, 5 mol%). At this 

stage, solid aldehyde substrates (0.300 mmol, 100 mol%) were added. The tube was then sealed 

with a rubber septum, purged with argon and THF (1.5 mL, 0.2 M concentration with respect to 

the aldehyde) and 2-propanol (36 µL, 0.300, 100 mol%) were added. At this stage, liquid 

aldehyde coupling partners (0.300 mmol, 100 mol%) were added. The reaction vessel was cooled 

to -78 
o
C. 2-Butyne (35 µL, 0.450 mmol, 150 mol%) was added and the rubber septum was 

quickly replaced with a screw cap. The reaction vessel was allowed to reach room temperature 

and the reaction mixture was heated to the specified temperature and for the indicated time. The 

reaction mixture was concentrated in vacuo and purified by flash column chromatography (SiO2) 

under the conditions noted to furnish the α,β-unsaturated ketone. 
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(E)-4-(2-Methylbut-2-enoyl)-benzoic acid methyl ester (3d) 

O

CO2Me
Me

Me

 

Procedure D (via alcohol 1d): After heating the reaction at 110 
o
C for 30 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, Hex - 5% 

EtOAc/Hex) to afford the title compound (59.4 mg, 91%) as a colorless crystalline solid. 

Procedure E (via aldehyde 4d): After heating the reaction at 110 
o
C for 40 hours the mixture 

was concentrated in vacuo and purified by flash column chromatography (SiO2, Hex – 5% 

EtOAc/Hex) to afford the title compound (49.5 mg, 76%) as a colorless crystalline solid. 

1
H NMR (400 MHz, CDCl3): 8.08 (d, J = 8.5 Hz, 2H) 7.63 (d, J = 8.5 Hz, 2H) 6.41 (q, J = 7.3 

Hz, 1H) 3.95 (s, 3H) 1.97 (s, 3H) 1.90 (d, J = 7.3 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 198.0, 

166.3, 143.0, 142.8, 137.6, 132.0, 129.2, 128.8, 52.3, 14.9, 11.8. HRMS (CI) Calcd. for 

C13H15O3 [M+H]
+
: 219.1021, Found: 219.1024. FTIR (neat): 2952, 1722, 1647, 1435, 1404, 

1271, 1178, 1106, 720 cm
-1

. 
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(E)-2-(4-Methyl-3-oxohex-4-enyl)-isoindole-1,3-dione (3t) 

 

Procedure D (via alcohol 1q): After heating the reaction at 110 
o
C for 40 hours the mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2, 10% EtOAc/Hex) to 

afford the title compound (76.8 mg, 99%) as a colorless crystalline solid. 

Procedure E (via aldehyde 4q): After heating the reaction at 130 
o
C for 30 hours the mixture 

was concentrated in vacuo and purified by flash column chromatography (SiO2, 10% 

EtOAc/Hex) to afford the title compound (51.2 mg, 66%) as a colorless crystalline solid. 

1
H NMR (400 MHz, CDCl3): 7.84 (dd, J = 5.5, 3.1 Hz, 2H) 7.72 (dd, J = 5.5, 3.1 Hz, 2H) 6.74 

(q, J = 6.8 Hz, 1H) 4.00 (t, J = 7.5 Hz, 2H) 3.10 (t, J = 7.5 Hz, 2H) 1.84 (d, J = 6.8 Hz, 3H) 1.77 

(s, 3H). 
13

C NMR (100 MHz, CDCl3): 198.6, 168.1, 138.1, 133.9, 132.0, 123.2, 35.4, 34.0, 14.8, 

10.8 (only 10 signals were observed). HRMS (CI) Calcd. for C15H16NO3 [M+H]
+
: 258.1130, 

Found: 258.1130. FTIR (neat): 2927, 1772, 1709, 1663, 1439, 1392, 1365, 998, 910, 717 cm
-1

. 
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General Procedure F (Sonogashira coupling): A one neck 250 mL round bottom flask was 

equipped with a magnetic stir bar and 24/40 rubber septa, then purged with argon. After purging, 

Pd(PPh3)4 (289 mg, 0.25 mmol, 1 mol%), CuI (190 mg, 1.00 mmol, 4 mol%), and 1-(4-

Iodophenyl)-ethanone (6.08g, 24.7 mmol, 100 mol%) were added. The flask was purged again 

with argon and THF (50 mL, 0.5M) and TEA (6.89 mL, 49.4 mmol, 200 mol%) were added. The 

reaction mixture was cooled to -78 
o
C and placed under vacuum. A balloon of propyne gas, 

roughly the size of the flask, was attached to the reaction vessel using a 12” 18 gauge needle. 

The flask was equipped with a small argon balloon and the cooling bath was removed. The 

reaction mixture was allowed to warm to room temperature and was allowed to stir overnight. 

The reaction mixture was filtered through Celite with the aid of ether. The solution was 

concentrated, transferred to a 250 mL separatory funnel containing ether (50 mL), and saturated 

NH4Cl (aq.) (100 mL) was added. The organic phase was collected and the aqueous phase was 

extracted with three portions of ether (50 mL). The combined organic extracts were dried 

(MgSO4), filtered, and concentrated under vacuum. The residue was purified by flash column 

chromatography (SiO2), under the conditions noted, to afford the corresponding Sonogashira 

coupling product.  
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1-Bromo-4-(prop-1-ynyl)-benzene (6k) 

 

General Procedure F (via 1-bromo-4-iodobenzene): Purified by flash column chromatography 

(SiO2, Hexane) to afford the title compound (4.72 g, 99%) as a yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.41 (d, J = 8.5 Hz, 2H), 7.24 (d, J = 8.5 Hz, 2H), 2.03 (s, 3H). 

13
C 

NMR (100 MHz, CDCl3): 133.0, 131.4, 123.0, 121.6, 87.1, 78.7, 4.4. FTIR (Neat): 2915, 1484, 

1070, 1011, 820 cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
80 

1-(4-(Prop-1-ynyl)-phenyl)-ethanone (6l) 

 

General Procedure F (via 1-(4-Iodophenyl)-ethanone): Purified by flash column 

chromatography (SiO2, 2% EtOAc/Hexane) to afford the title compound (3.83 g, 98%) as a 

white solid. 

1
H NMR (400 MHz, CDCl3): 7.87 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 8.2 Hz), 2.58 (s, 3H), 2.08 (s, 

3H). 
13

C NMR (100 MHz, CDCl3): 197.3, 135.6, 131.5, 129.0, 128.1, 89.7, 79.2, 26.5, 4.4. 

FTIR (Solid): 3067, 2910, 2252, 2212, 1677, 1598, 1552, 1399, 1355, 1257, 1181, 956, 834 cm
1
. 
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Ethyl-4-(prop-1-ynyl)-benzoate (6f) 

 

General Procedure F (via Ethyl-4-iodobenzoate): Purified by flash column chromatography 

(SiO2, 2% EtOAc/Hexane) to afford the title compound (4.42 g, 98%) as a yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.96 (d, J = 8.5 Hz, 2H), 7.43 (d, J = 8.5 Hz, 2H), 4.37 (q, J = 7.1 

Hz, 2H), 2.08 (s, 3H), 1.39 (t, J = 7.1 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 166.1, 131.3, 

129.4, 129.2, 128.7, 89.2, 79.3, 61.0, 14.3, 4.5. FTIR (Neat): 2981, 1713, 1606, 1266, 1173, 

1104, 1020, 857, 768, 696 cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
80

 

t-Butyl-3-(prop-1-ynyl)-1H-indole-1-carboxylate (6n) 

 

To a one neck 250 mL round bottom flask equipped with a magnetic stir bar was added 

indole (2.00 g, 17.1 mmol, 100 mol%) as a solution in DMF (35 mL, 0.5 M). Potassium 

hydroxide (2.39 g, 42.6 mmol, 250 mol%) was added and the mixture was allowed to stir for 20 

minutes. Iodine (4.38 g, 17.3, 101 mol%) was added and the mixture was allowed to stir for one 

hour. The reaction mixture was poured into a 1 L Erlenmeyer flask containing ice water (400 

mL). A precipitate was collected by vacuum filtration and used immediately in the subsequent 

transformation (the crude product decomposes over time).  
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To a one neck 250 mL round bottom flask equipped with a magnetic stir bar was added 

3-iodo-1H-indole (4.15 g, 17.1 mmol, 100 mol%), DMAP (104 mg, 0.86 mmol, 5 mol%), and 

DCM (55 mL, 0.3M). To the stirred mixture was added (Boc)2O (3.73 g, 17.1 mmol, 100 mol%) 

in portions and the mixture was allowed to stir 16 hours. The reaction mixture was diluted with 

DCM (150 mL) and transferred to a 250 mL separatory funnel. The organic phase was collected 

and the aqueous phase was extracted with three portions of DCM (50 mL). The combined 

organic extracts were dried (MgSO4), filtered and concentration under vacuum. The crude 

residue was used in the subsequent transformation. 

The general procedure for Sonogashira coupling (vide supra) was employed using t-

butyl-3-iodo-1H-indole-1-carboxylate (5.87 g, 17.1 mmol, 100 mol%) as the limiting reagent. 

The residue was purified by flash column chromatography (SiO2, 2% EtOAc/Hexane) to afford 

the title compound (4.09 g, 94% over three steps) as a clear syrup which was stored at 0 
o
C. 

1
H NMR (400 MHz, CDCl3): 8.12 (d, J = 7.5 Hz, 1H), 7.72-7.62 (m, 2H), 7.38-7.27 (m, 2H), 

2.13 (s, 3H), 1.66 (s, 9H). 
13

C NMR (100 MHz, CDCl3): 149.1, 134.5, 130.8, 128.1, 124.9, 

123.0, 120.0, 115.1, 104.0, 89.1, 84.0, 71.2, 28.1, 4.6. HRMS (CI) Calcd. for C16H17NO2 [M]
+
: 

255.1259, Found: 255.1261. FTIR (in CDCl3): 2979, 1733, 1450, 1367, 1232, 1153, 1098, 908, 

730 cm
-1

.  
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General Procedure G: To a resealable pressure tube equipped with a magnetic stir bar is added 

Ru(O2CCF3)2(CO)(PPh3)2 (17.6 mg, 0.020 mmol, 5 mol%), Bu4NI (2.2 mg, 0.015 mmol, 5 

mol%), and (CH2O)n (12.0 mg, 0.400 mmol, 100 mol%). At this stage solid alkyne coupling 

partners (0.800 mmol, 200 mol%) are added. The tube is then sealed with a 14/20 rubber septum 

and purged with argon followed by the addition of THF (2.0 mL, 0.2M concentration with 

respect to paraformaldehyde) and HCO2H (30 µL, 0.800 mmol, 200 mol%). At this stage liquid 

alkyne coupling partners (0.800, 200 mol%) are added and the rubber septum is quickly replaced 

with a screw cap. The mixture is heated at 95 
o
C for 15 hours. The mixture is concentrated in 

vacuo and the residue purified by flash column chromatography (SiO2), under the conditions 

noted, to afford the corresponding vinylated adduct. 
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(E)-2-Phenylbut-2-en-1-ol (9a) 

 

General Procedure G (via alkyne 6d): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

Et2O/Hexane) to afford the title compound (50.2 mg, 85%, >20:1 r.r.) as a colorless oil. 

1
H NMR (400 MHz, CDCl3): 7.40-7.20 (m, 5H), 5.83 (q, J = 6.8 Hz, 1H), 4.32 (s, 2H), 1.64 (d, 

J = 6.8 Hz, 3H), 1.58 (s, 1H). 
13

C NMR (100 MHz, CDCl3): 140.9, 138.3, 128.7, 128.3, 127.0, 

123.4, 68.1, 14.4. FTIR (Neat): 3324, 2915, 2858, 1934, 1493, 1440, 1070, 995, 762, 699 cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
82 
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(E)-2-(4-Methylphenyl)-but-2-en-1-ol (9b) 

 

General Procedure G (via alkyne 6g): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

Et2O/Hexane) to afford the title compound (48.7 mg, 75%, >20:1 r.r.) as a pale yellow oil. 

1
H NMR (400 MHz, CDCl3): 7.18 (d, J = 7.9 Hz, 2H) 7.12 (d, J = 7.9 Hz, 2H) 5.79 (q, J = 6.8 

Hz, 1H) 4.29 (s, 2H) 2.35 (s, 3H) 1.64 (d, J = 6.8 Hz, 3H) 1.63 (s, 1H). 
13

C NMR (100 MHz, 

CDCl3): 140.7, 136.6, 135.1, 129.0, 128.5, 123.0, 68.1, 21.1, 14.4. HRMS (CI) Calcd. for 

C11H14O [M]
 +·

: 162.1045, Found: 162.1046. FTIR (Neat): 3321, 2918, 2859, 1933, 1513, 1437, 

1076, 997, 814, 695 cm
-1

. 
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(E)-2-(4-Methoxyphenyl)-but-2-en-1-ol (9c) 

 

General Procedure G (via alkyne 6e): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 30% 

Et2O/Hexane) to afford the title compound (52.6 mg, 74%, >20:1 r.r.) as a colorless oil. 

1
H NMR (400 MHz, CDCl3): 7.17 (d, J = 8.8 Hz, 2H), 6.9 (d, J = 8.8 Hz, 2H), 5.79 (q, J = 6.9 

Hz, 1H), 4.29 (s, 2H), 3.81 (s, 3H), 1.65 (d, J = 6.9 Hz, 3H), 1.63 (s, 1H). 
13

C NMR (100 MHz, 

CDCl3): 158.5, 140.3, 130.3, 129.8, 123.0, 113.7, 68.1, 55.2, 14.4. FTIR (in CDCl3): 3348, 

2914, 1608, 1510, 1243, 1177, 1032, 836 cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
82 
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(E)-2-(4-Chlorophenyl)-but-2-en-1-ol (9d) 

 

General Procedure G (via alkyne 6h): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

Et2O/Hexane) to afford the title compound (54.9 mg, 75%, 10:1 r.r.) as a colorless oil.
 

1
H NMR (400 MHz, CDCl3): 7.33 (d, J = 8.5 Hz, 2H), 7.16 (d, J = 8.5 Hz, 2H), 5.84 (q, J = 6.9 

Hz, 1H), 4.28 (s, 2H), 1.66 (s, 1H), 1.63 (d, J = 6.9 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 

139.8, 136.7, 132.8, 130.0, 128.5, 124.3, 67.9, 14.4. HRMS (CI) Calcd. for C10H12OCl [M+H]
+
: 

183.0577, Found: 183.0576. FTIR (Neat): 3328, 2916, 1938, 1489, 1435, 1089, 1014, 838, 756 

cm
-1

.  
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(E)-2-(2-Methylphenyl)-but-2-en-1-ol (9e) 

 

General Procedure G (via alkyne 6i): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

Et2O/Hexane) to afford the title compound (40.9 mg, 63%, >20:1 r.r., 5:1 homoallylic alcohol) as 

a colorless oil.
 

1
H NMR (400 MHz, CDCl3): 7.23-7.12 (m, 3H), 7.06-7.01 (m, 1H) 5.83 (q, J = 6.7 Hz, 1H) 4.20 

(s, 2H) 2.21 (s, 3H) 1.65 (s, 1H) 1.43 (d, J = 6.7 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 140.6, 

137.7, 136.1, 129.9, 129.1, 127.2, 125.7, 122.6, 67.5, 19.2, 14.0. HRMS (CI) Calcd. for C11H15O 

[M+H]
+
: 163.1123, Found: 163.1121. FTIR (in CDCl3): 3347, 2917, 1487, 1435, 909, 729 cm

-1
. 
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(E)-2-(3-Methoxyphenyl)-but-2-en-1-ol (9f) 

 

General Procedure G (via alkyne 6j): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 30% 

Et2O/Hexane) to afford the title compound (55.7 mg, 78%, 12:1 r.r.) as a colorless oil.
 

1
H NMR (400 MHz, CDCl3): 7.38-7.22 (m, 1H), 6.89-6.74 (m, 3H), 5.81 (q, J = 7.0 Hz, 1H), 

4.30 (s, 2H), 3.80 (s, 3H), 1.73 (s, 1H), 1.64 (d, J = 7.0 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 

159.4, 140.8, 139.7, 129.3, 123.4, 121.0, 114.4, 112.3, 67.9, 55.1, 14.4. HRMS (CI) Calcd. for 

C11H15O2 [M+H]
+
: 179.1072, Found: 179.1072. FTIR (in CDCl3): 3338, 2917, 1576, 1256, 

1041, 908, 729 cm
-1

.  

 

 

 

 

 

 

 

 



149 

 

(E)-2-(4-Bromophenyl)but-2-en-1-ol (9g) 

 

General Procedure G (via alkyne 6k): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

Et2O/Hexane) to afford the title compound (63.3 mg, 70%, 9:1 r.r.) as a colorless oil.
 

1
H NMR (400 MHz, CDCl3): 7.49 (d, J = 8.5 Hz, 2H), 7.11 (d, J = 8.5 Hz, 2H), 5.85 (q, J = 7.0 

Hz, 1H), 4.29 (s, 2H), 1.63 (d, J = 7.0 Hz, 3H), 1.54 (s, 1H). 
13

C NMR (100 MHz, CDCl3): 

139.8, 137.2, 131.4, 130.4, 124.3, 121.0, 67.9, 14.4. HRMS (CI) Calcd. for C10H11BrO [M]
+
: 

225.9993, Found: 225.9991. FTIR (in CDCl3): 3313, 2914, 1486, 1069, 1010, 837, 822, 746 cm
-

1
. 
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(E)-1-(4-(1-Hydroxybut-2-en-2-yl)-phenyl)-ethanone (9h) 

 

General Procedure G (via alkyne 6l): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 40% 

Et2O/Hexane) to afford the title compound (53.6 mg, 70%, 8:1 r.r.) as a colorless oil.
 

1
H NMR (400 MHz, CDCl3): 7.95 (d, J = 8.5 Hz, 2H) 7.34 (d, J = 8.5 Hz, 2H) 5.91 (q, J = 7.0 

Hz, 1H) 4.34 (s, 2H) 2.60 (s, 3H) 2.07 (s, 1H) 1.65 (d, J = 7.0 Hz, 3H). 
13

C NMR (100 MHz, 

CDCl3): 197.9, 143.7, 140.1, 135.6, 128.9, 128.3, 124.8, 67.6, 26.5, 14.4. FTIR (in CDCl3): 

3427, 2917, 2859, 1676, 1603, 1402, 1357, 1267, 1183, 1073, 958, 849 cm
-1

. 

The spectroscopic properties of this compound were consistent with the data available in the 

literature.
82 

 

 

 

 

 

 



151 

 

(E)-Ethyl-4-(1-hydroxybut-2-en-2-yl)-benzoate (9i) 

 

General Procedure G (via alkyne 6f): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 30% 

Et2O/Hexane) to afford the title compound (60.7 mg, 69%, 9:1 r.r.) as a colorless oil.
 

1
H NMR (400 MHz, CDCl3): 8.04 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.5 Hz, 2H), 5.90 (q, J = 6.9 

Hz, 1H), 4.38 (q, J = 7.0 Hz, 2H), 4.34 (s, 2H), 1.69 (s, 1H), 1.64 (d, J = 6.9 Hz, 3H), 1.40 (t, J = 

7.0 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 166.5, 143.3, 140.2, 129.5, 128.7, 124.7, 67.8, 60.9, 

14.4, 14.3. HRMS (CI) Calcd. for C13H17O3 [M+H]
+
: 221.1178, Found: 221.1180. FTIR (Neat): 

3408, 2980, 1714, 1608, 1367, 1272, 1178, 1101, 1020, 755, 710 cm
-1

. 
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(Z)-2-(Thiophen-2-yl)-but-2-en-1-ol (9j) 

 

General Procedure G (via alkyne 6m): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

Et2O/Hexane) to afford the title compound (47.0 mg, 76%, 11:1 r.r.) as a yellow oil. 
 

1
H NMR (400 MHz, CDCl3): 7.32-7.28 (m, 1H), 7.07-7.04 (m, 2H), 5.90 (q, J = 7.1 Hz, 1H), 

4.36 (s, 2H), 1.88 (d, J = 7.1 Hz, 3H), 1.82 (s, 1H). 
13

C NMR (100 MHz, CDCl3): 139.6, 133.6, 

126.8, 126.1, 125.5, 124.9, 68.4, 15.0. HRMS (CI) Calcd. for C8H10OS [M]
+
: 154. 0452, Found: 

154.0450. FTIR (in CDCl3): 3323, 2918, 1939, 1435, 1386, 1228, 1080, 1037, 991, 849, 692 cm
-

1
. 
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(E)-tert-Butyl-3-(1-hydroxybut-2-en-2-yl)-1H-indole-1-carboxylate (9k) 

 

General Procedure G (via alkyne 6n): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 40% 

Et2O/Hexane) to afford the title compound (88.3 mg, 77%, >20:1 r.r.) as a yellow syrup. 
 

1
H NMR (400 MHz, CDCl3): 8.17 (d, J = 7.9 Hz, 1H), 7.51 (s, 1H), 7.41 (d, J = 7.5 Hz, 1H), 

7.32 (dd, J = 7.5, 7.2 Hz, 1H), 7.23 (dd, J = 7.9, 7.2 Hz, 1H), 6.00 (q, J = 6.8 Hz, 1H), 4.30 (s, 

2H), 1.82 (s, 1H), 1.67 (s, 9H), 1.63 (d, J = 6.8 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 149.6, 

135.2, 132.5, 129.8, 126.2, 124.4, 123.8, 122.6, 120.1, 117.8, 115.2, 83.7, 67.7, 28.1, 15.1. 

HRMS (CI) Calcd. for C17H21NO3 [M]
+
: 287.1521, Found: 287.1517. FTIR (in CDCl3): 3355, 

2978, 1730, 1450, 1370, 1253, 1152, 1068, 765, 746 cm
-1

. 
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(E)-2-(2-(Benzyloxy)-ethyl)-but-2-en-1-ol (9l) 

 

General Procedure G (via alkyne 6g): After heating the reaction at 95 
o
C for 15 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 30% 

Et2O/Hexane) to afford the title compound (45.4 mg, 55%, >20:1 r.r.) as a colorless oil. 
 

1
H NMR (400 MHz, CDCl3): 7.37-7.26 (m, 5H), 5.60 (q, J = 6.8 Hz, 1H), 4.53 (s, 2H), 3.99 (s, 

2H), 3.56 (t, J = 6.3 Hz, 2H), 2.87 (s, 1H), 2.46 (t, J = 6.3 Hz, 2H), 1.62 (d, J = 6.8 Hz, 3H). 
13

C 

NMR (100 MHz, CDCl3): 137.7, 137.3, 128.4, 127.7 (two signals), 124.0, 73.1, 69.2, 68.3, 29.0, 

13.1. HRMS (CI) Calcd. for C13H18O2 [M]
+
: 206.1307, Found: 206.1308. FTIR (in CDCl3): 

3392, 2920, 2858, 1454, 1361, 1090, 1074, 1027, 735, 697 cm
-1

. 

 

 

 

 

 

 

 



155 

 

General Procedure H (coupling of alkynes to aldehydes): To a pressure tube equipped with 

magnetic stir bar was added Ru(O2CCF3)2(CO)(PPh3)2 (13.2 mg, 0.015 mmol, 5 mol%) and 

Bu4NI (11.1 mg, 0.030 mmol, 10 mol%). The aldehyde (0.30 mmol, 100 mol%) was added. The 

tube was sealed with a rubber septum, purged with argon and THF (1.5 mL, 0.2 M with respect 

to aldehyde), alkyne (0.60 mmol, 200 mol%) and HCO2H (22.6 µL, 0.6 mmol, 200 mol%) were 

added. The rubber septum was quickly replaced with a screw cap and the reaction was heated to 

the 65 °C for the indicated time. The reaction mixture was concentrated in vacuo and purified by 

flash column chromatography (SiO2) under the conditions noted to furnish allylic alcohols. 
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(E)-2-(2-Hydroxy-3-phenylpent-3-enyl)-isoindoline-1,3-dione (10m) 

 

General Procedure H (via alkyne 6d): After heating the reaction at 65 
o
C for 16 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

EtOAc/Hexane) to afford the title compound (83.1 mg, 90%, 18:1 r.r.) as a yellow syrup.  

1
H NMR (400 MHz, CDCl3): 7.80 (dd, J = 5.4, 3.0 Hz, 2H), 7.69 (dd, J = 5.4, 3.0 Hz, 2H), 7.38-

7.32 (m, 2H), 7.30-7.20 (m, 3H), 5.95 (q, J = 6.8 Hz, 1H), 4.78-4.65 (m, 1H), 3.77 (dd, J = 14.3, 

3.9 Hz, 1H), 3.70 (dd, J = 14.3, 8.0 Hz, 1H), 2.81 (d, J = 6.1 Hz, 1H), 1.58 (d, J = 6.8 Hz, 3H). 

13
C NMR (100 MHz, CDCl3): 168.7, 141.0, 137.2, 133.9, 131.8, 129.1, 128.2, 127.1, 124.2, 

123.2, 74.2, 43.7, 14.3. HRMS (CI) Calcd. for C19H18NO3 [M+H]
+
: 308.1287, Found: 308.1288. 

FTIR (in CDCl3): 3470, 1771, 1702, 1493, 1467, 1391, 1073, 1003, 912, 716, 703 cm
-1

.    
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(E)-2-(2-Hydroxy-3-(4-methoxyphenyl)-pent-3-enyl)-isoindoline-1,3-dione (10n) 

 

General Procedure H (via alkyne 6e): After heating the reaction at 65 
o
C for 16 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

EtOAc/Hexane) to afford the title compound (89.1 mg, 88%, 18:1 r.r.) as a yellow syrup.  

1
H NMR (400 MHz, CDCl3): 7.80 (dd, J = 5.5, 2.9 Hz, 2H), 7.69 (dd, J = 5.5, 2.9 Hz, 2H), 7.16 

(d, J = 8.8 Hz, 2H), 6.88 (d, J = 8.8 Hz, 2H), 5.91 (q, J = 6.8 Hz, 1H), 4.74-4.63 (m, 1H), 3.79 (s, 

3H), 3.76 (dd, J = 14.1, 3.9 Hz, 1H), 3.70 (dd, J = 14.1, 8.0 Hz, 1H), 2.78 (d, J = 6.1 Hz, 1H), 

1.58 (d, J = 6.8 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 168.7, 158.6, 140.5, 133.9, 131.8, 130.2, 

129.3, 123.9, 123.2, 113.6, 74.2, 55.1, 43.7, 14.3. HRMS (CI) Calcd. for C20H19NO4 [M]
+
: 

337.1314, Found: 337.1310. FTIR (in CDCl3): 3469, 2936, 1771, 1704, 1607, 1510, 1467, 1429, 

1392, 1244, 1033, 909, 714 cm
1
. 
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(E)-2-(3-(4-Acetylphenyl)-2-hydroxypent-3-enyl)-isoindoline-1,3-dione (10o) 

 

General Procedure H (via alkyne 6l): After heating the reaction at 65 
o
C for 16 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 30% 

EtOAc/Hexane) to afford the title compound (90.0 mg, 86%, 8:1 r.r.) as a yellow foam.
 

1
H NMR (400 MHz, CDCl3): 7.93 (d, J = 8.5 Hz, 2H), 7.80 (dd, J = 5.6, 3.2 Hz, 2H), 7.70 (dd, J 

= 5.6, 3.2 Hz, 2H), 7.35 (d, J = 8.5 Hz, 2H), 6.03 (q, J = 6.9 Hz, 1H), 4.79-4.71 (m, 1H), 3.78 

(dd, J = 14.3, 3.9 Hz, 1H), 3.71 (dd, 14.3, 7.8 Hz, 1H), 3.03 (d, J = 5.7 Hz, 1H), 2.59 (s, 3H), 

1.59 (d, J = 6.9 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 197.8, 168.8, 142.7, 140.2, 135.8, 134.1, 

131.8, 129.5, 128.3, 125.5, 123.4, 74.0, 43.7, 26.6, 14.4. HRMS (CI) Calcd. for C21H19NO4 

[M]
+
: 349.1314, Found: 349.1314. FTIR (in CDCl3): 3469, 1771, 1707, 1679, 1603, 1393, 1268, 

908, 724 cm
-1

.  
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(Z)-2-(2-Hydroxy-3-(thiophen-2-yl)-pent-3-enyl)-isoindoline-1,3-dione (10p) 

 

General Procedure H (via alkyne 6m): After heating the reaction at 65 
o
C for 16 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

EtOAc/Hexane) to afford the title compound (73.1 mg, 78%, 11:1 r.r.) as a yellow syrup.  

1
H NMR (400 MHz, CDCl3): 7.82 (dd, J = 5.6, 3.1 Hz, 2H), 7.70 (dd, J = 5.6, 3.1 Hz, 2H), 7.33-

7.28 (m, 1H), 7.07-7.02 (m, 2H), 6.06 (q, J = 6.8 Hz, 1H), 4.78-4.68 (m, 1H), 3.85 (dd, J = 14.3, 

4.1 Hz, 1H), 3.79 (dd, J = 14.3, 7.8 Hz, 1H), 2.90 (d, J = 5.7 Hz, 1H), 1.79 (d, J = 6.8 Hz, 3H). 

13
C NMR (100 MHz, CDCl3): 168.7, 137.5, 134.0, 133.9, 131.8, 127.0, 126.8, 126.7, 125.5, 

123.3, 74.5, 43.8, 14.8. HRMS (CI) Calcd. for C17H15NO3S [M]
+
: 313.0773, Found: 313.0771. 

FTIR (in CDCl3): 3465, 2918, 1770, 1701, 1467, 1428, 1392, 848, 713, 695 cm
-1

. 
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(E)-t-Butyl-3-(5-(1,3-dioxoisoindolin-2-yl)-4-hydroxypent-2-en-3-yl)-1H-indole-1-

carboxylate (10q) 

 

General Procedure H (via alkyne 6n): After heating the reaction at 65 
o
C for 16 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

EtOAc/Hexane) to afford the title compound (127 mg, 95%, >20:1 r.r.) as a yellow syrup.  

1
H NMR (400 MHz, CDCl3): 8.12 (d, J = 7.6 Hz, 1H), 7.75 (dd, J = 5.5, 3.1Hz, 2H), 7.66 (dd, J 

= 5.5, 3.1 Hz, 2H), 7.61 (s, 1H), 7.34 (d, J = 7.8 Hz, 1H), 7.30 (d, J = 7.0 Hz, 1H), 7.18 (dd, J = 

7.8, 7.0 Hz, 1H), 6.14 (q, J = 6.8 Hz, 1H), 4.76-4.64 (m, 1H), 3.82 (dd, J = 14.3 Hz, 1H), 3.75 

(dd, J = 14.3, 8.0 Hz, 1H), 2.90 (d, J = 6.7 Hz, 1H), 1.7 (s, 9H), 1.56 (d, J = 6.8 Hz, 3H). 
13

C 

NMR (100 MHz, CDCl3): 168.6, 149.5, 135.0, 133.9, 132.3, 131.7, 130.0, 128.0, 124.3, 124.1, 

123.1, 122.6, 120.1, 116.1, 115.1, 83.7, 74.6, 43.7, 28.1, 15.0. HRMS (CI) Calcd. for 

C26H26N2O5 [M]
+
: 446.1842, Found: 446.1845. FTIR (in CDCl3): 3460, 2980, 1772, 1705, 1450, 

1392, 1371, 1250, 1154, 1071, 909, 767, 714 cm
-1

. 
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(E)-2-(3-(2-(benzyloxy)-ethyl)-2-hydroxypent-3-enyl)-isoindoline-1,3-dione (10r) 

 

General Procedure H (via alkyne 6o): After heating the reaction at 65 
o
C for 16 hours the 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2, 20% 

EtOAc/Hexane) to afford the title compound (57.7 mg, 52%, >20:1 r.r.) as a viscous yellow oil.  

1
H NMR (400 MHz, CDCl3): 7.82 (dd, J = 5.5, 3.0 Hz, 2H), 7.70 (dd, J = 5.5, 3.0 Hz, 2H), 7.37-

7.24 (m, 5H), 5.54 (q, J = 6.9 Hz, 1H), 4.55 (s, 2H), 4.38-4.30 (m, 1H), 4.02 (d, J = 4.3 Hz, 1H), 

3.84 (dd, J = 13.6, 7.0 Hz, 1H), 3.71 (dd, J = 13.6, 7.0 Hz, 1H), 3.64 (ddd, J = 8.8, 5.2, 4.4 Hz, 

1H), 3.47 (ddd, J = 9.8, 8.8, 4.4 Hz, 1H), 2.56 (ddd, J = 14.6, 9.8, 5.2 Hz, 1H), 2.47 (ddd, J = 

14.6, 4.4, 4.4 Hz, 1H), 1.52 (d, J = 6.8 Hz, 3H). 
13

C NMR (100 MHz, CDCl3): 168.4, 137.4, 

137.2, 133.8, 132.0, 128.4, 127.8, 127.7, 125.3, 123.2, 73.8, 73.2, 69.2, 42.6, 26.4, 13.2. HRMS 

(CI) Calcd. for C22H24NO4 [M+H]
+
: 366.1705, Found: 366.1703. FTIR (in CDCl3): 3436, 2860, 

1770, 1706, 1467, 1429, 1392, 1088, 714, 698 cm
-1

. 
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