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Over the past two decades, gold-catalyzed reactions have proven to be powerful 

synthetic tools, due to the ability of gold (I) complexes to act as carbophilic π-acids for 

the activation of allenes, alkenes, and alkynes. These complexes typically activate π-

systems towards nucleophilic addition to form C-C, C-O, or C-N bonds, which is then 

followed by protodeauration to give olefin addition products. This dissertation details 

research efforts aimed at developing the activation of alkynes and alkenes by cationic 

gold complexes towards addition/elimination pathways involving heteroatom 

nucleophiles, whereby protodeauration is circumvented to give products with the π-bond 

relocated. 

 Building on this concept, a novel tandem gold-catalyzed cyclization-epoxidation-

reduction sequence has been developed. This sequence relies on an initial gold (I)-

catalyzed dehydrative cyclization of propargylic ethers to form a unique diene 

intermediate. Treatment of this diene intermediate with dimethyldioxirane furnishes an 

epoxide. Finally, Lewis acid-catalyzed epoxide opening and reduction of the resultant 

oxocarbenium generates 3-hydroxy substituted tetrahydropyrans. This novel process 
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demonstrates promise towards applications in the total synthesis of natural products, in 

particular, ladder shaped polyether compounds, an important class of marine natural 

products. 

Work presented in this dissertation also aims at expanding the π-activation of 

allylic alcohols. Studies on the diastereoselective synthesis of protected 1,3-diols by 

catalytic diol relocation are described here. A complementary diastereoselective gold 

(I)- or bismuth (III)-catalyzed tandem hemiacetalization/dehydrative cyclization of allylic 

diols was developed providing access to substituted dioxolanes and dioxanes. This 

methodology provides efficient access to protected syn 1,3-diols. Deprotection and 

further elaboration of these protected synthons allowed access to 2,5-trans-

tetrahydrofuran motifs that are found in a wide range of natural products and biologically 

relevant compounds. 

  

 

 



 

19 

CHAPTER 1 
REGIOSELECTIVITY IN THE GOLD-CATALYZED HYDRATION AND 

HYDROALKOXYLATION OF ALKYNES1 

1.1 Introduction 

The addition of oxygen nucleophiles to carbon-carbon triple bonds is a classic 

research area that has generated many highly useful transformations for organic 

synthesis.  These reactions can be catalyzed by a variety of metal complexes including 

mercury,1 palladium,2 ruthenium,3 rhodium,4 platinum,5 and other metals with varying 

levels of success via a generalized mechanism (Scheme 1-1).6 In addition to catalysts 

based on these metals, the gold-catalyzed hydration and hydroalkoxylation of alkynes is 

a well-developed general class of reactions that has been brought to the forefront of 

organic synthesis over the past 15 years.7 A variety of AuI and AuIII catalyst systems 

have been shown to effect these transformations with such high efficiency that they 

might now be considered the standard for alkyne hydration and hydroalkoxylation.8 

 

Scheme 1-1 General metal-catalyzed addition to C-C triple bonds 

The utility of this class of reactions has been demonstrated by a multitude of 

examples in natural product total syntheses.9 The high atom economy coupled with the 

ability for rapid generation of structural complexity and high functional group tolerance 

has established Au-catalyzed alkyne addition as an invaluable synthetic tool.  For 

                                            
Goodwin, J. A.; Aponick, A. “Regioselectivity in the Au-catalyzed hydration and hydroalkoxylation of 
alkynes” Chem. Commun., 2015, 51, 8730-8741 - Reproduced by permission of The Royal Society of 

Chemistry  
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example, a recent report from Fürstner and coworkers demonstrated the power of these 

transformations in their formal synthesis of (-)-polycavernoside A.10  

The AuI-catalyzed hydroalkoxylation of alkyne 1-5 afforded the advanced 

intermediate 1-6 that could be further elaborated to the desired natural product (Scheme 

1-2).11  

 

 
Scheme 1-2 Gold-catalyzed hydroalkoxylation in the formal synthesis of (-)-

polycavernoside A 

Although this research platform has been greatly advanced in recent times, there 

is significant room for improvement, particularly in the area of the regioselective 

hydration and hydroalkoxylation of internal alkynes. Our interest in this chemistry stems 

from our own attempts to develop a tandem hydroalkoxylation / Claisen rearrangement 

sequence that proved to be extremely challenging (vide infra).  This article is not 

intended to be a comprehensive review of gold-catalyzed alkyne hydration and 

hydroalkoxylation, but aims to use select recent examples to outline the inherent 

challenge of this issue and to highlight some of the unique strategies employed to 

address this problem. 
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1.2 Hydration of Alkynes 

1.2.1 General Introduction and Current State-Of-The-Art 

Although the gold-catalyzed hydration of alkynes was first reported over 100 years 

ago,12 further exploration of this significant finding was not undertaken until 1976 when 

Thomas and coworkers reported the conversion of phenylacetylene to acetophenone 

using tetrachloroauric acid.13 Over the past decade and a half, much progress has been 

made in the gold-catalyzed hydration of alkynes.6,14 This methodology provides rapid 

access to a variety of ketone products.  It is well known that hydration of terminal 

alkynes 1-7 proceeds with a high level of regioselectivity to furnish predominately the 

Markovnikov products 1-8 (Scheme 1-3); however, hydration of internal alkynes often 

results in multiple regioisomeric products and the problem is illustrated by the hydration 

of 1-9 to form 1-10 and 1-11. 

 
Scheme 1-3   Gold-Catalyzed hydration of alkynes 

Currently, a recent report by Nolan and coworkers could be considered the 

benchmark in the hydration of alkynes with respect to reaction conditions (Scheme 1-4, 

eq 1).  Through the use of N-heterocyclic carbene (NHC) ligands, they were able to 

develop a highly efficient catalyst system requiring only part-per-million loadings for 

addition to internal alkyl and aryl alkynes.15 This mild catalytic system provides a 

significant advantage as it obviates the need for high temperatures or acid additives.  In 
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a subsequent report, they later demonstrated that the process could also be conducted 

without a silver salt (Scheme 1-4, eq 2). This was achieved by activating a mononuclear 

gold hydroxide complex with HBF4 to generate a dinuclear gold hydroxide species that 

efficiently catalyzed the hydration of alkynes.16 

 

Scheme 1-4   Current state-of-the-art conditions for gold-catalyzed alkyne hydration 

While great strides have been made in terms of improving the catalytic efficiency 

of the title transformation, there is room for further development in this class of 

reactions. Specifically, internal alkyne hydration leaves much to be desired with respect 

to regioselectivity.  

1.2.2 Hydration of Internal Alkynes 

As mentioned above, the hydration of terminal alkynes has been well established 

and proceeds with high levels of selectivity; however, in contrast, the hydration of 

internal alkynes often leads to the formation of regioisomeric products. Several factors 

appear to influence which position of the alkyne is attacked including both the steric and 

electronic nature of the substituents.  As a general observation, the selectivity for the 

intramolecular hydration of internal alkynes is low and is highly substrate dependent. 

This observation was made early on and, in their initial report, Utimoto and coworkers 

reported the hydration of internal alkynes 1-9 to generate a mixture of the desired 

ketone products 1-10 and 1-11 (Scheme 1-5).17 1-Phenyl-1-butyne was treated with 

NaAuCl4 in water and methanol to afford a mixture of ketones 1-10a and 1-11a in low 
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yield with a slight preference for attack at the phenyl substituted alkyne carbon.  It 

should be noted that this level of selectivity requires only a very small difference in 

energy between the two product-forming pathways. Interestingly, hydration of 2-nonyne 

gave a mixture of 1-10b and 1-11b in high yield with a similar level of selectivity, 

modestly favoring the formation of the methyl ketone. 

 
Scheme1-5 Early Au (III)-catalyzed alkyne hydration 

While Utimoto’s work is one of the earliest reports in this area, recent examples 

further illustrate the persistence of regiochemical issues with internal alkyne hydration. 

Exploring different ligands and counterions, Leyva and Corma observed that both yield 

and selectivity could be increased to varying extents in the hydration of internal alkyne 

12 (Scheme 1-6).18 A series of cationic gold complexes bearing phosphine ligands were 

screened.  In all examples, a mixture of ketone products 1-13 and 1-14 was observed.  

Employing the catalytic Ph3PAuNTf2 complex gave a 50:50 mixture of products in low 

yield.  Switching to more highly donating phosphines such as SPhos, greatly improved 

the reaction yield but provided the products in a 60:40 ratio favoring the aryl ketone 1-

13.   This small enhancement in selectivity may arise from either the increased steric 

bulk or enhanced electron donating ability of the phosphine ligand. 
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Scheme 1-6 Phosphine ligand effects in gold (I) catalyzed alkyne hydration 

Interestingly, using a gold NHC catalyst system, Nolan and coworkers reported 

higher, albeit modest, selectivities for the hydration of internal alkynes 1-9 (Scheme 1-

7).15,19 Hydration of 1-phenyl-1-butyne gave a mixture of ketones 1-10a and 1-11a in a 

19:81 ratio.  It is noteworthy that this selectivity is opposite of that reported by Utimoto 

and coworkers.  Hydration of 2-octyne afforded a mixture of 1-10c and 1-11c, favoring 

formation of the methyl ketone, while hydration of non-4-yn-1-ol exclusively gave 

product 1-10d in high yield. The exquisite selectivity observed with this substrate is 

presumably due to a directing effect of the alkyne substituent. 

 
Scheme 1-7 Employment of a NHC gold catalyst system to furnish regioselective alkyne 

hydration 
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1.2.3 Substrate Directing Group Strategies 

Although a general solution to the regioselective hydration of internal alkynes 

remains an unsolved problem, several strategies employing either substrate or catalyst 

design have been implemented to address this challenge.  One particular strategy that 

has proven to be successful is the manipulation of the alkyne substituents to direct 

attack of the incoming nucleophile.  By including a directing group as a substituent on 

the alkyne, selective hydration can be achieved generating a single regioisomer 

(Scheme 1-8). 

 
Scheme 1-8 Directing group strategy for alkyne hydration 

As briefly described above, one particularly effective method used to induce 

selectivity is the inclusion of a tethered nucleophile as a substituent on the alkyne 

(Scheme 1-9).  Initial selective intramolecular attack by the pendant nucleophile onto 

the alkyne 1-15 would lead to intermediate 1-17 and the selectivity of this initial attack 

would be governed by Baldwin’s rules.20 This intermediate could then be attacked by 

water to liberate the directing group.  Upon proto-deauration, ketone 1-16 would be 

generated regioselectively.   This strategy has been effectively used with a variety of 

nucleophilic directing groups and several examples are described below. 

 
Scheme 1-9 Regioselective alkyne hydration directed by pendant nucleophile 
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Hammond and coworkers demonstrated that esters 1-18 could be employed to 

furnish alkyne hydration products 1-19 with complete selectivity (Scheme 1-10).21 The 

authors proposed that an initial attack of the ester group would generate intermediate 1-

20 via a 5-endo-dig cyclization, which is favored over the alternative 4-exo-dig process. 

Hydrolysis of the resulting oxonium ion and proto-deauration would then form the 

desired γ-keto esters 1-19. 

 
Scheme 1-10 Use of a neighboring ester to direct alkyne hydration 

In a similar fashion, Oh and coworkers showed that aldehydes were suitable 

directing groups for the regioselective hydration of internal alkynes (Scheme 1-11).22 

Treatment of ortho-alkynyl arylaldehydes 1-21 under cationic gold conditions in the 

presence of water generated hydration products 1-22 selectively.  An initial 6-endo-dig 

cyclization by the aldehyde was proposed to direct the attack of water. When the 

aldehyde substituent on the aromatic ring was changed to a ketone, a complete reversal 

of selectivity was observed, suggesting that the reaction proceeded through an 

unexpected 5-exo-dig pathway to produce the opposite regioisomer. Interestingly, when 

a substrate lacking a directing group was treated under the reaction conditions, the 

authors report that no reaction occurred. 
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Scheme 1-11 Use of an aldehyde directing group for alkyne hydration 

1.2.4 Catalyst Design Strategies 

While including directing groups in the substrate can provide highly regioselective 

examples, by definition the selectivity observed using this approach will always be 

directly related to the functional groups incorporated into each substrate. A more 

general approach may be achieved if a catalyst could be designed to provide 

regioselectivity based either on steric or electronic considerations.  Many examples of 

different catalyst systems have been reported, but to the best of our knowledge, this has 

not yet been achieved. Differences in selectivity based on catalyst, albeit small, have 

been observed suggesting that this may be possible with further development. 

During their studies on bulkier NHC ligands, Cavell and coworkers screened a 

variety of sterically imposing six and seven membered ring ligands.23 The steric demand 

imparted by these ligands was shown to be beneficial in the hydration of substrates 

such as 4-octyne, which was previously shown to be ineffective under similar conditions 

employing 5-membered ring NHC ligands bearing mesityl substituents.15 Hydration of 2-

hexyne was accomplished in high yields but only moderate levels of selectivity were 

observed (Scheme 1-12).  Interestingly, the bulkier DIPP ligand 1-27 gave slightly 

higher selectivity than the less bulky Mes ligand 1-26, suggesting that this could 
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eventually be an effective strategy for addressing regioselectivity issues. The 

development of selective new ligands could lead to vast improvements in this field. 

 
Scheme 1-12   Effect of bulky NHC ligands on alkyne hydration 

1.3 Hydroalkoxylation of Alkynes 

1.3.1 Introduction 

A similar class of reactions, the metal-catalyzed addition of alcohol nucleophiles 

to alkynes (hydroalkoxylation) has been extensively explored with a variety of metal 

catalysts,24 and a gold-catalyzed version of this reaction was first reported by Utimoto in 

1991.17 Over the past two decades, this gold-catalyzed variant has been well explored.25 

Recently, several experimental studies have been performed to gain insight into the 

mechanism of this transformation26 as well as to determine the effect of a silver salt27 

and its counterion28 when employed in gold-catalyzed additions to alkynes.  In general, 

addition to terminal alkynes occurs at the internal carbon to give the corresponding ketal 

1-29 or enol ether 1-30 products (Scheme 1-13). In contrast, internal alkynes can 

potentially furnish the two possible enol ether products. Depending on which position of 

the alkyne is attacked by the nucleophile, 1-31a and 1-31b, in addition to the 

corresponding ketals 1-32a and 1-32b, could all be formed.  There are several 

considerations for determining the selectivity of these reactions including sterics, 
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electronics, and the identity of the nucleophile, but the effects of these factors can often 

be difficult to predict. 

 
Scheme 1-13  Gold-catalyzed hydroalkoxylation of alkynes 

1.3.2 Intramolecular Hydroalkoxylation of Terminal Alkynes 

The intramolecular hydroalkoxylation of terminal alkynes generally proceeds 

through the initial attack of a tethered alcohol nucleophile and a wide variety of gold-

catalyzed intramolecular cyclizations have been developed in recent times.29  These 

reactions have been shown to proceed with selectivity for attack at the internal position 

to generate a vinyl gold intermediate that is often used in an additional tandem process. 

Barluenga and coworkers demonstrated the selective attack in their tandem 

hydroalkoxylation/Prins-type cyclization (Scheme 1-14).30 Initial gold-catalyzed exo 

addition of the hydroxyl group in alkynols 1-33 selectively furnished enol ether 1-35 via 

proto-deauration of  the organogold intermediate.  A subsequent Prins-type cyclization31 

involving the allyl group then afforded the desired products 1-34 in high yield. 
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Scheme 1-14 Tandem Au(I) -catalyzed hydroalkoxylation Prins-type cyclization 

In similar fashion, Hashmi and co-workers also demonstrated nucleophilic attack 

exclusively at the internal position.32 Treatment of diyne-diols 1-36 with the acyclic 

carbene complex I initiated a hydroalkoxylation sequence to form bis-enol ethers via 5-

exo-dig cyclization.  These intermediates were trapped with an external nucleophile 

such as water to afford the bis-ketal products 1-37 (Scheme 1-15).   

 
Scheme 1-15 Double intramolecular hydroalkoxylation of terminal alkynes 

Manzo and coworkers further demonstrated this selectivity pattern in their 

intramolecular hydroalkoxylation of 2-alkynyl-substituted phenols 1-38 (Scheme 1-16).33 

Treatment with AuCl and potassium carbonate induced a 6-exo-dig cyclization of the 
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phenol onto the tethered alkyne to exclusively afford the corresponding enol ether 

products 1-39. 

 
Scheme 1-16   Intramolecular hydroalkoxylation of 2-(prop-2-yn-1-ylamino)phenols 

1.3.3 Intramolecular Hydroalkoxylation of Internal Alkynes 

In contrast to their terminal alkyne counterparts, internal alkynes pose a more 

significant regiochemical problem for intramolecular hydroalkoxylations because attack 

at both positions of the alkyne is frequently observed unless the substrates are 

engineered such that the ring size formed or electronics of the alkyne favor the 

formation of one regiosisomer.  When there is little electronic bias, the initial cyclization 

generally adheres to Baldwin’s rules. Krause and coworkers demonstrated that, in the 

presence of an external nucleophile, hydroalkoxylation of homopropargyl alcohols 1-40 

proceeds to give the five-membered acetals 1-41 selectively (Scheme 1-17).34 An initial 

5-endo cyclization furnished a dihydrofuran intermediate, which could be further 

converted to the desired products by the Brønsted acid catalyst and external 

nucleophile. 
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Scheme 1-17 Tandem cycloisomerization/hydroalkoxylation of homopropargylic 

alcohols 

Further highlighting the preference for formation of the favored ring size, Reddy 

and coworkers showed that 4-bromo-3-yn-ols 1-42 were smoothly converted to the 

corresponding -butyrolactone products 1-43 upon treatment with AuCl3 (Scheme 1-

18).35 Selective attack at the bromine bearing terminal position of the alkyne exclusively 

afforded the five-membered lactones. 

 
Scheme 1-18 Hydroalkoxylation of 4-bromo-3-yn-1-ols 

Tuning the electronic nature of the alkyne substituents can greatly influence the 

regioselectivity of the intramolecular attack of a pendant nucleophile onto an internal 

alkyne. Vazquez and colleagues demonstrated the gold-catalyzed synthesis of five-, six-

, and seven-membered cyclic acetals 1-45 via an oxo Michael-type reaction sequence 

(Scheme 1-19).36  Treatment of the corresponding hydroxyalkyneoates 1-44 with AuCl3 

initiated the selective alkyne hydroalkoxylation and conversion to the corresponding 

acetal product in the presence of the external alcohol nucleophile.  7-
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hydroxyheptynoates proceeded through a 6-exo cyclization whereas 6-

hydroxyhexynoates followed a 5-exo pathway. The electronic nature of the ester 

substituent favored the conjugate addition to the ester -carbon, dictating the selectivity 

of the cyclization. 

 
Scheme1-19 Hydroalkoxylation of conjugated ynoates 

With less biased systems, controlling the regioselectivity is much more 

problematic. The double hydroalkoxylation of internal alkynes, which is an example of 

this, is a useful transformation to rapidly generate complex structures from alkynes.  A 

variety of metal-catalyzed strategies to convert alkynes into spiroketals have been 

developed.37 In terms of regioselectivity, the gold-catalyzed addition of the two 

nucleophiles has been reported to produce mixtures of spiroketal products, as observed 

by several groups (Scheme 1-20).38  

 

Scheme1-20 Spiroketalization of alkynediols 

In their spiroketalization studies, De Brabander and coworkers showed that the 

identity of the catalyst and having the alcohols protected plays a significant role in the 

product distribution.39 The [6.6]-spiroketal motif 1-47 is more commonly found in natural 

products and is often the desired product of this reaction; however, treatment of the diol 

1-46a favors formation of the [7.5]-spiroketal 1-48 (Scheme 1-21).  Monoprotected diols 
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were explored and it was found that when R1=TBS and R2=H (1-46b), the [7.5]-

spiroketal 1-48 is still the major product.  In contrast, when the protecting group is 

placed on the other alcohol, R2=THP (1-46c-e), the [6,6]-spiroketal 1-47 was then 

favored over spiroketal 1-48.  

 
Scheme 1-21 Substituent effect on alkynediol spiroketalization  

Aponick and coworkers recently reported a strategy for controlling the 

regiochemistry of spiroketalization of alkyne triols employing an acetonide protecting 

group.40  Previously, the group reported that the gold-catalyzed cyclization of triol 1-59 

gave a mixture of the three regioisomeric spiroketal products 1-60-1-62 in a combined 

80% yield (Scheme 1-22).41  By masking one of the alcohol nucleophiles as an 

acetonide (1-63), the regioselectivity of the reaction could be completely controlled and 

spiroketal 1-60 was formed exclusively in comparable yield.  As illustrated, this 

approach offers an alternative strategy for spiroketalization when regiochemistry 

problems arise. In other systems, such as arene containing spiroketals, additional 

problems may arise.  

During their studies on the synthesis of the spiroketal core of the rubromycin 

class of natural products, Li and coworkers screened a variety of substrates in a gold-

catalyzed double intramolecular hydroalkoxylation of substituted alkynes (Scheme 1-

23).42 
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Scheme 1-22 Regiochemical control of alkyne hydroalkoxylation using an acetonide; 
JohnPhos= [P(t-Bu)2(o-biphenyl)] 

When bisphenol 1-49 was treated under cationic gold conditions only  spiroketal 

1-50 was observed along with the aromatized product, benzofuran 1-51.  The authors 

also screened a series of benzyl alcohol nucleophiles.  Diols 1-52 and 1-57 cyclized 

smoothly to give the corresponding spiroketal products 1-53 and 1-58 as single 

regioisomers.  Conversely, diol 1-54 cyclized with poor selectivity and afforded a 

mixture of regioisomeric spiroketals 1-55 and 1-56 in a 60:40 ratio.  

Recently, Hashmi and coworkers reported the use of gold (I) catalysts bearing 

phosphite ligands with sterically imposing substituents for the intramolecular 

hydroalkoxylation of alkynediols.43  Spiroketalization of diol 1-54 afforded a mixture of 

spiroketals 1-55 and 1-56 with the formation of 1-55 being favored in a 67:33 ratio 

(Scheme 1-24).  This preference is consistent with the previous findings of Li and 

coworkers, but the level of selectivity is somewhat improved.  
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Scheme 1-23 Spiroketalization studies on the γ-rubromycin core 

 
Scheme 1-24 Sterically imposing ligand effects in alkynediol spiroketalization 

Although the problem of controlling the regiochemistry of intramolecular alkyne 

hydroalkoxylation has yet to be completely resolved, a significant amount of progress 

has been made in the development of strategies to address this issue. Further progress 
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in this area could lead to more widespread use of this transformation in a variety of 

settings. 

1.3.4 Intermolecular Hydroalkoxylation of Terminal Alkynes 

The gold-catalyzed intermolecular hydroalkoxylation of alkynes is extremely 

challenging from a regioselectivity standpoint; however, as expected, terminal alkynes 

have been shown to exhibit very high selectivities. In their seminal report, Utimoto and 

coworkers demonstrated that terminal alkynes 7 reacted in the presence of NaAuCl4 in 

refluxing methanol to afford the corresponding dimethyl acetals 64, (Scheme 1-25).17  

Predictably, only a single regioisomer resulting from addition at the internal carbon was 

observed.  

 
Scheme 1-25   Gold (III)-catalyzed hydroalkoxylation 

In a subsequent report, Teles and coworkers further demonstrated the high 

selectivity of the hydroalkoxylation of terminal alkynes.44 Treatment of terminal alkynes 

1-7 with a gold (I) catalyst in the presence of an acid co-catalyst and an alcohol 

nucleophile provided the corresponding dimethyl acetals 1-65 with exclusive selectivity 

for addition at the more substituted position (Scheme 1-26).  Acetal formation was 

observed in nearly all cases. Interestingly, reaction of phenylacetylene with bulkier 

alcohol nucleophiles such as isopropanol resulted in a mixture of the acetal product 1-

65 and enol ether product 1-66. 
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Scheme 1-26. Gold (I)-catalyzed hydroalkoxylation 

Corma and co-workers demonstrated that diol nucleophiles also selectively 

added to the internal carbon of terminal alkynes.45 Treatment of the alkynes 1-7 under 

cationic gold (I) conditions in the presence of a diol produced the desired cyclic ketals 1-

67 (Scheme 1-27).  Nucleophilic attack of unsubstituted diols occurred exclusively at the 

more substituted position of the alkyne and the corresponding 5-, 6-, 7-, and 8-

membered ketals 1-67a-d could be generated. When diols bearing an additional 

substituent were employed with phenylacetylene, the desired ketals 1-67g-h were 

isolated as the major product but a small amount of the cyclic acetal ( 1-68h-h) was also 

observed. 

 
Scheme 1-27   Gold-catalyzed addition of diols to alkynes 

Carboxylic acids can also be used as nucleophiles and this was recently 

demonstrated by the Kim lab.46 Treatment of terminal alkynes 1-7 with a gold (I) salt and 

silver activator catalyzed the selective addition of carboxylic acids 1-69 to give the 

corresponding enol esters 1-70 (Scheme 1-28).  For alkyl substituted terminal alkynes 

only the Markovnikov addition products 1-70a/b were observed.  Reactions employing 
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phenylacetylene gave a mixture of products with a significant amount of the anti-

Markovnikov product 1-71 seen. 

 
Scheme 1-28 Gold-catalyzed hydroacylation of terminal alkynes 

While the examples mentioned above involved studies on different types of 

nucleophiles, the catalyst may also affect product distribution and aspects such as the 

ratio of acetal to enol could also be influenced.47 To this end, a series of gold catalysts 

were screened for the addition of n-BuOH to phenyl acetylene 1-72 (Scheme1-29). In 

these examples, the predicted product of addition to the internal carbon was observed; 

however, the results demonstrate that the electronic nature of the phosphine ligand 

greatly affects the product distribution. Although both electronic and steric factors may 

affect the selectivity, when catalysts containing phosphine ligands with all aryl 

substituents were employed, the enol ether product 1-73 was heavily favored (entries 

1,2). Conversely, complexes containing an electron donating alkyl phosphines favored 

the formation of the ketal product 1-74 (entries 3-5). 
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Scheme 1-29 Effect of the nature of phosphine ligands on  regioselectivity of mono-

hydroalkoxylation; DavePhos=2-Dicyclohexylphosphino-2′-(N,N-
dimethylamino)biphenyl 

Although addition to terminal alkynes has been shown to be highly regioselective 

for nucleophilic attack at the internal alkyne position, a gold-catalyzed variant favoring 

addition to the terminal carbon has yet to be reported.  Further development in this area 

would provide a valuable addition to this class of reactions. 

1.3.5 Intermolecular Hydroalkoxylation of Internal Alkynes 

In contrast to the selectivity observed for terminal alkynes, internal alkynes can 

generally be attacked by the nucleophile at both positions.  The substituents on the 

alkyne as well as the identity of the nucleophile play a large role in the regioselectivity. 

In the earliest example of regioselective addition to an internal alkyne, Teles and 

coworkers reported the selective addition of methanol to alkyne 1-75 (Scheme 1-30).44  

Limited details are described, but the authors state that the nucleophile added 

exclusively to the methyl substituted position to give dimethyl ketal 1-76 as the major 

product with only a small amount of enol ether 1-77 detected.  The authors suggest that 

this selectivity is derived from the steric nature of the substituents with attack being 

favored at the least sterically hindered position. 
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Scheme 1-30 Steric effect on regioselective hydroalkoxylation 

Corma and coworkers also demonstrated that bisaddition to internal alkynes to 

form a cyclic ketal was possible, but led to a mixture of products (Scheme 1-31).45,47 

Addition of diols to alkynes 1-9 afforded the corresponding cyclic ketal products 1-78  

and 1-79. When R1
 = alkyl, R2

 = aryl, addition was selective for the alkyl substituted 

carbon of the alkyne in all reported examples.  The identity of the diol substituent had a 

moderate effect on the regioselectivity of the reaction. Employing ethylene glycol 

afforded the corresponding cyclic ketals 1-78a and 1-78c with a slight enhancement in 

regioselectivity when compared to substituted glycols. 

 
Scheme 1-31 Regioselective alkyne hydroalkoxylation with diols 

During their studies on the addition of carboxylic acids to internal alkynes, Kim 

and coworkers reported excellent regioselectivities with aryl alkynes.46 Addition of 

carboxylic acids 1-80 to internal alkynes 1-9 resulted in vinyl acetate products 1-81 in 

high yields as single regioisomers (Scheme 1-32). Addition to the -carbon of an ynoate 
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occurred selectively to afford 1-81a.  Interestingly, addition to 1-phenylpropyne also 

afforded the vinyl acetate 1-81b as a single product. 

 
Scheme 1-32 Gold-catalyzed hydroacylation of internal alkynes 

Sahoo and coworkers reported the gold (III) catalyzed intermolecular addition of 

substituted phenol nucleophiles 1-82 to unsymmetrical internal alkynes 1-9 to generate 

vinyl ethers 1-83 and 1-84 (Scheme 1-33). The authors varied the electronic nature of 

both the alkyne substituents as well as the substituents on the incoming phenol 

nucleophile and the effect of these factors on the regioselectivity of the transformation 

can be observed.  When an electron rich unsymmetrical alkyne was employed using 4-

nitrophenol as the nucleophile a slight preference for attack at the phenyl substituted 

position to give enol ether 1-84a was observed.  Phenyl alkyl acetylenes reacted with 

similar regioselectivity to give enol ethers 1-84b and 1-84c as the major products.  

When a meta-substituted phenol was employed with an unsymmetrical electron rich 

alkyne, the selectivity was reversed to give enol ether 1-83d in tenfold excess.  Addition 

of para-phenylphenol to an electron deficient alkyne showed modest selectivity for 

formation of enol ether 1-84e, albeit in low yield. 
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Scheme 1-33 Au(III)-catalyzed intermolecular hydroalkoxylation of alkynes 

Catalyst modification also imparts changes to the level of regioselectivity in this 

reaction. In a recent report, Nolan and coworkers demonstrated the use of cooperative 

gold catalysis for the hydrophenoxylation of alkynes (Scheme 1-34).49 Reaction of 
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unsymmetrical internal alkynes 1-9 with a dinuclear gold hydroxide species and phenol 

nucleophiles 1-82 afforded the corresponding vinyl ethers 1-83 and 1-84.  The assorted 

substituents on both the alkyne as well as the phenol nucleophile were screened to 

assess the regioselectivity of the transformation.  Alkynes bearing a p-methoxyaryl 

substituent demonstrated moderate regioselectivities with attack at the electron rich 

aromatic substituted position to give vinyl ethers 1-83f and 1-83h as the major products. 

Treatment of 1-phenylpropyne gave the opposite regioselectivity observed by Sahoo 

and coworkers to generate enol ethers 1-83i and 1-83b, when phenol and 4-nitrophenol 

were employed as nucleophiles.  The dependence of regioselectivity on the nucleophile 

employed (85:15 versus 74:26) indicates that the electronic nature of both the alkyne 

and the nucleophile plays a role in determining the regioselectivity of the transformation.  

The authors also demonstrated that the regioselectivity could be controlled by the 

inclusion of directing group substituents to give single regioisomeric products 1-83j and 

1-83k, albeit in reduced yields. 

Enol ethers are valuable synthetic intermediates and they are easily produced in 

these reactions. Aponick and coworkers reported a tandem hydroalkoxylation/Claisen 

rearrangement in which the first step of the transformation was the Au(I) catalyzed 

hydroalkoxylation of internal alkynes.51 Treatment of alkynes 1-9 under cationic Au(I) 

conditions in the presence of an allylic alcohol generated the desired ketone products 1-

86  (Scheme 1-35). 
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Scheme 1-34 Au(I)-catalyzed intermolecular hydroalkoxylation 

A variety of unsymmetrical internal alkynes with varying alkyne substituents were 

screened.   Interestingly, an electron rich alkyl aryl alkyne afforded the aryl ketone as 
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the major product but, when electron deficient alkynes were employed, the selectivity 

was reversed to give the -aryl ketone (e.g. 1-86a vs. 1-86b).  When an ether or acetate 

substituent was incorporated on electron rich alkynes, the selectivity was improved to 

give ketones 1-86d and 1-86e as the major products in a 90:10 and 89:11 ratio 

respectively.  When ester or phthalimide substituents were included, the regioselectivity 

was vastly improved and the corresponding ketones 1-86f and 1-86g were produced as 

single regioisomers.  This dramatic improvement in regioselectivity could be attributed 

to an inductive effect and or neighboring group participation.  When the authors 

subjected 1-phenyl-1-propyne to their conditions, the opposite regioselectivity from 

Sahoo and coworkers48 (Scheme 1-32) was observed with attack at the alkyl substituted 

position to generate ketone 1-86h favored in an 80:20 ratio. Nolan and coworkers later 

reported a solvent and silver free variant of this transformation.51  The authors observed 

similar levels of regioselectivity for addition to unsymmetrical alkynes. 

 
Scheme 1-35 Tandem hydroalkoxylation Claisen rearrangement  



 

47 

1.4 Conclusions 

Over the past decade and a half, gold-catalyzed hydration and hydroalkoxylation 

reactions of alkynes have been extensively explored and vast improvements in these 

research platforms have been made.  Overall, these transformations have been 

demonstrated to be reliable synthetic tools for the rapid and atom economical 

generation of valuable synthetic building blocks or complex natural products.  Various 

highly efficient catalytic systems have been developed to effect these transformations, 

but in general these classes of reactions are still plagued by selectivity issues.  The 

regioselectivity has been shown to vary depending on the catalyst system, nature of the 

substituents on the alkyne, and identity of the incoming nucleophile (Scheme 1-36). 

 
Scheme 1-36 Overview of selectivity  

Much progress has been made in developing measures to control the 

regioselectivity of these reactions and inventive solutions have been devised for many 

substrate classes. Terminal alkynes have been widely shown to give almost exclusively 

the Markovnikov products. Regioselectivity issues still plague the hydration of alkyl-alkyl 

substituted alkynes in the absence of directing groups. The hydroalkoxylation of alkyl-

alkyl substituted alkynes can offer moderate levels of selectivity. Regioselectivity in 
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intramolecular reactions can governed, although not always entirely, by the size of the 

ring being formed or the electronic nature of the substituents. Intermolecular variants 

employing alkyl-alkyl substituted alkynes have not been widely reported, but limited 

examples suggest that differentiation based on the steric nature of the substituents 

could be possible. When the substituents are relatively dissimilar, such as the case of 

alkyl-aryl substituted alkynes, product distribution for alkyne hydration can be difficult to 

control, but moderate levels of selectivity can be observed under carefully developed 

conditions. Hydroalkoxylation reactions offer similar challenges with regards to 

regioselective addition. The product distribution for these reactions seems to be very 

substrate dependent. Intermolecular hydroalkoxylation of aryl-aryl substituted alkynes 

offers modest control of regioselectivity. The electronic nature of the substituents plays 

a key role in product distribution with attack at the more electron deficient alkyne 

position usually favored. Directing group strategies have been developed for to control 

hydration of both alkyl and aryl substituted alkynes, but there is still room for 

development of directing groups for hydroalkoxylation reactions. While it may be difficult 

to engineer a catalytic system that can offer high levels of selectivity when the alkyne 

substituents are very similar, there is still ample room for improvement and ideally a 

general catalytic system to control regioselectivity for alkynes with differing substituents 

could be realized.  Advances in this area are likely to be made in the future as 

innovative new ligand systems are developed. 

 

 

 
 
 



 

49 

CHAPTER 2 

TANDEM GOLD (I)-CATALYZED CYCLIZATION-EPOXIDATION-REDUCTION 
SEQUENCE TOWARDS MARINE POLYETHER NATURAL PRODUCTS 

2.1 Introduction  

2.1.1 Metal-catalyzed Generation of 2-oxodienes 

During the previous decade, research efforts in the area of homogenous gold 

catalysis have dramatically increased.7 Gold-catalyzed reactions offer several 

advantages when compared to other transition metal-catalyzed transformations. In 

general, gold-catalyzed reactions offer relatively mild reaction conditions, high functional 

group tolerance, utilize air and moisture stable catalysts, and exhibit high atom 

economy. Due to excellent π-acidity, the ability of both Au(I) and Au(III) complexes to 

activate π-bonds toward nucleophilic attack has been widely reported.8,52,53 One 

interesting mode of reactivity is the formation of C-C, C-N, and C-O bonds by the 

addition of X-H (X= O, N, C) bonds across a carbon-carbon π-bond of an alkyne 

(Scheme 2-1). After complexation of the gold catalyst with the alkyne 2-1, the 

nucleophile attack occurs via anti-addition of the gold catalyst and incoming nucleophile 

to generate intermediate 2-2. Upon protodeauaration, the addition product 2-3 is 

formed. 

 
Scheme 2-1 Gold-catalyzed addition of a nucleophile across an alkyne 

More recently, propargyl alcohols and their derivatives have been shown to be 

viable substrates for a multitude of gold-catalyzed transformations.29 In 2009, Aponick 

and coworkers reported the gold-catalyzed spiroketalization of monopropargylic triols.41 
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Treatment of monopropargylic triols 2-4 with a gold (I) catalyst and a halide scavenger, 

triggered a dehydrative cyclization to afford monounsaturated spiroketals 2-5. 

 

Scheme 2-2 Gold-catalyzed spiroketalization of monopropargylic triols. 

The methodology was demonstrated to be efficient, high yielding, and tolerant of 

many functional groups. When probing possible mechanistic pathways, a control 

experiment was performed where each of the primary alcohols were selectively 

protected (Scheme 2-3). Interestingly, exposure of monoprotected triol 2-6 to the 

standard reaction conditions yielded diene 2-7, as well as the, Meyer-Schuster 

rearrangement product 2-8, which is likely derived from 2-7 

 
Scheme 2-3 Control experiment leading to the formation of diene 2-7 

The unique structure 2-7 proved to be appealing, due to the potential for novel 

synthetic transformations taking advantage of the electron rich diene. 1,3-dienes have 

been shown to undergo a variety of organic reactions.54,55 Conversely, electron rich 

dienes similar to 2-7 have been less widely reported in the literature.56 Several synthetic 

strategies have been developed to generate dienes 2-10. For example, these include 
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both Wittig type olefinations57  as well as cross coupling reactions58 (Scheme 2-4). 

Although these strategies have been well explored they require preparation of 

preformed activated substrates.  

 
Scheme 2-4 Various strategies for the preparation of 2-oxodienes 

Following the initial report by the Aponick group, De Brabander and coworkers 

reported a platinum-catalyzed synthesis of 2-oxodienes59 (Scheme 2-5). Utilizing a 

catalytic amount of Zeise’s dimer, propargylic acetates 2-12 were converted into the 

corresponding dienes 2-13 in good yields and with high levels of E / Z selectivity. 

Although they demonstrated the formation of 2-oxo dienes under meta-catalyzed 

conditions, no further elaboration of the diene intermediates was performed. 

 

 

 



 

52 

 
Scheme 2-5 De Brabander’s platinum-catalyzed diene formation 

 In 2015, the Aponick research group further established the utility of these types 

of transformations when they reported a tandem gold-catalyzed dehydrative cyclization / 

Diels Alder reaction sequence taking advantage of the in situ generated dienes60 

(Scheme 2-6). Starting with monopropargylic alcohols 2-14, dienes 2-10 could be 

generated via a gold-catalyzed dehydrative cyclization and upon heating with alkenes 2-

15 the corresponding Diels-Alder adducts 2-16 were furnished in high yields and levels 

of diastereoselectivity.  

 
Scheme 2-6 Tandem gold-catalyzed dehydrative cyclization / Diels-Alder process  

The group further demonstrated the synthetic utility of this transformation through 

the application of the process to the synthesis of Boc-protected Arcyriaflavin A 2-20 

(Scheme 2-6). Diene 2-18 was efficiently generated from propargyl alcohol 2-17. This 

intermediate was then reacted with maleimide to generate oxidized Diels-Alder adduct 

2-19, which was further elaborated to afford Boc-protected Arcyriaflavin A 2-19. 
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Scheme 2-7 Application of a tandem gold-catalyzed dehydrative cyclization / Diels-Alder 

process to the synthesis of Boc-protected Arcyriaflavin A 

2.1.2 Synthetic Strategies Targeting Epoxide Opening Cascades Towards Marine 
Polyethers  

Wanting to take advantage of the functionality of diene intermediate 2-10, we 

envisioned that a myriad of other possible reaction pathways might be possible. Looking 

at the structure of 2-10, we proposed that it would be possible to exploit the difference in 

the electronic nature of the two alkene moieties present. Dienes 2-10 possess an 

electron rich enol moiety that should allow for selective functionalization (Scheme 2-8). 

Employing one of two possible pathways would provide tetrahydropyrans 2-21 starting 

from monopropargylic diols 2-14. (Scheme 2-8) The first possible pathway would 

involve a hydroboration-oxidation sequence that would result in a trans relationship 

between the C-2 alkene and C-3 hydroxyl group. Alternatively, a sequence entailing an 

initial oxidation followed by selective reduction could also be employed to arrive at same 

product.  
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Scheme 2-8 Proposed conversion of intermediates 2-10 to tetrahydropyrans 2-13 

Looking at the trans relationship of the substituents at the C-2 and C-3 positions 

and the resulting hydroxyl group at the C-3 position of the predicted tetrahydropyran 

products 2-21, it became apparent to us that these compounds contained the structural 

elements of an important class of marine natural products, the ladder shaped 

polyethers. Marine ladder polyethers are a large, diverse family of compounds with a 

wide range of bioactivities ranging from potential therapeutic properties to extreme 

toxicity.61 They are arguably best known for their involvement in the phenomenon 

known commonly as the “red tide” since several members of this family are produced by 

marine dinoflagellates which cause this harmful algal bloom.62 Compounds in this family 

display several key structural characteristics (Scheme 2-9). In general they are 

composed of fused 5 to 9-membered cyclic ethers in which a common repeating C-C-O 

motif, as shown in hemibrevetoxin B 2-22, is present. The ring junctures occur in a 

trans-syn-trans geometry, exemplified in yessotoxin 2-23. 
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Scheme 2-9 Common structural elements of ladder polyethers. 

Marine ladder polyethers demonstrate deadly toxicity to a wide range of marine 

life and can even cause poisoning in humans who consume animals that have ingested 

the toxins.63  Many members of this family have been show to have a binding affinity for 

cellular membrane proteins that serve as ion channels.64 Although highly toxic, these 

compounds are of great interest to the synthetic community because several members 

also exhibit a variety of advantageous anti-fungal and anti-tumor activities.61 As a result, 

several strategies have been developed to facilitate the synthesis of these compounds. 

Following the early discovery and structural elucidation of member of this family, 

brevetoxin B65 2-24, both Nakanishi and coworkers66 and Shimizu and coworkers67 

separately proposed a biosynthetic pathway to explain the origins of this compound. 

This hypothesis proposed that brevetoxin B could be formed through an epoxide 

opening cascade sequence of a polyepoxide such as 2-25 (Scheme 2-10) that would 

explain the characteristic repeating C-C-O motif arising from the two carbons and one 

oxygen atom of an epoxide. This theory also accounted for the trans-syn-trans 
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geometry of the ring junctures as long as each epoxide opening occurred with inversion 

and the all of the alkenes in precursor polyene 2-26 possessed E geometry. 

 

Scheme 2-10 Biosynthetic hypothesis for brevetoxin B proposed by Nakanishi and 
Shimizu 

Due to the elegant nature of the proposed biosynthetic pathway, many research 

efforts have attempted to mimic this strategy in the lab. An epoxide opening cascade 

sequence would allow for the rapid generation of the structurally complex ladder 

polyethers from relatively simple organic substrates. Taking a look at the epoxide 

opening cascade sequence (Scheme 2-10), two possible cyclization pathways are 

apparent and each epoxide-opening event would need to occur via an intramolecular 6-
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endo-tet cyclization of the pendant nucleophile onto the epoxide as opposed to the 

alternative 5-exo-tet pathway. The results of intramolecular cyclizations can often be 

predicted by examining the empirical guidelines reported by Jack Baldwin in 1976.20 

This set of principals, known as “Baldwin’s rules”, can be used to predict the relative 

rates of ring closure processes in organic chemistry. Although this set of rules was not 

designed for epoxide openings, this particular class of reactions adheres closely to the 

guidelines. In general, for simple intramolecular epoxide openings, these processes 

favor the formation of the smaller ring over the larger ring. Looking at the two possible 

cyclization pathways for simple epoxide 2-29, the exo-product 2-27 arising from 

transition state 2-28 is favored over the endo-product 2-31 arising from transition state 

2-30 (Scheme 2-11) This selectivity is opposite that required for the formation of the 

desired ladder polyether architectures. 

 
Scheme 2-11 Two possible cyclization pathways for epoxide 2-29 

Modern synthetic chemists have not let this deter their pursuit of an epoxide-

opening cascade and many creative strategies have been developed to circumvent this 

undesired regioselectivity.68 Initially research efforts were focused on developing a 

strategy that would incorporate a directing group into the substrate. During their early 

studies on the synthesis of brevetoxin B, the Nicolaou research group reported the 

inclusion of an alkene substituent on the epoxide to control the regioselectivity of the 

incoming nucleophilic attack in the acid-catalyzed opening of epoxide 2-32 to afford 2-

33 (Scheme 2-12).69  
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Scheme 2-12 Nicolaou’s early use of alkene directing groups in intramolecular epoxide 

opening reactions 

Inclusion of this directing substituent in epoxide 2-33 provided electronic 

stabilization from neighboring π orbital to the developing positive charge in transition 

state 2-34 leading to the desired endo product 2-33 (Scheme 2-13). In transition state 2-

35 leading to undesired exo product 2-36, this added stabilization of the transition state 

is not available and therefore this pathway was disfavored. The group used this strategy 

to iteratively synthesize the F and G rings of brevetoxin.70 

 

 
Scheme 2-13 Rationale for the directing effects of alkenyl epoxides 

In the years since the pioneering report from Nicolaou and coworkers, several 

other directing group strategies have been developed. Groups such as methoxy methyl 

substituted epoxides 2-37,71 epoxy halides 2-45,72 and trialkysusbtituted epoxides 2-
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52,73 have been employed to control the regioselectivity of intramolecular epoxide 

opening reactions in an attempt to enact the desired cascade sequence (Scheme 2-14). 

Murai and coworkers demonstrated that the inclusion of a methoxy methyl substituent in 

epoxides 2-37 favored the formation of THP 2-38 when treated with La(OTf)3 (Scheme 

2-14 eq. 1). The authors suggest two possible explanations for the observed 

regioselectivity. The methoxy methyl substituent could have a small destabilizing effect 

for the developing positive charge in the 5-exo pathway. It is also possible that a 

chelating effect is present where the lanthanum chelates both the epoxide oxygen as 

well as the methoxy group to favor the 6-endo pathway. The group attempted an 

epoxide opening cascade on polyepoxide 2-40 under their standard conditions and 

observed the desired 2-41 in moderate yield but also observed several undesired side 

products. Another drawback to this strategy is that the directing group is not native to 

the ladder polyether framework. The group later developed a strategy employing epoxy 

halides 2-45 that would undergo cyclization when activated by a silver salt to form THF 

2-46 as the major product (Scheme 2-14 eqn. 2). In 2003, McDonald and coworkers 

employed dimethyl substituted epoxides 2-52 in Lewis acid catalyzed cascade reaction 

to form bicycle 2-53 (Scheme 2-14 eqn. 3). The group studied the effect of varying the 

substituent on the nucleophile and found that amides gave the best selectivities for the 

desired product. The methyl substituent provided stabilization of the developing positive 

charge in the transition but this motif is not found in the natural polyether framework. 
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Scheme 2-14 Examples of other strategies employed to control regioselectivity in 

intramolecular epoxide openings. 

In a similar fashion, Jamison and coworkers developed an elegant directing 

group strategy to lead to the 6-endo opening of epoxides. The group’s early work took 

advantage of the transition state stabilization provided by a trimethylsilyl substituent 
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during the Lewis acid catalyzed epoxide opening in epoxide 2-56 to form the desired 

THP 2-57 (Scheme 2-15).74  

 
Scheme 2-15 Jamison’s use of a trialkylsilyl directing group in intramolecular epoxide 

openings.  

Although the trimethylsilyl substituent is not natural to the ladder polyethers, the 

group later demonstrated that the directing group could be easily removed to reveal the 

required carbon framework for this family of compounds. Treatment of epoxysilane 2-58 

with base and a fluoride source effected the desired epoxide opening sequence with 

subsequent removal of the silyl directing group (Scheme 2-16).75 The authors suggested 

that the trialkylsilyl group effects the desired initial cyclization and then is transferred to 

the resulting hydroxyl substituent before being removed by hydroxyl assisted 

protiodesilylation. Using this strategy, the authors were able to synthesize THP tetrad 2-

61 from polyepoxide 2-60 in a single cascade sequence 

 
Scheme 2-16 Jamison’s use of a disappearing directing group for intramolecular 

epoxide opening cascades 

In a subsequent report, Jamison and coworkers reported the discovery of a 

directing group free strategy for epoxide opening cascades. Using templated 
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polyepoxides 2-62 and 2-64 in which one THP moiety is already formed, the authors 

demonstrated that, in an aqueous environment, the desired cascade sequence could be 

achieved in good yields to form triad 2-63 and tetrad 2-65 respectively (Scheme 2-17).76 

These results provided evidence to support the proposed biosynthetic pathway for the 

ladder polyether via an epoxide opening cascade occurring in a natural aqueous 

environment. 

 
Scheme 2-17 Epoxide opening cascade of template polyepoxides in H2O 

While many well-designed strategies for intramolecular epoxide opening to form 

the THP motifs found in ladder polyethers have been developed, the necessity for 

directing groups not present in the natural products as well as a lack of developed 

methods for the construction of the larger rings inherent in this class of molecules 

motivated us to envision an alternative strategy. Although the elegant approach by 

Jamison and coworkers obviates the need for directing groups, the method requires 

lengthy substrate syntheses as well as long reaction of up to 28 days at ambient 

temperatures. These lengthy reaction times could be shortened with an increase in 

temperature but still required several days. Based upon the characteristic repeating 

structural features of the ladder polyethers, we proposed that the synthesis of these 

THP motifs could be achieved in an iterative fashion employing a tandem gold-
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catalyzed reaction of monopropargylic diols 2-14 (Scheme 2-18.) The THP products 2-

21 from the first cyclization sequence could be elaborated, in a few steps, to install 

another propargylic moiety to afford alkynes 2-66. These alkynes would then be set up 

for another gold-catalyzed cyclization sequence under the same conditions to yield 

structurally complex polycyclic THP diad 2-67 in relatively few steps. This process could 

then be repeated further append additional THP moieties until the desired polyether is 

achieved. 

 
Scheme 2-18 Proposed iterative sequence to form complex polyether from simple 

starting materials 

 
2.2 Results and Discussion 

2.2.1 Preliminary Studies 

Initial attempts to rapidly generate tetrahydropyrans 2-21 in a single reaction 

sequence focused on the proposed gold-catalyzed cyclization-hydroboration-oxidation 

approach. Simple Test substrates were synthesized in three steps from commercially 

available alkynol 2-67 (Scheme 2-20). After protection of the primary alcohol 2-67 as the 

silyl ether, protected alkyne 2-68 was converted to propargyl alcohol 2-69 and 2-70 via 

base catalyzed addition to an aldehyde and subsequent deprotection of the silyl ether. 
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Scheme 2-19 Synthesis of monoropagylic diols 2-69 and 2-70 

 
From previous studies in our laboratory60, the cationic gold complex generated by 

mixing pre-catalyst 2-71 with silver triflate in THF containing 4Å molecular sieves was 

shown to be optimal for the generation of the desired diene intermediate. Treatment of 

2-69 under these optimized conditions afforded the diene intermediate as seen by TLC 

analysis. Unfortunately, addition of a hydroboration reagent such as 9-BBN or 

borane•DMS followed by the addition of an oxidant did not yield the desired THP 

product 2-72 and only decomposition was observed (Scheme 2-20).  

 
Scheme 2-20 Initial attempts of a tandem gold-catalyzed cyclization-hydroboration-

oxidation sequence 

At the same time we wanted to explore the viability of using a protected 

nucleophile to perform the cyclization as well as assess the feasibility of using alternate 
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leaving groups for diene formation. Our group showed that a variety of alternate leaving 

groups, such as methyl ethers, were amenable to gold-catalyzed cyclizations.77 We 

rationalized that the use of a methyl ether would not produce water as a byproduct of 

the cyclization, therefore reducing the amount of Meyer-Schuster product seen. With 

these considerations in mind, we synthesized a series of compounds to test our 

hypothesis. (Scheme 2-21). Protected alcohol 2-67 was converted to propargyl alcohols 

2-73 and 2-74 via addition of the lithium acetylide to an aldehyde. Alkylation with methyl 

iodide followed by deprotection of the silyl ether afforded propargyl ethers 2-75 and 2-

76, which contained a pendant primary alcohol. 

 
 

Scheme 2-21 Synthesis of propargyl ethers 2-75 and 2-76 

With these substrates in hand, a series of experiments were performed to test 

the ability to employ a protected nucleophile under the standard conditions as well as 

test the leaving group ability of the methyl ether (Scheme 2-22). When propargyl 

alcohols 2-73 and 2-74 were treated under cationic gold conditions the cyclization 

occurred to afford the diene in a 2:1 ratio with the open chain form as observed by 

NMR. However, treatment of the diene under subsequent hydroboration-oxidation 

conditions failed to provide the desired THP products 2-77 and 2-78. Propargyl ethers 

2-75 and 2-76 were also shown to cyclize to give the diene intermediates 2-79 and 2-

80. 
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Scheme 2-22 Studies on protected nucleophiles 2-73-74 propargyl ethers 2-75-76 

2.2.2 Tandem gold-catalyzed cyclization-epoxidation-reduction 

Given the previous unsuccessful attempts, we shifted our focus to the second 

possible synthetic pathway towards the desired THP products. Examination of the 

literature provided precedent for a possible epoxidation-reduction sequence that would 

arrive at the desired THP products. In a report from the Clark group78 on their synthesis 

of a fragment of Ciguatoxin CTX3C, the authors demonstrated that treatment of diene 2-

81 with dimethyl dioxirane (DMDO) afforded an epoxide that was then reduced with 

BF3•OEt2 and triethylsilane to afford a diasteromeric mixture of alcohols 2-82a and 2-

82b with 2-82a bearing the desired trans relationship as the major product (Scheme 2-

23). 

 
 

Scheme 2-23 DMDO / triethylsilane oxidation-reduction sequence to generate 2-82a 
and 2-82b 
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Coupling this epoxidation-reduction sequence with the gold-catalyzed formation 

of a diene in a one-pot tandem process would allow for the rapid generation of THPs 2-

13 in a single step (Scheme 2-24). After the initial cyclization, diene 2-10 could be 

converted to epoxide 2-83 employing DMDO as an oxidant. Selective reduction with 

triethylsilane in the presence of a Lewis acid such as BF3•OEt2 would yield the desired 

tetrahydropyran products 2-13 with the desired trans geometry and hydroxyl substituent 

at the 3-position.  

 
Scheme 2-24 Proposed one-pot tandem gold-catalyzed diene formation-epoxidation-

reduction process. 

To investigate this reaction sequence propargyl alcohol 2-73 was subjected to 

cationic gold conditions and rapid cyclization to the diene occurred. Treatment of this 

diene with DMDO at low temperatures, followed by reduction with triethylsilane in the 

presence of BF3•OEt2 afforded the desired trans substituted tetrahydropyran 2-77 in 

good yield as a single diastereomer (Scheme 2-25). Alternatively, when superhydride 

was used as the reducing agent, the cis substituted tetrahydropyran 2-84 was formed. 

 
Scheme 2-25 Successful tandem gold-catalyzed cyclization-oxidation-reduction 

sequence 
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In order to perform the proposed iterative sequence, a substrate that would 

furnish a product bearing a functional handle that could easily be elaborated to provide 

the required alkyne needed for the ensuing gold-catalyzed cyclization was needed. 

Ideally, this manipulation would be performed in as few synthetic steps as possible. 

Micalizio and coworkers have reported the conversion of terminal olefins into 

disubstituted alkynes via a formal hydroalkynylation.79 Application of this reaction 

sequence to the desired iterative pathway would afford alkyne 2-66 from THP 2-85 in a 

single step via intermediate 2-86 (Scheme 2-26). Hydroboration of terminal olefin 2-85 

would yield a trialkylborane. Site selective oxidation of this organoborane and 

subsequent addition of a lithium acetylide would furnish intermediate 2-86 that could 

then undergo a 1,2-alkyl migration initiated by iodine. Finally, base catalyzed elimination 

would give the desired alkyne 2-66. 

 
Scheme 2-26 Proposed conversion of THP 2-85 to alkyne 2-66 

Formation of THP 2-85 would require alkyne 2-87 to be subjected to the 

developed reaction conditions. Addition of protected alcohol 2-67 to paraformaldehyde 

gave propargyl alcohol 2-87 in high yield. 2-87 was further converted to propargyl ether 

2-88 in two steps via alkylation of the propargyl alcohol followed by deprotection of the 

silyl ether (Scheme 2-27).   

 
Scheme 2-27 Synthesis of propargyl alcohol 2-87 and propargyl ether 2-88. 
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This set of compounds with two primary alcohols was then subjected to a series 

of reactions to explore optimal conditions. First, the combinations of substitution 

patterns possible on both the nucleophilic alcohol as well as propargyl alcohol of 2-87 

were tested (Scheme 2-28). When the nucleophilic alcohol was protected as the silyl 

ether the initial gold-catalyzed cyclization did not occur, independent of the identity of 

the leaving group (Scheme 2-28, entries 1-2). Alternatively, when the nucleophilic 

alcohol was left unprotected, the cyclization occurred rapidly, employing the methyl 

ether as a leaving group. The tetrahydropyran product 2-85 was isolated, albeit in poor 

yield (Scheme 2-28, entry 3). The relatively low yield of this transformation was thought 

to be due to the difficulty of isolation due to volatility of THP 2-85, but attempts to 

improve the yield by acylation of the resultant secondary alcohol were unsuccessful 

(Scheme 2-28, entry 4). 

 

 
Scheme 2-28 Optimization studies for the formation of THP 2-85 

 
Due to the difficulties experience during the isolation of THP 2-85, a substrate, 

which would result in a less volatile product, was synthesized in an attempt to increase 

the yield. To add molecular weight geminal diphenyl substitution was added to the 

carbon chain. Propargyl methyl ether 2-91 was synthesized in four steps from known 
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alkynol 2-89 (Scheme 2-29). Protection of the primary alcohol as the silyl ether followed 

by addition to paraformaldehyde gave propargyl alcohol 2-90. Alkylation followed by 

deprotection of the silyl ether gave the desired propargyl methyl ether 2-91. 

 
Scheme 2-29 Synthesis of propargyl ether 2-91 

Propargyl methyl ether 2-91 was then subjected to the standard conditions 

(Scheme 2-30). Pleasingly, The gold-catalyzed cyclization-oxidation-reduction 

sequence proceeded smoothly and the desired THP product 2-92 was isolated in 

moderate yield as a single diastereomer. 

 
Scheme 2-30 Conversion of propargyl ether 2-91 to THP 2-91 

Having optimized the standard conditions, the generality of the reaction 

sequence needed to be established. Following a similar synthetic scheme as before, 

protected alkynol 2-67 was converted to propargyl alcohol 2-93 (Scheme 2-31). 

Alkylation of the propargyl alcohol and subsequent deprotection afforded propargyl 

ether 2-94.  

 
Scheme 2-31 Synthesis of propargyl ether 2-94 
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Propargyl methyl ethers 2-75, 2-76, and 2-94 were then subjected to the 

optimized reaction conditions (Scheme 2-32). Propargyl ether 2-75 afforded THP 2-77 

in high yield as a single diastereomer. Both alkyl and aryl substituents were tolerated as 

propargyl ethers 2-76 and 2-94 were converted to the respective THP products 2-95 

and 2-96.  

 
Scheme 2-32 Additional examples of viable substrates 

In all cases, the resulting product possessed the desired trans relationship 

desired for the substituents at the two and three positions. This high level of selectivity 

arises from the selective reduction step. This reaction presumably proceeds through an 

oxocarbenium ion 2-97 formed during the Lewis acid catalyzed epoxide opening 

(Scheme 2-33).80 The incoming nucleophile can then add to one of two diastereotopic 

faces of this oxocarbenium ion to furnish THP 2-98 or 2-99. The high level of selectivity 

most likely arises from the preference for axial attack (Scheme 2-33, pathway A) which 

would directly lead to 2-98.81 Pathway B would be disfavored, as this attack would have 

to go through a higher energy twist boat intermediate to furnish 2-99.  
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Scheme 2-33 Proposed stereochemical rational for the reduction of oxocarbenium 2-97 

Having demonstrated that primary alcohol nucleophiles performed well in the 

transformation, a set of compounds designed to explore the scope of possible viable 

nucleophiles were synthesized. To test a variety of alternate oxygen and other 

heteroatom nucleophiles, secondary alcohol 2-98, carboxylic acid 2-99, and 

sulfonamide 2-100 were all furnished employing 2-88 as a common synthetic 

intermediate (Scheme 2-34). Oxidation of the primary alcohol of 2-88 to the 

corresponding aldehyde followed by Grignard addition afforded secondary alcohol 2-99. 

Direct oxidation of 2-88 with PDC in wet DMF yielded carboxylic acid 2-99. 

Displacement of the primary alcohol activated with DIAD and triphenyl phosphine with a 

protected sulfonamide under Mitsunobu conditions followed by base catalyzed 

carbonate deprotection gave sulfonamide 2-100. 

 
Scheme 2-34 Synthesis of alternate heteroatom nucleophiles 
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Phenol 2-105 was synthesized from known protected phenol 2-101 in 6 steps 

(scheme 2-35). Hydroboration oxidation of 2-101 afforded primary alcohol 2-102 which 

was then converted to aldehyde 2-103 via Swern oxidation in. Using standard Corey-

Fuchs conditions, alkyne 2-104 was afforded in 62% yield over two steps. Finally 

alkylation with chloromethyl methyl ether and subsequent deprotection gave the desired 

phenol 2-105. 

 
Scheme 2-35 Synthesis of phenol 2-105 

This series of compounds was then subjected to the optimized reaction 

conditions (Scheme 2-36). Secondary alcohol 2-98 afforded THP 2-106, albeit in low 

yield. Carboxylic acid 2-99 and phenol 2-105 failed to give the desired product. 

Sulfonamide 2-100 cyclized rapidly to the diene intermediate but subsequent 

epoxidation and reduction proved to be problematic. 
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Scheme 2-36 Exploring the reactivity of alternative nucleophiles. 

Studies on the potential formation of larger and smaller ring sizes were also 

explored. Propargyl ether 2-114 which would afford a tetrahydrofuran product was 

synthesized in six steps from commercially available methyl diphenylacetate 2-110 

(Scheme 2-37). Deprotonation and alkylation with propargyl bromide gave alkyne 2-111 

which was reduced with LAH to give alkynol 2-112. Protection of the primary alcohol as 

the silyl ether followed by alkylation with MOMCl afforded propargyl ether 2-113. 

Subsequent deprotection of the silyl ether gave propargyl ether 2-114.  
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Scheme 2-37 Synthesis of propargyl ether 2-114 

Initially propargyl ether 2-114 was subjected to the standard reaction conditions 

for the gold-catalyzed cyclization and the reaction mixture was filtered through celite in 

an attempt to identify diene 2-115 (Scheme 2-38). The compound was then subjected to 

the full reaction sequence but unfortunately THF product 2-116 was not observed and 

only decomposition products were found. 

 
Scheme 2-38 Attempts to synthesize THF 2-116 from propargyl ether 2-114 

To probe the formation of larger ring sizes, propargyl ether 2-120 was 

synthesized from commercially available carboxylic acid 2-117 (Scheme 2-39). 

Reduction of 2-117 to the primary alcohol followed by protection afforded protected 

alkynol 2-118. Addition into hydrocinnamaldehyde gave propargyl alcohol 2-119. Finally, 

methylation and deprotection afforded propargyl ether 2-120. 
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Scheme 2-39 Synthesis of propargyl ether 2-120. 

When propargyl ether 2-120 was subjected to the standard gold-catalyzed 

cyclization conditions no reaction was seen at room temperature (Scheme 2-40). 

However at an elevated temperature the reaction proceeded to furnish diene 2-121. 

Unfortunately when the compound was subjected to the full tandem process, the 

desired oxepane 2-122 was not observed and only side product 2-123 was isolated. 

 
Scheme 2-40 Studies on the formation of oxepane 2-122 

In order to synthesize ladder polyether-like subunits, a THP product bearing a 

secondary alcohol and pendent propargyl ether would have subjected to the tandem 

reaction sequence. THP 2-129 was designed as a test substrate to explore this 

reactivity and synthesized starting from 3,4-dihydro-2H-pyran (Scheme 2-41). 

Epoxidation with m-CPBA followed by ring opening by the carboxylate byproduct gave 
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THP 2-124. Lewis acid catalyzed allylation led to an inseparable 1:1 mixture of THPs 2-

125a and 2-125b. Upon conversion to the acetate, the mixture was separated by flash 

column chromatography and deprotection of the acetate followed by reprotection 

afforded silyl ether 2-126 with the requisite trans substitution pattern. Hydroboration-

oxidation of the terminal olefin followed by Swern oxidation afforded aldehyde 2-217 

which was further elaborated to alkyne 2-128 using Corey-Fuchs conditions. Alkyne 2-

128 was converted to THP 2-129 via alkylation and deprotection, albeit in very low 

yields.  

 
Scheme 2-41 Synthesis of THP 2-129 

2.3 Conclusions and Outlook 

A novel one-pot tandem gold (I) catalyzed diene formation-epoxidation-reduction 

sequence has been developed. Thus far, several different types propargyl ethers have 

been tested and the reaction conditions have been shown to be general for the 

formation of THP products. Alternate oxygen and nitrogen nucleophiles are also being 

explored. At this juncture, conditions need to be developed that can access 5, 7, and 8-

membered ring products as these motifs are commonly found in ladder polyether 
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natural products. In order to fully harness the potential of this novel transformation an 

iterative reaction sequence also need to be explored. 
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CHAPTER 3 
DIASTEREOSELECTIVE SYNTHESIS OF PROTECTED 1,3-DIOLS BY CATALYTIC 

DIOL RELOCATION 

3.1 Introduction 

3.1.1 Transition Metal Catalyzed Allylic Substitution  

The transition metal-catalyzed nucleophilic allylic substitution reaction is a 

powerful synthetic tool for bond formation in organic synthesis (Scheme 3-1).82 A wide 

array of transition metal catalysts have been shown to be effective in this 

transformation.83 In general, for this class of reactions, a variety of heteroatom 

nucleophiles have been employed. For example, oxygen nucleophiles such as 

phenolates, alkoxides, and carboxylates, have been explored. Typically these 

transformations require a good leaving group in order give efficient conversion for the 

reaction. 

 
Scheme 3-1 General transition metal catalyzed 

 In comparison, examples involving simple allylic alcohols as leaving groups are 

far less common in the literature. There have been several reports of intramolecular 

variants employing oxygen nucleophiles in the direct substitution of unactivated allylic 

alcohols.84  Catalytic systems employing Pd(II)85 and Ru(II)86 have been reported. 

Recently, synthetic efforts in the use Au(I)  complexes for this transformation have 

increased. In 2008, our group reported the intramolecular dehydrative cyclization of 

monoallylic diols 3-4 to form substituted THPs 3-5 (Scheme 3-2).87 The transformation 

proved to be high yielding and tolerant of a variety of functional groups and showed 
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preference for the formation of the cis diastereomer of the 2-6-disubstituted THP 

products.  

 
Scheme 3-2 Diastereoselective formation of THPs 3-5 from monoallylic diols 

In a subsequent report, the group also demonstrated that the reaction proceeded 

with excellent levels of chirality transfer from enantioenriched monoallylic diols 3-6 to 

the desired THP or morpholine products 3-7 and 3-8 (Scheme 3-3).88 Interestingly, the 

transformation allowed for formation of either enantiomer of the product by switching the 

olefin geometry of the starting material. When the E isomer of diols 3-6 was subjected to 

the reaction conditions products THP and morpholine products 3-7 were obtained. 

Conversely the Z isomer of diols 3-6 afforded THP and morpholine products 3-8. In all 

cases the products possessed E olefin geometry.  

 
Scheme 3-3 Chirality transfer in the gold (I) catalyzed dehydrative cyclization of 

monoallylic diols 

Based on these results, two possible mechanisms for this transformation seemed 

most plausible, due to the observed stereochemistry. First the reaction could occur via a 

syn addition/syn elimination pathway (Scheme 3-4). After complexation with the cationic 

gold complex, syn addition would furnish intermediate 3-10, which would undergo 

proton transfer and syn elimination of the gold complex and water to furnish product 3-7 

with the observed stereochemistry. Alternatively, anti addition to form intermediate 3-12 
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followed by proton transfer and anti elimination of the gold complex and water would 

also furnish 3-7. 

 
Scheme 3-4 Possible mechanistic pathways for the gold (I) catalyzed dehydrative 

cyclization of monoallylic diols. 

After extensive mechanistic studies performed by our laboratory in collaboration 

with the Ess group,89 it was determined through both experimentation and DFT 

calculations that the reaction proceeds through an anti addition / anti elimination 

pathway and that hydrogen bonding played a critical role in the transition state. This 
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mechanism allowed for an intramolecular proton transfer as well as templating the 

molecule to arrive at the observed stereochemistry. 

Although there have now been many reports of intramolecular gold-catalyzed 

substitution of allylic alcohols, intermolecular variants of this reaction with simple alkoxy 

nucleophiles are scarce.  In 2013, the intermolecular substitution of allylic alcohols with 

alcohol nucleophile was reported by the Lee group.90 Treatment of allylic alcohols 3-14 

with Ph3PAuNTf2 in the presence of an excess of alcohol nucleophile 3-15 afforded the 

desired allylic alcohols 3-16 (Scheme 3-5).  

 
Scheme 3-5 Intermolecular gold-catalyzed substitution of allyilic alcohols 

Similarly, Widenhoefer and coworkers also reported that dehydrative alkoxylation 

of allylic alcohols proceeded with transfer of chirality when employing an NHC gold 

complex.91 Enantioenriched allylic alcohol 3-17 was shown to undergo allylic substitution 

when treated with four equivalents of n-butanol to afford allylic alcohols 3-18-3-21 

(Scheme 3-6). The major product 3-18 was afforded with almost complete transfer of 

chirality and minor product 3-19 was observed with high level of chirality transfer as 

well.  Products 3-20 and 3-21 which have substitution at the gamma position 

presumably arise from a second substitution reaction involving allylic ethers 3-18 and 3-

19. The authors proposed that the reaction also proceeds through a similar anti 

addition/anti elimination pathway, which leads to the high levels of chirality transfer. 
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Scheme 3-6 Chirality transfer in the intermolecular dehydrative substitution of allylic 

alcohols 

3.1.2 Pseudo-intermolecular Tandem Hemiacetalizaion/Allylic Substitution 

These two examples illustrate the substantial challenges associated with the 

intermolecular variant of this class of reactions. As an extension of the methodologies 

developed in our laboratory we envisioned a process where generation of a transiently 

tethered nucleophile would allow for a “pseudo-intermolecular” dehydrative substitution 

of allylic alcohols (Scheme 3-7). Initially, monoallylic diols 3-22 would undergo a 

hemiacetalization reaction with an aldehyde to form a hemiacetal nucleophile. 

Subsequent gold-catalyzed cyclization of the pendent alcohol of the hemiacetal onto the 

allylic alchol and elimination of water would yield protected 1,2- or 1,3-diols 3-23. By 

generating a tethered nucleophile, the formation of unwanted side products should be 

avoided. 

 
Scheme 3-7 Proposed pseudo-intermolecular gold-catalyzed dehydrative substitution 

The synthesis of syn 1,3-diols has garnered significant interest from the synthetic 

community due to the abundance of this motif in natural products92 as well as their 

discernible presence in pharmaceutically relevant compounds.93 Additionally, these 

synthons are valuable intermediates that can easily be elaborated into more complex 
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architectures which are found in a variety of natural products and bioactive molecules.94 

Due to their broad applicability, many synthetic strategies have been developed to 

prepare 1,3-diols.95 Similar tandem strategies employing other transition metal 

complexes to generate protected 1,2- and1,3-diols and amino alcohols from transiently 

tethered nucleophiles have been reported with varying levels of success. In 2010, 

Zakarian and coworkers reported a rhenium-catalyzed transposition of allylic alcohols.96 

Treatment of monoallylic diols 3-34 with Re2O7 in the presence of acetal 3-35 afforded 

protected 1,3-diols 3-36 in good yields with high levels of diastereoselectivity (Scheme 

3-8). Although effective, the reaction conditions cleaved acid sensitive protecting groups 

such as PMB and silyl ethers and also removed acetal and ketal protecting groups 

already in place. 

 
Scheme 3-8 Rhenium-catalyze allylic diol transposition. 

A later report from the Menche group, demonstrated that allylic carbonates could 

be employed in tandem hemiacetal formation/Tsuji-Trost reactions (Scheme 3-9).97 

Treatment of allylic carbonates 3-37 with a Pd(0) catalyst, triphenyl phosphine, base, 

employing an acetaldehyde in toluene solvent system afforded protected syn-1,3-dols 3-

38. The reaction proved to be high yielding in most cases and showed tolerance for 

aromatic and aliphatic substituents but the diastereoselectivity of the reaction was 

moderate. The reaction conditions also required the use of KHMDS, a strong base, 

which could be problematic for sensitive substrates. 
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Scheme 3-9 Pd(0) catalyzed tandem hemiacetalization /Tsuji-Trost process 

 
Although not a tandem process, Gu and coworkers reported that the synthesis of 

protected 1,3-amino alcohols via a Pd(0)-catalyzed allylic substitution of carbonates 

(Scheme 3-10).98 The authors showed that preformed trichloroacetimidates 3-39 could 

undergo cyclization to form 5,6-dihydro-1,3-oxazines 3-40. The reaction conditions were 

suitable for a variety of functional groups but the diastereoselectivity of the reaction 

varied drastically based upon the identity of the substituents. These compounds served 

as protected 1,3-amino alcohols as the products could be hydrolyzed under mild 

conditions. 

 
 

Scheme 3-10 Conversion of trichloroacetimidates 3-39 to 5,6-dihydro-1,3 oxazines 3-40 

3.2 Results and Discussion 

3.2.1 Preliminary Studies 

Looking to expand on the group’s previous dehydrative cyclization of monoallylic 

diols to the synthesis of protected 1,2- and 1,3- diols, we set out to explore the “pseudo-

intermolecular” variant of this transformation (Scheme 3-7). Preliminary studies to test 

the viability of this hypothesis were performed by Dr. Carl Ballesteros. Initially, a series 
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of catalytic systems were screened to test the conversion of commercially available cis-

1,4-butenediol 3-41 to the corresponding 1,3-dioxolane 3-43 via hemiacetalization with 

cyclohexanal 3-42 and subsequent cyclization (Scheme 3-11). These studies showed 

that Au(I)  ( Scheme 3-11, entries 1-6) salts performed better than Au(III) salts (Scheme 

3-11, entry 8) for the desired reaction and that the JohnPhos•AuCl I and AgOTf catalyst 

system gave the best results in terms of reaction yield, but offered only moderate 

diastereoselectivity. 

 

 

 
Scheme 3-11 Catalyst optimization for the formation of 3-43 

Next a series of aldehydes were screened employing the JohnPhos•AuCl I, and 

AgOTf catalytic system to determine which aldehyde provided optimal results (Scheme 

3-12). Initially it was thought that aromatic aldehydes would be best suited for the 
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transformation. Gratifyingly, when benzaldehyde 3-42a was used (Scheme 3-12, entry 

1), a moderate yield of the desired protected 1,2-diol 3-44a was observed, albeit with 

low diastereoselectivity. Altering the electronics of the aldehyde to increase the yield, 

functionalized benzaldehydes were tested but did not provide improved results (Scheme 

3-12, entries 2 and 3). Given the poor performance of benzaldehydes a series of 

aliphatic aldehydes (Scheme 3-12, entries 4-8) were then tested. These aldehydes 

greatly increased the yield, with -substituted aldehydes providing increased levels of 

selectivity. Chloral hydrate 3-42i provided almost quantitative yield of the product, albeit 

with poor selectivity.  With isobutyraldehyde 3-42f, a good balance of yield and 

selectivity was attained.  These results, coupled with the fact that purification and 

isolation of the desired products was easier with a volatile, led to selection of 3-42f as 

the aldehyde of choice at this stage. Having established that the desired reactivity could 

be achieved under Au-catalysis conditions, the generality of the reaction was explored. 

Initial studies attempting to use the previously optimized reaction conditions on the more 

complex diol E 3-45a were performed. This catalytic system was mildly effective but 

only gave the corresponding 1,3-dioxane 3-46a in moderate yield with good levels of 

selectivity (Scheme 3-13). Several experiments were performed to attempt to increase 

the yield of the desired transformation. The use of a Brønsted acid additive such as 

PTSA or increased reaction temperatures (Scheme 3-13, entries 2 and 3) did not 

improve the reaction yield or selectivity.  Increasing the concentration of the reaction 

had a positive effect on the reactivity, especially when coupled with increased 

temperature (entry 6), affording the desired product in 85% yield in only 4 hours. 
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Scheme 3-12 Determination of an optimal aldehyde 

This suggested that the initial hemiacetal formation may be sluggish with these mildly 

oxophilic catalysts. It was proposed that using a more electron deficient gold complex 

could increase the overall reaction rate by slightly increasing the Lewis acidity of the 

catalyst, thereby facilitating the initial hemiacetalization while retaining the necessary -

acidity required to perform the dehydrative cyclization.99  Using the phosphite gold 

complex IV, 3-46a was isolated in 91% yield after only 4.5 hours at room temperature 
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with excellent selectivity (22:1 dr, entry 7).  Unfortunately, under the same conditions E 

3-45a did not produce the same results as a longer reaction time and lower selectivity 

was observed (entry 8).  After extensive screening, it was found that E-alkenes were 

viable substrates for the desired transformation when Bi(OTf)3
100 was used as the 

catalyst (entry 9).  Interestingly, when Z 3-45a was subjected to the Bi(OTf)3 conditions, 

only direct acetal formation between the starting material and aldehyde were 

observed,101 demonstrating substrate-based catalyst complementarity. 

 
Scheme 3-13 Optimization of reaction conditions for the formation of 1,3-dioxane 3-46a 

Having established a set of complementary reaction conditions, substituted 

monoallylic diols 3-45a-f were investigated to determine the reaction scope (Scheme 3-

14). In general, a variety of functional groups were tolerated for the transformation to 

give the desired 1,3-dioxolanes or 1,3-dioxanes 3-46a-f in high yields and good 

selectivities from the corresponding monoallylic diols 3-45a-f.The electronic nature of 
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the aromatic substituent proved to be significant for the transformation. When an 

electron donating substituent was added to the phenyl ring the reaction pathway was 

shut down, as diol 3-45b afforded no desired product. Introduction of an electron 

withdrawing group on the phenyl ring improved the reaction yield as diol 3-45c furnished 

3-46c in almost quantitative yield. Diol 3-45d bearing an aliphatic substituent gave 

excellent yield and selectivity. Diols 3-45e and 3-45f also gave high yields of the desired 

1,3-dioxolanes 3-46e and 3-46f with moderate to good diastereoselectivity. 

Unfortunately, when the corresponding E diols 3-45e and 3-45f, were allowed to react 

under the bismuth catalyzed conditions, the desired 1,3-dioxolanes 3-46e and 3-46f 

were not formed. This was due to the preference for direct formation of the larger 7 

membered hemiacetals. The cis relationship of 1,3-dioxane products was confirmed 

through NMR analysis as an nOe enhancement of the methane protons was observed 

upon irradiation of the acteal proton for 3-46a. 
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Scheme 3-14 Scope of 1,5-monoallylic diols 

3.2.2 Expansion of the Substrate Scope For the Pseudo-Intermolecular Tandem 
Hemiacetalization/Allylic Substitution of Monoallylic Alcohols 

Looking to expand upon the substrate scope demonstrated by the initial studies, 

additional diol substrates were synthesized (Scheme 3-15). Deprotonation and addition 

of protected alcohol 3-47 to cyclohexanal followed by deprotection of the silyl ether gave 

propargyl alcohol 3-48. Propargyl alcohol 3-48 was then converted to the corresponding 

monoallylic diols E 3-45g and Z 3-45g via reduction with LAH or Lindlar’s catalyst and 

hydrogen respectively. Propargyl alcohol 3-50 was prepared via addition of the dianion 

formed by double deprotonation of alkynol 3-49 with ethylmagnesium bromide. 
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Subsequent reduction with Lindlar’s catalyst and hydrogen gave Z 3-45h. However 

attempts to convert 3-50 to E 3-45h by reduction with LAH were unsuccessful. 

 
Scheme 3-15 Synthesis of diols E 3-45g, Z 3-45g, and Z 3-45h 

These diols were then subjected to the reaction conditions to test their viability 

(Scheme 3-16). Diols E 3-45g and Z 3-45g bearing branching in the aliphatic chain 

gave excellent yields for the corresponding 1-3-dioxane 3-46g. The diastereoselectvity 

for the bismuth-catalyzed process was excellent, however the gold-catalyzed pathway 

gave a lower diastereoselectivity. Protected amines were also shown to be tolerated 

under the reaction conditions as the protected nitrogen containing diol 3-45h gave 3-

46g in high yield as a single diastereomer. 
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Scheme 3-16 Tests employing branched aliphatic and nitrogen containing substrates 

Wanting to add to the utility of the products from the reaction, we envisioned that 

transposing the allylic moiety of diols 3-45 to give diols with 3-51 with a primary allylic 

leaving group. This would install a terminal olefin in the product thus allowing for future 

manipulations of the corresponding 1,3-dioxanes 3-52 (Scheme 3-17). 

 

Scheme 3-17 Proposed relocation of the allylic moiety to afford 1-3-dioxanes 3-52 

Unfortunately, all previous efforts by Dr. Ballesteros to employ this type of diol in 

the desired transformation using the established reaction conditions were unsuccessful 

as only trace amounts of the desired product were observed. To address this issue we 

proposed that changing the aldehyde component of the reaction to one that would more 

readily form the hemiacetal might alleviate these problems. Looking back at the initial 

aldehyde optimization, chloral hydrate 3-42i gave the highest yield for the simple 
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transformation so it seemed logical that it might improve the yield of the reaction of 1,5-

monoallylic diols 3-51 also. 

To test this theory diols E 3-51a and or Z 3-51a were synthesized starting from 

simple alkene 3-53 (Scheme 3-18). Epoxidation with mCPBA proceeded smoothly to 

give epoxide 3-54 in high yield which was converted to diol 3-56 via epoxide opening 

with protected propargyl alcohol 3-55 and subsequent acid catalyzed deprotection. 

Selective reduction using Lindlar conditions or with LAH gave diol 3-51a with the 

requisite E or Z olefin geometry. 

 
Scheme 3-18 Synthesis of diols E 3-51a and Z 3-51a 

 To test our theory, diols Z 3-51a and E 3-51a were then treated under either the 

gold- or bismuth-catalyzed reaction conditions substituting chloral hydrate as the initial 

electrophile (Scheme 3-19). When five equivalents of chloral hydrate 3-42i were used 

the desired 1,3-dioxolane 3-57a was isolated, albeit in low yield, with high levels of 

diastereoselectivity. Gratifyingly, lowering the number of equivalents of 3-42i greatly 
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increased the reaction yield without affecting the selectivity and 3-57a was isolated in 

87% yield as a single diastereomer. 1H NMR analysis studies confirmed the all cis 

configuration for the product as an nOe enhancement of the methine proton signals was 

observed upon irradiation of the acetal proton. Unfortunately attempts to employ E 3-

51a  under the bismuth-catalyzed conditions only led to decomposition of the starting 

material and no desired product was seen. 

 
Scheme 3-19 Use of chloral hydrate as the aldehyde equivalent 

Having demonstrated the effectiveness of chloral hydrate for the transformation, 

we wanted to explore the substrate scope for the reaction. A series of 1,5-monoallylic 

diols 3-51b-f were synthesized using the same strategy as reported above. These diols 

were then subjected to the optimal reaction conditions (Scheme 3-20). Aliphatic 

substituents were generally well tolerated, although presence of an additional alkene 

moiety in diol 3-51f led to reduced yields. Diol 3-51e bearing an aromatic substituent 

also proved to be viable. In all cases only a single diastereomer was observed. 
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Scheme 3-20 Scope of transposed 1,5-monoallylic diols 

3.2.3 Deprotection to Unmask Syn-1,3-Diols and Elaboration to More Complex 
Motifs 

As our interest in this project stemmed from the abundance of 1,3-diol in natural 

product and pharmaceutically relevant compounds, it was necessary to unmask the 

protected 1,3-diols to allow for further manipulations We set out to investigate reaction 

conditions under which this group could be cleaved without affecting the remainder of 

the molecule. Several sets of conditions for the deprotection of trichloromethylacetals 

have been reported.102  A series of known reaction conditions were screened to affect 

the desired transformation on 1,3-dioxolane 3-57d and provide free 1,3-diol 3-58 

(Scheme 3-21). Attempts to use acid catalyzed conditions to deprotect 3-57d were 

unsuccessful as only starting material was recovered. Either reductive reaction 

conditions to afford diol 3-58 or reagents known to perform a site selective oxidation103 

to give ester 3-59 also resulted in no desired conversion. We then attempted to convert 

the trichloromethyl acetal into a more readily cleaved group that might be removed 
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under acidic conditions. Unfortunately, employing known methods to convert 3-57d to 

the corresponding methyl acetal 3-60 via radical dehalogenation were also 

unsuccessful. 

 
Scheme 3-21 Unsuccessful attempted deprotection of 1,3-dioxolane 3-57d 

Given the failures of these known reaction conditions, we set out to investigate 

alternate methods for the selective cleavage of the trichloromethyl acetal group. We 

envisioned that removal of this protecting group would possible via an initial lithiation of 

the trichloromethyl group followed by an aqueous quench. Employing such a process 

would provide an alternative strategy to traditional methods for deprotection of this 

moiety that could be advantageous. The strategy was explored using 3-57d as a test 

substrate with n-BuLi selected as the lithiating reagent (Scheme 3-22). Upon exposure 

to 1.1 equivalents at low temperature followed by warming the mixture to room 

temperature, partial deprotection was observed following an aqueous quench. 
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Gratifyingly, increasing the number of equivalent of the lithium reagent afforded he 

desired diol 3-58 in high yield as a single diastereomer. 

 
Scheme 3-22 Deprotection of 1,3-dioxolane 3-57d using n-BuLi 

After demonstrating that the trichloromethyl acetal could be cleaved to unmask 

free syn-1,3-diols, we set out to convert these compounds more complex architectures. 

The terminal olefin moiety of diol 3-58 positioned atoms away from a free hydroxyl 

group led us to investigate the formation of tetrahydrofurans. 2,5-trans substituted 

tetrahydrofurans (THFs) bearing a hydroxyl substituent at the 3-position are found in a 

variety of natural products94 (Scheme 3-23).  

 
Scheme 3-23 Examples of 2,5-trans THFs in natural products 
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Looking to target this common motif we envisioned that an intramolecular 

cyclization of the pendent alcohol onto the alkene functional group would provide a THF 

product. An iodoetherification reaction would provide access to the desired 

stereoisomer as they are known to give the 2,5-trans THF products from the 

corresponding syn-1,3 diols.104 Treatment of diol 3-58 under standard iodoetherification 

conditions (Scheme 3-24) afforded the desired 2,5-trans THF product 3-66. 

 
Scheme 3-24 Iodoetherification of diol 3-58 

While this result was encouraging, the t-butyl substituent failed to provide 

opportunity for further transformations. To address this drawback diol 3-51g was 

synthesized starting from glycidol using the same strategy as reported above. With this 

compound in hand we envisioned a three-step sequence to provide THF 3-67 (Scheme 

3-25). This compound intrigued us because a multitude of further manipulations to the 

free alcohol, the benzyl protected alcohol, or the alkyl iodide substituents could be used 

for further functionalization if this sequence could be realized. Diol 3-51g proved to 

require slight alteration to the optimal gold-catalyzed reaction conditions as increased 

catalyst loading and slow addition of the diol proved to be required to achieve high 

yields of acetal 3-57g.  Attempts to use n-BuLi for the cleavage of the trichloromethyl 

acetal group were unsuccessful but proceeded smoothly when t-BuLi was employed as 

the lithiating reagent. Finally, iodoetherfication of the resulting diol gave THF 3-67 as a 

single diastereomer in a 46% overall yield. 
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Scheme 3-25 Conversion of diol 3-51g to THF 3-67. 

3.3 Conclusions 

In summary, building upon the foundational studies performed by Dr. Carl 

Ballesteros, a novel hemiacetalization/dehydrative cyclization sequence employing 

monoallylic diols has been developed. This transformation allows for the highly efficient 

formation of 1,3-dioxolanes and dioxanes with excellent levels of diasteroselectivity. 

Although gold-catalyzed conditions do not work for E-monoallylic diols, a set of 

complementary bismuth-catalyzed conditions has been demonstrated.  Employing 

monoallylic diols 3-51 allows for the formation of protected 1,3-diols bearing a terminal 

alkene, which allows a multitude of further transformations. Furthermore, deprotection of 

the acetal through lithiation followed by an aqueous quench provides facile access to 

the corresponding syn 1,3-diols under mild conditions en route to 2,5-trans-

tetrahydrofurans. This synthetic strategy for the formation of syn-1,3-diols compliments 

other similar strategies nicely as it does not require derivatization of the allylic alcohol 

moiety or the use of electron withdrawing groups seen in Michael addition strategies. 
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CHAPTER 4 
EXPERIMENTAL SECTION 

4.1 General Experimental Procedures  

 All reactions were carried out under an atmosphere of nitrogen unless otherwise 

specified. Anhydrous solvents were transferred via syringe to flame-dried glassware, 

which had been cooled under a stream of dry nitrogen. Anhydrous tetrahydrofuran 

(THF), acetonitrile, ether, dichloromethane (DCM), pentane, and toluene were dried 

using a commercial solvent purification system. Analytical thin layer chromatography 

(TLC) was performed using 250 μm Silica Gel 60 F254 pre-coated plates. Flash column 

chromatography was performed using 230- 400 Mesh 60 Å Silica Gel. The eluents 

employed are reported as volume:volume percentages. Proton nuclear magnetic 

resonance (1H NMR) spectra were recorded at 500 MHz and 300 MHz as indicated. 

Chemical shift (δ) is reported in parts per million (ppm) downfield relative to 

tetramethylsilane (TMS, 0.0 ppm), or CDCl3 (7.26 ppm), Coupling constants (J) are 

reported in Hz. Multiplicities are reported using the following abbreviations: s, singlet; d, 

doublet; t, triplet; q, quartet; m, multiplet; br, broad; Carbon-13 nuclear magnetic 

resonance (13C NMR) spectra were recorded at 75 MHz and 125 MHz. Chemical shift is 

reported in ppm relative to the carbon resonance of CDCl3 (77.00 ppm). High resolution 

mass spectra (HRMS) were obtained by Mass Spectrometry Core Laboratory at the 

University of Florida, and are reported as m/z (relative ratio) with the technique 

indicated. Accurate masses are reported for the molecular ion (M+) or a suitable 

fragment ion.  
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4.2 Tandem Gold (I)-Catalyzed Cyclization-Epoxidation-Reduction Sequence 
Towards Marine Polyether Natural Products 

 

Tert-butyldimethylsilyl hex-5-yn-1-yl ether (2-67).  A stirred solution of hex-5-yn-1-ol 

(1.42g, 15 mmol) and imidazole (1.33 g, 19.5 mmol) in 45 mL of DCM was cooled to 0 

°C. A solution of tert-butyldimethylsilyl chloride (2.25mg, 15.0 mmol) in 15 mL DCM was 

then added, and the mixture allowed to warm to room temperature while stirring 

overnight. The reaction was diluted with hexanes (50 mL) then filtered over a silica plug. 

The combined organic layers were washed with brine (10 mL), dried over MgSO4, and 

concentrated. Purification by flash chromatography (5%EtOAc/hexane) yielded the 

product as a colorless oil (3.18 g, quantitative) with spectral data matching those 

previously reported105 

 

 

8-methylnon-5-yne-1,7-diol (2-69) A stirred solution of 2-67 (750 mg, 3.53 

mmol) in 15 mL of dry THF was cooled to -78 °C and was treated with n-BuLi (1.7 mL, 

2.5 M in hexane) over 5 minutes, and stirred for 0.5 h. At the same temperature, 

isobutyraldehyde (3.2 mL, 35.3 mmol) was added neat over 5 minutes. The mixture was 

stirred for an additional 0.5 h at -78 °C, then allowed to warm to room temperature. The 

reaction was quenched with H2O (10 mL) and diluted with EtOAc (10 mL). The aqueous 

layer was extracted with EtOAc (3x10 mL), and the combined extracts were dried over 

MgSO4, filtered and evaporated in vacuo. The crude mixture was taken up in 20 mL dry 
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THF, treated with a solution of TBAF (7.06 mL, 1.0 M in THF) and stirred at room 

temperature overnight. The reaction was diluted with 20 mL H2O, and extracted with 

EtOAc (3x30 mL). The organics were washed with brine (20 mL) then dried over 

MgSO4. The residue was subjected to flash chromatography (50% EtOAc/hexane) to 

furnish the product as a colorless oil (268 mg, 46% over 2 steps) 1H NMR (300 MHz, 

CDCl3) δ 4.11 – 3.96 (m, 1H), 3.53 (t, J = 6.2 Hz, 2H), 2.15 (t, J = 6.8, 2H), 1.83-1.62 

(m, 1H), 1.63-1.39 (m, 4H), 0.86 (d, J = 6.6 Hz, 6H); 13C NMR (75 MHz, CDCl3) δ 85.5, 

80.4, 67.9, 62.0, 34.7, 31.7, 25.1, 18.5, 18.5, 18.3, 17.6. 

 

1-cyclohexylhept-2-yne-1,7-diol (2-70) A stirred solution of 2-67 (750 mg, 3.53 mmol) 

in 15 mL of dry THF was cooled to -78 °C and was treated with n-BuLi (1.7 mL, 2.5 M in 

hexane) over 5 minutes, and stirred for 0.5 h. At the same temperature, 

cyclohexanecarboxaldehyde (0.64 mL, 5.3 mmol) was added neat over 5 minutes. The 

mixture was stirred for an additional 0.5 h at -78 °C, then allowed to warm to room 

temperature. The reaction was quenched with H2O (10 mL) and diluted with EtOAc (10 

mL). The aqueous layer was extracted with EtOAc (3x10 mL), and the combined 

extracts were dried over MgSO4, filtered and evaporated in vacuo. The crude mixture 

was taken up in 20 mL dry THF, treated with a solution of TBAF (7.06 mL, 1.0 M in 

THF) and stirred at room temperature overnight. The reaction was diluted with 20 mL 

H2O, and extracted with EtOAc (3x30 mL). The organics were washed with brine (20 

mL) then dried over MgSO4. The residue was subjected to flash chromatography (50% 

EtOAc/hexane) to furnish the product as a colorless oil (233 mg, 30% over 2 steps) 1H 
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NMR δ 4.13 (m, 1H), 3.68 (t, 2H, J = 6.3 Hz), 2.26 (dt, 2H, J = 6.9, 2.1), 1.88-1.42 (m, 

12H), 1.33-0.95 (m, 5H). 13C NMR (75 MHz, CDCl3) δ 85.7, 80.8, 67.3, 62.2, 44.4, 31.8, 

28.8, 28.2, 26.6, 26.0, 25.1, 18.6 

 

9-((tert-butyldimethylsilyl)oxy)-1-phenylnon-4-yn-3-ol (2-73) A stirred solution of 2-

67 (1.08g, 5.08 mmol) in 25 mL of dry THF was cooled to -78 °C and was treated with 

n-BuLi (2.1 mL, 2.5 M in hexane) over 5 minutes, and stirred for 0.5 h warmed to °C for 

5 minutes and cooled back to -78°C. At the same temperature, hydrocinnamaldehyde 

(0.79 mL, 5.2 mmol) was added neat over 5 minutes. The mixture was stirred for an 

additional 0.5 h at -78 °C, then allowed to warm to room temperature and stirred for 3 

hours. The reaction was quenched with sat. NH4Cl(aq) (10 mL) and diluted with EtOAc 

(10 mL). The aqueous layer was extracted with EtOAc (3x10 mL), and the combined 

extracts were dried over MgSO4, filtered and evaporated in vacuo. The residue was 

subjected to flash chromatography (15% EtOAc/hexane) to furnish the product as a pale 

yellow oil (1.44 g, 82% ). 1H NMR (300 MHz, CDCl3) δ 7.33 – 7.11 (m, 5H), 4.41 – 4.30 

(m, 1H), 3.64 (t, J = 6.1, 2H), 2.79 (t, J = 7.9 Hz, 2H), 2.24 (td, J = 6.7, 1.9, Hz, 2H), 

2.10 – 1.90 (m, 2H), 1.71 – 1.52 (m, 4H), 0.97 – 0.87 (m, 9H), 0.13 – 0.02 (m, 6H). 13C 

NMR (75 MHz, CDCl3) δ 141.6, 128.5, 128.3, 125.8, 85.2, 81.5, 62.6, 61.7, 39.7, 31.9, 

31.6, 25.9, 25.7, 25.2, 18.5, 18.3, -5.3. 
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1-((tert-butyldimethylsilyl)oxy)hexadec-5-yn-7-ol (2-74) A stirred solution of 2-67 

(500 mg, 2.35 mmol) in 15 mL of dry THF was cooled to -78 °C and was treated with n-

BuLi (1.05 mL, 2.5 M in hexane) over 5 minutes, and stirred for 0.5 h warmed to °C for 5 

minutes and cooled back to -78°C. At the same temperature decanal (0.47 mL, 2.5 

mmol) was added neat over 5 minutes. The mixture was stirred for an additional 0.5 h at 

-78 °C, then allowed to warm to room temperature and stirred for 3 hours. The reaction 

was quenched with sat. NH4Cl(aq) (5 mL) and diluted with EtOAc (10 mL). The aqueous 

layer was extracted with EtOAc (3x10 mL), and the combined extracts were dried over 

MgSO4, filtered and evaporated in vacuo. The residue was subjected to flash 

chromatography (15% EtOAc/hexane) to furnish the product as an oil (837 mg, 95%). 1H 

NMR (500 MHz, CDCl3) δ 4.34 (tt, J = 6.5, 2.0 Hz, 1H), 3.63 (td, J = 6.2, 0.6 Hz, 2H), 

2.26 – 2.21 (m, 2H), 2.17 (bs, 1H), 1.72 – 1.51 (m, 9H), 1.47 – 1.38 (m, 1H), 1.27 – 1.26 

(m, 16H), 0.89 (s, 9H), 0.87 (dd, J = 7.1, 0.7 Hz, 3H), 0.05 (s, 6H). 

 

tert-butyl((7-methoxy-9-phenylnon-5-yn-1-yl)oxy)dimethylsilane (4-1)  A solution of 

2-73 (270 mg, 0.78 mmol) in 1 mL of dry THF was added to a suspension of sodium 

hydride (93 mg, 2.34 mmol) in 2 mL at 0°C. At the same temperature methyl iodide 

(0.29 mL, 4.68 mmol) was added. The mixture was then allowed to warm to room 

temperature and stirred for overnight. The reaction was quenched with sat. NH4Cl(aq) (1 

mL) and diluted with EtOAc (2 mL). The aqueous layer was extracted with EtOAc (3x5 

mL), and the combined extracts were dried over MgSO4, filtered and evaporated in 

vacuo. The residue was subjected to flash chromatography (20% EtOAc/hexane) to 
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furnish the product as a clear oil (257 mg, 91%) 1H NMR (300 MHz, CDCl3) δ 7.54 – 

6.80 (m, 5H), 3.93 (tt, J = 6.6, 1.9 Hz, 1H), 3.78 – 3.60 (m, 2H), 3.41 (s, 3H), 2.80 (t, J = 

8.1, 2H), 2.30 (td, J = 6.8, 2.0 Hz, 2H), 2.14 – 1.85 (m, 2H), 1.77 – 1.50 (m, 4H), 0.92 (s, 

9H), 0.08 (s, 6H). 

 

tert-butyl((7-methoxyhexadec-5-yn-1-yl)oxy)dimethylsilane (4-2) A solution of 2-74 

(823 mg, 2.23 mmol) in 5 mL of dry THF was added to a suspension of sodium hydride 

(267 mg, 6.69 mmol) in 5 mL at 0°C. At the same temperature methyl iodide (0.832 mL, 

13.38 mmol) was added. The mixture was then allowed to warm to room temperature 

and stirred for overnight. The reaction was quenched with sat. NH4Cl(aq) (5 mL) and 

diluted with EtOAc (10 mL). The aqueous layer was extracted with EtOAc (3x5 mL), and 

the combined extracts were dried over MgSO4, filtered and evaporated in vacuo. The 

residue was subjected to flash chromatography (20% EtOAc/hexane) to furnish the 

product as a clear oil (555 mg, 65%) 1H NMR (300 MHz, CDCl3) δ 3.86 (tt, J = 6.5, 1.9 

Hz, 1H), 3.67 – 3.48 (m, 2H), 3.33 (s, 3H), 2.21 (td, J = 6.7, 1.9 Hz, 2H), 1.73 – 1.46 (m, 

6H), 1.49 – 1.36 (m, 2H 1.23) (s, 14H), 0.85 (s, 9H), 0.01 (s, 6H). 13C NMR (75 MHz, 

CDCl3) δ 86.1, 79.3, 71.7, 62.7, 56.2, 36.1, 32.2, 29.9, 29.7, 29.7, 29.6, 29.5, 26.1, 25.5, 

25.42, 22.9, 18.7, 18.4, 14.2, -5.2. 

 

7-methoxy-9-phenylnon-5-yn-1-ol (2-75) To a solution of 4-1 (257 mg, 0.7126 mmol) 

dissolved in THF (5 mL) at 0°C, was added TBAF (1.0 M in THF, 1.42 mL, 1.42 mmol). 
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The solution was stirred overnight and diluted with water (10 mL). The layers were 

separated and the aqueous layer was extracted with EtOAc (3x 10 ml), dried over 

MgSO4, and the combined extracts were dried over MgSO4, filtered and evaporated in 

vacuo. The residue was subjected to flash chromatography (20% EtOAc/hexane) to 

furnish the product as clear oil (154 mg, 88%) 1H NMR (300 MHz, CDCl3) δ 7.42 – 7.04 

(m, 5H), 3.90 (tt, J = 6.5, 1.9 Hz, 1H), 3.68 (t, J = 6.1 Hz, 2H), 3.39 (s, 3H), 2.77 (dd, J = 

8.6, 6.8 Hz, 2H), 2.30 (td, J = 6.8, 1.9 Hz, 2H), 2.16 – 1.81 (m, 2H), 1.81 – 1.50 (m, 4H), 

1.34 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 141.8, 128.7, 128.6, 126.1, 86.5, 79.3, 70.8, 

62.6, 56.5, 37.7, 32.1, 31.7, 25.2, 18.7. 

 

7-methoxyhexadec-5-yn-1-ol (2-76) To a solution of 4-2 (1.37 g, 3.608 mmol) 

dissolved in THF (20mL) at 0°C, was added TBAF (1.0 M in THF, 7.2 mL, 7.2 mmol). 

The solution was stirred  overnight and diluted with water (10 mL). The layers were 

separated and the aqueous layer was extracted with EtOAc (3x 10 ml), dried over 

MgSO4, and concentrated in vacuo. The residue was subjected to flash chromatography 

(20% EtOAc/hexane) to furnish the product as clear oil (968 mg, 65%)  1H NMR (300 

MHz, CDCl3) δ 3.88 (tt, J = 6.6, 2.0 Hz, 1H), 3.64 (t, J = 6.1 Hz, 2H), 3.35 (s, z3H), 2.34 

(s, 1H), 2.25 (td, J = 6.8, 2.0 Hz, 2H), 1.72 – 1.52 (m, 6H), 1.48 – 1.33 (m, 2H), 1.32 – 

1.18 (m, 12H), 1.01 – 0.78 (m, 3H). 13C NMR (75 MHz, CDCl3) δ 86.1, 79.5, 71.7, 62.4, 

56.3, 36.1, 32.1, 31.9, 29.7, 29.7, 29.5, 29.5, 25.5, 25.2, 22.8, 18.7, 14.3. 
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(±)-cis-2-((E)-4-phenylbut-1-en-1-yl)tetrahydro-2H-pyran-3-ol (2-84) In a round 

bottom flask at room temperature Au[P(t-Bu)2(o-biphenyl)]Cl (2.0 mg, 0.004 mmol), 

AgOTf (1.0 mg, 0.004 mmol), and THF (1mL) were combined, The solution was stirred 

for 10 minutes, after which time a solution of 2-73 (50 mg, 0.2 mmol) in THF (0.5 ml) 

was added. After 1 hour, TLC analysis indicated that the Au-catalyzed cyclization was 

complete and the solution was cooled to -78°C and DMDO (2.7 ml, 0.075 M in acetone) 

was added. The solvent was removed in vacuo  and then THF (1.5 mL) was added. The 

solution was cooled to 0° C and superhydride (1.2 ml, 1.2 M in THF) was added 

dropwise. The solution was stirred for 1 hour and quenched with water (2 mL). The 

layers were separated and the aqueous layer was extracted with EtOAc (3x 5 ml). The 

combined organic extract was dried over MgSO4, filtered and evaporated in vacuo. The 

residue was subjected to flash chromatography (25% EtOAc/hexane) to furnish the 

product as clear oil (15mg, 40%) 1H NMR (300 MHz, CDCl3) δ 7.34 – 7.08 (m, 5H), 5.77 

(dt, J = 15.5, 6.7 Hz, 1H), 5.47 (dd, J = 15.5, 7.7 Hz, 1H), 4.35 – 4.25 (m, 1H), 4.23 (d, J 

= 4.0 Hz, 1H), 4.00 – 3.77 (m, 3H), 3.68 (d, J = 5.7 Hz, 1H), 2.82 – 2.57 (m, 3H), 2.39 – 

2.25 (m, 2H), 0.88 – 0.66 (m, 4H) 

 

7-((tert-butyldimethylsilyl)oxy)hept-2-yn-1-ol (2-871) A stirred solution of 2-67 

(2.494g, 11.75 mmol) in 25 mL of dry THF was cooled to -78 °C and was treated with n-

BuLi (4.9 mL, 2.5 M in hexane) over 5 minutes, and stirred for 0.5 h warmed to °C for 5 

minutes and cooled back to -78°C. At the same temperature, paraformaldehyde (1.059 

g, 35.2 mmol) was added neat over 5 minutes. The mixture was stirred for an additional 
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0.5 h at -78 °C, then allowed to warm to room temperature and stirred for 3 hours. The 

reaction was quenched with sat. NH4Cl(aq) (10 mL) and diluted with EtOAc (10 mL). The 

aqueous layer was extracted with EtOAc (3x10 mL), and the combined extracts were 

dried over MgSO4, filtered and evaporated in vacuo. The residue was subjected to flash 

chromatography (15% EtOAc/hexane) to furnish the product as a pale yellow oil (2.5 g, 

88% ). The spectroscopic data matched previously reported data106 

 

tert-butyl((7-methoxyhept-5-yn-1-yl)oxy)dimethylsilane (4-3) A solution of 2-87 (1.0 

g, 4.126 mmol) in 5 mL of dry THF and was added to a suspension of sodium hydride 

(297 mg, 12.38 mmol) in 5 mL at 0°C. At the same temperature, methyl iodide (0.770 

mL, 12.38 mmol) was added. The mixture was then allowed to warm to room 

temperature and stirred for overnight. The reaction was quenched with sat. NH4Cl(aq) (5 

mL) and diluted with EtOAc (10 mL). The aqueous layer was extracted with EtOAc (3x5 

mL), and the combined extracts were dried over MgSO4, filtered and evaporated in 

vacuo. The residue was subjected to flash chromatography (20% EtOAc/hexane) to 

furnish the product as a clear oil (1.06 g, quant) . 1H NMR (300 MHz, CDCl3) δ 4.08 (t, J 

= 2.2 Hz, 2H), 3.68 (s, 2H), 3.37 (s, 3H), 2.29 (tt, J = 6.7, 2.2 Hz, 2H), 1.74 – 1.57 (m, 

4H), 1.31 (s, 1H).  

 

7-methoxyhept-5-yn-1-ol (2-88) To a solution of 4-3 (1.058 g, 3.608 mmol) dissolved in 

THF (20mL) at 0°C, was added TBAF (1.0 M in THF, 8.2 mL, 8.2 mmol). The solution 
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was stirred overnight and diluted with water (10 mL). The layers were separated and the 

aqueous layer was extracted with EtOAc (3x 10 ml), dried over MgSO4, and 

concentrated in vacuo. The residue was subjected to flash chromatography (20% 

EtOAc/hexane) to furnish the product as clear oil (419 mg, 70%) The spectroscopic data 

matched previously reported data.107 

 

 

tert-butyl((2,2-diphenylhex-5-yn-1-yl)oxy)dimethylsilane (4-4) A stirred solution of 2-

8941 (608 mg, 2.43 mmol) and imidazole (924 mg, 4.3 mmol) in 10 mL of DCM was 

cooled to 0 °C. A solution of tert-butyldimethylsilyl chloride (346 mg, 2.3 mmol) in 5 mL 

DCM was then added and the mixture allowed to warm to room temperature while 

stirring overnight. The reaction was diluted with hexanes (10 mL) then filtered over a 

silica plug. The combined organic layers were washed with brine (10 mL), dried over 

MgSO4, and concentrated. Purification by flash chromatography (5%EtOAc/hexane) 

yielded the product as a colorless oil (853 mg, 92%). The spectroscopic data matched 

previously reported data.41 

 

7-((tert-butyldimethylsilyl)oxy)-6,6-diphenylhept-2-yn-1-ol (2-90) A stirred solution of 

4-4 (243 mg, 0.666 mmol) in 5 mL of dry THF was cooled to -78 °C and was treated 

with n-BuLi (0.27 mL, 2.5 M in hexane) over 5 minutes, and stirred for 0.5 h warmed to 

°C for 5 minutes and cooled back to -78°C. At the same temperature, paraformaldehyde 

(60 mg, 1.99 mmol) was added neat over 5 minutes. The mixture was stirred for an 
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additional 0.5 h at -78 °C, then allowed to warm to room temperature and stirred for 3 

hours. The reaction was quenched with sat. NH4Cl(aq) (5 mL) and diluted with EtOAc (5 

mL). The aqueous layer was extracted with EtOAc (3x5 mL), and the combined extracts 

were dried over MgSO4, filtered and evaporated in vacuo. The residue was subjected to 

flash chromatography (15% EtOAc/hexane) to furnish the product as a pale yellow oil 

(1.15 g, 54% ). 1H NMR (300 MHz, CDCl3) δ 7.69 – 6.64 (m, 10H), 4.20 (s, 2H), 4.09 (s, 

2H), 2.54 – 2.39 (m, 2H), 2.07 – 1.94 (m, 2H), 0.79 (s, 9H), -0.17 (s, 6H). 13C NMR (75 

MHz, CDCl3) δ 146.1, 128.5, 128.1, 128.0, 126.2, 86.9, 78.4, 68.6, 51.6, 51.6, 35.7, 

25.9, 18.3, 14.7, -5.7. 

 

tert-butyl((7-methoxy-2,2-diphenylhept-5-yn-1-yl)oxy)dimethylsilane (4-5) A 

solution of 2-90 (112 mg, 0.284 mmol) in 2 mL of dry THF and was added to a 

suspension of sodium hydride (20 mg, 0.851 mmol) in 1 mL at 0°C. At the same 

temperature methyl iodide (0.106 mL, 1.704 mmol) was added. The mixture was then 

allowed to warm to room temperature and stirred for overnight. The reaction was 

quenched with sat. NH4Cl(aq) (2 mL) and diluted with EtOAc (5 mL). The aqueous layer 

was extracted with EtOAc (3x5 mL), and the combined extracts were dried over 

MgSO4, filtered and evaporated in vacuo. The residue was subjected to flash 

chromatography (20% EtOAc/hexane) to furnish the product as a pale yellow oil (116 

mg, quant) 1H NMR (300 MHz, CDCl3) δ 7.41 – 7.00 (m, 10H), 4.09 (s, 2H), 4.07 – 4.03 

(m, 2H), 3.36 (s, 3H), 2.78 – 2.35 (m, 2H), 2.14 – 1.84 (m, 2H), 0.80 (s, 9H), -0.16 (s, 

6H). 13C NMR (75 MHz, CDCl3) δ 146.1, 128.5, 128.4, 128.0, 126.2, 87.6, 75.8, 68.7, 

57.6, 51.6, 35.9, 29.9, 25.9, 18.3, -5.7. 
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7-methoxy-2,2-diphenylhept-5-yn-1-ol (2-91) To a solution of 4-5 (881 mg, 

2.157 mmol) dissolved in THF (20mL) at 0°C, was added TBAF (1.0 M in THF, 4.7 mL, 

4.7 mmol). The solution was stirred overnight and diluted with water (20 mL). The layers 

were separated and the aqueous layer was extracted with EtOAc (3x 20 ml), dried over 

MgSO4, and concentrated in vacuo. The residue was subjected to flash chromatography 

(20% EtOAc/hexane) to furnish the product as clear oil (563 mg, 88%) 1H NMR (300 

MHz, CDCl3) δ 7.47 – 6.99 (m, 10H), 4.14 (s, 2H), 4.03 (t, J = 2.1 Hz, 2H), 3.34 (s, 3H), 

2.61 – 2.33 (m, 2H), 2.11 – 1.88 (m, 2H), 1.33 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 

144.9, 128.5, 128.3, 126.7, 87.1, 76.1, 67.9, 60.4, 57.7, 51.9, 35.7, 14.6. 

 

7-((tert-butyldimethylsilyl)oxy)-1-phenylhept-2-yn-1-ol (2-93) A stirred solution of 2-

67 (1.0g, 4.71 mmol) in 25 mL of dry THF was cooled to -78 °C and was treated with n-

BuLi (2.8 mL, 2.5 M in hexane) over 5 minutes, and stirred for 0.5 h warmed to °C for 5 

minutes and cooled back to -78°C. At the same temperature, benzaldehyde (0.950 mL, 

7.42 mmol) was added neat over 5 minutes. The mixture was stirred for an additional 

0.5 h at -78 °C, then allowed to warm to room temperature and stirred for 3 hours. The 

reaction was quenched with sat. NH4Cl(aq) (10 mL) and diluted with EtOAc (10 mL). The 

aqueous layer was extracted with EtOAc (3x20 mL), and the combined extracts were 

dried over MgSO4, filtered and evaporated in vacuo. The residue was subjected to flash 

chromatography (15% EtOAc/hexane) to furnish the product as a pale yellow oil (1.49 g, 
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99%). 1H NMR (300 MHz, CDCl3) δ 7.45 – 7.29 (m, 5H), 5.42-5.22 (m,1H), 3.70 – 3.55 

(m, 2H), 2.39 – 2.24 (m, 2H), 1.73 – 1.56 (m, 4H), 0.89 (s, 9H), 0.03 (s, 6H). 

 

tert-butyl((7-methoxy-7-phenylhept-5-yn-1-yl)oxy)dimethylsilane (4-6) A solution of 

2-93 (1.49 g, 4.677 mmol) in 20 mL of dry THF and was added to a suspension of 

sodium hydride (2336mg, 14.01 mmol) in 1 mL at 0°C. At the same temperature methyl 

iodide (1.45 mL, 23.3 mmol) was added. The mixture was then allowed to warm to room 

temperature and stirred for overnight. The reaction was quenched with sat. NH4Cl(aq) (10 

mL) and diluted with EtOAc (20 mL). The aqueous layer was extracted with EtOAc 

(3x20 mL), and the combined extracts were dried over MgSO4, filtered and evaporated 

in vacuo. The residue was subjected to flash chromatography (20% EtOAc/hexane) to 

furnish the product as a pale yellow oil (1.44 g, 92%) 1H NMR (300 MHz, CDCl3) δ 7.44 

– 7.27 (m, 5H), 5.22 – 4.92 (m, 1H), 3.71 – 3.54 (m, 2H), 3.20 (s, 3H), 2.41 – 2.21 (m, 

2H), 1.71 – 1.51 (m, 4H), 0.88 (s, 9H), 0.02 (s, 6H). 

 

 

7-methoxy-7-phenylhept-5-yn-1-ol (2-94) To a solution of 4-6 (1.43 g, 4.319 mmol) 

dissolved in THF (40mL) at 0°C, was added TBAF (1.0 M in THF, 8.6 mL, 8.6 mmol). 

The solution was stirred overnight and diluted with water (20 mL). The layers were 

separated and the aqueous layer was extracted with EtOAc (3x 25 ml), dried over 

MgSO4, and concentrated in vacuo. The residue was subjected to flash chromatography 



 

114 

(20% EtOAc/hexane) to furnish the product as clear oil (500 mg, 53%) 1H NMR (300 

MHz, CDCl3) δ 7.58 – 7.44 (m, 2H), 7.40 – 6.96 (m, 3H), 5.04 (t, J = 2.0 Hz, 1H), 3.79 – 

3.45 (m, 2H), 3.36 (s, 3H), 2.55 – 2.19 (m, 2H), 1.80 – 1.43 (m, 4H). 13C NMR (75 MHz, 

CDCl3) δ 138.8, 128.2, 128.2, 128.1, 127.3, 88.2, 77.7, 73.1, 61.6, 55.4, 31.6, 24.8, 

18.5. 

4.2.1.General tandem cyclization-oxidation-reduction procedure. 

 

(±)-tran-2-((E)-4-phenylbut-1-en-1-yl)tetrahydro-2H-pyran-3-ol (2-77) In a 

round bottom flask at room temperature were combined Au[P(t-Bu)2(o-biphenyl)]Cl (5.3 

mg, 0.01 mmol), AgOTf (2.6 mg, 0.01 mmol), and THF (1mL), The solution was stirred 

for 10 minutes, after which time a solution of 2-75 (50 mg, 0.2 mmol) in THF (0.5 ml) 

After 1 hour, TLC analysis indicated that the Au-catalyzed cyclization was complete and 

the solution was cooled to -78°C and DMDO (2.7 ml, 0.075 M in acetone) was added. 

The solvent was removed  in vacuo  and then azeotoped with benzene (2 x 1mL). The 

mixture was re-disolved in 2 mL acetonitrile and the solution was cooled to -40° C and 

boron trifluoride diethyl etherate (28 mg, 0.2 mmol) was added dropwise followed by 

addition of triethylsilane (67 mg, 0.6 mmol). The solution was stirred for 45 min warmed 

to room temperature and quenched with saturated K2CO3 (2 mL). The layers were 

separated and the aqueous layer was extracted with EtOAc (3x 5 ml). The combined 

extracts were dried over MgSO4, filtered and evaporated in vacuo. The residue was 

subjected to flash chromatography (25% EtOAc/hexane) to furnish the product as clear 

oil (34 mg, 74%) 1H NMR (500 MHz, CDCl3) δ 7.38 – 7.25 (m, 2H), 7.24 – 7.13 (m, 3H), 
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5.85 (dt, J = 15.5, 7.0 Hz, 1H), 5.40 (dd, J = 15.5, 8.0 Hz, 1H), 3.92 (dd, J = 12.5, 2.0 

Hz, 1H), 3.50 – 3.29 (m, 2H), 3.26 – 3.06 (m, 1H), 2.93 – 2.77 (m, 1H), 2.77 – 2.64 (m, 

1H), 2.57 – 2.46 (m, 1H), 2.45 – 2.32 (m, 1H), 2.17 – 2.09 (m, 1H), 1.72- 1.65 (m, 2H), 

1.49 – 1.34 (m, 2H).  13C NMR (125 MHz, CDCl3) δ 141.6, 135.8, 128.9, 128.7, 128.6, 

128.6, 126.2, 84.1, 69.7, 67.7, 35.3, 34.3, 31.3, 25.6. 

 

(±)-trans-2-vinyltetrahydro-2H-pyran-3-ol (2-85)  The typical procedure was followed 

with 2-88 (98 mg, 0.689 mmol) to give the title compound (10 mg, 11 %) as clear oil. 1H 

1H NMR (300 MHz, CDCl3) δ 5.85 (ddd, J = 17.5, 10.5, 7.0 Hz, 1H), 5.58 – 5.12 (m, 

2H), 3.92 (dd, J = 12.0, 3.0 Hz, 1H), 3.56 – 3.09 (m, 3H), 1.83 – 1.59 (m, 2H), 1.52 – 

1.38 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 136.3, 119.2, 84.2, 69.7, 67.6, 31.7, 25.5. 

 

(±)-trans-5,5-diphenyl-2-vinyltetrahydro-2H-pyran-3-ol (2-92) The typical 

procedure was followed with 2-91 (58 mg, 0.2 mmol) to give the title compound (31 mg, 

56 %) as clear oil. 1H NMR (299 MHz, CDCl3) δ 7.58 – 7.39 (m, 2H), 7.38 – 7.25 (m, 

5H) 7.25 – 7.08 (m, 5H), 5.86 (ddd, J = 17.5, 10.5, 7.0 Hz, 1H), 5.45 (d, 17.5 Hz, 1H), 

5.45 (d, 10.5 Hz, 1H),  4.70 (dd, J = 12.2, 2.7 Hz, 1H), 3.66 (td, J = 8.7 Hz, 1H), 3.56 (d, 

J = 12.0 Hz, 1H), 3.38 – 3.13 (m, 1H), 2.83 (dt, J = 12.2, 4.0, Hz, 1H), 2.37 (t, J = 11.4 

Hz, 1H), 1.90 (s, 1H). 13C NMR (75 MHz, CDCl3) δ 145.6, 145.5, 136.1, 128.6, 128.4, 

128.4, 126.9, 126.8, 126.1, 119.6, 84.3, 74.2, 67.2, 48.3, 42.7. 



 

116 

 

(±)-trans-(2-((E)-undec-1-en-1-yl)tetrahydro-2H-pyran-3-ol (2-95) The typical 

procedure was followed with 2-76 (53 mg, 0.2 mmol) to give the title compound (33 mg, 

66 %) as clear oil. 1H NMR (500 MHz, CDCl3) δ 5.87 (dt, J = 15.5, 6.5 Hz, 1H), 5.46 

(ddt, J = 15.5, 8.0, 1.5 Hz, 1H), 3.99 – 3.89 (m, 1H), 3.49 – 3.34 (m, 2H), 3.36 – 3.27 

(m, 1H), 2.21 – 2.13 (m, 1H), 2.13 – 2.02 (m, 2H), 1.82 – 1.61 (m, 2H), 1.49 – 1.37 (m, 

2H), 1.34-1.22 (m, 11H), 0.98 (t, J = 8.0 Hz, 2H), 0.89 (t, J = 6.9 Hz, 3H), 0.61 (q, J = 

8.0 Hz, 1H). 13C NMR (75 MHz, CDCl3) δ 137.36, 127.73, 84.15, 69.89, 67.70, 32.69, 

32.09, 31.50, 29.73, 29.68, 29.52, 29.45, 29.22, 25.64, 6.79, 6.01. 

 

(±)-trans-( (2S,3R)-2-((E)-styryl)tetrahydro-2H-pyran-3-ol (2-96) The typical 

procedure was followed with 2-94 (50 mg, 0.23 mmol) to give the title compound (35 

mg, 76 %) as clear oil. 1H NMR (300 MHz, CDCl3) δ 7.50 – 7.38 (m, 2H), 7.38 – 7.20 

(m, 3H), 6.74 (d, J = 16.0 Hz, 1H), 6.25 (dd, J = 16.0, 7.2 Hz, 1H), 4.00 (ddt, J = 11.6, 

4.0, 2.1 Hz, 1H), 3.76 – 3.61 (m, 1H), 3.44 (dddd, J = 13.7, 10.5, 6.3, 4.4 Hz, 2H), 2.20 

(ddd, J = 11.4, 5.6, 2.4 Hz, 1H), 1.91 – 1.69 (m, 2H), 1.64 (s, 1H), 1.61 – 1.40 (m, 1H). 

13C NMR (75 MHz, CDCl3) δ 136.5, 134.0, 128.8, 128.2, 127.2, 126.8, 83.9, 70.2, 67.7, 

31.8, 25.6. 
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7-methoxyhept-5-ynal (4-7) Following the same procedure107 To a solution of oxalyl 

chloride (2.7mL, 5.4mmols, 1.5eq) in dichloromethane (15mL) cooled at -78°C was 

added a solution of dimethylsulfoxyde (0.75mL, 10.56mmols, 3eq) in dichloromethane 

(10mL). The resulting solution was stirred for 30 minutes. To the solution was added 

dropwise a solution of 2-88 (0.4995g, 3.51mmols, 1eq) in dichloromethane (10mL). The 

mixture was stirred 50 minutes and triethylamine (2.38mL, 17.62mmols, 5 eq) was 

added. The mixture was stirred 2 hours, quenched with water, extracted with ethyl 

acetate. The organic layer was purified by flash column chromatography (15% ethyl 

acetate) to give (430 mg, 87%) of product. 1H NMR (300 MHz, CDCl3) δ 9.81 (s, 1H), 

4.07 (s, 2H), 3.37 (s, 3H), 2.60 (td, J = 7.3, 1.3 Hz, 2H), 2.36 – 2.25 (m, 2H), 1.86 (m, J 

= 6.9 Hz, 2H). 

 

1-methoxytridec-2-yn-7-ol (2-98) To a solution of 4-7 (0.420 g, 3.00 mmol ) in diethyl 

ether (8mL) was added, at room temperature, a solution of hexylmagneisum bromide 

(2.0 mL at 2M in THF, 4 mmols), and the solution was stirred for 3 hours. The reaction 

mixture was poured on hydrochloric acid in ice (5mL of 0.1M HCl in 10mL of ice), 

extracted with ethyl acetate and purified using a flash chromatography column (25% 

ethyl acetate / hexane) to yield (630 mg, 48%). 1H NMR (300 MHz, CDCl3) δ 4.03 (t, J = 

2.1 Hz, 2H), 3.59 (t, J = 6.6 Hz, 2H), 3.33 (s, 3H), 2.31 – 2.16 (m, 2H), 1.66 - 1.35 (m, 

2H), 1.79 – 1.15 (m, 12H), 0.85 (t, J = 2.9 Hz, 3H).13C NMR (75 MHz, CDCl3) δ 86.9, 

75.9, 71.4, 62.85, 57.30, 37.51, 36.42, 32.69, 31.60, 29.31, 25.55, 24.71, 18.71, 14.01. 
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7-methoxyhept-5-ynoic acid (2-99) To a solution of 2-88 (300 mg , 2.11 mmol) 

dissolved in a DMF:H2O  mixture (5:1, 6 mL) PDC (2.6 g, 7 mmol) was added. The 

solution was stirred overnight and filtered over a celite pad and the solvent was 

removed in vacuo. The residue was subjected to flash chromatography (33% 

EtOAc/hexane) to afford the title compound (300 mg, 90%) as an oil. 1H NMR (300 

MHz, CDCl3) δ 3.97 – 3.92 (m, 2H), 3.23 (s, 3H), 2.36 (t, J = 7.4 Hz, 2H), 2.26 – 2.13 

(m, 2H), 1.79 – 1.65 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 178.3, 85.7, 76.7, 60.1, 57.3, 

32.7, 23.5, 18.1. 

 

tert-butyl (7-methoxyhept-5-yn-1-yl)(tosyl)carbamate (4-8) In a roundbottom flask at 

room temperature, triphenylphosphine (1.405 g, 5.8 mmol) and tert-butyl 

tosylcarbamate108 (1.58 g, 5.8 mmol were combined. The flask was evacuated and 

backfilled with N2 3 times. The mixture was dissolved in THF (20 mL), cooled to 0°C and 

2-88 (825 mg, 5.8 mmol) then DIAD (1.14 ml, 5.8 mmol) were added dropwise. The 

solution was stirred overnight and the solvent was removed in vacuo. The residue was 

subjected to flash chromatography (20% EtOAc/hexane) to afford the title compound 

(1.93 g, 84%) as a clear colorless oil. 1H NMR (300 MHz, CDCl3) δ 7.79 (d, J = 8.3 Hz, 

2H), 7.51 – 7.06 (m, 2H), 4.09 (t, J = 2.1 Hz, 2H), 3.99 – 3.73 (m, 2H), 3.56 – 3.23 (m, 

3H), 2.45 (s, 3H), 2.31 (ddt, J = 7.0, 4.4, 2.1 Hz, 2H), 2.00 – 1.78 (m, 2H), 1.74 – 1.53 
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(m, 2H), 1.34 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 151.2, 144.2, 137.7, 129.4, 128.0, 

86.6, 84.3, 76.4, 60.4, 57.6, 46.8, 29.6, 28.1, 25.9, 21.8, 18.7. 

 

N-(7-methoxyhept-5-yn-1-yl)-4-methylbenzenesulfonamide (2-100) To a 

solution of 4-8 (1.927 g, 4.867 mmol) in MeOH (30 mL), potassium carbonate (3.36 g, 

24.38 mmol) was added. The solution was refluxed overnight and diluted with H2O (50 

ml). The solution was extracted with DCM (3x30 ml), dried over MgSO4, filtered and the 

solvent was removed in vacuo. The residue was subjected to flash chromatography 

(20% EtOAc/hexane) to afford the title compound (1.11 g, 77%) as a pale yellow oil. 1H 

NMR (300 MHz, CDCl3) δ 7.85 – 7.66 (m, 2H), 7.46 – 7.09 (m, 2H), 4.76 (t, J = 6.2 Hz, 

1H), 4.02 (t, J = 2.1, 2H), 3.33 (s, 3H), 3.20 – 2.82 (m, 2H), 2.42 (s, 3H), 2.36 – 2.01 (m, 

2H), 1.65 – 1.36 (m, 4H).  13C NMR (75 MHz, CDCl3) δ 143.6, 137.1, 129.9, 127.3, 86.4, 

76.60, 60.4, 57.7, 42.9, 28.8, 25.6, 21.7, 18.4. 

 

3-(2-((tert-butyldimethylsilyl)oxy)phenyl)propanal (2-103) At -78°C, to a solution of 

oxalyl chloride (7.1mL, 14.1mmols, 1.5eq) in dichloromethane (50mL) was added a 

solution of dimethylsulfoxide (2.53mL, 33mmols, 3.5eq) in dichloromethane (6.5mL). A 

solution of 2-102 (2.51 g, 9.42mmols, 1eq) in dichloromethane (26mL) was added 

dropwise to the first solution and the mixture was stirred for 15 minutes. Then, at 0°C, 

triethylamine (5.4mL, 40mmols, 4.2eq) was added dropwise and the mixture was stirred 

for 15 minutes. The reaction mixture was quenched by 30mL of water and 200mL of 
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ethyl acetate. The reaction mixture was extracted using ethyl acetate, and the organic 

layer was dried over magnesium sulfate and concentrated to give 1.495g (60%) of 

aldehyde. The spectroscopic data matched previously reported data.109 

 

 

tert-butyl(2-(4,4-dibromobut-3-en-1-yl)phenoxy)dimethylsilane (S9) :  At 0°C, to a 

solution of 48 (0.503 g, 1.90 mmol) in dichloromethane (21mL) were added 

triphenylphosphine (2.01g, 7.68mmol) and triethylamine (1.0mL, 7.41mmols, 3.9eq). 

Then, a solution of tetrabromomethane (1.31 g, 3.94 mmol) in dichloromethane (21mL) 

was added slowly and the mixture was stirred for 2 hours. The reaction mixture was 

quenched using 21mL of sodium carbonate. The reaction mixture was extracted with 

ethyl acetate, and the organic layer was washed with brine, dried over magnesium 

sulfate and purified by flash column chromatography (5% ethyl acetate/hexane) to give 

0.6862g (86%) of product. The spectroscopic data matched previously reported data.110 

 

 

(2-(but-3-yn-1-yl)phenoxy)(tert-butyl)dimethylsilane (2-104) At -78°C, a solution of n-

butyllithium (1.9mL at 2.5M, 4.55 mmol) was added dropwise to a solution of 4-9 (0.686 

g, 1.63 mmol, 1eq) in THF (16mL). The mixture was stirred for 2 hours. The solution 

was quenched with ammonium chloride and extracted with ethyl acetate. The organic 

layer was washed with brine, dried over magnesium sulfate and purified by flash column 
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chromatography (3% ethyl acetate/hexane) to give (344 mg, 72%). The spectroscopic 

data matched previously reported data.109 

 

tert-butyl(2-(5-methoxypent-3-yn-1-yl)phenoxy)dimethylsilane (4-10)  At -

78°C, 0.44mL of a solution at 2.5M of n-butyllithium (1.1mmols) was added drop wise to 

a solution of 4-9 (0.240 g, 0.92 mmol) in THF (6mL). The mixture was stirred for 45 

minutes, then warmed up at room temperature for 5 minutes and cooled again at -78°C. 

Then chloromethyl methyl ether (1.05 mL, 1.38 mmol) was added slowly to the mixture. 

The solution was stirred for 30 minutes. The reaction mixture was quenched with 

ammonium chloride, extracted with ethyl acetate and brine and purified by flash column 

chromatography to give (213 mg, 76%) of product. 1H NMR (300 MHz, CDCl3) δ 7.17 

(dd, J = 7.7, 1.9 Hz, 1H), 7.09 (td, J = 7.7, 1.9 Hz, 1H), 6.87 (td, J = 7.4, 1.3 Hz, 1H), 

6.78 (dd, J = 8.0, 1.2 Hz, 1H), 4.06 (t, J = 2.1 Hz, 2H), 3.34 (s, 2H), 2.82 (t, J = 7.6 Hz, 

2H), 2.57 - 2.41 (m, 2H), 1.02 (s, 9H), 0.24 (s, 6H). 

 

 

2-(5-methoxypent-3-yn-1-yl)phenol (2-105) At 0°C, to a solution of 4-10 (0.136 g, 0.45 

mmol) in THF (3mL) was added a solution of tetra-n-butylammonium fluoride (0.90mL at 

1M, 0.90 mmol). The reaction mixture was stirred during 12 hours, and then quenched 

with 2mL of water and 3mL of ethyl acetate. The organic layer was extracted with ethyl 
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acetate, washed with brine and purified by flash column chromatography to give (51 mg, 

61%) of product. 1H NMR (300 MHz, CDCl3) δ 7.13 (dd, J = 7.5, 1.8 Hz, 1H), 7.07 (dd, J 

= 7.7, 1.8 Hz, 1H), 6.85 (td, J = 7.4, 1.1 Hz, 1H), 6.75 (dd, J = 8.0, 1.2 Hz, 1H), 4.08 (t, J 

= 2.1 Hz, 2H), 3.35 (s, 3H), 2.85 (t, J = 7.4 Hz, 2H), 2.59 – 2.49 (m, 2H). 13C NMR (75 

MHz, CDCl3) δ 154.1, 130.7, 127.9, 127.2, 120.9, 115.7, 100.2, 87.4, 60.4, 57.6, 29.9, 

19.6 

 

(±)-trans-6-hexyl-2-vinyltetrahydro-2H-pyran-3-ol (2-106) The typical 

procedure was followed with 2-98 (45 mg, 0.20 mmol) to give the title compound (16 

mg, 38z %) as clear oil. 1H NMR (500 MHz, CDCl3) δ  (ddd, J = 17.5, 10.5, 7.0 Hz, 1H), 

5.41 (d, J = 17.5,1H), 5.33 (d, J = 10.5 Hz, 1H), 3.53 (t, J = 8.0 Hz, 1H), 3.37 - 3.18 (m, 

2H), 2.19 – 2.12 (m, 2H), 1.82 - 1.11 (m, 12H), 0.89 (t, 7.0 Hz 3H).;13C NMR (75 MHz, 

CDCl3) δ 136.4, 118.7, 83.8, 77.3, 69.6, 35.8, 31.8, 31.7, 30.8, 29.4, 25.7, 22.6, 14.1. 

 

 

tert-butyl((6-methoxy-2,2-diphenylhex-4-yn-1-yl)oxy)dimethylsilane (2-113) A 

stirred solution of tert-butyl((2,2-diphenylpent-4-yn-1-yl)oxy)dimethylsilane41 (2.00 g, 

5.70 mmol) in 5 mL of dry THF was cooled to -78 °C and was treated with n-BuLi (2.8 

mL, 2.5 M in hexane) over 5 minutes, and stirred for 0.5 h warmed to °C for 5 minutes 

and cooled back to -78°C. At the same temperature, chloromethyl methyl ether (688 

mg, 8.55 mmol) was added neat over 5 minutes. The mixture was stirred for an 
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additional 0.5 h at -78 °C, then allowed to warm to room temperature and stirred for 3 

hours. The reaction was quenched with sat. NH4Cl(aq) (5 mL) and diluted with EtOAc (5 

mL). The aqueous layer was extracted with EtOAc (3x5 mL), and the combined extracts 

were dried over MgSO4, filtered and evaporated in vacuo. The residue was subjected to 

flash chromatography (15% EtOAc/hexane) to furnish the product as a pale yellow oil 

(1.52 g, 68%); 1H NMR (300 MHz, CDCl3) δ 7.31 - 7.12 (m, 10H), 4.20 (s, 2H), 3.98 (t, J 

= 2.1 Hz, 2H), 3.17 (s, 3H), 3.11 (t, 2.1 Hz, 2H), 0.82 (s, 9H), -0.08 (s, 6H). 13C NMR (75 

MHz, CDCl3) δ 145.7, 128.4, 127.9, 126.4, 85.0, 78.5, 68.5, 57.3, 51.8, 27.6, 25.9, 18.4, 

-5.6. 

 

 

6-methoxy-2,2-diphenylhex-4-yn-1-ol (2-114) :  To a solution of 2-113 (1.50 g, 3.80 

mmol) dissolved in THF (20mL) at 0°C, was added TBAF (1.0 M in THF, 7.6 mL, 7.6 

mmol). The solution was stirred overnight and diluted with water (20 mL). The layers 

were separated and the aqueous layer was extracted with EtOAc (3x 20 ml), dried over 

MgSO4, and concentrated in vacuo. The residue was subjected to flash chromatography 

(20% EtOAc/hexane) to furnish the product as clear oil (980 mg, 92%); 1H NMR (300 

MHz, CDCl3) δ 7.46 - 7.08 (m, 10zH), 4.30 (app d, J = 6.9, 2H), 3.97 (t, J = 2.1 Hz, 2H), 

3.17 (s, Hz, 3H), 3.13 (t, J = 2.1 Hz, 2H); 13C NMR (75 MHz, CDCl3) δ 144.6, 128.4, 

128.2, 126.9, 84.1, 79.3, 68.6, 60.2, 57.3, 51.9, 27.9. 
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tert-butyl(2-(5-methoxypent-3-yn-1-yl)phenoxy)dimethylsilane (2-120)  At -78°C, a 

solution of n-butyllithium (2.1mL at 2.5M, 5.25mmols) was added dropwise to a solution 

of tert-butyl(hept-6-yn-1-yloxy)dimethylsilane111 (1.00g, 4.41mmols) in THF (20mL). The 

mixture was stirred for 30 minutes and hydrocinnamaldehyde (591 mg, 4.41 mmol) was 

added. The solution was stirred for two hours, quenched with ammonium chloride and 

extracted with ethyl acetate. The combined organic extract was washed with brine, dried 

over magnesium sulfate and concentrade in vacuo. The crude compound was dissolved 

in THF and slowly added to a suspension of NaH (205 mg, 8.5 mmol) at 0°C. Methyl 

iodide (2.05 g, 14.3 mmol) was then added dropwise and the solution was allowed to 

warm to room temperature overnight. The reaction wasquenched with ammonium 

chloride and extracted with ethyl acetate. The combined organic extract was washed 

with brine, dried over magnesium sulfate and concentrade in vacuo. The crude 

compound was dissolved in THF and TBAF (1.0 M in THF, 5.7 mL, 5.7 mmol) was 

added. The solution was stirred overnight and diluted with water (20 mL). The layers 

were separated and the aqueous layer was extracted with EtOAc (3x 20 ml), dried over 

MgSO4, and concentrated in vacuo. The residue was subjected to flash chromatography 

(20% EtOAc/hexane) to furnish the product as clear oil (742 mg, 58%); 1H NMR (300 

MHz, CDCl3) δ 7.44 - 6.97 (m, 5H), 3.97 - 3.76 (m, 1H), 3.61 (t, J = 6.3 Hz, 2H), 3.36 (s, 

3H), 2.74 (t, J = 7.8 Hz, 1H), 2.23 (dt, J = 6.9, 3.3 Hz, 2H), 1.99 - 1.83 (m, 2H), 1.69 - 

1.36 (m, 6H). 
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(E)-6,10-dihydroxy-1-phenyldec-3-en-5-one (2-123) The typical procedure was 

followed with 2-120 (52 mg, 0.20 mmol) to give the title compound (10 mg, 19 %) as 

clear oil. 1H NMR (500 MHz, CDCl3) δ 6.92 - 6.85 (m, 2H), 6.82 - 6.72 (m, 3H), 6.48 - 

6.35 (m, 1H), 5.73 - 5.63 (m, 1H), 4.68 (t, 6.0 Hz, 1H), 3.52 - 3.37 (m, 2H), 3.29 - 3.13 

(m, 1H), 3.02 - 2.82 (m, 1H), 2.42 - 2.26 (m, 2H), 2.18 - 1.96 (m, 2H), 1.63 - 1.32 (m, 

2H), 1.24 - 1.08 (m, 4H). 

4.3 Diastereoselective Synthesis of Protected 1,3-Diols by Catalytic Diol 
Relocation 

General Procedure A (Aldehyde Optimization): Catalyst I (5 mol %) and 

AgOTf (5 mol %) were combined with molecular sieves (4Å) in a test tube under an 

argon atmosphere in a glove box). The reaction vessel was wrapped with aluminum foil 

before being removed from the glove box, and the mixture was dissolved in CH2Cl2 (0.2 

M). The mixture was allowed to stir at room temperature for 5 minutes before addition of 

the aldehyde (3 eq). Z-But-2-en-1,4-diol 11 (1 eq) was then added. Progress was 

monitored by TLC and upon completion the reaction was quenched by filtration of the 

crude mixture over a silica gel plug. The solution was then concentrated under reduced 

pressure and, at this stage, the diastereomeric ratio was determined by integration of 

the acetal proton or other suitably resolved peaks.  The residue was then purified by 

flash column chromatography.  If the aldehyde was not volatile, the excess aldehyde 

was reduced to the corresponding alcohol with NaBH4 and then purified by flash column 

chromatography.   
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2-phenyl-4-vinyl-1,3-dioxolane (3-43a). Following general procedure A, reaction of 3-

41 (0.025 g, 0.28 mmol) and benzaldehyde (3-42a) afforded the title compound as an oil 

(0.027 g, 55%, yield, 2:1 dr). Rf = 0.40 (20% CH2Cl2/hexanes); Proton and carbon NMR 

spectra were found to match reported data.113  

 

 

2-phenylethyl-4-vinyl-1,3-dioxolane (3-43d). Following general procedure A, reaction 

of 3-41 (0.018 g, 0.20 mmol) and hydrocinnamaldehyde (3-42d) afforded the title 

compound as a clear and colorless oil (0.028 g, 68% yield, 5:1 dr). Rf = 0.30 (10% 

CH2Cl2/pentane); 1H NMR (500 MHz, CDCl3) δ 7.44 - 7.26 (m, 2H), 7.26 - 7.09 (m, 3H), 

5.86 (ddd, J = 17.5, 10.5, 7.0 Hz, 1H), 5.38 (d, J = 17.5, 1H), 5.26 (d, 10.5, 1H), 5.10 (t, 

J = 4.7 Hz, 1H), 4.57-4.50 (m, 1H), 4.23 (dd, J = 8.5, 5.5 Hz, 1H), 3.57 (t, J = 8.0 Hz, 

1H), 2.81 - 2.76 (m, 2H), 2.04 - 1.99 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 141.6, 

135.6, 128.4 (2 signals), 125.9, 117.9, 103.9, 77.1, 70.3, 35.8, 30.1; HRMS (ESI) calcd 

for C13H16O2Na [M+Na]+ 227.1043, found 207.1048 
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2-Heptyl-4-vinyl-1,3-dioxolane (3-43e). Following general procedure A, reaction of 3-

41 (0.018 g, 0.20 mmol) and octanal (3-42e) afforded the title compound as a colorless 

oil (0.032 g, 81% yield, 3:1 dr). Rf = 0.40 (20% CH2Cl2/hexanes); 1H NMR (300 MHz, 

CDCl3) δ 5.83 (ddd, J = 17.4, 10.5, 6.9 Hz, major 1H),  5.91 – 5.78 (m, minor 1H), 5.38 

– 5.28 (m, major 1H, minor 1H), 5.25 – 5.18 (m, major 1H, minor 1H), 5.02 (t, J = 4.8 

Hz, major 1H), 4.94 (t, J = 4.8 Hz, minor 1H) 4.53 – 4.39 (m, major 1H, minor 1H), 4.17 

(dd, J = 8.4, 6.3 Hz, major 1H), 3.98 (dd, J = 8.1, 7.2 Hz, minor 1H) 3.61 (dd, J = 8.1, 

6.6 Hz, minor 1H), 3.52 (dd, J = 8.4, 7.5 Hz,  major 1H), 1.75 – 1.58 (m, major 2H, minor 

2H), 1.49 – 1.12 (m, major 10H, minor 10H), 0.95 – 0.78 (m, major 3H, minor 3H); 13C 

NMR (75 MHz, CDCl3) δ 136.0, 118.0, 105.0, 100.2, 70.5, 34.4, 32.0, 29.8, 29.4, 24.2, 

22.9, 14.3; HRMS (ESI) calcd for C12H22O2K [M+K]+ 237.1251, found 237.1254 

 

 

2-Isopropyl-4-vinyl-1,3-dioxolane (3-43f). Following general procedure A, reaction of 

3-41 (0.062 g, 0.70 mmol)  and isobutyraldehyde (3-42f) afforded the title compound as 

a colorless oil (0.079 g, 80% yield, 8:1 dr). Rf = 0.40 (20% CH2Cl2/hexanes); Proton and 

carbon NMR spectra were found to match reported data.114  

 

 

2-Cyclohexyl-4-vinyl-1,3-dioxolane (3-43g). Following general procedure A, reaction 

of 3-41 (0.018 g, 0.20 mmol) and cyclohexylcarboxaldehyde (3-42g) afforded the title 
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compound as a colorless oil (0.034 g, 93%yield, 8:1 d.r)  Rf = 0.23 (20% 

CH2Cl2/pentanes); Proton and carbon NMR spectra were found to match reported 

data.115  

 

 

2-Tert-butyl-4-vinyl-1,3-dioxolane (3-43h). Following general procedure A, reaction of 

3-41 (0.028 g, 0.32 mmol) and pivaldehyde (3-42h) afforded the title compound as a 

colorless oil (0.035 g, 70% yield, 18:1 dr). Rf = 0.5 (5% EtOAc/hexane) 0.50.  1H NMR 

(500 MHz, CDCl3, major diastereomer) δ 5.83 (ddd, J = 17.5, 10.5, 7.0 Hz, major 1H, 

minor 1H), 5.34 (d, 17.5, major 1H, minor 1H), 5.22 (d, J = 10.5, major 1H, minor 1H), 

4.68 (s, major 1H), 4.61 (s, minor 1H) 4.46-4.39 (m, major 1H, minor 1H), 4.15 (dd, J = 

8.0, 6.0 Hz, major 1H), 4.00 (dd, J = 8.0, 7.0 Hz, minor 1H) 3.53 (app t, major 1H, minor 

1H), 0.93 (s, major 9H, minor 9H); 13C NMR (125 MHz, CDCl3) δ 135.9, 118.1, 110.7, 

77.8, 70.7, 34.9, 24.5; HRMS (ESI) calcd for C9H16O2Na [M+Na]+ 179.1043, found 

179.1034 

 

 

2-Trichloromethyl-4-vinyl-1,3-dioxolane (3-43i). Following general procedure A, 

reaction of 3-41 (0.018 g, 0.20 mmol) and chloral hydrate (3-42i) afforded the title 

compound as a clear colorless oil (0.035 g, 98% yield, 2:3 dr). Rf = 0.6 (15% 

EtOAc/hexanes): 1H NMR (500 MHz, CDCl3) δ 5.96 (ddd, J = 17.5, 10.5, 8.0 Hz, minor 
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1H) 5.83 (ddd, J = 17.0, 10.0, 7.0 Hz, major 1H), 5.53 – 5.38 (m, major 3H, minor 3H), 

5.0 (app q, J = 6.5 Hz, major 1H),  4.75 (app q , J = 7.0 Hz, minor 1H), 4.50 (dd, J = 8.0, 

7.5 Hz, major 1H), 4.28 (dd, J = 7.0, 6.5 Hz, minor 1H), 3.96 (dd, J = 8.5, 8.0 Hz, minor 

1H) 3.84 (app t, J = 7.5 major 1H); 13C NMR (125 MHz, CDCl3) δ 133.7 major, 132.5 

minor 120.7 major, 119.7 minor 107.8 major, 107.7 minor, 99.9 (major or minor), 99.6 

(major or minor), 80.7 minor, 79.7 major, 71.7 major, 70.9 minor; HRMS (ESI) calcd for 

C6H7Cl3O2Na [M+Na]+ 238.9404, found 238.9413 

4.3.1 Synthesis of Diols 3-45g, and 3-45h 

 

(Z)-1-cyclohexylpent-2-ene-1,5-diol (Z-3-45e).  A solution of 1-cyclohexylpent-2-yne-

1,5-diol116  (1.67 mmol, 282 mg), quinoline (0.43 mmol, 0.06 mL), and Lindlar’s catalyst 

(54.0 mg) in EtOAc (9.00 mL) was allowed to stir under a hydrogen atmosphere (1 atm) 

for 15 hours. The reaction mixture was then filtered over celite and the filtrate was 

concentrated to give a crude yellow oil, which was purified via flash column 

chromatography to yield a clear colorless oil (0.230 g, 75%). Rf = 0.24 (50% 

EtOAc/hexanes). 1H NMR (500 MHz, CDCl3) δ 5.65 - 5.43 (m, 2H), 4.10 (t, J = 7.5 Hz, 

1H), 3.783 (dt, J =10.0, 5.0 Hz, 1H), 3.58 (td, J = 9.5, 4.0 Hz, 1H), 2.98 (br s, 2H), 2.56 

– 2.45 (m, 1H), 2.26 - 2.17 (m, 1H), 1.99 - 1.91 (m, 1H), 1.81 - 1.63 (m, 5H), 1.45 – 1.34 

(m, 1H), 1.30 - 1.12 (m, 2H), 1.06 – 0.87 (m, 2H);13C NMR (125 MHz, CDCl3) δ 134.4, 

129.1, 71.1, 61.2, 43.5, 30.9, 28.9, 28.6, 26.6, 26.1, 25.9; HRMS (ESI) calcd for 

C11H20O2Na [M+Na]+ 207.1356, found 207.1359 
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(E)-1-cyclohexylpent-2-ene-1,5-diol (E-3-45e).  A solution of 1-cyclohexylpent-2-yne-

1,5-diol116 (1.48 mmol, 271 mg) in THF (3 mL) was added slowly to a suspension of 

LAH (4.4 mmol, 120 mg) in THF (6.00 mL) at 0 ˚C. The solution was allowed to warm to 

room temperature and stirred for 18 hours. After this time, the reaction was quenched 

by the sequential addition of 0.120 mL H2O, 0.120 mL 15% aqueous NaOH solution, 

and 0.360 mL H2O. Solids were removed by filtering over a bed of celite and the filtrate 

was concentrated to give a crude oil that was purified by flash column chromatography 

to yield a clear colorless oil (0.120 g ,44%). Rf = 0.24 (50% EtOAc/Hexanes). 1H NMR 

(500 MHz, CDCl3) δ 5.69 - 5.59 (m, 2H), 3.85 (t, J = 5.5 Hz, 1H), 3.70 (t, J = 6.5 Hz, 

2H), 2.38-2.33 (m, 2H), 2.22(br s, 1H) 1.90 – 1.85 (m, 1H), 1.82 – 1.72 (m, 2H), 1.72 -

1.65 (m, 2H), 1.60 - 1.35 (m, 4H) 1.31 -1.10 (m, 2H), 1.05 - 0.95 (m, 2H); 13C NMR (125 

MHz, CDCl3) δ 134.8, 128.2, 77.4, 61.9, 43.6, 35.7, 28.9, 28.6, 26.5, 26.1, 26.1; HRMS 

(ESI) calcd for C11H20O2Na [M+Na]+ 207.1356, found 207.1365 

 

 

tert-butyl 4-(1,5-dihydroxypent-2-yn-1-yl)piperidine-1-carboxylate (3-50). 

Ethylmagnesium bromide (3.0 M solution in Et2O, 11 mmol, 3.67 mL) was slowly added 

to 0 ˚C solution of 3-butyn-1-ol (5 mmol, 0.38 mL) in THF (20 mL). The mixture was 

allowed to warm to room temperature and then heated to reflux for 1 hour, before 
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cooling the solution back to 0 ˚C for the addition of tert-butyl 4-formylpiperidine-1-

carboxylate117 (5 mmol, 1.06 g) in THF (10 mL). This mixture was allowed to stir for 16 

hours and was quenched with a saturated ammonium chloride solution. The aqueous 

layer was extracted with EtOAc and the combined organic extract was dried over 

magnesium sulfate. The solvent was evaporated and the crude mixture was purified 

flash column chromatography to yield a clear colorless oil (0.560 g, 41%) Rf = 0.2 (50% 

EtOAc/Hexanes). 1H NMR (300 MHz, CDCl3) δ 4.19 - 4.05 (m, 3H), 3.69 (t, J = 6.0 Hz, 

2H), 2.73-2.58 (m, 2H), 2.45 (td, J = 6.0, 1.9 Hz, 2H), 1.83 - 1.56 (m, 3H), 1.43 (s, 9H), 

1.38 - 1.15 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 155.0, 83.5, 81.3, 79.5, 66.2, 60.9, 

42.6, 28.4, 27.8, 27.3, 22.9; HRMS (ESI) calcd for C15H25NO4Na [M+Na]+ 306.1676, 

found 306.1676 

 

 

(Z)-tert-butyl 4-(1,5-dihydroxypent-2-en-1-yl)piperidine-1-carboxylate (Z-14h). A 

solution of 3-50 (0.39 mmol, 106.0 mg), quinoline (0.27 mmol, 35.3 mg), and Lindlar’s 

catalyst (21.0 mg) in EtOAc (2.00 mL) was allowed to stir under a hydrogen atmosphere 

(1 atm) for 15 hours. The reaction mixture was then filtered over celite and the filtrate 

was concentrated to give a crude yellow oil, which was purified via flash column 

chromatography to yield a clear colorless oil (0.070 g, 66%). Rf = 0.24 (50% 

EtOAc/hexanes). 1H NMR (300 MHz, CDCl3) δ 5.62 – 5.51 (m, 2H), 4.19 – 4.01 (m, 3H), 

3.71 (dt, J = 10.2, 5.1 Hz, 1H), 3.55 (td, J = 10.2, 4.2 Hz, 1H), 3.02 ( brs, 2H), 2.74-2.57 

(m, 2H), 2.55 – 2.40 (m, 1H), 2.24 - 2.11 (m, 1H), 1.93-1.82 (m,1H), 1.65 – 1.47 (m, 
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2H), 1.43 (s, 9H), 1.28 – 1.01 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 154.9, 133.8, 

129.8, 79.4, 70.2, 61.1, 41.9, 30.8, 28.4, 28.2, 27.7; C15H27NO4Na [M+Na]+ 308.1832, 

found 308.1839 

General Procedure B: Catalyst IV (5 mol%) and AgSbF6 (5 mol %) were 

combined with molecular sieves (4 Å) in a test tube under argon in a glove box. The 

reaction vessel was wrapped in aluminum foil before being taken out of the glove box. 

CH2Cl2 (0.8 M) was then added to the mixture and the solution was dissolved and 

allowed to stir for five minutes at room temperature. Isobutyraldehyde 3-42f (5 eq.) and 

the corresponding Z-1,5-monoallylic diol (1 eq) were then added.  Progress was 

monitored by TLC for the disappearance of diol and the reaction was quenched by 

filtering the crude mixture over a plug of silica.  The solution was then concentrated 

under reduced pressure and, at this stage, the diastereomeric ratio was determined by 

integration of the acetal proton or other suitably resolved peaks.  The residue was then 

purified by flash column chromatography.  

General Procedure C: Bismuth (III) triflate (5 mol %) and molecular sieves (4 Å) 

were combined in a test tube under argon in a glove box. The reaction vessel was taken 

out of the glove box, and CH2Cl2 (0.2 M) was added at room temperature. 

Isobutyraldehyde (5 eq.) and the corresponding E-1,5-monoallylic diol (1 eq) were then 

added. Progress was monitored by TLC for the disappearance of diol and the reaction 

was quenched by filtering the crude mixture over a plug of silica. The solution was then 

concentrated under reduced pressure and, at this stage, the diastereomeric ratio was 

determined by integration of the acetal proton or other suitably resolved peaks.  The 

residue was then purified by flash column chromatography. 
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2-Isopropyl-4-((E)-styryl)-1,3-dioxane (3-46a). Following general procedure B, the 

reaction of Z-3-45a118 (0.036 g, 0.20 mmol) afforded 3-46a as a colorless oil (0.042 g, 

91% yield, 22:1 dr). Following general procedure C, the reaction of E-3-45a119 (0.036 g, 

0.20 mmol) afforded 3-46a  as a colorless oil (0.046 g, 98% yield, >25:1 dr) Rf = 0.20 

(40% CH2Cl2/hexane): 1H NMR (300 MHz, CDCl3) δ 7.47 – 7.19 (m, 5H), 6.62 (d, J = 

16.2 Hz, 1H), 6.23 (dd, J = 16.2, 5.7, 1H) 4.35 (d, 5.1 Hz, 1H), 4.33-4.25 (m, 1H), 4.18 

(dd, J = 11.1, 4.8 Hz, 1H), 3.80 (td, J = 11.1, 2.4 Hz, 1H), 1.97 - 1.77 (m, 2H), 1.62 – 

1.52 (m, 1H), 0.98 (d, J = 6.8 Hz, 6H).13C NMR (75 MHz, CDCl3) 136.9, 130.4, 129.8, 

128.7, 127.8, 126.7, 105.8, 77.1, 66.7, 33.1, 32.0, 17.5, 17.3. HRMS (ESI) calcd for 

C15H20O2K [M+K]+ 271.1095, found 271.1091  

nOe data for 3-46a: 

 

 

 

2-Isopropyl-4-((E)-4-fluorostyryl)-1,3-dioxane (3-46c). Following general procedure 

B, the reaction of Z-3-45c (0.039 g, 0.20 mmol) afforded 3-46c as a colorless oil (0.049 

g, 98% yield, >25:1 dr). Following general procedure C, the reaction of E-3-45c  (0.039 
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g, 0.20 mmol) afforded 3-46c as a colorless oil (0.040 g, 80% yield, >25:1 dr) Rf = 0.20 

(40% CH2Cl2/hexane). 1H NMR (500 MHz, CDCl3) δ 7.41 – 7.35 (m, 2H), 7.02 (app t, J 

= 8.5 Hz, 2H), 6.58 (d, J = 16.0, 1H), 6.14 (dd, J = 16.0, 6.0 Hz, 1H), 4.37 (d, J = 5.0 Hz, 

1H), 4.36 – 4.26 (m, 1H), 4.19 (dd, J = 11.5, 5.0 Hz,1H), 3.82 (td, J = 11.5, 2.5 Hz, 1H), 

1.93 – 1.76 (m, 1H), 1.60 – 1.49 (m, 1H), 0.98 (d, 7.5 Hz, 6H); 13C NMR (125 MHz, 

CDCl3) δ 162.3 (d, J = 246.9 Hz) 132.9 (d, J = 3.4 Hz), 129.3, 129.2, 128.0 (d, J = 8.1 

Hz) 115.4 (d, J = 21.6 Hz), 104.9, 77.5, 66.6, 33.1, 31.9, 16.9; HRMS (ESI) calcd for 

C15H19FO2Na [M+Na]+ 273.1261, found 271.1271 

 

 

2-Isopropyl-4-((E)-phenylbut-1-en-yl)-1,3-dioxane (3-46d). Following general 

procedure B, the reaction of Z-3-45d120 (0.039 g, 0.19 mmol) afforded 3-46d as a clear 

colorless oil (0.041 g, 83% yield, >25:1 dr). Following general procedure C, the reaction 

of E-3-45d120 (0.078 g, 0.38 mmol) afforded 3-46d as a clear colorless oil (0.094 g, 95% 

yield, >25:1 dr). Rf = 0.20 (40% CH2Cl2/hexane). 1H NMR (300 MHz, CDCl3) δ 7.34 – 

7.11 (m, 5H), 5.83 – 5.65 (m, 1H), 5.53 (dd, J = 15.5, 6.0 Hz, 1H), 4.28 (d, J = 5.0 Hz, 

1H), 4.13 (dd, J = 11.5, 5.0 Hz, 1H), 4.11 -4.06 (m, 1H) 3.81 – 3.65 (m, 1H), 2.73 (t, J = 

8 Hz, 2H), 2.48-2.20 (m, 2H), 1.91 – 1.69 (m, 3H), 0.97 (d, 6.8 Hz, 6H); 13C NMR (125 

MHz, CDCl3) δ 142.0, 131.4, 130.9, 128.6, 128.4, 126.0, 105.7, 77.1, 66.6, 35.7, 34.3, 

33.0, 31.9, 17.5, 17.2; HRMS (ESI) calcd for C17H24O2Na [M+Na]+ 283.1669, found 

283.1678 
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2-Isopropyl-4-vinyl-1,3-dioxolane (3-46e). Following general procedure B, the 

reaction of Z-2-butene-1,4-diol (0.018 g, 0.20 mmol) (3-41) afforded 3-46e as a 

colorless oil (0.023 g, 80% yield, 5:1 dr). Proton and carbon NMR spectra were found to 

match reported data.114  

 

 

(2-Isopropyl-4-((E)-styryl)-1,3-dioxolane (3-46f). Following general procedure 

B, the reaction of Z-3-45f121 (0.033 g, 0.20 mmol) afforded 3-46f as a colorless oil (0.038 

g, 87% yield, 15:1 dr). Rf = 0.20 (40% CH2Cl2/hexane). 1H NMR (500 MHz, CDCl3) 7.42 

- 7.36 (m, 2H), 7.35 - 7.30 (m, 2H), 7.28 - 7.23 (m, 1H) 6.65 (d, 15.5 Hz, 1H), 6.17 (dd, J 

= 15.5, 7.5 Hz, 1H), 4.87 (d, J = 5.0 Hz, 1H), 4.67 – 4.57 (m, 1H), 4.23 (dd, J = 8.5, 6.0 

Hz, 1H), 3.62 (t, J =8.0 Hz, 1H), 1.92-1.82 (m,1H), 0.99 (d, 6.5 Hz, 6H); 13C NMR (125 

MHz, CDCl3) δ 136.4, 133.4, 128.7, 128.2, 126.8 (2 signals), 108.8, 77.4, 70.8, 32.5, 

16.9; HRMS (ESI) calcd for C14H18O2Na [M+Na]+ 241.1989, found 241.1188 

 

(E)-4-(2-cyclohexylvinyl)-2-isopropyl-1,3-dioxane (3-46g). Following general 

procedure B, the reaction of Z-3-45g (0.037 g, 0.20 mmol) afforded 3-46g as a colorless 

oil (0.039 g, 81% yield, 11:1 dr). Following general procedure C, the reaction of E-3-45g 
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(0.037 g, 0.20 mmol) afforded 3-46g as a colorless oil (0.041 g, 86% yield, >25:1 dr) Rf 

= 0.20 (40% CH2Cl2/hexane): 1H NMR (500 MHz, CDCl3) δ 5.66 (dd, 15.5, 6.5 Hz, 1H), 

5.46 (dd, J = 15.5, 6.0 Hz, 1H), 4.29 (d, J = 5.0 Hz, 1H), 4.14 (dd, J = 11.5, 5.0 Hz, 1H), 

4.10 - 4.04 (m, 1H), 3.75 (td, J = 11.5, 3.0 Hz, 1H), 2.04 - 1.92 (m, 1H), 1.89 - 1.79 (m, 

1H), 1.79 - 1.71 (m, 5H), 1.70 - 1.63 (m, 1H), 1.49 - 1.42 (m, 1H), 1.36 - 1.04 (m, 5H), 

0.96 (d, J = 6.5, Hz, 6H); 13C NMR (125 MHz, CDCl3) 137.8, 127.6, 105.6, 77.2, 66.5, 

40.3, 32.9, 32.7, 31.9, 26.2, 26.1, 17.5, 17.0; HRMS (ESI) calcd for C15H26O2K [M+K]+ 

277.1564, found 277.1566 

 

 

Tert-butyl (E)-4-(2-(2-isopropyl-1,3-dioxan-4-yl)vinyl)piperidine-1-carboxylate (3-

46h).  Following general procedure B, the reaction of Z-3-45h (0.034 g, 0.12 mmol)  

afforded 3-46h as a colorless oil (0.033 g, 80% yield, 3:1 dr). Rf = 0.20 (40% 

CH2Cl2/hexane): 1H NMR (500 MHz, CDCl3) δ 5.65 (dd, J = 15.5, 6.5 Hz, 1H), 5.50 (dd, 

J = 15.5, 6.0 Hz, 1H), 4.28 (d, J = 5.0 Hz, 1H), 4.18 - 4.00 (m, 3H), 3.75 (td, J = 11.5, 

2.5 Hz, 1H), 2.80-2.67 (m, 2H), 2.20 - 2.04 (m, 1H), 1.90 - 1.63 (m, 4H), 1.47 (s, 9H), 

1.36 - 1.23 (m, 2H), 0.95 (d, J = 6.5 Hz, 6H); 13C NMR (125 MHz, CDCl3) δ 154.8, 

135.4, 128.9, 105.6, 79.3, 76.8, 66.4, 38.5, 32.9, 31.8, 31.6, 28.5, 17.4, 17.0; HRMS 

(ESI) calcd for C17H27NO4Na [M+Na]+ 362.2302, found 362.2313 
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4.3.2 Synthesis of diol 3-51b 

 

 

5-cyclohexylpent-2-yne-1,5-diol (4-12). n-BuLi 2.5 M solution in hexanes (14.4 mmol, 

7.2 mL ) was added to a solution of 2-(prop-2-yn-1-yloxy)tetrahydro-2H-pyran122 (12 

mmol, 2.04 g ) in THF (100 mL) at -78 °C. The solution was allowed to stir for 30 

minutes before BF3•OEt2 (10 mmol, 1.41 g) and 2-cyclohexyloxirane123 (10 mmol, 1.26 

g) were added. The solution was allowed to warm to room temperature and stir 

overnight, at which point the reaction was quenched with a saturated ammonium 

chloride solution. The aqueous layer was extracted with EtOAc and the combined 

organic extract was washed with brine and dried over magnesium sulfate. The solvent 

was evaporated and the crude mixture was dissolved in MeOH (15 ml) and PPTS (0.27 

mmol, 68 mg) was added. The solution was stirred overnight and the solvent was 

evaporated. The crude mixture was purified via flash column chromatography to yield 

S3 as a clear colorless oil (0.691g, 38%) Rf = 0.30 (40% EtOAc/Hexanes): 1H NMR (500 

MHz, CDCl3) δ 4.30 (t, J = 1.5 Hz, 2H), 3.53 – 3.48 (m, 1H), 2.55 – 2.48 (m, 1H), 2.44 – 

2.37  (m, 1H), 1.96 - 1.87 (m, 1H), 1.82-1.74 (m, 2H), 1.74 -1.52 (m, 8H), 1.53-1.42 (m, 

1H), 1.34 - 1.12 (m, 3H), 1.11 - 0.97 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 83.1, 80.8, 

74.2, 51.4, 42.6, 29.0, 28.2, 26.4, 26.1, 26.0, 24.9; HRMS (ESI) calcd for C11H18O2Na 

[M+Na]+ 205.1199, found 209.1194 
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(Z)-5-cyclohexylpent-2-ene-1,5-diol (3-51b).  A solution of 4-12 (2.06 mmol, 376.0 

mg), quinoline (0.43 mmol, 56.0 mg), and Lindlar’s catalyst (56.0 mg) in EtOAc (2.00 

mL) was allowed to stir under a hydrogen atmosphere (1 atm) for 15 hours. The 

reaction mixture was then filtered over celite and the filtrate was concentrated to give a 

crude yellow oil, which was purified via flash column chromatography to yield a clear 

colorless oil (0.251 g, 66%). Rf = 0.25 (50% EtOAc/hexanes). 1H NMR (500 MHz, 

CDCl3) δ 6.01 - 5.83 (m, 1H), 5.77 - 5.59 (m, 1H), 4.23 (dd, J = 11.5, 7.0 Hz, 1H), 4.11 

(dd, J = 12.0, 7.0 Hz, 1H), 3.51-3.19 (m, 1H), 2.42 - 2.22 (m, 2H), 2.13 (bs, 2H), 1.94-

1.98 (m, 1H), 1.84-1.75 (m, 2H), 1.75 - 1.65 (m, 2H), 1.46-1.34 (m, 1H), 1.33 - 0.95 (m, 

6H). 13C NMR (125 MHz, CDCl3) δ 131.3, 130.2, 74.8, 57.7, 43.4, 32.0, 29.1, 28.3, 26.5, 

26.2, 26.1. HRMS (ESI) calcd for C11H20O2Na [M+Na]+ 207.1356, found 207.1361 

General Procedure D: Catalyst II (5 mol %) and AgSbF6 (5 mol%) were 

combined with molecular sieves (4 Å) in a test tube under argon in a glove box. The 

reaction vessel was wrapped in aluminum foil before being taken out of the glove box. 

CH2Cl2 (0.8 M) was then added to the mixture and the solution was allowed to stir five 

minutes at room temperature. Chloral Hydrate 3-42i (1 eq) and the corresponding Z-1,5-

monoallylic diol (1 eq) were then added.  Progress was monitored by TLC for the 

disappearance of diol and the reaction was quenched by filtering the crude mixture over 

a plug of silica. The solvent was removed in vacuo and the crude mixture was purified 

by flash column chromatography. 
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4-phenethyl-2-(trichloromethyl)-6-vinyl-1,3-dioxane (3-52a).  Following general 

procedure D, the reaction of 3-51a124 (0.021 g, 0.10 mmol) afforded 3-52a as a colorless 

oil (0.029 g, 87% yield, > 25:1 dr). Rf = 0.20 (40% CH2Cl2/hexane): 1H NMR (300 

MHz,CDCl3) δ  7.47 - 7.10 (m, 5H), 5.90 (ddd, J = 17.1, 10.8, 5.4 Hz, 1H), 5.34 (dd, J = 

17.1, 2.5 Hz, 1H), 5.20 (dd, J = 10.8, 2.5 Hz, 1H), 4.87 (s,1H), 4.35 – 4.21 (m,1H), 3.82 

– 3.68 (m, 1H), 2.90-2.74 (m, 2H), 2.13-1.94 (m, 1H), 1.91-1.72 (m, 1H), 1.65 - 1.57 (m, 

2H); 13C NMR (125 MHz, CDCl3) δ 141.4, 136.4, 128.6, 128.4, 126.0, 116.3, 110.0, 

102.7, 77.3, 75.5, 36.8, 36.1, 30.7; HRMS (ESI) calcd for C15H17Cl3O2Na [M+Na]+ 

357.0186, found 357.0197 

nOe data for 3-52a: 

 

 

 

4-cyclohexyl-2-(trichloromethyl)-6-vinyl-1,3-dioxane (3-52b).  Following general 

procedure D, the reaction of 3-51b (0.037 g, 0.20 mmol) afforded 3-52b as a colorless 

oil (0.055 g, 89% yield, > 25:1 dr). Rf = 0.20 (40% CH2Cl2/hexane). 1H NMR (500 MHz, 

CDCl3) δ 5.94 (ddd, J = 17.0, 11.0, 5.5 Hz, 1H), 5.38 (dd, J = 17.0, 1.5 Hz, 1H), 5.22 
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(dd, J = 11.0, 1.5 Hz, 1H), 4.88 (s, 1H) 4.37-4.23 (m, 1H), 3.63-3.50 (m, 1H), 2.06-1.95 

(m,1H), 1.86 - 1.63 (m, 5H), 1.61 - 1.49 (m, 2H), 1.33 - 1.15 (m, 4H), 1.13 - 0.91 (m, 

2H);13C NMR (75 MHz, CDCl3) δ 136.8, 116.2, 102.7, 9.17, 81.4, 77.5, 42.2, 33.4, 28.5, 

28.1, 26.5, 25.9, 25.8; HRMS (ESI) calcd for C13H19Cl3O2Na [M+Na]+ 335.0343, found 

335.0343 

 

 

4-octyl-2-(trichloromethyl)-6-vinyl-1,3-dioxane (3-52c).  Following general procedure 

D, the reaction of 3-51c124 (0.023 g, 0.11 mmol)  afforded 3-52c as a colorless oil (0.031 

g, 82% yield, > 25:1 dr). Rf =0.20 (40% CH2Cl2/hexane): 1H NMR (500 MHz, CDCl3) δ 

5.91 (ddd, J = 17.0, 11.0, 5.5 Hz, 1H), 5.36 (d, J = 17.0, 1.5 Hz, 1H), 5.21 (dd, J = 11.0 

Hz, 1.5 Hz, 1H), 4.88 (s, 1H), 4.42 - 4.06 (m, 1H), 3.92 - 3.62 (m, 1H), 1.77-1.63 (m, 

2H), 1.61 - 1.12 (m, 14H), 0.88 (t, J = 7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3) δ 136.6, 

116.2, 102.7, 97.0, 77.5, 77.3, 36.2, 35.4, 31.9, 29.5, 29.4, 29.2, 24.9, 22.7, 14.1. 

HRMS (ESI) calcd for C15H25Cl3O2Na [M+Na]+ 365.0812, found 365.0822 

 

4-(tert-butyl)-2-(trichloromethyl)-6-vinyl-1,3-dioxane (3-52d).  Following general 

procedure D, the reaction of 3-51d125 (0.032 g, 0.20 mmol) afforded 3-52d as a 

colorless oil (0.048 g, 83% yield, > 25:1 dr). Rf = 0.20 (40% CH2Cl2/hexane): 1H NMR 

(500 MHz, CDCl3) δ 5.95 (ddd, J = 16.5, 10.5, 5.0 Hz, 1H), 5.39 (dd, J = 16.5, 1.5 Hz, 
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1H), 5.23 (dd, J = 10.5, 1.5 Hz, 1H), 4.90 (s,1H), 4.32 - 4.27 (m, 1H), 3.47 (dd, J = 11.0, 

3.0 Hz, 1H), 1.69 - 1.46 (m, 2H), 0.98 (s, 9H);13C NMR (125 MHz, CDCl3) δ 136.8, 

116.1, 102.6, 97.3, 84.3, 77.5, 34.17, 30.7, 25.4; HRMS (ESI) calcd for C11H17Cl3O2Na 

[M+Na]+ 309.0186, found 309.0198 

 

4-phenyl-2-(trichloromethyl)-6-vinyl-1,3-dioxane (3-52e).  Following general 

procedure D, the reaction of 3-51e126 (0.027 g, 0.15 mmol) afforded 3-52e as a 

colorless oil (0.025 g, 55% yield, > 25:1 dr). Rf = 0.20 (40% CH2Cl2/hexane). 1H NMR 

(500 MHz, CDCl3) δ 7.48 - 7.34 (m, 5H), 5.96 (ddd, J = 16.5, 10.5, 5.0 Hz, 1H), 5.42 (d, 

J = 16.5 Hz, 1H), 5.25 (d, J = 10.5 Hz, 1H), 5.12 (s, 1H), 4.98-4.91 (m,1H), 4.56-4.48 

(m, 1H), 2.0- 1.93 (m, 1H), 1.90 - 1.71 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 139.4, 

136.1, 128.5, 128.1, 125.6, 116.6, 109.9, 102.7, 78.4, 76.7, 38.3; HRMS (ESI) calcd for 

C13H13Cl3O2Na [M+Na]+ 328.9873 found 328.9863 

 

4-(but-3-en-1-yl)-2-(trichloromethyl)-6-vinyl-1,3-dioxane-phenyl-2-

(trichloromethyl)-6-vinyl-1,3-dioxane (3-52f). Following general procedure D, the 

reaction of 3-51f126 (0.031 g, 0.20 mmol) afforded 3-52f as a colorless oil (0.020 g, 40% 

yield, > 25:1 dr). Rf =0.20 (40% CH2Cl2/hexane): 1H NMR (500 MHz, CDCl3) δ5.93 (ddd, 

J = 16.5, 10.5, 5.0 Hz, 1H), 5.88 - 5.77 (m, 1H), 5.38 (dd, J = 16.5, 1.5 Hz, 1H), 5.23 

(dd, J = 10.5, 1.5 Hz, 1H), 5.08 (dd, J = 17.0, 1.5 Hz, 1H), 5.02 (dd, J = 10.0, 1.5,1H), 
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4.90 (s,1H), 4.37 - 4.30 (m,1H), 3.92-3.79 (m,  1H), 2.40 - 2.15 (m, 2H), 1.89-1.77 

(m,1H), 1.72 - 1.61 (m, 2H), 1.60-1.49 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 137.7, 

136.6, 116.3, 115.3, 102.7, 96.9, 77.4, 76.2, 36.1, 34.4, 28.9; HRMS (ESI) calcd for 

C11H15Cl3O2Na [M+Na]+ 307.0030, found 307.0031 

 

4-(9benzyloxy)methyl)-2-(trichloromethyl)-6-vinyl-1,3-dioxane (3-52g).  Catalyst II  

(0.01 mmol, 8.3 mg) and AgSbF6 (0.01 mmol, 3.4 mg) were combined with molecular 

sieves (4 Å) in a test tube under argon in a glove box. The reaction vessel was wrapped 

in aluminum foil before being taken out of the glove box. CH2Cl2 (0.25 mL) was then 

added to the mixture and the solution was dissolved allowed to stir five minutes at room 

temperature. Chloral Hydrate 3-42i (0.1 mmol, 17 mg) and the (Z)-6-(benzyloxy)hex-2-

ene-1,5-diol (0.10 mmol 22mg) 3-51g127 were then added.  Progress was monitored by 

TLC for the disappearance of diol and the reaction was quenched by filtering the crude 

mixture over a plug of silica. The solvent was removed in vacuo and the crude mixture 

was purified by flash column chromatography to afford 3-52g as a clear oil (28.5 mg, 

81% yield). Rf = 0.15 (40% CH2Cl2/hexane): 1H NMR (500 MHz, CDCl3) δ 7.46 - 7.29 

(m, 5H), 5.94 (ddd, J = 16.5, 10.5, 5.0 Hz, 1H), 5.39 (d, J = 16.5 Hz, 1H), 5.25 (d, J = 

10.5 Hz, 1H), 4.96 (s, 1H), 4.77 - 4.60 (m, 2H), 4.42-4.31 (m, 1H), 4.20 - 4.07 (m, 1H), 

3.71 (dd, J = 11.0, 5.5 Hz, 1H), 3.60 (dd, J = 11.0, 4.5 Hz, 1H), 1.80-1.70 (m,1H), 1.71-

1.59 (m, 1H); 13C NMR (125 MHz, CDCl3) δ 138.0, 136.3, 128.4, 127.8, 127.7, 116.5, 

102.5, 96.8, 77.2, 76.5, 73.5, 71.9, 32.8; HRMS (ESI) calcd for C15H17Cl3O2Na [M+Na]+ 

373.0135, found 373.0148 
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Syn-6,6-dimethylhept-1-ene-3,5-diol (3-58).  n-BuLi 1.86 M solution in hexanes (0.168 

mmol, 0.091 mL) was to a solution of 3-52d (0.076 mmol, 22 mg)  in THF (1 mL) at 0 

°C. The reaction was allowed to warm to room temperature and stirred for 1 hr. The 

reaction was quenched with a saturated ammonium chloride solution. The aqueous 

layer was extracted with EtOAc and the combined organic extract was washed with 

brine and dried over MgSO4. The solvent was evaporated and the crude mixture was 

purified via flash column chromatography to afford 3-58 as a colorless oil (8.6 mg 71% 

yield). Rf =0.25 (20% EtOAC/hexane). 1H NMR (300 MHz, CDCl3) δ  5.89 (ddd, J = 

17.0, 10.5, 6.0 Hz, 1H), 5.27 (d, 17.0, 1H), 5.11 (d, J = 10.5, 1H), 4.46 - 4.27 (m, 1H), 

3.52 (dd, J = 10.5, 1.8 Hz, 1H), 1.87 - 1.42 (m, 2H), 0.90 (s, 9H); 13C NMR (75 MHz, 

CDCl3) δ 140.8, 114.4, 80.5, 74.1, 37.4, 25.7, 25.5; HRMS (ESI) calcd for C9H18O2Na 

[M+Na]+ 181.1199, found 181.1207 

 

Syn- 1-(benzyloxy)hex-5-ene-2,4-diol (4-13).  t-BuLi  1.7 M solution in hexanes (0.25 

mmol, 0.147 mL) was added to a solution of 3-52g (0.104 mmol, 36 mg) in THF (1.25 

mL) at 0 °C. The reaction was allowed to warm to room temperature and stirred for 1 hr. 

The reaction was quenched with a saturated ammonium chloride solution. The aqueous 

layer was extracted with EtOAc and the combined organic layers were washed with 

brine and dried over MgSO4. The solvent was evaporated and the crude mixture was 

purified via flash column chromatography to afford 4-13 as a clear colorless oil (15 mg, 
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65% yield). Rf  = 0.2 (20% EtOAC/hexane) Proton and carbon NMR spectra were found 

to match reported data.128 

 

Anti-5-((benzyloxy)methyl)-2-(iodomethyl)tetrahydrofuran-3-ol (3-67).  I2 (0.043 

mmol, 11mg) was added to a solution of 4-13 (0.036 mmol, 8 mg) in 2:1 Et2O:H2O (1.4 

mL) at 0 °C. The reaction was allowed to warm to room temperature and stirred for 20 

hr. The reaction was quenched with a saturated Na2SO3 solution and the aqueous layer 

was extracted with EtOAc and the combined organic extract was washed with brine and 

dried over Na2SO4. The solvent was evaporated and the crude mixture was purified via 

flash column chromatography to afford 3-67 (11 mg ,88%) as a colorless oil Rf = 0.7 

(20% EtOAC/hexane) 1H NMR (500 MHz, CDCl3) δ 7.44 - 7.30 (m, 5H), 4.60 (s, 2H), 

4.57-4.39 (m,1H), 4.24 (td, J = 7.5, 3.0 Hz, 1H), 3.56 (dd, J = 10.5, 3.0 Hz,1H), 3.48 (dd, 

J = 10.5, 5.5 Hz, 1H), 3.36 - 3.26 (m, 2H), 2.18 – 1.96 (m, 2H). 13C NMR (125 MHz, 

CDCl3) δ 13C NMR 138.1, 128.4, 127.7, 127.6, 82.8, 78.3, 73.4, 72.7, 72.4, 37.5, 1.77. 

HRMS (ESI) calcd for C13H17IO3Na [M+Na]+ 371.0115, found 371.0212 
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