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Chapter 1: Catalytic Enantioselective Carbonyl Crotylation 

Reactions. 

1.1 Introduction and Scope 

 The design of new methods for natural product total synthesis and medicinally relevant 

compounds is an ongoing pursuit for synthetic organic chemists.
1
  Roughly 20% of top-selling 

small molecule therapeutic agents are polyketides and it is estimated that polyketides are five 

times more likely to possess useful drug activity as compared to other families of natural 

products.
2,3

 Among methods for polyketide construction, the addition of chirally modified 

crotylmetal reagents to carbonyl compounds ranks as one of the foremost strategies used for the 

generation of polypropionate substructures.
4
 However, the most broadly utilized protocol of this 

type, Brown’s crotylation,
5
 generates superstoichiometric quantities of a secondary alcohol 

byproduct, isopinocampheol, which frequently complicates product isolation and has prevented 

implementation of this technology at the process level (Scheme 2.1).
6
  Due to this fact, many 

new methods have arisen to circumvent the problems associated with Brown's crotylation 

methodology.   

 This review aims to present methods that have been used to form carbonyl crotylation 

products by using asymmetric catalysis.  This review will not cover indirect methods for 

carbonyl crotylation. To discuss this field in context, the material will be broken up into four 

different areas, chiral Lewis acid catalysis, chiral Lewis base catalysis, Brønsted acid or H-bond 

donor catalysis, and finally Nozaki-Hiyama-Kishi coupling reactions.   

 

 



2 

 

1.2 Chiral Lewis Acid Catalysis 

1.21 Boron 

 One of the first examples of a Lewis acid catalyzed carbonyl crotylation reaction comes 

from the group of Hisashi Yamamoto.  Using a chiral Lewis acid derived from (2R,3R)-2-O-(2,6-

diisopropoxylbenzoyl)tartaric acid and tetrahydrofuran-borane complex was found to catalyze 

the crotylation of aldehydes with crotylsilanes to afford the desired crotylation products in 

moderate yields and high selectivities (Scheme 1.1).
7
 Even though this was a transformative 

result for the field there are some significant drawbacks to this approach. First, all the carbonyl 

crotylation products discussed in this seminal paper require di-substitution on the vinyl terminus 

of the crotyl silane, which does not allow direct access to the unsubstituted carbonyl crotylation 

product.  Secondly, high catalytic loadings are required for the procedure.         

 

Scheme 1.1: Yamamoto's boron catalyze protocol for carbonyl crotylation. 
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1.22 Titanium 

 An advance of the method discovered by Yamamoto
7
 was undertaken in the lab of Koichi 

Mikami.  In 1993, they discovered that a chiral titanium catalyst, prepared from optically pure 

(S)-BINOL and diisopropoxytitanium dichloride, can catalyze the addition of crotylsilanes or 

crotylstannes to glyoxylates (Scheme 1.2).
8
  This furnishes the desired syn-crotylation product in 

moderate yield and moderate stereoselectivity. Even though, the selectivities for this 

transformation are not as high as the Yamamoto protocol, they do deliver the desired product 

without vinyl subsitution. One the main drawbacks of this protocol is that this reaction is limited 

to glyoxylates as substrates. 

 

Scheme 1.2: Mikami's protocol for carbonyl crotylation. 

 

 

 

 

 

 



4 

 

1.23 Silver 

 In 1997 Yamamoto disclosed an advance of his seminal publication by discovering that a 

chiral silver catalyst, prepared from optically pure (R)-BINAP and silver(I)
 
triflate, can catalyzed 

the addition of crotylstannanes to a wide range of aldehydes (Scheme 1.3).
9
 This furnishes the 

desired anti-crotylation product in moderate yield and high stereoselectivity.  This new protocol 

addresses some of the limitations that were found in his original work. Firstly, vinyl substitution 

is not required for high diastereoselectivity which allows access to the desired unsubstituted 

olefin required for polyketide construction. Secondly, this protocol also allows access to the anti-

diastereomer which is different than other Lewis acid approaches. Lastly, it was found that olefin 

geometry of the crotylstannane does not dictate the ratio of products that are observed. A 

limitation of this protocol is the large amount of silver needed to catalyzed the desired reaction 

and four equivalents of the stannane are required for high conversion.  

Scheme 1.3: Yamamoto's silver catalyzed protocol. 
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 In an effort to address some of the problems of the previous transform (Scheme 1.3) 

Yamamoto discloses a more refined approach to anti-crotylation adducts.  Using silver(I) 

flouride liganded by (R)-BINAP he is able to catalyze the reaction of crotylsilanes to aldehydes 

to furnish the desired crotylation products (Scheme 1.4).
10

 Using this catalytic system he is able 

to significantly reduce the amount of crotyl donor needed for the reaction to go to full conversion 

by about three fold. Furthermore, he was able to reduce the amount of precious catalyst by half. 

It was again found that olefin geometry of the crotylsilane does not dictate the ratio of products 

that are observed.  Due to this fact mechanistic details are also presented, utilizing a 
1
H NMR 

study it was found that complete transmetalation does occur. This extremely important 

observation allows for a rational of the stereochemical outcome. After transmetalation, the silver-

crotyl intermediate undergoes rapid -allyl interconversion. The more thermodynamically stable 

(E)--crotylsilver intermediate engages the aldehyde through a six center transition structure to 

furnish the anti-isomer.         

Scheme 1.4: Yamamoto's silver(I) flouride catalyzed protocol. 
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1.24 Rhodium 

 In 2001, Hisao Nishiyama disclosed a new procedure for catalytic enantioselective 

carbonyl crotylation. Using a rhodium catalyst liganded by a tridentate Phebox ligand he is able 

to activate aldehydes for carbonyl addition by crotylstannanes.
11

 This furnishes the desired anti-

crotylation product in good yield and moderate stereoselectivity. Again it was found that olefin 

geometry of the crotylstannane does not dictate the stereochemical outcome of the reaction. A 

proposed transition structure in which the nucleophile approaches from the Si-face of the 

complexed aldehyde because of the shielding of the Re-face by the oxazoline substituent is 

justification for the observed stereochemistry. 

Scheme 1.5: Nishiyama carbonyl crotylation protocol. 
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1.25 Scandium 

 In 2006, David Evans disclosed a new process for catalytic enantioselective carbonyl 

crotylation.  Utilizing a scandium catalyst, liganded by a tridentate pybox ligand, catalyzes the 

addition of alkylsilanes and arylsilanes to N-phenylglyoxamide (Scheme 1.6).
12

 N-

phenylglyoxamide was chosen as a coupling partner because the products of carbonyl addition 

are easily converted to unnatural amino acids in a short number of manipulations. A surprising 

result of this study is that olefin geometry of the crotylsilane dictate the relative stereochemistry 

of the product. The (E)-crotylsilane gives the anti-product, while the (Z)-crotylsilane gives the 

opposite diastereomer.  This diasterocontrol is attributed to the unique architecture of the pybox 

ligand. A significant problem with this procedure is the amount of crotylsilane (850 mol%) that 

is required to furnish the desired product, although it can be recycled without loss of reactivity 

and stereoselectivity. This method is limited to only one glyoxamide and simple aldehydes where 

not tried in the transformation.      

Scheme 1.6: Evan's carbonyl crotylation protocol. 
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 In 2004, James Leighton disclosed a modification of the Brown protocol where a chiral 

crotylsilane, derived from trans-diaminocyclohexane, engages aldehydes to furnish products of 

carbonyl crotylation.
13

  The overall substrate scope of this crotylsilane was poor with only 

aromatic, unsaturated, and sterically hindered systems being able to furnish products, but the 

stereoselectively of the substrates that provided products was exceptional. In 2011, Leighton 

addressed this issue of substrate scope by adding a Lewis acid to the reaction mixture. It was 

found that adding 5 mol% of Sc(OTf)3 increased reaction rate and thus increased reaction scope 

(Scheme 1.7).
14

 Olefin geometry of the crotylsilane dictates the relative stereochemistry of the 

product where the (E)-crotylsilane gives the anti-product, while the (Z)-crotylsilane gives the 

opposite diastereomer. A fundamental problem with this approach is the fact that one has use a 

superstoichiometric amount of a chiral inducing agent that takes several steps to produce, 

although under certain conditions the trans-diaminocyclohexane can be recycled and reused to 

make more crotylsilane. 

Scheme 1.7: Leighton's protocol for carbonyl crotylation. 
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1.26 Zinc 

 In 2011, Shu Kobayashi disclosed a novel Lewis acid catalyzed carbonyl crotylation 

reaction that utilized crotylboronic acid esters as the crotyl donors.
15

  Crotylboronic acid esters 

were chosen for this reaction because they are significantly less toxic than crotylstannanes and 

more reactive than crotylsilanes.  However, due the fact that allylboronic esters react with 

aldehydes without the need of a Lewis acid catalyst, previous attempts at using these donors 

required cyrogenic conditions to slow a racemic background reaction. Kobayashi found that 

using catalytic amounts of Zn(OH)2 and a chiral diol, he could furnish products of carbonyl syn-

crotylation with high yields and moderate selectivities (Scheme 1.8). One drawback of this 

protocol is the fact that high dilution is required in order to slow the racemic background ground 

reaction.  

Scheme 1.8: Kobayashi's protocol for carbonyl crotylation. 
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1.3 Chiral Lewis Base Catalysis 

1.31 Chiral Phosphoramides 

 One of the many problems that chiral Lewis acid catalyzed crotylation reactions possess 

is the inherent lack of ability obtain both diastereomers in a single manipulation.  This is due the 

fact that many of these processes operate via a open transition state or that -allyl 

interconversion is so rapid that prior to carbon-carbon bond formation the most 

thermodynamically stable -allyl participates in the reaction.  A solution to this problem was 

brought to light through chiral Lewis base catalysis. A general scheme for this strategy is that a 

Lewis base coordinates a crotyltrichlorosilane.  This new complex has to maintain sufficient 

Lewis acidity to coordinate the incipient aldehyde.  Once coordinated this complex reacts 

through a rigid six-centered transition structure and geometry of the crotyl species dictates the 

relative stereochemistry.  Absolute stereoinduction is transferred from the chiral Lewis base  that 

has enough steric clash with the coordinated aldehyde to only allow one -face to be attacked by 

the crotyl silane.  Since the Lewis base is noncovalently attached to the trichlorosilane it 

dissociates after carbon-carbon bond formation and close the catalytic cycle.
16 

 In 1994, this approach was shown to operable by lab of Scott Denmark. Using a chiral 

phosphoramide as a chiral Lewis base catalyst he was able to use (E) or (Z) crotyltrichlorosilanes 

to furnish products of anti or syn carbonyl crotylation respectfully (Scheme 1.9).
17

  These 

reactions proceed in moderate yield and asymmetric induction, but posses exceeding high levels 

of diastereoselectivity. In effort to improve asymmetric induction the groups of Yoshiro 

Kobayashi and Katsuhiko Iseki developed new chiral phosphoramides for this transformation.
18

 

In the many different phosphoramides that were screened it was found that phosphoramides 

possess a proline backbone marginally improve asymmetric induction (Scheme 1.9).  Both of 
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these methods have significant issues. First the crotyltrichlorosilane has to be used in large 

excess and is extremely hydroscopic. Secondly, the precious Lewis base catalyst has to be used 

in very high loadings to get high conversions.  

Scheme 1.9: First examples of Lewis bases catalyzed carbonyl crotylation. 

 

 In a effort to address some of the problems that plagued these initial findings, the 

Denmark group did an advanced mechanistic study of this reaction. It was found that the reaction 

can proceed through two different pathways involving either one or two phosphoramides bound 

to the trichlorosilane.
19

  This study revealed that the two-phosphoramide pathway was more 
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stereoselective than single phosphoramide pathway.  Using this data for rational catalyst design 

Denmark synthesized a new Lewis base that contained two phosphoramides tethered together by 

a pentane chain.
20

  This new bisphosphoramide catalyst is able to deliver the desired syn and anti 

products in high yields, high diastereoselectivity and high asymmetric induction. Using this new 

catayst he was able to lower crotyltrichlorosilane loading to only 200 mol% and was able to 

lower catalyst loading to 5 mol% (Scheme 1.10).   

Scheme 1.10: Denmark's bisphosphoramide catalyst. 
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1.32 Chiral N-Oxides 

 Based on the findings of using a chiral phosphoramide as Lewis base for asymmetric 

carbonyl crotylation reactions it was reasoned that a chiral N-oxide could also be used as a 

Lewis-base catalyst.  In 1998, the group of Makoto Nakajima disclosed a protocol that showed 

N-oxides could be used in this fashion. It was found that (S)-3,3'-dimethyl-2,2'-biquinoline N,N'-

dioxide could promote the asymmetric addition of crotyltrichlorosilanes to various aldehydes in 

moderate yield, high diastereoselectivity and high asymmetric induction.
21

  Building on this 

work the group of Andrei Malkov synthesized a new catalyst for this transformation, Quinox.  

The Quinox catalyst performs very well for extremely electron deficient aromatic alcohols, 

however its performance for electron neutral or electron poor system is moderate to poor 

(Scheme 1.11).
22
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Scheme 1.11: The use of chiral N-oxides as Lewis base catalysts. 
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1.33 Chiral Formamide 

 N-N-Dimethylformamide has been proven to be able to catalyzed racemic carbonyl 

crotylation reactions using crotyltrichlorosilanes as the crotyl donor.  The first asymmetric 

addition of a crotyltrichlorosilane using a chiral DMF analogue was reported in 1998 by the 

group of Katsuhiko Iseki.  His group found that a chiral DMF analogue, in the presence of 

HMPA, products of carbonyl crotylaton  could be formed in high yield and extremely high levels 

of asymmetric induction (Scheme 1.12).
23

  However, this process does suffer serious drawbacks.  

First, this procedure requires extremely long reaction times (3 weeks) and cryogenic conditions. 

Secondly, the use of known carcinogen HMPA should be avoided on scale. 

Scheme 1.12: Chiral DMF analogue for asymmetric carbonyl crotylation. 
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1.4 Chiral Brønsted Acid  Catalysis 

1.41 Chiral Diols 

 As we have seen in section 1.26 crotylboronates at -78
o
C require Lewis acid activation in 

order to produce products of carbonyl crotylation. In 2002, the group of Miyuara published the 

first examples racemic, diastereoselective Lewis acid catalyzed additions of crotylboronates to 

aldehydes. In this report there was one example of a moderately enantioselective addition. Using 

Et2AlCl ligated with (S)-BINOL catalyzes the addition of a (E)-crotylboronate to benzaldehyde 

in 40% yield, >20:1 dr (anti:syn), and 51% ee.
24

  Under the identical conditions the (Z)-

crotylboronate furnishes the syn isomer in 19% yield and 8% ee.  

 Intrigued by the diastereoselective Lewis acid catalyzed processes that were uncovered 

by Miyuara, the group of Dennis Hall engaged in advanced mechanistic studies of these 

reactions.
25

  It was found that the Lewis acid catalyzed allylboration point to a cyclic bimolecular 

transition state with boronate activation through coordination of an oxygen atom of the hindered 

pinacolate to the metal center. Using this mechanistic rational and the previous study by Miyuara 

prompted the Hall group to hypothesize that the most ideal promoter would be as small as 

possible and that proton would be ideal for this transformation.  With this rational in hand they 

began to synthesize and investigate a number of different chiral Brønsted acid catalysts. 

Modeling there catalyst after Yamamoto's chiral diol-SnCl4 acid catalyst system
26

 they 

extensively screened a number of different diols.  Gratifyingly, it was found that the new novel 

diol Vivol to be the most efficient ligand for this transformation.  Vivol when complexed with 

SnCl4 catalyzed the addition of crotylboronates to aliphatic aldehydes in high yields, high 

diasteroselectivites, and high asymmetric induction (Scheme 1.13).
27
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Scheme 1.13: Hall's protocol for enantioselective carbonyl crotylation. 
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1.42 Chiral Phosphoric Acids 

 More recently in 2010 the group of Jon Antilla published a novel chiral Brønsted acid 

catalyzed addition of crotylboronates to aldehydes.
28

  Using a very hindered chiral phosphoric 

acid the reaction proceeds in high yield and stereoselectively.  This strategy for carbonyl 

crotylation is one of the best methods that has been described so far.  This method is not plagued 

by some of the problems that are apparent in many of the previous transformations. Only 5 mol% 

of the catalyst is required for the transformation and cyrogenic conditions are avoided. Also the 

crotylboronate is used in only slight excess.  

Scheme 1.14: Antilla protocol for carbonyl crotylation. 
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1.5 Nozaki-Hiyama-Kishi 

 The Nozaki-Hiyama-Kishi reaction is a nickel-chromium coupling reaction forming an 

allylic alcohol from the reaction of an aldehyde with a allyl or vinyl halide. In their original 1977 

publication, Tamejiro Hiyama and Hitosi Nozaki reported chromium(II) salts prepared by  

reduction of chromic chloride by lithium aluminium hydride to which was added benzaldehyde 

and allyl chloride.
29

 Newer methods allow the use of catalytic amounts chromium(II), which is 

regenerated by reduction with manganese. The first catalytic enantioselective Nozaki-Hiyama 

Kishi reaction was performed in 2000 by the groups of Cozzi and Umani-Ronchi. Using 

Jacobsens conditions,
30

 they were able to prepare a chiral chromium
(III)

 complex ligated by a 

salen ligand.  This chromium catalyst is able to catalyze the addition of crotylbromides to various 

aldehydes in moderate yield and moderate selectivity (Scheme 1.15).
31

 The diastereoselectivity 

of this reaction was found to highly dependent on the  reaction conditions. When the catalyst iis 

prepared in-situ the transformation is anti-selective,
31

 yet when the catalysis is prepared and 

additional ligand is added to the reaction pot the transformation is syn-selective.
32

 A justification 

for this observed change in diastereoselectivity is a transition structure that one molecule of 

(Cr(salen)-crotyl) and one molecule of (Cr(salen)X) work synergistically in the stereo-defining 

step.
32

  The selectivity of the reactions developed by Umani-Rochi and Cozzi are very substrate 

dependant, because of how important the products of crotylation are to polyketide synthesis this 

reaction was developed by many groups over the last 12 years. The work to increase efficiently 

an increase selectivity was done by ligand design and synthesis. A broad scope of ligands for this 

transformation are presented in figure 1.1.
33 

 

 

http://en.wikipedia.org/wiki/Aldehyde
http://en.wikipedia.org/wiki/Vinyl
http://en.wikipedia.org/wiki/Lithium_aluminium_hydride
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Scheme 1.15: First examples of a catalytic enantioselective Nozaki-Hiyama-Kishi crotylation. 
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Figure 1.1: Ligands used in the catalytic enantioselective Nozaki-Hiyama-Kishi crotylation 
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1.6 Conclusion 

 This review presented methods that have used to form carbonyl crotylation products by 

using asymmetric catalysis.  This review did not cover indirect methods for carbonyl crotylation. 

The material was broken up into four different areas, chiral Lewis acid catalysis, chiral Lewis 

base catalysis, Brønsted acid or H-bond donor catalysis, and finally Nozaki-Hiyama-Kishi 

coupling reactions. This review showed that the emerging field of asymmetric catalysis is still 

struggling to create these crotylation products by using atom economic crotyl donors.  The next 

chapters of this dissertation show how simple chemical feedstocks, namely butadiene, can be 

used to create asymmetric crotylation products in a single catalytic transformation.  
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Chapter 2: Transfer Hydrogenative Carbonyl Crotylation 

2.1 Introduction 

 Roughly 20% of top-selling small molecule therapeutic agents are polyketides and it is 

estimated that polyketides are five times more likely to possess useful drug activity as compared 

to other families of natural products.
1
 Among methods for polyketide construction, the addition 

of chirally modified crotylmetal reagents to carbonyl compounds ranks as one of the foremost 

strategies used for the generation of polypropionate substructures.
 4

 However, the most broadly 

utilized protocol of this type, Brown’s crotylation,
 5

 generates superstoichiometric quantities of a 

secondary alcohol byproduct, isopinocampheol, which frequently complicates product isolation 

and has prevented implementation of this technology at the process level (Scheme 2.1).
 6

   

Scheme 2.1: Brown syn-crotylation method. 

 

 

 

 Consequently, efforts toward asymmetric carbonyl crotylation protocols continue 

unabated. A review of the current methods for catalytic enantioselective carbonyl crotylation  is 

extensively covered in chapter one. This chapter will focus on the development of new iridium 

and ruthenium catalyzed variants of this transformation. 
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2.2 Reaction Development 

2.21 Reaction Discovery and Optimization of Iridium Catalyzed 

Hydrohydroxyalkylation of Butadiene: Carbonyl Crotylation 

  

 In an initial series of experiments, the coupling of butadiene to alcohol 2.1a was explored 

using the orthocyclometallated iridium complex derived from [Ir(COD)Cl]2, various 4-

substituted 3-nitrobenzoic acids, allyl acetate and the chelating phosphine ligand BIPHEP [2,2’-

bis(diphenylphosphino)biphenyl]. Reactions attempted in THF produced only trace quantities of 

2.3a. Improved conversion to 2.3a was observed in non-Lewis basic solvents, and toluene was 

best among the solvents screened (Table 2.1, entries 1–5). Additionally, a dramatic electronic 

effect involving the C,O-benzoate was evident: whereas the catalyst derived from 4-cyano-3-

nitrobenzoic acid “BIPHEP-I-CN” provides only an 8% yield of C_C coupling product 2.3a, the 

catalyst derived from 4-methoxy-3-nitrobenzoic acid “BIPHEP-I-OMe” delivers 2.3a in 62% 

yield (Table 2.1, entries 5–7). Finally, mild basic additives, in particular sodium acetate, were 

found to enhance conversion (Table 2.1, entries 5, 8–11). Under optimal conditions employing 

“BIPHEP-I-OMe” as precatalyst in toluene solvent and sodium acetate as base, butadiene and 

alcohol 2.1a are converted to the product of carbon-carbon coupling 2.3a in 80% isolated yield. 

Notably, only a single regioisomer is formed (Table 2.1). 
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Table 2.1: Selected experiments in the optimization of the iridium catalyzed 

hydrohydroxyalkylation of butadiene. 

 

 
 

 

 Under these optimized conditions, butadiene was coupled to alcohols. Benzylic alcohols 

were converted to the products of carbonyl crotylation 2.3a–2.3f in good yield. Allylic alcohols 

also couple to butadiene to provide homoallylic alcohols 2.3g and 2.3h in moderate yields. 

Finally, the unactivated heptanol combines with butadiene to provide a 52% yield of the 

hydrohydroxyalkylation product 2.3i. Although products 2.3a–2.3i are obtained as mixtures of 

syn- and anti-diastereomers, only a single regioisomer is formed in each case (Table 2.2). 
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Table 2.2: Iridium catalyzed hydroxyalkylation of butadiene employing alcohols. 

 

 The modest preference for the syn-stereoisomer suggests a kinetic preference for 

butadiene hydrometallation from the s-cis conformer to deliver the anti--allyl which, in turn, 

provides the (Z)--allyl stereoisomer. It is likely that conversion of the kinetically preferred (Z)-

-allyl stereoisomer to the thermodynamically preferred (E)--allyl stereoisomer occurs at a 

rate comparable to carbonyl addition. Alternatively, a Curtin-Hammett scenario also might be 

operative, where full equilibration between the (Z) and (E)--allyl stereoisomers is achieved and 

there exists a slight kinetic preference for carbonyl addition from the thermodynamically less 

stable (Z)--allyl stereoisomer (Scheme 2.2). 
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Scheme 2.2: Proposed catalytic mechanism for iridium catalyzed hydroxyalkylation of 

butadiene. 

 

 

 

 Using BIPHEP-I-OMe as precatalyst, reductive coupling of butadiene to aldehydes 

mediated by 1,4-butanediol
34

 occurs smoothly, as demonstrated by the conversion of aldehydes 

to crotylation products 2.3e-2.3g and 2.3i. Thus, carbonyl addition occurs with equal facility 

from the alcohol or aldehyde oxidation level (Table 2.3). 
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Table 2.3: Iridium catalyzed hydroxyalkylation of butadiene employing aldehydes. 

 

  

 Having established favorable reactivity, a preliminary evaluation of chirally modified 

catalysts was undertaken. Toward this end, the ortho-cyclometallated iridium C,O-benzoate 

derived from (S)-SEGPHOS and (R)-WALPHOS (SL-W002-1) were prepared and assayed in the 

coupling of butadiene. Using (S)-SEGPHOS-I-OMe, the crotylation product 2.3a was obtained 

in 80% yield as a 1.5:1 mixture of syn- and anti-diastereomers, respectively. High levels of 

enantiomeric enrichment were observed for the syn-stereoisomer (87% ee). Using (R)-

WALPHOS-I-OMe, the crotylation product 2.3a was obtained in 40% yield as a 1:2.2 mixture of 

syn- and anti-diastereomers, respectively. High levels of enantiomeric enrichment were observed 

for the major anti-diastereomer (88% ee) (Scheme 2.3). 
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Scheme 2.3: Preliminary evaluation of chirally modified catalysts. 

 

  

 

 In summary, an iridium catalyzed hydroxyalkylation of butadiene employing alcohols 

furnished products of carbonyl crotylation 2.3a-2.3i. Using 1,4-butanediol as the hydrogen 

donor, butadiene couples to aldehydes to provide products of carbonyl crotylation 2.3e-2.3g and 

2.3i. Carbonyl addition occurs with roughly equal facility from the alcohol or aldehyde oxidation 

level, however, products 2.3a-2.3i are obtained as diastereomeric mixtures. Preliminary studies 

employing chiral iridium catalysts modified by (S)-SEGPHOS and (R)-WALPHOS (SL-W002-

1) reveal promising levels of asymmetric induction. 
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2.22 Reaction Discovery and Optimization of Direct anti-Diastereo- 

and Enantioselective Butadiene Mediated Carbonyl Crotylation 

from the Alcohol or Aldehyde Oxidation Level via Ruthenium 

Catalysis: Chiral Phosphate Counterions. 

 The novel reactivity shown in section 4.21,  Iridium Catalyzed Hydrohydroxyalkylation 

of Butadiene, has a significant problem in controlling relative stereochemistry. The root of the 

problem is that the metal allyl species rapidly interconverts before the carbon-carbon bond 

forming event. Where the (E) and the (Z)--allyl metal species leads to 2 different products anti 

and syn respectfully (Scheme 2.4).  

Scheme 2.4: Competing pathways to syn and anti diastereomers.  

 

 Although energetic partitioning of (E)- and (Z)-σ-allyl metal intermediates obtained upon 

butadiene hydrometallation is difficult to achieve, increasing steric congestion at the metal center 

should favor the thermodynamically more stable (E)-isomer. Based on this reasoning, it was 

further postulated that ruthenium complexes bearing counterions of variable size could be 
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prepared in situ through the acid-base reaction of H2Ru(CO)(PPh3)3 and HX enabling a 

systematic evaluation of diastereoselectivity in response to steric demand of the counterion. 

(Scheme 2.5).
35

 Furthermore, changing the metal to ruthenium precatalyst makes the overall 

transformation drastically cheaper as ruthenium is approximately eight times cheaper than its 

iridium counterpart (Scheme 2.6).
36

  

Scheme 2.5: Acid-base reaction of H2Ru(CO)(PPh3)3 and HX. 

 

Scheme 2.6: Cost of noble group metals. 

 

 

 With this hypothesis in hand we screened the hydrohydroxyalkylation of butadiene 

employing ruthenium catalysts modified by benzenesulfonate, mesitylsulfonate and 

trisylsulfonate counterions (Scheme 2.7). Gratifyingly, we found that diastereoselectivity 

increases with increasing size of the counterion, supporting our hypothesis that energetic 

partitioning of (E)- and (Z)-σ-allylruthenium intermediates can be achieved by increasing the 

steric enviroment at the metal center to favor the thermodynamically stable (E)-isomer. In the 

case of the trisylsulfonate, concentration dependent diastereoselectivity is attributed to a steric 

impediment to the acid-base reaction (Scheme 2.7). These data suggest the feasibility of 
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directing both relative and absolute stereochemistry using BINOL derived phosphate 

counterions. 

Scheme 2.7: Enhanced anti-diastereoselectivity in response to increasing steric demand of the 

ruthenium counterion. 

 

  

 With the idea of controlling relative and absolute stereochemistry via BINOL derived 

counterions an exhaustive screen was undertaken. The parent (R)-BINOL phosphoric acid gave 

poor stereoselectivity, 2:1 dr and 4% ee (Scheme 2.8). A systematic screen of different 

substituents on the 3,3' positions was undertaken (Scheme 2.8).  If was found that controlling 

relative stereochemistry could be achieved with 3,3'-diphenyl derivative (5:1 dr, anti:syn), 

however absolute stereoinduction was poor (14% ee). Interestingly, the related C1-symmetric 

phosphoric acid, which incorporates only a single phenyl moiety at the 3-position, displayed 

higher enantioselectivity (37% ee), but the diastereoselectivity dropped (5:1 dr, anti:syn, Scheme 

2.9) 
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Scheme: 2.8: Evaluation of different substituents on the 3,3' position of (R)-BINOL phosphoric 

acid. 

 

 Since  3-phenyl-3'-hydrogen-(R)-BINOL phosphoric acid displayed higher 

enantioselectivity than corresponding disubstituent analogues a comprehensive screen of 

monosubstituted (R)-BINOL phosphoric acids were evaluated in the parent transformation 

(Scheme 2.9).  This screen unveiled a phosphoric acid that increased absolute stereoinduction 

significantly. (R)-BINOL phosphoric acid substituted in the 3-position with a mestiylene group 
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gave the desired crotylation product in 83% yield, 2:1 dr (anti:syn) and 73% ee (Scheme 2.9). 

Increasing the size of the 3-aryl substituent did not improve stereoselectivity, however, enhanced 

diastereoselectivity was observed in connection with the 3-mesityl-3’-methyl-(R)-BINOL 

phosphoric acid (Scheme 2.10).   

Scheme: 2.9: Evaluation of different monosubstituent (R)-BINOL phosphoric acids. 

 

 With this enhanced diastereoselectivity in hand a system an  evaluation of the 3' position 

on the phosphoric acid was undertaken while keeping the mesitylene group in the 3 position of 

the phosphoric acid locked (Scheme 2.10).  It was found that methyl and ethyl substitutes gave 
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the same results within experimental error.   Attributing slightly decreased enantioselectivity to 

incomplete acid-base reaction for such sterically demanding acids, higher loadings of acid (10 

mol%) were explored using 3-mesityl-3’-methyl-(R)-BINOL phosphoric acid 2.5 and 3-mesityl-

3’-ethyl-(R)-BINOL phosphoric acid 2.6. Gratingly, it was found that that higher loadings of acid 

3-mesityl-3’-ethyl-(R)-BINOL phosphoric acid gave the desired crotylation product 2.4a in 33% 

yield, 8:1 dr (anti:syn) and 84% ee. 

Scheme 2.10: Evaluation of different substituents on the 3' position of (R)-BINOL phosphoric 

acid and 10 mol% acid loadings. 

 

 At this point, it was reasoned that by slightly increasing the bite angle of the counterion, 

by reducing the backbone of the BINOL framework, would increase steric congestion at the 

metal center and further improve diastereoselectivity and enantioselecity in the desired 

transformation.  With this hypothesis in hand H8-BINOL phosphoric acid derivates were 

synthesized and screened.  It was found that 3-mesityl-3’-ethyl-(R)-H8-BINOL phosphoric acid 
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2.10 gave the desired crotylation product 2.4a in 50% yield, 8:1 dr (anti:syn) and 87% ee 

(Scheme 2.11).  Increasing the length of time to 48 hrs allowed the desired product 2.4a  to be 

obtained in 80% yield, 7:1 dr (anti:syn) and 87% ee (Scheme 2.13). With these results in hand 3-

mesityl-3’-ethyl-(R)-H8-BINOL phosphoric acid 2.10 was chosen as the ideal candidate to be 

screened against scope of different alcohols. 

Scheme 2.11: Evaluation of different substituents of (R)-H8-BINOL phosphoric acid derivates. 

  

 In order to test the scope of 3-mesityl-3’-ethyl-(R)-H8-BINOL phosphoric acid across a 

range of alcohols gram quantities of the phosphoric acid had to be produced.  3-mesityl-3’-ethyl-

(R)-H8-BINOL phosphoric acid was synthesized in four steps starting from known compound 

2.13. Pinacolborane 2.13 reacted under standard Suzuki coupling conditions with 2-

bromomestiylene gives compound 2.14 in 78% yield. Compound 2.14 was then subject to ortho-

lithiation with n-BuLi and quenched with iodoethane to give compound 2.15 in 63% yield. 

Compound 2.15 is then treated with conc. HCl in methanol to remove the MOM protecting 
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groups and unmask the bis-phenol moiety in 95% yield. With penultimate compound 2.16 in 

hand we treated it treated phosphorus oxychloride and subsequently quenched with water to 

deliver 3-mesityl-3’-ethyl-(R)-H8-BINOL phosphoric acid 2.10 in 92%. This four step sequence 

yields the desired product 2.10 in 43% overall yield.  

Scheme 2.12: Synthesis of 3-mesityl-3’-ethyl-(R)-H8-BINOL phosphoric acid. 

 

 Using 3-mesityl-3’-ethyl-(R)-H8-BINOL phosphoric acid, benzylic alcohols were 

assayed in the hydrohydroxyalkylation of butadiene to form products of carbonyl crotylation 

2.4a-2.4g. The purity of benzylic alcohols proved to be important, as trace quantities of 

carboxylic acid contribute to a racemic background reaction. Also, 
31

P NMR analysis was 

essential in terms of evaluating the purity of the chiral acid 2.10, as 
1
H NMR was ineffective in 

this regard. Having attended these precautions, crotylation proceeds in good yield with anti-

diastereoselectivities ranging from 5:1 – 9:1 and enantioselectivity ranging from 86-91% ee 

(Scheme 2.13). An identical set of adducts 2.4a-2.4g are accessible from aromatic aldehydes 
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upon use of 1,4-butanediol
 
(200 mol %) as the terminal reductant under otherwise identical 

conditions. Comparable anti-diastereoselectivities (4:1 – 8:1) and enantioselectivty (86-88% ee) 

are observed (Scheme 2.13). 

Scheme 2.13: Scope of enaintoselective and diastereoselective hydrohydroxyalkylation of 

butadiene to form products of carbonyl crotylation. 
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 In summary, this method is an completely atom economic protocol for direct butadiene 

mediated anti-diastereo- and enantioselective carbonyl crotylation from the alcohol or aldehyde 

oxidation level employing a ruthenium catalyst modified by a novel chiral phosphate counterion.  

Also this method avoids the need for discrete oxidation events prior to the carbon-carbon bond 

forming event by generating nucleophile-electrophile pairs when using alcohols as substrate and 

reductant.  
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2.23 Reaction Discovery and Optimization of Diastereo- and 

Enantioselective Ruthenium Catalyzed Hydrohydroxyalkylation of 

2-Silyl-Butadienes: Carbonyl syn-Crotylation  

 The novel reactivity shown in section 4.22,  Reaction Discovery and Optimization of 

Direct anti-Diastereo- and Enantioselective Butadiene Mediated Carbonyl Crotylation from the 

Alcohol or Aldehyde Oxidation Level via Ruthenium Catalysis: Chiral Phosphate Counterions, 

shows promise as a great new method for carbonyl crotylation. However, this method only 

allows for the production of the anti-diastereomer. It was hypothesized that we could obtain 

products of syn-crotylation by placing a large substituent on the 2-position on butadiene. This 

would effectively partition the (E) and the (Z)--allyl metal species because of significant A
1,2

 

strain in the transition state leading the anti- carbonyl crotylation product and make the transition 

state (Z)--allyl metal species lower in energy giving predominantly the syn-carbonyl crotylation 

product  (Scheme 2.14). 

Scheme 2.14: Inducing A
1,2 

strain in the transition state for syn-carbonyl crotylation.  
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 It was reasoned that 2-silyl-substituted butadienes, readily prepared from chloroprene, 

would enforce generation of “pseudo-(Z)-σ-crotylruthenium” isomers, potentially generating 

products of carbonyl syn-crotylation.  With this hypothesis in hand we evaluated 3 different silyl 

substituted butadienes and screened them in a ruthenium catalyzed carbonyl crotylation reaction. 

It was found that RuHCl(CO)(PPh3)3 precatalyst liganded by rac-BINAP catalyzes the desired 

transformation and delivers the desired carbonyl crotylation product in moderate yield, but more 

importantly delivers the syn-relative stereochemistry with >20:1 dr (syn:anti) and >20:1 rr 

(branched:tert-prenyl) (Scheme 2.15).  Based on this set of data and the ability to furnish 

decagram quantities, 2-dimethly-phenyl silyl butadiene  2.18 was chosen as the ideal substrate 

for further optimization of this transformation.     

Scheme 2.15: Evaulation of a 2-silyl buatdiene in a ruthenium catalyzed carbonyl crotylation 

reaction. 

 

 With this new reactivity in hand, efforts were undertaken to induce absolute stereocontrol 

by screening chiral ligands in combination with RuHCl(CO)(PPh3)3 precatalyst (Scheme 2.16).  

First it was found that with monobenzyl-1,4-butanediol that no background reaction was present 

with RuHCl(CO)(PPh3)3 precatalyst (entry 1, scheme 2.16).  This is of most importance because 
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if a background reaction is present than the value of asymmetric induction would not intrinsic on 

chiral ligand screened and a significant drop in enaintoselectivity would be observed. After 

checking that no background reaction was present a systematic evaulation of chiral ligands was 

undertaken (Scheme 2.16). It was found that RuHCl(CO)(PPh3)3 precatalyst liganded with (R)-

DM-Segphos promotes the desired transformation in 34% yield, >20:1 dr and 84% ee (entry 6, 

Scheme 2.16). However, conversion was low. In toluene, a less Lewis basic solvent, using 

RuHCl(CO)(PPh3)3 as precatalyst, the yield of was significantly improved 66% yield, >20:1 dr, 

86% ee (Scheme 2.17). Under these conditions, diene 2.18 was coupled to a diverse range of 

alcohols. The products of crotylation 2.20a-2.20j were formed in good yields and with excellent 

control of syn-diastereo- and enantioselectivity (Scheme 2.17).   

 

Scheme 2.16: Evaluation of chiral ligands in syn-carbonyl crotylation reaction.  

 

 

 



43 

 

Scheme 2.17: syn-Diastereo- and enantioselective carbonyl crotylation from the alcohol 

oxidation level. 
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 Reactions conducted using conventional heating typically require 48 hours to reach full 

conversion. However, microwave irradiation promotes a dramatic increase in rate. For example, 

in a microwave reactor under otherwise standard conditions, the coupling of 2-silyl-butadiene 

2.18 to piperonyl alcohol is complete in only 4 hours. The reaction product 2.20d is isolated in 

88% yield with complete syn-diastereoselectivity (>20:1 dr) and exceptional levels of 

enantioselectivity (93% ee) (Scheme 2.18). 

 

Scheme 2.18: Use of microwave irradiation to drastically reduce reaction time in syn-diastereo- 

and enantioselective carbonyl crotylation from the alcohol oxidation level. 

 

 

 The reductive coupling of 2-silyl-butadiene 2.18 to aldehydes was attempted next. 

Toward this end, formic acid, 1,4-butanediol and isopropanol were assayed as terminal 

reductants under conditions otherwise identical to those established for reactions conducted from 

the alcohol oxidation level. Using isopropanol (200 mol%) as a terminal reductant, diene 2.18 

participates in highly regio-, diastereo- and enantioselective couplings to aldehydes to furnish an 

identical set of homoallylic alcohols 2.20a-2.20j in roughly equivalent isolated yields and 

selectivites (Scheme 2.19). 
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Scheme 2.19: syn-Diastereo- and enantioselective carbonyl crotylation from the aldehyde 

oxidation level. 
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 To illustrate the utility of the coupling products, compound 2.20a was converted to the 

silyl ether and subjected to diastereoselective hydroboration-Suzuki cross-coupling with aryl 

halides and vinyl halides to furnish adducts 2.21a and 2.21b, respectively.
37

 Protection of the 

hydroxyl moiety of 2.20a as the TBS is required to enforce high levels of diastereoselectivity 

(10:1 dr) in the hydroboration event. The benzyl ether derived from 2.20a displays low levels of 

diastereoselectivity (2:1 dr) upon hydroboration under identical conditions. Fleming-Tamao 

oxidation of the C-Si bond was especially challenging. However, upon exposure of the Suzuki 

coupling products 2.21a and 2.21b to Woerpel’s modified conditions for oxidative C-Si bond 

cleavage,
38

 the diols 2.22a and 2.22b, which possess anti,syn-stereotriads found in numerous 

polyketide natural products, could be isolated in good yield (Scheme 2.20). 

Scheme 2.20: Diastereoselective hydroboration enables formation of anti,syn-stereotriads. 

 

 Finally, if products of conventional syn-crotylation are desired, direct addition of TBAF 

to the reaction mixture enables protodesilylation in a convenient one-pot procedure, as 

demonstrated by the formation of 2.23 (Scheme 2.21). 
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Scheme 2.21: One pot reaction to deliver conventional syn-crotylation product. 

 

 With regard to mechanism, the stoichiometric reaction of RuHCl(CO)(PPh3)3 with 1,2- 

and 1,3-dienes to form π-allyl complexes that have been characterized by single crystal x-ray 

diffraction and NMR, respectively, is known (Scheme 2.22).
39

 Carbonyl addition by way of the 

σ-bound allylruthenium haptomer through a closed transition structure delivers the homoallylic 

ruthenium alkoxide, which upon substitution with a reactant alcohol provides a pentacoordinate 

ruthenium alkoxide. The vacant coordination site at this stage enables dehydrogenation to form 

an aldehyde and regenerate the ruthenium hydride close the catalytic cycle (Scheme 2.23). The 

stereochemical outcome of the reaction may be predicted on the basis of the indicated model 

(Scheme 2.22). Absolute and relative stereochemistry of adducts 2.20a-2.20j were assigned in 

analogy to 2.23, which was compared to an authentic sample.
20 

Scheme 2.22: Stereochemical model for 2-silyl-butadiene mediated syn-crotylation employing a 

(R)-DM-SEGPHOS modified ruthenium catalyst. 
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Scheme 2.23: Proposed catalytic mechanism for ruthenium catalyzed diene 

hydrohydroxymethylation as supported by established stoichiometric transformations. 

 

 In summary, exposure of alcohols to 2-silyl-butadiene 2.18 in the presence of the 

ruthenium catalyst obtained upon the combination of RuHCl(CO)(PPh3)3 and (R)-SEGPHOS or 

(R)-DM-SEGPHOS provides products of hydrohydroxyalkylation 2.20a-2.20j with complete 

regioselectivity and with good to excellent levels of diastereo- and enantioselectivity. In the 

presence of isopropanol, but under otherwise identical conditions, an equivalent set of adducts 

2.20a-2.20j are generated in an equally selective fashion from aldehydes. In this way, catalytic 

syn-diastereo- and enantioselective carbonyl crotylation is achieved from the alcohol or aldehyde 

oxidation level. This carbonyl crotylation protocol circumvents stoichiometric byproducts and 

cryogenic conditions and, hence, represents an important step toward the development of 

scalable methods for the construction of polyketide natural products. 
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2.3 Conclusion 

 In summary, three new methods for carbonyl crotylation have been developed under 

metal catalyzed transfer hydrogenation conditions. Section 2.21 illustrates a novel iridium 

catalyzed approach to these structural moieties. This method shows the ability of butadiene, a 

basic feedstock chemical, to be used as crotyl-metal surrogate. Yields and absolute stereocontrol 

are good for this transformation, but relative stereocontrol is poor. Section 2.22 addresses the 

problem of poor relative stereocontrol when using butadiene as a crotyl-metal surrogate. A 

ruthenium catalyst modified by a novel chiral phosphate counterion produces anti-diastereo- and 

enantioselective carbonyl crotylation products from the alcohol or aldehyde oxidation level. 

Section 2.23 shows a novel ruthenium catalyzed method that allows for the generation of syn-

diastereo- and enantioselective carbonyl crotylation products from the alcohol or aldehyde 

oxidation level. These carbonyl crotylation protocols circumvent stoichiometric byproducts and 

cryogenic conditions and, hence, represents an important step toward the development of 

scalable methods for the construction of polyketide natural products. 
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2.4 Experimental Section: 

2.41 Experimental Details for Section 2.21 

General Methods: 

Reagents: All reactions were run under an atmosphere of nitrogen. Tetrahydrofuran (THF) and 

toluene were obtained from Pure-Solv MD-5 Solvent Purification System (Innovative 

Technology). Anhydrous solvents were transferred by an oven-dried syringe. Sealed tubes 

(13x100 mm
2
) were purchased from Fischer Scientific and were dried in an oven overnight and 

cooled under a stream of nitrogen prior to use. Commercially available alcohols were purified by 

distillation or recrystallization prior to use. Sodium acetate was purchased from Alfa Aesar and 

was used directly without further purification. 1,3-Butadiene was purchased from Aldrich and 

was used directly without further purification. Analytical thin-layer chromatography (TLC) was 

carried out using 0.2-mm commercial silica gel plates (DC-Fertigplatten Kieselgel 60 F254). 

Instruments: Infrared spectra were recorded on a Perkin-Elmer 1600 spectrometer. High-

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

(relative intensity). Accurate masses are reported for the molecular ion (M+1, M or M-1) or a 

suitable fragment ion. Nuclear magnetic resonance spectra (
1
H NMR and 

13
C NMR) were 

recorded on a Varian Gemini (400 MHz) spectrometer in CDCl3 solution. Chemical shifts are 

reported as parts per million (ppm) relative to residual CHCl3 δH (7.26 ppm) and CDCl3 δC 

(77.0 ppm), respectively, as internal standards. Coupling constants are reported in Hertz (Hz).  
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Procedure for the Preparation of Ir-Complex: 

 

 

Ir-BIPHEP-1-OMe.
40 

 

To a mixture of [Ir(cod)Cl]2 (100 mg, 0.15 mmol, 100 mol%), BIPHEP (156 mg, 0.3 mmol, 200 

mol%), Cs2CO3 (195 mg, 0.6 mmol, 400 mol%) and 4-methoxy-3-nitrobenzoic acid (100 mg, 0.6 

mmol, 400 mol%) in a sealed tube under N2 atmosphere was added THF (3 mL, 0.05 M). The 

reaction mixture was heated at 80 °C for 30 min and was then allowed to cool to ambient 

temperature. Allyl acetate (75 mg, 0.75 mmol, 500 mol%) was added and the reaction mixture 

was allowed to stir for an additional 90 min at 80 ºC, at which point the reaction mixture was 

allowed to cool to the ambient temperature. The reaction mixture was filtered and washed with 

THF (15 mL) until all yellow residue was dissolved. The filtrate was concentrated in vacuo and 

hexanes (50 mL) was added. A yellow precipitate formed, which was collected by filtration and 

dried under vacuum (253 mg, 0.266 mmol, 90% yield). 
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Procedure for the Crotylation: 

OH

O

O  

Methyl 4-(1-hydroxy-2-methylbut-3-enyl)benzoate (2.3a). An oven-dried sealed tube under 

one atmosphere of nitrogen gas was charged with corresponding alcohol (50 mg, 0.30 mmol, 100 

mol%), Ir-BIPHEP-1-OMe (14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 

100 mol%) and toluene (1.0 M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 mol%) was 

added at –78 °C. The reaction mixture was allowed to stir at 70 °C for 48 hr, at which point the 

reaction mixture was concentrated in vacuo. Purification of the product by column 

chromatography (SiO2; ethyl acetate:hexanes, 1:10) provides crotyl alcohol (53 mg) as a 

colorless oil in 80% yield (syn/anti, 1.4/1.0 dr). 

1
H NMR (400 MHz, CDCl3): δ 8.02–7.98 (m, 4H), 7.44–7.36 (m, 4H), 5.82–5.70 (m, 2H), 5.24–

5.04 (m, 4H), 4.70 (d, J = 4.8 Hz, 1H of syn), 4.40 (d, J = 7.2 Hz, 1H of anti), 3.92 (s, 6H), 2.64–

2.58 (m, 1 H of syn), 2. 56–2.44 (m, 1H of anti), 2.24 (br, 1H of anti), 2.04 (br, 1H of syn), 0.97 

(d, J = 6.8 Hz, 3H of syn), 0.90 (d, J = 6.8 Hz, 3H of anti) ppm. 

13
C NMR (100 MHz, CDCl3): δ 167.3, 148.1, 147.9, 140.2, 140.1, 129.8, 129.6, 129.3, 127.0, 

126.7, 117.5, 116.3, 77.6, 76.9, 52.3, 46.5, 44.9, 16.6, 13.9 ppm. 

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

literature.
41 
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OH

O  

1-(4-Acetylphenyl)-2-methyl-but-3-en-1-ol (2.3b). An oven-dried sealed tube under one 

atmosphere of nitrogen gas was charged with corresponding alcohol (45 mg, 0.30 mmol, 100 

mol%), Ir-BIPHEP-1-OMe (14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 

100 mol%) and toluene (1.0 M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 mol%) was 

added at –78 °C. The reaction mixture was allowed to stir at 70 °C for 48 hr, at which point the 

reaction mixture was concentrated in vacuo. Purification of the product by column 

chromatography (SiO2; ethyl acetate:hexanes, 1:10) provides crotyl alcohol (50 mg) as a 

colorless oil in 82% yield (syn/anti, 1.4/1.0 dr). 

1
H NMR (400 MHz, CDCl3): δ 7.94–7.90 (m, 4H), 7.44–7.38 (m, 4H), 5.82–5.72 (m, 2H), 5.22–

5.04 (m, 4H), 4.70 (dd, J = 4.8, 2.4 Hz, 1H of syn), 4.45 (dd, J = 7.2, 2.0 Hz, 1H of anti), 2.59 (s, 

6H), 2.64–2.54 (m, 1H of syn), 2.51–2.42 (m, 1H of anti), 2.40 (d, J = 2.4 Hz, 1H of anti, OH), 

2.28 (d, J = 3.6 Hz, 1H of syn, OH), 0.98 (d, J = 6.8 Hz, 3H of syn), 0.90 (d, J = 6.8 Hz, 3H of 

anti) ppm. 

13
C NMR (100 MHz, CDCl3): δ 198.0, 148.0, 147.9, 139.8, 136.4, 136.2, 128.3, 128.2, 127.0, 

126.6, 117.3, 116.0, 77.3, 76.6, 46.2, 44.6, 26.6, 16.3, 13.6 ppm. 

IR (thin film):  = 3442, 2971, 2872, 1673, 1606, 1572, 1455, 1412, 1358, 1304, 1267, 1198, 

1179, 1100, 1013, 958, 914, 856, 826, 721, 675 cm
-1

. 

HRMS (ESI): m/z: calcd for C13H17O2: 205.1229; found: 205.1228 [M+H]
+
. 
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OH

F3C
 

1-(4-Trifluoromethylphenyl)-2-methyl-but-3-en-1-ol (2.3c). An oven-dried sealed tube under 

one atmosphere of nitrogen gas was charged with corresponding alcohol (53 mg, 0.30 mmol, 100 

mol%), Ir-BIPHEP-1-OMe (14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 

100 mol%) and toluene (1.0 M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 mol%) was 

added at –78 °C. The reaction mixture was allowed to stir at 70 °C for 48 hr, at which point the 

reaction mixture was concentrated in vacuo. Purification of the product by column 

chromatography (SiO2; ethyl acetate:hexanes, 1:10) provides crotyl alcohol (59 mg) as a 

colorless oil in 86% yield (syn/anti, 1.4/1.0 dr). 

1
H NMR (400 MHz, CDCl3): δ 7.61–7.58 (m, 4H), 7.46–7.41 (m, 4H), 5.82–5.72 (m, 2H), 5.24-

5.05 (m, 4H), 4.70 (t, J = 4.0 Hz, 1H of syn), 4.43 (dd, J = 7.2, 2.4 Hz, 1H of anti), 2.63–2.55 (m, 

1H of syn), 2.51–2.42 (m, 1H of anti), 2.26 (d, J = 2.8 Hz, 1H of anti, OH), 2.06 (d, J = 2.8 Hz, 

1H of syn, OH), 0.98 (d, J = 6.8 Hz, 3H of syn), 0.90 (d, J = 6.8 Hz, 3H of anti) ppm. 

13
C NMR (100 MHz, CDCl3): δ 146.5, 146.3, 139.8, 139.7, 129.7 (q, J = 32 Hz), 127.2, 126.8, 

124.0 (q, J = 271 Hz), 125.2 (q, J = 3.7 Hz), 125.0 (q, J = 3.7 Hz), 117.6, 116.3, 77.2, 76.4, 46.4, 

44.6, 16.4, 13.5 ppm. 

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

literature.
42 
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OH

O2N
 

2-Methyl-1-(4-nitrophenyl)but-3-en-1-ol (2.3d). An oven-dried sealed tube under one 

atmosphere of nitrogen gas was charged with corresponding alcohol (46 mg, 0.30 mmol, 100 

mol%), Ir-BIPHEP-1-OMe (14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 

100 mol%) and toluene (1.0 M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 mol%) was 

added at –78 °C. The reaction mixture was allowed to stir at 70 °C for 48 hr, at which point the 

reaction mixture was concentrated in vacuo. Purification of the product by column 

chromatography (SiO2; ethyl acetate:hexanes, 1:9) provides crotyl alcohol (44 mg, 0.21 mmol) 

as a colorless oil in 70% yield (syn/anti, 1.0/1.3 dr) ppm.  

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

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

of syn), 2.47-2.41 (m, 1H of anti), 2.30 (d, J = 2.2 Hz, 1H of anti), 2.11 (d, J = 3.4 Hz, 1H of 

syn), 0.94 (d, J = 6.8 Hz, 3H of syn), 0.91 (d, J = 6.8 Hz, 3H of anti) ppm. 

13
C NMR (100 MHz, CDCl3): 149.9, 149.8, 147.3, 147.1, 139.3, 139.1, 127.5, 127.2, 123.7, 

123.4, 123.2, 117.9, 116.6, 76.6, 76.0, 46.3, 44.6, 16.2, 13.3. 

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

literature.
43 
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OH

Br  

2-Methyl-1-(4-bromophenyl)but-3-en-1-ol (2.3e). An oven-dried sealed tube under one 

atmosphere of nitrogen gas was charged with corresponding alcohol (56 mg, 0.30 mmol, 100 

mol%), Ir-BIPHEP-1-OMe (14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 

100 mol%) and toluene (1.0 M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 mol%) was 

added at –78 °C. The reaction mixture was allowed to stir at 70 °C for 48 hr, at which point the 

reaction mixture was concentrated in vacuo. Purification of the product by column 

chromatography (SiO2; ethyl acetate:hexanes, 1:10) provides crotyl alcohol (45 mg) as a 

colorless oil in 62% yield (syn/anti, 1.7/1 dr). 

Corresponding Aldehyde Coupling:  An oven-dried sealed tube under one atmosphere of 

nitrogen gas was charged with corresponding aldehyde (55.0 mg, 0.30 mmol, 100 mol%), Ir-

BIPHEP-1-OMe (14.0 mg, 0.015 mmol, 5 mol%), sodium acetate (25.1 mg, 0.30 mmol, 100 

mol%), 1,4-Butanediol (27.0 μl, 0.30 mmol, 100 mol%) and toluene (2.0 M, 0.15 mL). 1,3-

Butadiene (0.10 ml, 1.2 mmol, 400 mol%) was added at –78 °C. The reaction mixture was 

allowed to stir at 70 °C for 72 hr, at which point the reaction mixture was concentrated in vacuo. 

Purification of the product by column chromatography (SiO2; ethyl acetate:hexanes, 93:7) 

provides crotyl alcohol (56.7 mg) as a colorless oil in 78% yield (syn/anti, 1.7/1 dr). 

1
H NMR (400 MHz, CDCl3): 7.47–7.42 (m, 4H), 7.20–7.13 (m, 4H), 5.80–5.67 (m, 2H), 5.20–

5.02 (m, 4H), 4.54 (dd, J = 5.0, 4.0 Hz, 1H of syn), 4.30 (dd, J = 8.0, 2.5 Hz, 1H of anti), 2.60–

2.50 (m, 1H of syn), 2.50–2.40 (m, 1H of anti), 2.25 (br, 1H of anti, OH), 2.12 (br, 1H of syn, 

OH), 0.97 (d, J = 7.0 Hz, 3H of syn), 0.86 (d, J = 7.0 Hz, 3H of anti) ppm. 
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13
C NMR (100 MHz, CDCl3): 141.5, 141.3, 140.1, 139.8, 131.3, 131.1, 128.5, 128.2, 121.4, 

121.1, 117.3, 116.0, 77.1, 76.5, 46.3, 44.5, 16.4, 13.8 ppm. 

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

literature.
44 

 

 



62 

 

OH

O

 

Methyl 4-(1-hydroxy-2-methylbut-3-enyl)benzoate (2.3f). An oven-dried sealed tube under 

one atmosphere of nitrogen gas was charged with corresponding alcohol (26 μl, 0.30 mmol, 100 

mol%), Ir-BIPHEP-1-OMe (14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 

100 mol%) and toluene (1.0 M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 mol%) was 

added at –78 °C. The reaction mixture was allowed to stir at 95 °C for 48 hr, at which point the 

reaction mixture was concentrated in vacuo. Purification of the product by column 

chromatography (SiO2; ether:pentanes, 1:10) provides crotyl alcohol (33mg) as a colorless oil in 

80% yield (syn/anti, 1.1/1.0 dr). 

Corresponding Aldehyde Coupling: An oven-dried sealed tube under one atmosphere of 

nitrogen gas was charged with corresponding aldehyde (25 μl, 0.30 mmol, 100 mol%), Ir-

BIPHEP-1-OMe (14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 100 mol%), 

1,4-Butanediol (27 μl, 0.30 mmol, 100 mol%) and toluene (2.0 M, 0.15 mL). 1,3-butadiene (0.1 

ml, 1.2 mmol, 400 mol%) was added at –78 °C. The reaction mixture was allowed to stir at 70 

°C for 72 hr, at which point the reaction mixture was concentrated in vacuo. Purification of the 

product by column chromatography (SiO2; ethyl acetate:hexanes, 5:95) provides crotyl alcohol 

(35mg) as a colorless oil in 76% yield (syn/anti, 1.7/1.0 dr). 

1
H NMR: (400 MHz, CDCl3) 7.39 (dd, J = 1.7, 0.7 Hz, 1H of anti), 7.37 (dd, J = 1.7, 0.7 Hz, 1H 

of syn), 6.35–6.32 (m, 2H), 6.28 (d, J = 3.2 Hz, 1H of anti), 6.23 (d, J = 3.2 Hz, 1H of syn), 

5.85–5.71 (m, 2H), 5.25–5.06 (m, 4H), 4.57 (t, J = 5.6 Hz, 1H of syn), 4.42 (dd, J = 7.6, 4.0 Hz, 
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1H of anti), 2.76–2.66 (m, 2H), 2.10 (br, 1H of anti, OH), 2.00 (br, 1H of syn, OH), 1.07 (d, J = 

6.8 Hz, 3H of syn), 1.07 (d, J = 6.8 Hz, 3H of anti) ppm. 

13
C NMR: (100 MHz, CDCl3) 155.3, 154.9, 142.0, 141.8, 140.0, 139.6, 117.1, 116.0, 110.1, 

110.0, 107.3, 106.9, 71.4, 71.3, 43.7, 43.1, 16.3, 15.1 ppm. 

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

literature.
45 
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OH

 

4-Methyl-1-phenylhexa-(1E,5)-dien-3-ol (2.3g). An oven-dried sealed tube under one 

atmosphere of nitrogen gas was charged with corresponding alcohol (39 μl, 0.30 mmol, 100 

mol%), Ir-BIPHEP-1-OMe (14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 

100 mol%) and toluene (1.0 M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 mol%) was 

added at –78 °C. The reaction mixture was allowed to stir at 70 °C for 48 hr, at which point the 

reaction mixture was concentrated in vacuo. Purification of the product by column 

chromatography (SiO2; ethyl acetate:hexanes, 1:10) provides crotyl alcohol (36 mg) as a 

colorless oil in 64% yield (syn/anti, 1.5/1 dr). 

Corresponding Aldehyde Coupling. An oven-dried sealed tube under one atmosphere of 

nitrogen gas was charged with corresponding aldehyde (38 μl, 0.30 mmol, 100 mol%), Ir-

complex I (14 mg, 0.015 mmol, 5 mol%), Sodium acetate (25 mg, 0.30 mmol, 100 mol%), 1,4-

butanediol (27 μl, 0.30 mmol, 100 mol%) and Toluene (2.0 M, 0.15 mL). 1,3-Butadiene (0.1 ml, 

1.2 mmol, 400 mol%) was added at –78 °C. The reaction mixture was allowed to stir at 70 °C for 

72 hr, at which point the reaction mixture was concentrated in vacuo. Purification of the product 

by column chromatography (SiO2; ether:hexanes, 2:10) provides crotyl alcohol (40 mg) as a 

colorless oil in 72% yield (syn/anti, 1.8/1 dr).
 

1
H NMR (400 MHz, CDCl3): δ 7.41–7.22 (m, 10H), 6.64–6.56 (m, 2H), 6.26–6.18 (m, 2H), 

5.89–5.77 (m, 2H), 5.22–5.12 (m, 4H), 4.22 (t, J = 6.8 Hz, 1H of syn), 4.06 (t, J = 6.8 Hz, 1H of 

anti), 2.53–2.44 (m, 1H of syn), 2.42–2.32 (m, 1H of anti), 1.84 (br, 1H of syn, OH), 1.70 (br, 1H 

of anti, OH), 1.09 (d, J = 6.8 Hz, 1H of syn), 1.06 (d, J = 6.8 Hz, 1H of anti) ppm. 
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13
C NMR (100 MHz, CDCl3): δ 140.2, 139.9, 136.8, 136.7, 131.8, 131.2, 130.2, 129.9, 128.5, 

127.7, 127.6, 126.5, 116.7, 116.1, 76.2, 75.8, 44.7, 43.9, 16.1, 14.8 ppm. 

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

literature.
40 
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OH

O

 

4-Methyl-1-phenylhex-5-en-3-ol (2.3h). An oven-dried sealed tube under one atmosphere of 

nitrogen gas was charged with corresponding alcohol (53 mg, 0.30 mmol, 100 mol%), Ir-

BIPHEP-1-OMe (14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 100 mol%) 

and toluene (1.0 M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 mol%) was added at –78 °C. 

The reaction mixture was allowed to stir at 70 °C for 48 hr, at which point the reaction mixture 

was concentrated in vacuo. Purification of the product by column chromatography (SiO2; ethyl 

acetate:hexanes, 1:10) provides crotyl alcohol (43 mg) as a colorless oil in 62% yield (syn/anti, 

1.4/1 dr). 

1
H NMR (400 MHz, CDCl3): δ 7.26–7.35 (m, 10H), 5.88–5.72 (m, 6H), 5.18–5.06 (m, 4H), 4.52 

(s, 4H), 4.08–4.04 (m, 6H), 2.44–2.34 (m, 1H of syn), 2.32–2.24 (m, 1H of anti), 1.75 (br, 1H of 

anti, OH), 1.63 (br, 1H of syn, OH), 1.04 (m, 6H) ppm. 

13
C NMR (100 MHz, CDCl3): δ 140.1, 139.9, 138.2, 133.6, 133.4, 128.9, 128.4, 128.3, 127.7, 

127.6, 116.6, 115.9, 75.5, 75.1, 72.2, 72.1, 70.1, 44.3, 43.6, 16.0, 14.7 ppm. 

IR (thin film):  = 3410, 3031, 2965, 2857, 2248, 1639, 1454, 1362, 1097, 1068, 971, 908, 731, 

697 cm
-1

; 

HRMS (ESI): m/z: calcd for C15H21O2: 233.1542; found: 233.1541 [M+H]
+
. 
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OH

 

3-Methyldodec-1-en-4-ol (2.3i). An oven-dried sealed tube under one atmosphere of nitrogen 

gas was charged with corresponding alcohol (53 μl, 0.30 mmol, 100 mol%), Ir-BIPHEP-1-OMe 

(14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 100 mol%) and toluene (1.0 

M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 mol%) was added at –78 °C. The reaction 

mixture was allowed to stir at 70 °C for 72 hr, at which point the reaction mixture was 

concentrated in vacuo. Purification of the product by column chromatography (SiO2; ethyl 

acetate:hexanes, 1:10) provides crotyl alcohol (33 mg) as a colorless oil in 52% yield (syn/anti, 

1.5/1 dr). 

Corresponding Aldehyde Coupling: An oven-dried sealed tube under one atmosphere of 

nitrogen gas was charged with corresponding aldehyde (52 μl, 0.30 mmol, 100 mol%), Ir-

BIPHEP-1-OMe (14 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 mmol, 100 mol%), 

1,4-Butanediol (27 μl, 0.30 mmol, 100 mol%) and toluene (2.0 M, 0.15 mL). 1,3-Butadiene (0.1 

ml, 1.2 mmol, 400 mol%) was added at –78 °C. The reaction mixture was allowed to stir at 70 

°C for 72 hr, at which point the reaction mixture was concentrated in vacuo. Purification of the 

product by column chromatography (SiO2; ethyl acetate:hexanes, 3:97) provides crotyl alcohol 

(33 mg) as a colorless oil in 58% yield (syn/anti, 1.7/1 dr). 

1
H NMR (400 MHz, CDCl3): δ 5.85–5.71 (m, 2H), 5.15-5.05 (m, 4H), 3.50–3.35 (m, 2H), 2.34–

2.10 (m, 2H), 1.53–1.26 (m, 28H), 1.03 (d, J = 6.8 Hz, 3H of anti), 1.02 (d, J = 6.8 Hz, 3H of 

syn), 0.88 (t, J = 6.8 Hz, 6H) ppm.  
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13
C NMR (100 MHz, CDCl3): δ 141.1, 140.4, 116.2, 115.2, 74.7, 44.1, 43.4, 34.3, 34.0, 31.9, 

29.8, 29.7, 29.6, 29.3, 26.1, 25.7, 26.1, 25.8, 22.7, 16.3, 14.1, 14.0 ppm.  

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

literature.
40 
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Enantioselective reaction: 

Ir-Complex with (S) –SEGPHOS 

Ir complex was prepared according to the General Procedure. 

OH

O

O  

Methyl 4-(1-hydroxy-2-methylbut-3-enyl)benzoate (2.3a). An oven-dried sealed tube under 

one atmosphere of nitrogen gas was charged with corresponding alcohol (50 mg, 0.30 mmol, 100 

mol%), Ir-(S) –SEGPHOS-OMe complex  (16 mg, 0.015 mmol, 5 mol%), sodium acetate (25 

mg, 0.30 mmol, 100 mol%) and toluene (1.0 M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 

mol%) was added at –78 °C. The reaction mixture was allowed to stir at 70 °C for 48 hr, at 

which point the reaction mixture was concentrated in vacuo. Purification of the product by 

column chromatography (SiO2; ethyl acetate:hexanes, 1:10) provides crotyl alcohol (53 mg) as a 

colorless oil in 80% yield (syn/anti, 1.4/1.0 dr). 

 

HPLC: (Chiralpak AS–H/AD–H column, hexanes:i-PrOH = 97:3, 0.5 mL/min, 254 nm),  

From Segphos complex catalyst; syn (tmajor = 64 min, tminor = 73 min; 87% ee), anti (tmajor = 

66 min, tminor = 96 min; 62% ee) 
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Racemic: 

 

 

Chiral: 
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Ir-Complex with Walphos (SL–W002–1) 

Ir complex was prepared according to the General Procedure. 

OH

O

O  

Methyl 4-(1-hydroxy-2-methylbut-3-enyl)benzoate (2.3a). An oven-dried sealed tube under 

one atmosphere of nitrogen gas was charged with corresponding alcohol (50 mg, 0.30 mmol, 100 

mol%), Ir-Walphos-OMe complex (16 mg, 0.015 mmol, 5 mol%), sodium acetate (25 mg, 0.30 

mmol, 100 mol%) and toluene (1.0 M, 0.3 mL). 1,3-Butadiene (0.1 ml, 1.2 mmol, 400 mol%) 

was added at –78 °C. The reaction mixture was allowed to stir at 70 °C for 48 hr, at which point 

the reaction mixture was concentrated in vacuo. Purification of the product by column 

chromatography (SiO2; ethyl acetate:hexanes, 1:10) provides crotyl alcohol (27 mg) as a 

colorless oil in 40% yield (syn/anti, 1.0/2.2 dr). 

 

HPLC: (Chiralpak AS–H/AS–H/AD–H column, hexanes:i-PrOH = 97:3, 0.5 mL/min, 230 nm), 

From Walphos complex catalyst; syn (tmajor = 90 min, tminor = 102 min; 68% ee), anti (tmajor 

= 92 min, tminor = 144 min; 88% ee) 
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Racemic: 

 

 

Chiral: 
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2.42 Experimental Details for Section 2.22 

General Information: All reactions were run under an atmosphere of argon. Tetrahydrofuran 

(THF) and toluene were obtained from Pure-Solv MD-5 Solvent Purification System (Innovative 

Technology). Anhydrous solvents were transferred by oven-dried syringe. Sealed tubes (13100 

mm
2
) were purchased from Fisher Scientific (catalog number 14-959-35C) and were dried in an 

oven overnight and cooled under a stream of argon prior to use. RuH2(CO)(PPh3)3 were prepared 

according to literature procedure.
46

 All ligands were used as received from Strem Chemicals Inc. 

Alcohols and aldehydes were purified by distillation or recrystallization immediately prior to 

use. Preparative column chromatography employing silica gel was performed according to the 

method of Still.
47

 Analytical thin-layer chromatography (TLC) was carried out using 0.25 mm 

commercial silica gel plates (Dynamic Adsorbents F254). Visualization was accomplished with 

UV light followed by dipping in a p-anisaldehyde solution and heating. Purification of reaction 

products was carried out by flash column chromatography using Silicycle silica gel (40-63 m).  

Spectroscopy and Spectrometry: Infrared spectra were recorded on a Thermo Nicolet 380 

spectrometer.  Low-resolution mass spectra (LRMS) were obtained on a Karatos MS9 and are 

reported as m/z (relative intensity).  Accurate masses are reported for the molecular ion (M+H, 

M or M-H) or a suitable fragment ion. 
1
H NMR spectra were recorded on a Varian Gemini (400 

MHz) spectrometer at ambient temperature unless otherwise noted. Chemical shifts are reported 

in delta (δ) units, parts per million (ppm) downfield from trimethylsilane or ppm relative to the 

center of the singlet at 7.26 ppm for deuteriochloroform. Data are reported as: multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet), integration and coupling constant(s) 

in Hz.
 13

C NMR spectra were recorded on a Varian Gemini (100 MHz) spectrometer and were 
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routinely run with broadband decoupling. Chemical shifts are reported in ppm from 

tetramethylsilane, with the residual solvent resonance employed as the internal standard (CDCl3 

at 77.0 ppm). 

Materials and Methods 

(1R,2R)-2-methyl-1-phenylbut-3-en-1-ol (2.4b) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%). The tube was 

sealed with a rubber septum and purged with nitrogen. Corresponding alcohol (0.031 mL, 0.30 

mmol, 100 mol%) and tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to alcohol) 

were added and the solution was cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 mol%) 

was quickly added and the rubber septum was quickly replaced with a screw cap. The mixture 

was heated at 95°C (oil bath temperature) for 48 hrs, at which point the reaction mixture was 

allowed to cool to ambient temperature. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2; 0-10% EtOAc/hexanes) to furnish the title 

compound (41.8 mg, 0.26 mmol, anti:syn = 8:1, 95:5 er) as a colorless oil in 86% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%). The tube was 
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sealed with a rubber septum and purged with nitrogen.  Corresponding aldehyde (0.031 mL, 0.30 

mmol, 100 mol%), tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to alcohol) and 

1,4-butanediol (0.053 mL, 0.60 mmol, 200 mol%) were added and the solution was cooled to -

78°C. Butadiene (0.10 mL, 1.20 mmol, 400 mol%) was quickly added and the rubber septum 

was quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath temperature) 

for 48 hrs, at which point the reaction mixture was allowed to cool to ambient temperature. The 

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

0-10% EtOAc/hexanes) to furnish the title compound (36.2 mg, 0.22 mmol, anti:syn = 8:1, 94:6 

er) as a colorless oil in 74% yield. 

1
H NMR (400 MHz, CDCl3):  7.26-7.38 (m, 5H), 5.86-5.76 (m, 1H), 5.24-5.17 (m, 2H), 4.35 

(d, J = 8.0 Hz, 1H), 2.52-2.45 (m, 1H), 2.07 (br s, 1H), 0.87 (d, J = 6.8 Hz, 3H) 

13
C NMR (100 MHz, CDCl3): . 

LRMS (CI+) m/z 145 [M-OH]
+
 

[ α ]D
25 

=  +51 (c =1.0, CH2Cl2). 

FTIR (neat): 3411, 3064, 3029, 2964, 2927, 2356, 1940, 1638, 1493, 1453, 1416, 1372, 1261, 

1195, 1075, 1018, 912, 800, 759, 700, 680 cm
-1

. 

GC: Cyclosil-B: Initial temperature: 50 °C (5 min hold); 50-100 °C, rate: 0.5 °C/min (20 min 

hold); 100-135 °C, rate: 0.5 °C/min) tmajor = 128.5 min, tminor=129.5 min. 

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

literature.
48 
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Racemic: 

 

 

 

Alcohol: 
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Aldehyde: 
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methyl 4-((1R,2R)-1-hydroxy-2-methylbut-3-en-1-yl)benzoate (2.4a) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%) and 

corresponding alcohol  (49.9 mg, 0.30 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to 

alcohol) was added and the solution was cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 

mol%) was quickly added and the rubber septum was quickly replaced with a screw cap. The 

mixture was heated at 95°C (oil bath temperature) for 48 hrs, at which point the reaction mixture 

was allowed to cool to ambient temperature. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2; 0-20% EtOAc/hexanes) to furnish the title 

compound (52.9 mg, 0.24 mmol, anti:syn = 7:1, 94:6 er) as a colorless oil in 80% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%) and 

corresponding aldehyde  (49.2 mg, 0.30 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to 

alcohol) and 1,4-butanediol (0.053 mL, 0.60 mmol, 200 mol%) were added and the solution was 

cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 mol%) was quickly added and the rubber 

septum was quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath 
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temperature) for 48 hrs, at which point the reaction mixture was allowed to cool to ambient 

temperature. The reaction mixture was concentrated in vacuo and purified by flash column 

chromatography (SiO2; 0-20% EtOAc/hexanes) to furnish the title compound (52.9 mg, 0.24 

mmol, anti:syn = 6:1, 93:7 er) as a colorless oil in 80% yield. 

1
H NMR (400 MHz, CDCl3):  7.97 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 2H), 5.79-5.69 (m, 

1H), 5.17-5.12 (m, 2H), 4.40 (d, J = 7.2 Hz, 1H), 3.88 (s, 3H), 2.49-2.36 (m, 2H), 0.86 (d, J = 6.8 

Hz, 3H). 

13
C NMR (100 MHz, CDCl3): 147.9, 140.1, 129.7, 129.6, 127.0, 117.5, 77.3, 52.3, 46.5,16.6. 

LRMS (CI+) m/z 221 [M+H]
+
 

[ α ]D
25 

= +41.4 (c =1.0, CHCl3). 

FTIR (neat): 3467, 2953, 1719, 1435, 1276, 1177, 1110, 1017, 915, 810, 709 cm
-1

. 

HPLC (Chiralcel AD-H column, hexanes:i-PrOH = 95:5, 0.5 mL/min, 230 nm), tmajor = 27.9 

min, tminor = 33.2 min. 

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

literature.
49 
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Racemic: 

 

 

Alcohol: 
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Aldehyde: 
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(1R,2R)-2-methyl-1-(4-(trifluoromethyl)phenyl)but-3-en-1-ol (2.4c) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%). The tube was 

sealed with a rubber septum and purged with nitrogen. Corresponding  alcohol (0.041 mL, 0.30 

mmol, 100 mol%) and tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to alcohol) 

were added and the solution was cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 mol%) 

was quickly added and the rubber septum was quickly replaced with a screw cap. The mixture 

was heated at 95°C (oil bath temperature) for 48 hrs, at which point the reaction mixture was 

allowed to cool to ambient temperature. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2; 0-20% EtOAc/hexanes) to furnish the title 

compound (57.3 mg, 0.25 mmol, anti:syn = 7:1, 96:4 er) as a colorless oil in 83% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%). The tube was 

sealed with a rubber septum and purged with nitrogen. Corresponding  aldehyde (0.041 mL, 0.30 

mmol, 100 mol%), tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to alcohol) and 

1,4-butanediol (0.053 mL, 0.60 mmol, 200 mol%) were added and the solution was cooled to -

78°C. Butadiene (0.10 mL, 1.20 mmol, 400 mol%) was quickly added and the rubber septum 

was quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath temperature) 
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for 48 hrs, at which point the reaction mixture was allowed to cool to ambient temperature. The 

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

0-10% EtOAc/hexanes) to furnish the title compound (43.6 mg, 0.19 mmol, anti:syn = 6:1, 94:6 

er) as a colorless oil in 63% yield. 

1
H NMR (400 MHz, CDCl3):  7.60 (d, J = 8.0 Hz, 2H), 7.44 (d, J = 8.0 Hz, 2H), 5.81-5.72 (m, 

1H), 5.23-5.18 (m, 2H), 4.43 (dd, J = 7.2 Hz, 2.6Hz, 1H), 2.51-2.42 (m, 1H), 2.26 (d, J = 2.6Hz, 

1H) 0.89 (d, J = 6.8 Hz, 3H). 

13
C NMR (100 MHz, CDCl3): 146.3, 139.8, 129.7 (q, J = 32 Hz), 127.1, 125.2 (q, J = 3.7 Hz), 

124.0 (q, J = 271 Hz), 117.6,  77.2, 46.4, 16.4 ppm. 

LRMS (CI+) m/z 213 [M-OH]
+
 

[ α ]D
25 

= +52 (c =1.0, CHCl3) reported for 92% ee of the (R,R) compound [ α ]D
25 

= +55 (c =1.0, 

CHCl3).  

FTIR (neat): 3380, 2976, 1620, 1458, 1418, 1323, 1162, 1120, 1066, 1016, 917, 831, 763, 741, 

684 cm
-1

. 

HPLC (Compound 3c was converted to the 4-nitro-benzoate for analysis, Chiralcel OD-H/OD-

H/OD-H column, hexanes:i-PrOH = 97:3, 0.3 mL/min, 254 nm), tmajor = 71.5 min, tminor = 75.9 

min. 

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

literature.
22a 
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Racemic: 

 

 

Alcohol: 
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Aldehyde: 
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(1R,2R)-1-(4-bromophenyl)-2-methylbut-3-en-1-ol (2.4d) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%) and 

corresponding alcohol  (56.1  mg, 0.30 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to 

alcohol) was added and the solution was cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 

mol%) was quickly added and the rubber septum was quickly replaced with a screw cap. The 

mixture was heated at 95°C (oil bath temperature) for 48 hrs, at which point the reaction mixture 

was allowed to cool to ambient temperature. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2; 0-20% EtOAc/hexanes) to furnish the title 

compound (70.2 mg, 0.29 mmol, anti:syn = 5:1, 93:7 er) as a colorless oil in 83% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%) and 

corresponding aldehyde  (55.5 mg, 0.30 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to 

alcohol) and 1,4-butanediol (0.053 mL, 0.60 mmol, 200 mol%) were added and the solution was 

cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 mol%) was quickly added and the rubber 

septum was quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath 
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temperature) for 48 hrs, at which point the reaction mixture was allowed to cool to ambient 

temperature. The reaction mixture was concentrated in vacuo and purified by flash column 

chromatography (SiO2; 0-20% EtOAc/hexanes) to furnish the title compound (58.7 mg, 0.24 

mmol, anti:syn = 5:1, 93:7 er) as a colorless oil in 81% yield. 

1
H NMR (400 MHz, CDCl3):  7.46 (d, J = 8.0 Hz, 2H), 7.18 (d, J = 8.0 Hz, 2H), 5.81-5.71 

(m,1H), 5.22-5.16 (m, 2H), 4.32 (d, J = 7.6 Hz, 1H), 2.45-2.37 (m, 1H), 2.20 (s, 1H), 0.87 (d, J = 

6.8 Hz, 3H). 

13
C NMR (100 MHz, CDCl3): 141.4, 140.1, 131.3, 128.6, 121.4, 117.3, 77.1, 46.4, 16.4 ppm. 

LRMS (CI+). m/z 223 [M-OH]
+
 

[ α ]D
25 

= +53 (c =1.0, CHCl3). 

FTIR (neat): 3404, 2972, 2928, 1486, 1070, 1009, 916, 817, 755, 666 cm
-1

. 

HPLC (Chiralcel AS-H/AS-H column, hexanes:i-PrOH = 98.5:1.5, 0.5 mL/min, 230 nm), tmajor = 

36.1 min, tminor = 42.1 min. 

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

literature.
49 
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Racemic: 

 

 

Alcohol: 
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Aldehyde: 
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(1R,2R)-1-(4-fluorophenyl)-2-methylbut-3-en-1-ol (2.4e) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%). The tube was 

sealed with a rubber septum and purged with nitrogen. Corresponding alcohol  (0.033 mL, 0.30 

mmol, 100 mol%) and tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to alcohol) 

were added and the solution was cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 mol%) 

was quickly added and the rubber septum was quickly replaced with a screw cap. The mixture 

was heated at 95°C (oil bath temperature) for 48 hrs, at which point the reaction mixture was 

allowed to cool to ambient temperature. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2; 0-20% EtOAc/hexanes) to furnish the title 

compound (45.8 mg, 0.26 mmol, anti:syn = 6:1, 93:7 er) as a colorless oil in 85% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%). The tube was 

sealed with a rubber septum and purged with nitrogen. Corresponding aldehyde (0.032 mL, 0.30 

mmol, 100 mol%), tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to alcohol) and 

1,4-butanediol (0.053 mL, 0.60 mmol, 200 mol%) were added and the solution was cooled to -

78°C. Butadiene (0.10 mL, 1.20 mmol, 400 mol%) was quickly added and the rubber septum 

was quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath temperature) 
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for 48 hrs, at which point the reaction mixture was allowed to cool to ambient temperature. The 

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

0-20% EtOAc/hexanes) to furnish the title compound (43.2 mg,  0.24 mmol, anti:syn = 5:1, 94:6 

er) as a colorless oil in 80% yield.  

1
H NMR (400 MHz, CDCl3):  7.31-7.26 (m, 2H), 7.05-7.00 (m, 2H), 5.82-5.73 (m,1H), 5.22-

5.17 (m, 2H), 4.33 (dd, J = 7.6 Hz, 2.4 Hz, 1H), 2.47-2.38 (m, 1H), 2.24 (d, J = 2.4 Hz, 1H), 0.85 

(d, J = 6.8 Hz, 3H). 

13
C NMR (100 MHz, CDCl3): 162.3 (d, 244.0 Hz), 140.4, 138.1 (d, 3.0 Hz), 128.4 (d, 8.2 Hz), 

117.1, 115.0 (d, 21.6 Hz), 77.1, 46.5, 16.5  ppm. 

LRMS (CI+). m/z 181 [M+H]
+
 

[ α ]D
25 

= +56.6 (c =1.0, CHCl3).
 
 

FTIR (neat): 3411 3412, 2975, 1634, 1603, 1509, 1417, 1220, 1157, 1012, 829, 676 cm
-1 

GC: Cyclosil-B: Initial temperature: 50 °C (5 min hold); 50-100 °C, rate: 0.4 °C/min (25 min 

hold); 100-150 °C, rate: 0.4 °C/min) tmajor = 153.2 min, tminor=159.1 min. 
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Racemic: 

 

 

Alcohol: 
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Aldehyde: 
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(1R,2R)-1-(4-methoxyphenyl)-2-methylbut-3-en-1-ol (2.2f) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%) and 

corresponding alcohol (37.2 µL, 0.30 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to 

alcohol) was added and the solution was cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 

mol%) was quickly added and the rubber septum was quickly replaced with a screw cap. The 

mixture was heated at 95°C (oil bath temperature) for 48 hrs, at which point the reaction mixture 

was allowed to cool to ambient temperature. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2; 0-20% EtOAc/hexanes) to furnish the title 

compound (41.7 mg, 0.22 mmol, anti:syn = 6:1, 93:7 er) as a colorless oil in 72% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%) and 

corresponding aldehyde (36.5 µL, 0.30 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to 

alcohol) and 1,4-butanediol (0.053 mL, 0.60 mmol, 200 mol%) were added and the solution was 

cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 mol%) was quickly added and the rubber 

septum was quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath 
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temperature) for 48 hrs, at which point the reaction mixture was allowed to cool to ambient 

temperature. The reaction mixture was concentrated in vacuo and purified by flash column 

chromatography (SiO2; 0-20% EtOAc/hexanes) to furnish the title compound (38.1 mg, 0.20 

mmol, anti:syn = 6:1, 94:6 er) as a colorless oil in 66% yield.  

1
H NMR (400 MHz, CDCl3):  7.25 (d, J = 7.8 Hz, 2H), 6.88 (d, J = 7.8 Hz, 2H), 5.86-5.77 (m, 

1H), 5.29-5.16 (m, 2H), 4.30 (d, J = 8.0 Hz, 1H), 3.80 (s, 3H), 2.50-2.41 (m, 1H), 2.15 (s, 1H), 

0.85 (d, J = 6.8 Hz, 3H). 

13
C NMR (100 MHz, CDCl3):  

ppm. 

LRMS (CI+). m/z 193 [M+H]
+
 

[ α ]D
25 

= +51.8 (c =1.0, CHCl3).
 
 

FTIR (neat): 2961, 1611, 1510, 1458, 1302, 1260, 1173, 1032, 911, 731 cm
-1

. 

GC Cyclosil-B: Initial temperature: 50 °C (5 min hold); 50-115 °C rate: 0.5 C/min (20 min 

hold); 115-165°C, rate: 0.475 C/min tmajor = 184.9 min, tminor = 187.3 min. 

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

literature.
50 
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Racemic: 

 

 

Alcohol: 
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Aldehyde: 
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(1R,2R)-2-methyl-1-(naphthalen-2-yl)but-3-en-1-ol (2.4g) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%) and 

corresponding alcohol (47.2  mg, 0.30 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to 

alcohol) was added and the solution was cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 

mol%) was quickly added and the rubber septum was quickly replaced with a screw cap. The 

mixture was heated at 95°C (oil bath temperature) for 48 hrs, at which point the reaction mixture 

was allowed to cool to ambient temperature. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2; 0-20% EtOAc/hexanes) to furnish the title 

compound (60.4 mg, 0.29 mmol, anti:syn = 9:1, 94:6 er) as a colorless oil in 95% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuH2(CO)(PPh3)3 (13.8 mg, 0.015 mmol, 5 mol%), dppf (8.3 mg, 

0.015 mmol, 5 mol%), (R)-phosphoric acid 2.10 (15.1 mg, 0.03 mmol, 10 mol%) and 

corresponding aldehyde (46.8 mg, 0.30 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Tetrahydrofuran (0.15 mL, 2.0 M concentration with respect to 

alcohol) and 1,4-butanediol (0.053 mL, 0.60 mmol, 200 mol%) were added and the solution was 

cooled to -78°C. Butadiene (0.10 mL, 1.20 mmol, 400 mol%) was quickly added and the rubber 

septum was quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath 
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temperature) for 48 hrs, at which point the reaction mixture was allowed to cool to ambient 

temperature. The reaction mixture was concentrated in vacuo and purified by flash column 

chromatography (SiO2; 0-20% EtOAc/hexanes) to furnish the title compound (50.0 mg, 0.24 

mmol, anti:syn = 4:1, 93:7 er) as a colorless oil in 79% yield.  

1
H NMR (400 MHz, CDCl3):  7.85-7.83 (m, 3H), 7.78 (s, 1H), 7.51-7.46 (m, 3H), 5.91-5.82 

(m,1H), 5.27-5.20 (m, 2H), 4.53 (dd, J = 8.0 Hz, 2.0 Hz, 1H), 2.65-2.56 (m, 1H), 2.32 (d, J = 2.0 

Hz, 1H), 0.92 (d, J = 6.8 Hz, 3H). 

13
C NMR (100 MHz, CDCl3): 140.6, 139.9, 133.2, 133.1, 128.1, 128.0, 127.7, 126.1, 126.0, 

125.8, 124.7, 117.0, 78.0, 46.2, 16.6  ppm. 

LRMS (CI+). m/z 213 [M+H]
+
 

[ α ]D
25 

= +57(c =1.0, CHCl3). 

FTIR (neat): 3411, 3056, 2972, 2869, 2359, 1932, 1636, 1507, 1371, 1270, 1159, 1123, 1018, 

908, 817,731, cm
-1

. 

HPLC (Chiralcel AS-H/AS-H column, hexanes:i-PrOH = 95:5, 0.5 mL/min, 230 nm), tmajor = 

74.2 min, tminor = 92.3 min. 

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

literature.
20 
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Racemic: 

 

 

 

 

 

 

 

 

 

Alcohol: 
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Aldehyde: 
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(R)-3-mesityl-2,2'-bis(methoxymethoxy)-5,5',6,6',7,7',8,8'-octahydro-1,1'-binaphthalene 

(2.14) 

 

 To a flame dried resealable pressure tube equipped with a magnetic stir bar was added 

compound 2.13 (3.72 g, 9.2 mmol, 100 mol%), Pd(PPh3)4 (0.53 g, 0.46 mmol, 5 mol%), and  

NaOH (1.3 g, 32.2 mmol, 350 mol%). The tube was sealed with a rubber septum and purged 

with nitrogen.  Tetrahydrofuran (46 mL, 0.2 M concentration with respect to compound 2.13), 

water (18.4 mL, 0.5 M concentration with respect to compound 2.13) and bromomesitylene (4.2 

mL, 27.6 mmol, 300 mol%) were added. The solution was then vigourously degassed and the 

rubber septum quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath 

temperature) for 18 hr, at which point the reaction mixture was allowed to cool to ambient 

temperature. The reaction mixture was transferred to separatory funnel and extracted with 

CH2Cl2 (3x100 mL). The combined organic extracts were washed with brine, dried (Na2SO4), 

and concentrated in vacuo. The residue was purified by flash column chromatography (SiO2; 

ethyl acetate:hexanes, 1:15) to furnish the title compound (3.50 g, 7.2 mmol) as a white solid in 

78% yield.
51 

m.p.: 64-65 ºC 

1
H NMR (400 MHz, CDCl3):  7.04 (d, J = 8.6 Hz, 1H), 6.99 (d, J = 8.6 Hz, 1H), 6.93 (s, 2H), 

6.83 (s, 1H), 5.12 (d, J = 6.7 Hz, 1H), 5.06 (d, J = 6.7 Hz, 1H), 4.36 (d, J = 5.5 Hz, 1H), 4.24 (d, 
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J = 5.5 Hz, 1H), 3.37 (s, 3H), 2.84-2.78 (m, 4H), 2.54 (s, 3H), 2.47-2.38 (m, 2H), 2.33 (s, 3H), 

2.26-2.20 (m, 2H), 2.16 (s, 3H), 2.14 (s, 3H), 1.81-1.63 (m, 8H). 

13
C NMR (100 MHz, CDCl3):  152.5, 149.7, 137.1, 136.8, 136.7, 136.2, 136.0, 135.7, 132.9, 

131.5, 131.3, 130.8, 130.7, 128.8, 127.9, 127.8, 127.1, 112.1, 97.7, 94.7, 55.6, 55.6, 29.6, 29.4, 

27.5, 27.3, 23.3, 23.2, 23.1, 23.1, 21.1, 20.9, 20.8 ppm. 

LRMS (CI+) m/z 500 [M]
+
. 

FTIR (neat): 2922, 1478, 1244, 1206, 1060, 1016, 984, 922, 849, 807 cm
-1

. 
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(R)-3-ethyl-3'-mesityl-2,2'-bis(methoxymethoxy)-5,5',6,6',7,7',8,8'-octahydro-1,1'-

binaphthalene (2.15) 

 

 To a flame dried 100 mL round bottom flask compound 2.14 (1.70g, 3.4 mmol, 100 

mol%) is added. The flask is sealed with a rubber septum and purged with nitrogen.  

Tetrahydrofuran (11 mL, 0.3 M concentration with respect to compound 2.14) is added and the 

solution is cooled to 0°C. A solution of 2.5M n-BuLi in hexanes (2.0 mL, 5.1 mmol, 150 mol%) 

is added dropwise and stirred for 10 minutes. The reaction mixture is then allowed to warm to 

RT and stir for an additional 3 hrs.  Iodoethane ( 0.4 mL, 5.1mmol, 150 mol%) is added 

dropwise and the mixture is stirred for 18 hrs. Upon complete consumption of starting material, 

as determined by TLC analysis, ammonium chloride (15 mL, sat. aq. sol.) was added. The 

organic layer was extracted with CH2Cl2 (3x50 mL) and the combined organic extracts were 

dried (MgSO4), filtered, and concentrated in vacuo. The residue was purified by column 

chromatography (SiO2; diethylether:hexanes, 1:20) to provide the title compound (1.12 g, 2.1 

mmol) as a white solid in 63% yield. 

m.p.: 63-66 ºC 

1
H NMR (400 MHz, CDCl3):  6.93 (s, 3H), 6.90 (s, 3H), 6.79 (s, 3H), 4.75 (d, J = 5.5 Hz, 1H), 

4.67 (d, J = 5.5 Hz, 1H), 4.29 (d, J = 5.7 Hz, 1H), 4.27 (d, J = 5.7 Hz, 1H), 3.15 (s, 3H), 2.78-
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2.75 (m, 2H), 2.67 (q, J = 7.5 Hz, 2H), 2.52 (s, 3H), 2.48-2.39 (m, 2H), 2.30 (s, 3H), 2.30-2.18 

(m, 2H), 2.11 (s, 3H), 2.09 (s, 3H), 1.78-1.69 (m, 8H), 1.23 (t, J = 7.5 Hz, 3H).  

13
C NMR (100 MHz, CDCl3):  150.8, 149.8, 136.7, 136.5, 136.4, 136.1, 135.9, 134.6, 134.0, 

132.9, 131.1, 131.0, 130.9, 128.9, 128.0, 127.9, 98.5, 97.3, 56.5, 55.5, 31.6, 29.6, 29.6, 27.7, 

27.4, 23.3, 23.2, 23.1, 22.9, 21.1, 20.9, 20.8, 14.9 ppm. 

LRMS (CI+) m/z 528 [M]
+
. 

FTIR (neat): 2926, 1711, 1437, 1359, 1280, 1095, 909 cm
-1

. 
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(R)-3-ethyl-3'-mesityl-5,5',6,6',7,7',8,8'-octahydro-[1,1'-binaphthalene]-2,2'-diol (2.16) 

 

 To a 250 mL round bottom flask compound 2.15 (1.12 g, 2.1 mmol, 100 mol%) is added. 

Ethanol ( 70 mL, 0.03 M concentration with respect to compound 2.15) and conc. hydrochloric 

acid (7 mL, 0.3 M concentration with respect to compound 2.15) were added sequentially.  The 

reaction mixture is stirred at room temperature overnight. Upon complete consumption of 

starting material, as determined by TLC analysis, the reaction mixture is concentrated in vacuo.  

The residue was purified by column chromatography (SiO2; DCM:hexanes, 1:1) to provide the 

title compound (0.88 g, 2.0 mmol) as a white solid in 95% yield. 

m.p.: 89-92 ºC 

1
H NMR (400 MHz, CDCl3):  7.07 (s, 2H), 7.06 (s, 1H), 6.97 (s, 1H), 4.77 (s, 1H), 4.65 (s, 

1H), 2.88 (q, J = 7.4 Hz, 2H), 2.81-2.75 (m, 4H), 2.52-2.31 (m, 7H), 2.20 (s, 3H), 2.19 (s, 3H), 

1.91-1.73 (m, 8H), 1.37 (t, J = 7.4 Hz, 3H).  

13
C NMR (100 MHz, CDCl3):  148.8, 148.6, 137.2, 137.1, 137.0, 136.5, 133.8, 133.5, 131.7, 

130.1, 130.0, 129.3, 128.5, 128.4, 127.7, 125.0, 119.9, 119.5, 31.7, 29.4, 27.2, 27.0, 23.4, 23.3, 

23.2, 23.2, 22.8, 21.2, 20.7, 20.6, 14.2 ppm. 

LRMS (CI+) m/z 440 [M]
+
. 

FTIR (neat): 2926, 1450, 1264, 1154, 982, 736 cm
-1

. 
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(R)-2-ethyl-4-hydroxy-6-mesityl-8,9,10,11,12,13,14,15-octahydrodinaphtho[2,1-d:1',2'-

f][1,3,2]dioxaphosphepine 4-oxide (2.10) 

 

 To a 100 mL round bottom flask equipped with a reflux condenser is added compound 

2.16 (0.44g, 1 mmol, 100 mol%). Pyridine (2 mL, 0.5 M concentration with respect to compound 

2.16) and POCl3 (.170 mL, 1.8 mmol, 180 mol%) were added to the reaction mixture. The 

mixture was heated at 115°C (oil bath temperature) for 18 hrs, at which point the reaction 

mixture was allowed to cool to ambient temperature. Water (1 mL, 1.0 M concentration with 

respect to compound 2.16) was added dropwise and then heated to 115°C for an additional 3 hrs. 

Upon complete consumption of starting material, as determined by TLC analysis, the reaction 

mixture was cooled to ambient temperature and a solution of hydrochloric acid (10 mL, 3M aq. 

sol.) was added. The organic layer was extracted with CH2Cl2 (3x50 mL) and the combined 

organic extracts were dried (MgSO4), filtered, and concentrated in vacuo. The residue was 

purified by column chromatography (SiO2; 0-20% IPA:CH2Cl2,) and concentrated in vacuo. The 

residue was diluted with CH2Cl2 then washed with a solution of hydrochloric acid (10 mL, 3M 

aq. sol.) and concentrated in vacuo to provide the title compound (0.46 g, 0.92 mmol) as a white 

solid in 92% yield. 

m.p.: 228-230 ºC 
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1
H NMR (400 MHz, CDCl3):  8.17 (brs, 1H), 6.90 (s, 1H), 6.84 (s, 1H), 6.76 (s, 1H), 2.81-2.69 

(m, 4H), 2.66-2.55 (m, 3H), 2.49-2.42 (m, 1H), 2.27-2.12 (m, 2H), 2.10 (s, 3H), 2.05 (s, 3H), 

1.88 (s, 3H), 1.79-1.66 (m, 8H), 1.11 (t, J = 7.5 Hz, 3H).  

13
C NMR (100 MHz, CDCl3): 144.1, 144.0, 143.5, 143.4, 136.9, 136.8, 136.5, 135.1, 135.0, 

133.3, 132.8, 131.6, 130.2, 129.7, 128.5, 127.6, 126.7, 126.2, 29.3, 29.2, 27.8, 27.7, 22.8, 22.7, 

22.7, 22.6, 22.3, 21.0, 20.8, 20.2, 14.0 ppm. 

31
P NMR (162 MHz, CDCl3): 2.5 ppm. 

LRMS (CI+) m/z 502 [M]
+
. 

FTIR (neat): 2931, 1612, 1434, 1245, 1202, 1017, 905, 728 cm
-1

. 
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2.43 Experimental Details for Section 2.23 

General Information: All reactions were run under an atmosphere of argon. Tetrahydrofuran 

(THF) and toluene were obtained from Pure-Solv MD-5 Solvent Purification System (Innovative 

Technology). Anhydrous solvents were transferred by oven-dried syringe. Sealed tubes (13100 

mm
2
) were purchased from Fisher Scientific (catalog number 14-959-35C) and were dried in an 

oven overnight and cooled under a stream of argon prior to use. RuHCl(CO)(PPh3)3 and diene 

2.18 were prepared according to literature procedure.
52-53

 All ligands were used as received from 

Strem Chemicals Inc. Alcohols were purified by distillation or recrystallization immediately 

prior to use. Preparative column chromatography employing silica gel was performed according 

to the method of Still.
47

 Analytical thin-layer chromatography (TLC) was carried out using 0.25 

mm commercial silica gel plates (Dynamic Adsorbents F254). Visualization was accomplished 

with UV light followed by dipping in a p-anisaldehyde solution and heating. Purification of 

reaction products was carried out by flash column chromatography using Silicycle silica gel (40-

63 m). 

Spectroscopy and Spectrometry: Infrared spectra were recorded on a Thermo Nicolet 380 

spectrometer.  High-resolution mass spectra (HRMS) were obtained on a Karatos MS9 and are 

reported as m/z (relative intensity).  Accurate masses are reported for the molecular ion (M+H, 

M or M-H) or a suitable fragment ion. 
1
H NMR spectra were recorded on a Varian Gemini (400 

MHz) spectrometer at ambient temperature unless otherwise noted. Chemical shifts are reported 

in delta (δ) units, parts per million (ppm) downfield from trimethylsilane or ppm relative to the 

center of the singlet at 7.26 ppm for deuteriochloroform. Data are reported as: multiplicity (s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet), integration and coupling constant(s) 
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in Hz.
 13

C NMR spectra were recorded on a Varian Gemini (100 MHz) spectrometer and were 

routinely run with broadband decoupling. Chemical shifts are reported in ppm from 

tetramethylsilane, with the residual solvent resonance employed as the internal standard (CDCl3 

at 77.0 ppm). 

(1R,2R)-3-(dimethyl(phenyl)silyl)-2-methyl-1-phenylbut-3-en-1-ol (2.20a) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to alcohol), diene 

2.18 (113 mg, 0.60 mmol, 200 mol%) and corresponding alcohol (32.4 mg, 0.30 mmol, 100 

mol%) were added and the rubber septum was quickly replaced with a screw cap. The mixture 

was heated at 95 °C (oil bath temperature) for 48 hrs, at which point the reaction mixture was 

allowed to cool to ambient temperature. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2; 3% EtOAc/hexanes) to furnish the title 

compound (72.0 mg, 0.24 mmol, syn:anti = 13:1) as a colorless oil in 81% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to aldehyde), diene 

2.18 (113 mg, 0.60 mmol, 200 mol%), corresponding aldehyde (31.8 mg, 0.30 mmol, 100 mol%) 
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and isopropanol (46 L, 0.60 mmol, 200 mol%) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 95 °C (oil bath temperature) for 48 hrs, at 

which point the reaction mixture was allowed to cool to ambient temperature. The reaction 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2; 3% 

EtOAc/hexanes) to furnish the title compound (67.8 mg, 0.23 mmol, syn:anti = 12:1) as a 

colorless oil in 76% yield. 

1
H NMR (400 MHz, CDCl3): mm5.89 (dd, J = 2.2, 1.2 Hz, 

1H), 5.64 (d, J = 2.2 Hz, 1H), 4.54 (dd, J = 4.1, 2.6 Hz, 1H), 2.66 (qdd, J = 6.9, 4.1, 1.2 Hz, 1H), 

1.80 (d, J = 2.6 Hz, 1H), 0.86 (d, J = 6.9 Hz, 3H), 0.34 (s, 6H). 

13
C NMR (100 MHz, CDCl3): 153.6, 143.1, 137.9, 134.1, 129.3, 128.0 (2C), 127.5, 126.9, 

126.1, 74.5, 44.9, 12.9, -2.6, -2.7. 

HRMS (CI) Calcd. for C19H24OSi (M+): 296.1596, Found: 296.1595. 

[ α ]D
25 

= -20 (c =1.0, CH2Cl2). 

FTIR (neat): 2957, 1450, 1427, 1248, 1108, 908, 814, 730, 698 cm
-1

. 

HPLC (The alcohol was converted to the 4-nitrobenzoate ester for analysis; Chiralcel AD-

H/AD-H column, hexanes:i-PrOH = 99:1, 1.0 mL/min, 254 nm), tmajor = 23.1 min, tminor = 19.1 

min; ee = 87%. 
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Racemic 

 

 

 

(R)-DM-SEGPHOS (from alcohol oxidation level) 
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(R)-DM-SEGPHOS (from aldehyde oxidation level) 
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(1R,2R)-3-(dimethyl(phenyl)silyl)-1-(4-(dimethylamino)phenyl)-2-methylbut-3-en-1-ol 

(2.20b) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to alcohol), diene 

2.18 (113 mg, 0.60 mmol, 200 mol%) and corresponding alcohol (45 mg, 0.30 mmol, 100 mol%) 

were added and the rubber septum was quickly replaced with a screw cap. The mixture was 

heated at 95°C (oil bath temperature) for 48 hrs, at which point the reaction mixture was allowed 

to cool to ambient temperature. The reaction mixture was concentrated in vacuo and purified by 

flash column chromatography (SiO2; 0-10% EtOAc/hexanes) to furnish the title compound (88 

mg, 0.26 mmol, syn:anti = ≥20:1) as a colorless oil in 87% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%), (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%) and corresponding aldehyde (45 mg, 0.30 mmol, 

100 mol%). The tube was sealed with a rubber septum and purged with nitrogen. Toluene (0.15 

mL, 2.0 M concentration with respect to aldehyde), diene 2.18 (113 mg, 0.60 mmol, 200 mol%) 

and isopropanol (46 L, 0.60 mmol, 200 mol%) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 95°C (oil bath temperature) for 48 hrs, at 

which point the reaction mixture was allowed to cool to ambient temperature. The reaction 
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mixture was concentrated in vacuo and purified by flash column chromatography (SiO2; 0-10% 

EtOAc/hexanes) to furnish the title compound (81 mg, 0.24 mmol, syn:anti = 19:1) as a colorless 

oil in 80% yield. 

1
H NMR (400 MHz, CDCl3): 7.51-7.48 (m, 2H), 7.40-7.30 (m, 3H), 6.99 (d, J = 8.8 Hz, 2H), 

6.39 (d, J = 8.8 Hz, 2H), 5.89 (dd, J = 2.2, 1.2 Hz, 1H), 5.63 (d, J = 2.2, 1H), 4.52 (dd, J = 4.8, 

2.6 Hz, 1H), 2.90 (s, 6H), 2.70-2.62 (m, 1H), 1.69 (d, J = 2.6Hz, 1H), 0.93 (d, J = 6.8 Hz, 3H), 

0.36 (s, 6H). 

13
C NMR (100 MHz, CDCl3): δ 153.7, 149.7, 138.0, 134.0, 131.2, 129.1, 127.8, 127.1, 126.8, 

112.3, 74.5, 44.9, 40.7, 13.4, -2.6, -2.8. 

FTIR (neat): 3439, 3046, 2956, 2882, 2798, 1614, 1521, 1345, 1247, 1109, 831, 815, 774, 733, 

701 cm
-1

. 

HRMS (CI) Calcd. for C21H29NOSi [M+1]
+
: 340.2097, Found: 340.2088. 

[ α ]D
25 

= -20 (c =1.0, CH2Cl2). 

HPLC: (Chiralcel AD-H/AD-H column, hexanes:i-PrOH = 99:1, 1 mL/min, 254 nm), tmajor = 

46.9 min, tminor = 42.5 min; ee = 90%. 
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Racemic: 

 

 

(R)-DM-Segphos (from alcohol oxidation level): 
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Racemate 

 

 

 

 

(R)-DM-Segphos (from aldehyde oxidation level): 
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(1R,2R)-3-(dimethyl(phenyl)silyl)-1-(2-methoxyphenyl)-2-methylbut-3-en-1-ol (2.20c) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to alcohol), diene 

2.18 (113 mg, 0.60 mmol, 200 mol%) and corresponding alcohol (41 mg, 0.30 mmol, 100 mol%) 

were added and the rubber septum was quickly replaced with a screw cap. The mixture was 

heated at 95 °C (oil bath temperature) for 48 hrs, at which point the reaction mixture was allowed 

to cool to ambient temperature. The reaction mixture was concentrated in vacuo and purified by 

flash column chromatography (SiO2; 0-5% EtOAc/hexanes) to furnish the title compound (82 

mg, 0.25 mmol, syn:anti = ≥20:1) as a colorless oil in 84% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to aldehyde), diene 

2.18 (113 mg, 0.60 mmol, 200 mol%), corresponding aldehyde (41 mg, 0.30 mmol, 100 mol%) 

and isopropanol (46 L, 0.60 mmol, 200 mol%) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 95 °C (oil bath temperature) for 48 hrs, at 

which point the reaction mixture was allowed to cool to ambient temperature. The reaction 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2; 0-5% 
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EtOAc/hexanes) to furnish the title compound (70 mg, 0.21 mmol, syn:anti = ≥20:1) as a 

colorless oil in 71% yield. 

1
H NMR (400 MHz, CDCl3): m, 2H), 7.37-7.32 (m, 4H), 7.22-7.20 (m, 1H), 6.94 

(t, Jzd, J = 8.0 Hz, 1H), 5.96 (dd, J = 2.4, 1.2, 1H), 5.66 (d, J = 2.4, 1H), 

4.91 (t, J = 4.4, 1H), 3.78 (s, 3H), 3.01-2.94 (m, 1H), 2.19 (d, J = 4.4Hz, 1H), 0.94 (d, J = 7.2 

Hz, 3H), 0.43 (s, 3H), 0.40 (s, 3H). 

13
C NMR (100 MHz, CDCl3): δ 156.2, 154.1, 138.6, 134.1, 131.1, 129.3, 128.2, 128.0, 127.9, 

127.6, 120.5, 110.3, 71.3, 55.1, 42.0, 13.9, -2.5, -2.7. 

HRMS (CI) Calcd. for C26H26O2Si [M+1]
+
: 327.1780, Found: 327.1773. 

[ α ]D
25 

= -30 (c =1.0, CH2Cl2). 

FTIR (neat): 3565, 3050, 2958, 2835, 1600, 1489, 1463, 1438, 1427, 1286, 1237, 1160, 1108, 

1049, 1027, 978, 934, 752, 731, 700 cm
-1

. 

HPLC (Chiralcel AD-H/AD-H column, hexanes:i-PrOH = 99:1, 1 mL/min, 230 nm), tmajor = 

33.2 min, tminor = 26.4 min; ee = 90%. 
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Racemic:

 

 

(R)-DM-Segphos (from alcohol oxidation level): 
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(R)-DM-Segphos (from aldehyde oxidation level): 
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(1R,2R)-1-(benzo[d][1,3]dioxol-5-yl)-3-(dimethyl(phenyl)silyl)-2-methylbut-3-en-1-ol (2.20d) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)- 

SEGPHOS (9.2 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to alcohol), diene 

2.18 (113 mg, 0.60 mmol, 200 mol%) and corresponding alcohol (46 mg, 0.30 mmol, 100 mol%) 

were added and the rubber septum was quickly replaced with a screw cap. The mixture was 

heated at 95 °C (oil bath temperature) for 48 hrs, at which point the reaction mixture was allowed 

to cool to ambient temperature. The reaction mixture was concentrated in vacuo and purified by 

flash column chromatography (SiO2; 0-10% EtOAc/hexanes) to furnish the title compound (87 

mg, 0.26 mmol, syn:anti = ≥20:1) as a colorless oil in 85% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)- 

SEGPHOS (9.2 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to aldehyde), diene 

2.18 (113 mg, 0.60 mmol, 200 mol%), corresponding aldehyde (45 mg, 0.30 mmol, 100 mol%) 

and isopropanol (46 L, 0.60 mmol, 200 mol%) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 95 °C (oil bath temperature) for 48 hrs, at 

which point the reaction mixture was allowed to cool to ambient temperature. The reaction 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2; 0-10% 
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EtOAc/hexanes) to furnish the title compound (93 mg, 0.27 mmol, syn:anti = ≥20:1) as a 

colorless oil in 91% yield. 

Microwave: To a 10 ml microwave vial equipped with a magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (43 mg, 0.045 mmol, 5 mol%) and (R)- SEGPHOS (32 mg, 0.045 mmol, 5 

mol%). The tube was sealed with a rubber septum and purged with nitrogen. Toluene (0.45 mL, 

2.0 M concentration with respect to alcohol), diene 2.18 (339 mg, 1.80 mmol, 200 mol%) and 

corresponding alcohol (138 mg, 0.90 mmol, 100 mol%) were added and the rubber septum was 

quickly replaced with a microwave cap. The mixture was heated at 95 °C  for 4 hrs, at which 

point the reaction mixture was allowed to cool to ambient temperature. The reaction mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2; 0-10% 

EtOAc/hexanes) to furnish the title compound (269 mg, 0.79 mmol, syn:anti = ≥20:1) as a 

colorless oil in 88% yield and 93% ee. 

1
H NMR (400 MHz, CDCl3): -m, 2H), 7.40-7.35 (m, 3H), 6.70 (d, 

Jzd, J = 1.3 Hz, 1H), 6.57 (ddd, J = 8.0, 1.3, 0.8 Hz, 1H), 5.92 – 5.91 (m, 

3H), 5.68 (d, J = 2.4, 1H), 4.49 (dd, J = 4.4, 2.4 Hz, 1H), 2.67 - 2.61 (m, 1H), 1.81 (d, J = 2.4Hz, 

1H), 0.92 (d, J = 6.8 Hz, 3H), 0.40 (s, 6H).  

 13
C NMR (100 MHz, CDCl3): δ 155.5, 147.2, 146.2, 137.7, 137.1, 133.9, 129.2, 127.9, 127.3, 

119.1, 107.7, 106.7, 100.7, 74.3, 44.9, 13.0, -2.7, -2.8. 

FTIR (neat): 3449, 3048, 2957, 2891, 1502, 1487, 1440, 1421, 1245, 1109, 1039, 984, 932, 814, 

774, 732, 700 cm
-1

. 

HRMS (CI) Calcd. for C20H24O3Si [M-1]
+
: 339.1416, Found: 339.1417. 
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[ α ]D
25 

= -26 (c =1.0, CH2Cl2).  

HPLC: (Chiralcel AD-H/AD-H column, hexanes:i-PrOH = 99:1, 1 mL/min, 230 nm), tmajor = 

75.5 min, tminor = 79.5 min; 

GC: (The alcohol was treated with TBAF to give the crotylation product for analysis Cyclosil-B: 

Initial temperature: 50 °C (1 min hold), final temperature: 225 °C; rate: 1.5 C/min) tmajor = 78.578 

min, tminor = 79.136 min ee = 93%. 
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Racemic (HPLC):

 

 

(R)-Segphos (from alcohol oxidation level):
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Racemic (GC): 

 

 

(R)-DM-Segphos (Microwave from alcohol oxidation level): 
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(R)-Segphos (from aldehyde oxidation level):  
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(3R,4R,E)-5-(dimethyl(phenyl)silyl)-2,4-dimethyl-1-phenylhexa-1,5-dien-3-ol (2.20e) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-

SEGPHOS (9.2 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to alcohol), diene 

2.18 (141 mg, 0.75 mmol, 250 mol%) and corresponding alcohol (44.5 mg, 0.30 mmol, 100 

mol%) were added and the rubber septum was quickly replaced with a screw cap. The mixture 

was heated at 95 °C (oil bath temperature) for 48 hrs, at which point the reaction mixture was 

allowed to cool to ambient temperature. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2; 3% EtOAc/hexanes) to furnish the title 

compound (70.7 mg, 0.21 mmol, syn:anti = 11:1) as a colorless oil in 70% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-

SEGPHOS (9.2 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to aldehyde), diene 

2.18 (141 mg, 0.75 mmol, 250 mol%), corresponding aldehyde (43.9 mg, 0.30 mmol, 100 mol%) 

and isopropanol (46 L, 0.60 mmol, 200 mol%) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 95 °C (oil bath temperature) for 48 hrs, at 

which point the reaction mixture was allowed to cool to ambient temperature. The reaction 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2; 3% 
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EtOAc/hexanes) to furnish the title compound (75.9 mg, 0.23 mmol, syn:anti = 11:1) as a 

colorless oil in 75% yield. 

1
H NMR (400 MHz, CDCl3): 7.50-7.48 (m, 2H), 7.33-7.12 (m, 8H), 6.46 (dd, J = 1.6, 1.1 Hz, 

1H), 5.88 (dd, J = 2.2, 1.3 Hz, 1H), 5.65 (dd, J = 2.2, 0.3 Hz, 1H), 3.94 (ddd, J = 4.0, 2.6, 1.6 Hz, 

1H), 2.69 (qdd, J = 7.0, 4.0, 1.1 Hz, 1H), 1.64 (d, J = 2.6 Hz, 1H), 1.56 (d, J = 1.1 Hz, 3H), 0.94 

(d, J = 7.0 Hz, 3H), 0.40 (s, 6H). 

13
C NMR (100 MHz, CDCl3): 153.6, 138.1, 137.99, 137.96, 134.1, 129.3, 129.1, 128.1, 128.0, 

127.6, 126.2, 125.1, 76.4, 41.1, 15.1, 12.8, -2.1, -2.4. 

HRMS (CI) Calcd. for C22H28OSi (M+): 336.1909, Found: 336.1904. 

[ α ]D
25 

= +39 (c =1.0, CH2Cl2). 

FTIR (neat): 2959, 1738, 1446, 1427, 1372, 1248, 1109, 997, 910, 832, 815, 774, 731, 698 cm
-1

. 

HPLC (Chiralcel AD-H/AD-H column, hexanes:i-PrOH = 99:1, 1.0 mL/min, 254 nm), tmajor = 

31.6 min, tminor = 26.8 min; ee = 90 
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Racemate: 

 

 

(R)-SEGPHOS (from alcohol oxidation level): 
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(R)-SEGPHOS (from aldehyde oxidation level): 

 

 

 

 

  



168 

 

(3R,4S)-2-(dimethyl(phenyl)silyl)-3,6-dimethylhepta-1,5-dien-4-ol (2.20f) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. THF (0.15 mL, 2.0 M concentration with respect to alcohol), diene 2.18 

(141 mg, 0.75 mmol, 250 mol%) and corresponding alcohol  (25.8 mg, 0.30 mmol, 100 mol%) 

were added and the rubber septum was quickly replaced with a screw cap. The mixture was 

heated at 95 °C (oil bath temperature) for 48 hrs, at which point the reaction mixture was allowed 

to cool to ambient temperature. The reaction mixture was concentrated in vacuo and purified by 

flash column chromatography (SiO2; 3% EtOAc/hexanes) to furnish the title compound (55.2 

mg, 0.20 mmol, syn:anti = ≥20:1) as a colorless oil in 67% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. THF (0.15 mL, 2.0 M concentration with respect to aldehyde), diene 2.18 

(141 mg, 0.75 mmol, 250 mol%), corresponding aldehyde (25.2 mg, 0.30 mmol, 100 mol%) and 

isopropanol (46 L, 0.60 mmol, 200 mol%) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 95 °C (oil bath temperature) for 48 hrs, at 

which point the reaction mixture was allowed to cool to ambient temperature. The reaction 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2; 3% 
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EtOAc/hexanes) to furnish the title compound (46.0 mg, 0.17 mmol, syn:anti = ≥20:1) as a 

colorless oil in 56% yield. 

1
H NMR (400 MHz, CDCl3): 50 (m, 2H), 7.37-7.34 (m, 3H), 5.83 (dd, J = 2.3, 1.0 Hz, 

1H), 5.61 (d, J = 2.3 Hz, 1H), 5.05 (dqq, J = 8.7, 1.4, 1.2 Hz, 1H), 4.18 (dd, J = 8.7, 5.5 Hz, 1H), 

2.43 (qdd, J = 6.9, 5.5, 1.0 Hz, 1H), 1.65 (d, J = 1.4 Hz, 3H), 1.51 (d, J = 1.2 Hz, 3H), 1.38 (s, 

1H), 1.06 (d, J = 6.9 Hz, 3H), 0.404 (s, 3H), 0.402 (s, 3H). 

13
C NMR (100 MHz, CDCl3): 

. 

HRMS (CI) Calcd. for C17H26OSi (M+): 274.1753, Found: 274.1752. 

[ α ]D
25 

= -12 (c =1.0, CH2Cl2). 

FTIR (neat): 2960, 1427, 1375, 1247, 1108, 997, 926, 831, 816, 731, 699 cm
-1

. 

HPLC (Chiralcel AD-H/AD-H column, hexanes:i-PrOH = 99:1, 1.0 mL/min, 210 nm), tmajor = 

17.7 min, tminor = 19.1 min; ee = 90%. 
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Racemate: 

 

 

(R)-DM-SEGPHOS (from alcohol oxidation level): 
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Racemate

 

 

(R)-DM-SEGPHOS (from aldehyde oxidation level):
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(3R,4S,E)-2-(dimethyl(phenyl)silyl)-3,6,10-trimethylundeca-1,5,9-trien-4-ol (2.20g) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to alcohol), diene 

2.18 (141 mg, 0.75 mmol, 250 mol%) and corresponding alcohol (46.3 mg, 0.30 mmol, 100 

mol%) were added and the rubber septum was quickly replaced with a screw cap. The mixture 

was heated at 95 °C (oil bath temperature) for 48 hrs, at which point the reaction mixture was 

allowed to cool to ambient temperature. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2; 3% EtOAc/hexanes) to furnish the title 

compound (71.8 mg, 0.21 mmol, syn:anti = ≥20:1) as a colorless oil in 70% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to aldehyde), diene 

2.18 (141 mg, 0.75 mmol, 250 mol%), corresponding aldehyde (45.3 mg, 0.30 mmol, 100 mol%) 

and isopropanol (46 L, 0.60 mmol, 200 mol%) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 95 °C (oil bath temperature) for 48 hrs, at 

which point the reaction mixture was allowed to cool to ambient temperature. The reaction 
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mixture was concentrated in vacuo and purified by flash column chromatography (SiO2; 3% 

EtOAc/hexanes) to furnish the title compound (72.9 mg, 0.21 mmol, syn:anti = ≥20:1) as a 

colorless oil in 71% yield. 

1
H NMR (400 MHz, CDCl3): 7.53-7.51 (m, 2H), 7.36-7.33 (m, 3H), 5.83 (dd, J = 2.3, 1.1 Hz, 

1H), 5.62 (d, J = 2.3 Hz, 1H), 5.11-5.04 (m, 2H), 4.20 (dd, J = 8.5, 5.2 Hz, 1H), 2.44 (qdd, J = 

6.9, 5.2, 1.1 Hz, 1H), 2.08-2.03 (m, 2H), 1.97-1.93 (m, 2H), 1.68 (d, J = 1.1 Hz, 3H), 1.59 (d, J = 

0.7 Hz, 3H), 1.49 (d, J = 1.3 Hz, 3H), 1.34 (s, 1H), 1.05 (d, J = 6.9 Hz, 3H), 0.409 (s, 3H), 0.407 

(s, 3H). 

13
C NMR (100 MHz, CDCl3): 153.5, 138.1, 138.0, 134.1, 131.7, 129.2, 127.9, 127.3, 126.5, 

124.2, 70.2, 43.7, 39.8, 26.5, 25.8, 17.8, 16.8, 14.8, -2.4, -2.7. 

HRMS (CI) Calcd. for C22H34Osi (M+): 342.2379, Found: 342.2375. 

[ α ]D
25 

= -4 (c =1.0, CH2Cl2). 

FTIR (neat): 2963, 1427, 1247, 1109, 969, 926, 831, 816, 773, 731, 700 cm
-1

. 

HPLC (The alcohol was converted to the 4-nitrobenzoate for analysis; Chiralcel AD-H/AD-H 

column, hexanes:i-PrOH = 99:1, 1.0 mL/min, 254 nm), tmajor = 10.1 min, tminor = 11.8 min; ee = 

92% 
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Racemate:

 

 

(R)-DM-SEGPHOS (from alcohol oxidation level): 
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Racemate 

 

 

(R)-DM-SEGPHOS (from aldehyde oxidation level):
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(3R,4S,Z)-2-(dimethyl(phenyl)silyl)-3,6,10-trimethylundeca-1,5,9-trien-4-ol (2.20h) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. THF (0.15 mL, 2.0 M concentration with respect to alcohol), diene 2.18 

(141 mg, 0.75 mmol, 250 mol%) and corresponding alcohol (46.3 mg, 0.30 mmol, 100 mol%) 

were added and the rubber septum was quickly replaced with a screw cap. The mixture was 

heated at 95 °C (oil bath temperature) for 48 hrs, at which point the reaction mixture was allowed 

to cool to ambient temperature. The reaction mixture was concentrated in vacuo and purified by 

flash column chromatography (SiO2; 3% EtOAc/hexanes) to furnish the title compound (65.7 

mg, 0.192 mmol, syn:anti = ≥20:1) as a colorless oil in 64% yield. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to aldehyde), diene 

2.18 (113 mg, 0.6 mmol, 200 mol%), corresponding aldehyde (45.7 mg, 0.30 mmol, 100 mol%) 

and isopropanol (46 L, 0.60 mmol, 200 mol%) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 95 °C (oil bath temperature) for 48 hrs, at 

which point the reaction mixture was allowed to cool to ambient temperature. The reaction 
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mixture was concentrated in vacuo and purified by flash column chromatography (SiO2; 3% 

EtOAc/hexanes) to furnish the title compound (67.4 mg, 0.20 mmol, syn:anti = ≥20:1) as a 

colorless oil in 66% yield. 

1
H NMR (400 MHz, CDCl3): 7.52-7.48 (m, 2H), 7.36-7.32 (m, 3H), 5.83 (dd, J = 2.3, 1.0 Hz, 

1H), 5.60 (d, J = 2.3 Hz, 1H), 5.07-5.01 (m, 2H), 4.18 (ddd, J = 8.8, 5.7, 2.8 Hz, 1H), 2.41 (qdd, 

J = 6.9, 5.7, 1.0 Hz, 1H), 2.07-1.86 (m, 4H), 1.68 (s, 3H), 1.64 (d, J = 1.4 Hz, 3H), 1.59 (s, 3H), 

1.31 (d, J = 2.8 Hz, 1H), 1.05 (d, J = 6.9 Hz, 3H), 0.390 (s, 3H), 0.388 (s, 3H). 

13
C NMR (100 MHz, CDCl3): 153.5, 138.4, 138.2, 134.1, 132.2, 129.2, 127.9, 127.6, 127.3, 

124.2, 70.0, 43.7, 32.4, 26.5, 25.8, 23.4, 17.9, 15.4, -2.5, -2.7. 

HRMS (CI) Calcd. for C22H34OSi (M+): 342.2379, Found: 342.2376. 

[ α ]D
25 

= -2 (c =1.0, CH2Cl2). 

FTIR (neat): 2962, 1448, 1427, 1375, 1247, 1109, 996, 927, 831, 815, 773, 731, 700 cm
-1

. 

GC The compound was converted to the conventional crotylation product for analysis; (Cyclosil-

B: Initial temperature: 80 °C (1 min hold), final temperature: 220 °C; rate: 2.5 C/min) tmajor = 

25.0 min, tminor = 24.8 min ee = 86%. 
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Racemate

 

 

(R)-DM-SEGPHOS (from alcohol oxidation level)
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(R)-DM-SEGPHOS (from aldehyde oxidation level)
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(3R,4S)-2-(dimethyl(phenyl)silyl)-3-methyldec-1-en-4-ol (2.20i) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (20.0 mg, 0.021 mmol, 7 mol%) and (R)-DM-

SEGPHOS (15.2 mg, 0.021 mmol, 7 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. THF (0.15 mL, 2.0 M concentration with respect to alcohol), diene 2.18 

(141 mg, 0.75 mmol, 250 mol%) and corresponding  alcohol (34.9 mg, 0.30 mmol, 100 mol%) 

were added and the rubber septum was quickly replaced with a screw cap. The mixture was 

heated at 95 °C (oil bath temperature) for 48 hrs, at which point the reaction mixture was allowed 

to cool to ambient temperature. The reaction mixture was concentrated in vacuo and purified by 

flash column chromatography (SiO2; 3% EtOAc/hexanes) to furnish the title compound (59.1 

mg, 0.20 mmol, syn:anti = ≥20:1) as a colorless oil in 65% yield and 88% ee. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (20.0 mg, 0.021 mmol, 7 mol%) and (R)-DM-

SEGPHOS (15.2 mg, 0.021 mmol, 7 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. THF (0.15 mL, 2.0 M concentration with respect to aldehyde), diene 2.18 

(141 mg, 0.75 mmol, 250 mol%), isopropyl alcohol (0.046 mL, 0.6 mmol, 200 mol%) and 

corresponding aldehyde (34.2 mg, 0.30 mmol, 100 mol%) were added and the rubber septum 

was quickly replaced with a screw cap. The mixture was heated at 95 °C (oil bath temperature) 

for 72 hrs, at which point the reaction mixture was allowed to cool to ambient temperature. The 

reaction mixture was concentrated in vacuo and purified by flash column chromatography (SiO2; 
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3% EtOAc/hexanes) to furnish the title compound (49 mg, 0.16 mmol, syn:anti = ≥20:1) as a 

colorless oil in 53% yield and 84% ee. 

1
H NMR (400 MHz, CDCl3): 7.53-7.50 (m, 2H), 7.38-7.34 (m, 3H), 5.81 (dd, J = 2.4, 1.1 Hz, 

1H), 5.62 (d, J = 2.4 Hz, 1H), 3.40-3.35 (m, 1H), 2.41 (qdd, J = 6.9, 4.4, 1.0 Hz, 1H), 1.40 (d, J 

= 3.2 Hz, 1H), 1.35-1.12 (m, 10H), 0.99 (d, J = 6.9 Hz, 3H), 0.88 (t, J = 7.0 Hz, 3H), 0.41 (s, 

3H), 0.40 (s, 3H). 

13
C NMR (100 MHz, CDCl3): 154.3, 138.1, 134.0, 129.2, 128.0, 126.8, 72.7, 43.1, 34.7, 31.9, 

29.4, 26.3, 22.8, 14.2, 13.4, -2.44, -2.58. 

HRMS (CI) Calcd. for C19H32OSi (M+-H): 303.2144, Found: 303.2145. 

[ α ]D
25 

= -14 (c =1.0, CH2Cl2). 

FTIR (neat): 2955, 2926, 1427, 1248, 1109, 928, 908,831, 815, 773, 731, 699 cm
-1

. 

HPLC (Chiralcel AD-H/AD-H column, hexanes:i-PrOH = 99.5:0.5, 0.4 mL/min, 210 nm), tmajor 

= 41.2 min, tminor = 44.3 min. 
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Racemate 

 

 

(R)-DM-SEGPHOS (from alcohol oxidation level) 

 

 

 

 

 

 



191 

 

Racemate: 

 

 

(R)-DM-SEGPHOS (from aldehyde oxidation level) 
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(3R,4S)-7-(benzyloxy)-2-(dimethyl(phenyl)silyl)-3-methylhept-1-en-4-ol (2.20j) 

 

From Alcohol Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-

SEGPHOS (10.8 mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to alcohol), diene 

2.18 (113 mg, 0.60 mmol, 200 mol%) and corresponding alcohol (54 mg, 0.30 mmol, 100 mol%) 

were added and the rubber septum was quickly replaced with a screw cap. The mixture was 

heated at 95 °C (oil bath temperature) for 48 hrs, at which point the reaction mixture was allowed 

to cool to ambient temperature. The reaction mixture was concentrated in vacuo and purified by 

flash column chromatography (SiO2; 0-15% EtOAc/hexanes) to furnish the title compound (70 

mg, 0.20 mmol, syn:anti = ≥20:1) as a colorless oil in 66% yield and 86% ee. 

From Aldehyde Oxidation Level: To a resealable pressure tube (13 x 100 mm) equipped with a 

magnetic stir bar was added RuHCl(CO)(PPh3)3 (20.0 mg, 0.021 mmol, 7 mol%) and (R)-DM-

SEGPHOS (15.2 mg, 0.021 mmol, 7 mol%). The tube was sealed with a rubber septum and 

purged with nitrogen. Toluene (0.15 mL, 2.0 M concentration with respect to aldehyde), diene 

2.18 (141 mg, 0.75 mmol, 250 mol%), isopropyl alcohol (0.046 mL, 0.6 mmol, 200 mol%) and 

corresponding  aldehyde (49 mg, 0.30 mmol, 100 mol%) were added and the rubber septum was 

quickly replaced with a screw cap. The mixture was heated at 95 °C (oil bath temperature) for 72 

hrs, at which point the reaction mixture was allowed to cool to ambient temperature. The 

reaction mixture was concentrated in vacuo and purified by flash column chromatography (SiO2; 
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0-15% EtOAc/hexanes) to furnish the title compound (54 mg, 0.15 mmol, syn:anti = ≥20:1) as a 

colorless oil in 50% yield and 84% ee. 

1
H NMR (400 MHz, CDCl3): -m, 2H), 7.35-7.24 (m, 8H), 5.78dd, J = 2.2, 1.2 Hz, 

1H), 5.58 (d, J = 1.2 Hz, 1H), 4.47 (s, 2H), 3.39 (t, J = 6.0, 2H), 3.44 – 3.37 (m, 1H), 2.42 – 2.34 

(m, 1H), 1.92 (d, J = 3.2 Hz, 1H), 1.72 – 1.42 (m, 3H), 1.40 – 1.25 (m, 1H),  1.00 (d, J = 7.2 Hz, 

3H), 0.39 (s, 3H), 0.38 (s, 3H).  

 13
C NMR (100 MHz, CDCl3): δ 154.0, 138.4, 138.0, 133.9, 129.1, 128.3, 127.8, 127.6, 127.5, 

126.8, 72.9, 72.8, 70.3, 43.5, 31.8, 26.6, 14.2, -2.6, -2.7. 

FTIR (neat): 3427, 3066, 2955, 2867, 1495, 1453, 1427, 1407, 1362, 1248, 1203, 1108, 1027, 

966, 929, 832, 816, 774, 733, 699cm
-1

. 

HRMS (CI) Calcd. for C23H32O2Si [M-OH]
+
: 351.2144, Found: 351.2139. 

[ α ]D
25 

= -12 (c =1.0, CH2Cl2).  

HPLC: (Chiralcel AD-H/AD-H column, hexanes:i-PrOH = 99:1, 1 mL/min, 230 nm), tmajor = 

32.6 min, tminor = 35.9 min;  
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Racemic: 

 

 

(R)-DM-Segphos (from alcohol oxidation level): 
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Racemic: 

 

 

(R)-DM-Segphos (from aldehyde oxidation level): 
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(1R,2S)-2-methyl-1-phenylbut-3-en-1-ol (2.23) 

 

To a resealable pressure tube (13 x 100 mm) equipped with a magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (14.3 mg, 0.015 mmol, 5 mol%) and (R)-DM-SEGPHOS (10.8 mg, 0.015 

mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. Toluene 

(0.15 mL, 2.0 M concentration with respect to alcohol), diene 2.18 (113 mg, 0.60 mmol, 200 

mol%) and corresponding alcohol  (32.4 mg, 0.30 mmol, 100 mol%) were added and the rubber 

septum was quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath 

temperature) for 48 hrs, at which point the reaction mixture was allowed to cool to ambient 

temperature. A solution of TBAF (0.9 mL, 0.9 mmol, 300 mol%, 1.0 M in THF) was added to 

the reaction mixture under atmosphere of nitrogen. The reaction mixture was diluted with DMSO 

(1.0 mL, 0.3 M concentration with respect to alcohol), capped and heated to 80 
o
C for 2 hr. The 

reaction mixture was diluted with EtOAc (25 mL) and washed with H2O (4x10 mL). The organic 

layer was then dried (MgSO4), filtered and concentrated in vacuo. Purification of the residue by 

flash column chromatography (SiO2; 0-20% EtOAc/hexane) furnished the title compound (40 

mg, 0.25 mmol, syn:anti = 13:1) as a colorless oil in 83% yield.  Spectral data is consistent with 

the reported literature data.
20 

1
H NMR (400 MHz, CDCl3): m5.78 (ddd, J = 17.0, 10.0, 6.9 Hz, 1H), 5.08 

(m, 2H), 4.65 (d, J = 5.3, 1H), 2.65-2.58 (m, 1H), 1.04 (d, J = 6.8 Hz, 3H). 
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[ α ]D
25 

= +24 (c =1.15, CHCl3) (Lit[ α ]D
24

 = -23.55  (c = 1.15, CHCl3) for 94% ee of the 

(1S,2R)-4a) 

GC: (Cyclosil-B: Initial temperature: 50 °C (1 min hold), final temperature: 220 °C; rate: 5 

C/min) tmajor = 21.426 min, tminor = 21.536 min ee = 87%. 
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Racemic: 

 

 

(R)-DM-Segphos: 

 

 

 

 

 

 



201 

 

tert-butyl((-3-(dimethyl(phenyl)silyl)-2-methyl-1-phenylbut-3-en-1-yl)oxy)dimethylsilane  

 

A flame dried 25 mL round bottom flask equipped with a magnetic stir bar was charged with 

alcohol 2.20a (112 mg, 0.38 mmol, 100 mol%) and purged with nitrogen. DMF was added (1.3 

mL, 0.3 M with respect to alcohol 2.20a). To this solution imidazole (39 mg, 0.57mmol, 150 

mol%) and TBSCl (68mg, 0.46 mmol, 120 mol%) were added sequentially. Upon complete 

consumption of starting material, as determined by TLC analysis, ammonium chloride (5 mL, 

sat. aq. sol.) was added. The organic layer was extracted with Et2O (3x50 mL) and the combined 

organic extracts dried (MgSO4), filtered, and concentrated in vacuo. Purification of the residue 

by flash column chromatography (SiO2; hexanes) furnished the title compound (126 mg, 0.31 

mmol) as a colorless oil in 81% yield. 

1
H NMR (400 MHz, CDCl3): -m, 2H), 7.36-7.28 (m, 3H), 7.20-7.10 (m, 3H), 7.07 – 

7.05 (m, 2H), 5.84 (d, J = 2.4, 1H), 5.50 (d, J = 2.4, 1H), 4.41 (d, J = 4.0, 1H), 2.50 - 2.40 (m, 

1H), 0.99 (d, J = 6.8 Hz, 3H), 0.84 (s, 9H), 0.18 (s, 3H), .16 (s, 3H), -0.06 (s, 3H), -0.33 (s, 3H).  

 13
C NMR (100 MHz, CDCl3): δ 152.9, 145.2, 138.4, 134.4, 129.2, 128.0, 127.7, 127.3, 126.9, 

77.9, 45.9, 26.2, 18.5, 16.6, -2.8, -3.0, -4.2, -4.5. 

FTIR (neat): 2956, 2928, 2856, 1471, 1462, 1427, 1244, 1110, 1080, 1067, 1016, 929, 871, 831, 

814, 774, 751, 733, 699 cm
-1

. 

HRMS (CI) Calcd. for C25H38OSi2 [M-1]
+
: 409.2383, Found: 409.2387. 
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tert-butyl(3-(dimethyl(phenyl)silyl)-4-(3-methoxyphenyl)-2-methyl-1-phenylbutoxy)dimethylsilane 

(2.21a) 

 

A flame dried 25 mL conical flask equipped with a magnetic stir bar was charged with TBS 

protected alcohol 2.20a (214 mg, 0.52 mmol, 100 mol%) and purged with nitrogen. 9-BBN was 

added (3.1 mL, 1.56 mmol, 300 mol%, 0.5 M in THF) and the mixture was heated at 55 
o
C for 

11hr. This solution was then added to a flame dried sealed tube that contained 3-Bromoanisole 

(0.144 mL, 1.30 mmol, 250 mol%), Pd
(0)

(PPh3)4 (61 mg, 0.052 mmol, 10 mol%), NaOH (0.86 

mL, 1.72 mmol, 330 mol%, 2.0 M aq. sol.), and THF (2.1 mL, 0.25 M with respect to TBS 

protected alcohol 2.20a) under a atmosphere of nitrogen. The reaction mixture was vigorously 

degassed with nitrogen, capped, heated to 70 
o
C and let stir for 22 hr. The reaction was cooled to 

room temperature, filtered through a plug of celite with DCM and concentrated in vacuo. 

Purification of the residue by flash column chromatography (SiO2; 15% Tol/Hex) furnished the 

title compound (201 mg, 0.389 mmol) as a colorless oil in 75% yield. 

1
H NMR (400 MHz, CDCl3): -m, 9H), 6.98-6.96 (m, 2H), 6.70-6.66 (m, 2H), 6.49 

(s, 1H), 4.09 (d, J = 9.6, 1H), 3.71 (s, 3H), 2.80 (dd, J = 14.0, 8.0, 1H), 2.59 (dd, J = 14.0, 7.6, 

1H), 2.15-2.05 (m, 1H), 1.12-1.08 (m, 1H), 1.10 (d, J = 4.2 Hz, 3H), 0.75 (s, 9H), 0.13 (s, 3H), -

0.01 (s, 3H), -0.13 (s, 3H), -0.42 (s, 3H).  

 13
C NMR (100 MHz, CDCl3): δ 159.7, 145.1, 144.8, 139.1, 134.0, 129.3, 128.8, 128.1, 128.0, 

127.4, 122.0, 114.8, 111.9, 79.4, 55.3, 41.3, 31.5, 28.2, 26.1, 18.4, 14.7, -3.0, -3.1, -4.4, -4.7. 
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FTIR (neat): 2954, 2855, 1600, 1583, 1489, 1454, 1427, 1256, 1151, 1110, 1074, 1048, 872, 

833, 811, 772, 754, 733, 699  cm
-1

. 

HRMS (CI) Calcd. for C32H46O2Si2 [M-1]
+
: 517.2958, Found: 517.2959. 
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tert-butyl((3-(dimethyl(phenyl)silyl)-2-methyl-1-phenylhex-5-en-1-yl)oxy)dimethylsilane (2.21b) 

 

A flame dried 25 mL conical flask equipped with a magnetic stir bar was charged with TBS 

protected alcohol 2.20a (45 mg, 0.11 mmol, 100 mol%) and purged with nitrogen. 9-BBN was 

added (0.66 mL, 0.33 mmol, 300 mol%, 0.5 M in THF) and the mixture was heated at 55 
o
C for 

5 hr. This solution was then added to a flame dried sealed tube that contained Pd
(0)

(PPh3)4 (13 

mg, 0.011 mmol, 10 mol%), NaOH (0.18 mL, 0.36 mmol, 330 mol%, 2.0 M aq. sol.), and THF 

(0.22 mL, 0.5 M with respect to TBS protected alcohol 2.20a) under a atmosphere of nitrogen. 

The reaction mixture was vigorously degassed with nitrogen and vinyl bromide (0.28 mL, 0.28 

mmol, 250 mol%, 1.0 M in THF) was added. The sealed tube was capped, heated to 70 
o
C and 

let stir for 22 hr. The reaction was cooled to room temperature, filtered through a plug celite with 

DCM and concentrated in vacuo. Purification of the residue by flash column chromatography 

(SiO2; hexane) furnished the title compound (27 mg, 0.062 mmol) as a colorless oil in 56% yield. 

1
H NMR (400 MHz, CDCl3): -m, 8H), 7.10-7.04 (m, 2H), 5.65-5.55 (m, 1H), 4.90 

(dd, J = 16.8, 1.6, 1H), 4.82 (dd, J = 11.6, 1.6, 1H), 4.35 (dd, J = 9.2, 1.6, 1H),  2.22-2.15 

(m,1H), 2.07-1.99 (m, 1H), 1.96-1.87 (m, 1H), 0.99 (d, J = 6.8 Hz, 3H), 0.80-.70 (m, 1H), 0.71 

(s, 9H), 0.09 (s, 3H), 0.07 (s, 3H), -0.12 (s, 3H), -0.41 (s, 3H).  

 13
C NMR (75 MHz, CDCl3): δ 144.9, 141.2, 139.2, 134.1, 128.9, 128.1, 127.8, 127.3, 114.8, 

79.6, 41.4, 30.5, 26.1, 25.8, 18.4, 14.0, -2.6, -2.9, -4.4, -4.7. 

FTIR (neat): 2955, 2928, 2856, 1490, 1471, 1453, 1427, 1360, 1249, 1078, 1056, 1027, 1004, 

908, 835, 812, 700 cm
-1

. 



209 

 

HRMS (CI) Calcd. for C27H42OSi2 [M-1]
+
: 437.2696, Found: 437.2698. 
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4-(3-methoxyphenyl)-2-methyl-1-phenylbutane-1,3-diol (2.22a) 

 

A flame dried 25 mL round bottom flask equipped with a magnetic stir bar was charged with KH 

(85 mg, 0.636 mmol, 600 mol%, 30% in mineral oil) and purged with nitrogen. NMP was added 

(1.3 mL, 0.1 M with respect to compound 2.21a) and cooled to 0 
o
C. To this solution t-butyl 

hydroperoxide (0.212 mL, 0.636 mmol, 600 mol%, 3.0 M in Tol) was added and stirred for 10 

min. Compound 2.21a (55 mg, 0.106 mmol, 100 mol%) was added to the reaction as a solution 

in NMP (0.2 mL), warmed to room temperature and stirred for 15 min. TBAF (0.318 mL, 0.318 

mmol, 300 mol%, 1.0 M in THF) was added and the reaction was heated to 70 
o
C for 2 hr. Upon 

complete consumption of starting material, as determined by TLC analysis, Na2S2O5 (1.5 mL, 

sat. aq. sol.) was added. The organic layer was extracted with Et2O (4 x 50 mL) and the 

combined organic extracts were dried (MgSO4), filtered and concentrated in vacuo. Purification 

of the residue by flash column chromatography (SiO2; 5-30% EA/Hex) provided the title 

compound (26 mg, 0.091 mmol) as a colorless oil in 86% yield. 

1
H NMR (400 MHz, CDCl3): 7.37-7.32m, 4H), 7.28-7.24 (m, 2H), 6.85-6.78 (m, 3H), 5.25 

(d, J = 2.4, 1H), 3.89-3.85 (m, 1H), 3.81 (s, 3H), 3.40-3.20 (bs, 1H), 2.97 (dd, J = 17.2, 13.4, 

1H), 2.82 (dd, J = 22.8, 13.4, 1H), 2.40-2.20 (bs, 1H), 1.99-1.91 (m, 1H), 0.91 (d, J = 7.2 Hz, 

3H).  

 13
C NMR (100 MHz, CDCl3): δ 159.9, 142.9, 139.8, 129.8, 128.1, 126.9, 122.0, 121.4, 121.7, 

115.0, 112.1, 76.1, 74.2, 55.2, 43.8, 42.1, 11.2. 
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FTIR (neat): 3361, 2923, 1601, 1584, 1489, 1452, 1436, 1259, 1153, 1090, 1066, 1043, 977, 

777, 748, 734, 700 cm
-1

. 

HRMS (CI) Calcd. for C18H22O3 [M-1]
+
: 286.1569, Found: 286.1568. 
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2-methyl-1-phenylhex-5-ene-1,3-diol (2.22b) 

 

A flame dried 25 mL round bottom flask equipped with a magnetic stir bar was charged with KH 

(46 mg, 0.342 mmol, 600 mol%, 30% in mineral oil) and purged with nitrogen. NMP was added 

(0.6 mL, 0.1 M with respect to compound 2.21b) and cooled to 0 
o
C. To this solution t-butyl 

hydroperoxide (0.155 mL, 0.343 mmol, 600 mol%, 3 M in Tol) was added and stirred for 10 

min. Compound 2.21b (25 mg, 0.057 mmol, 100 mol%) was added to the reaction as a solution 

in NMP (0.1 mL), warmed to room temperature and stirred for 15 min. TBAF (0.171 mL, 0.171 

mmol, 300 mol%, 1.0 M in THF) was added and the reaction was heated to 70 
o
C for 2 hr. Upon 

complete consumption of starting material, as determined by TLC analysis, Na2S2O5 (1.5 mL, 

sat. aq. sol.) was added. The organic layer was extracted with EtOAc (4 x 50 mL) and the 

combined organic extracts were dried (MgSO4), filtered and concentrated in vacuo. Purification 

of the residue by flash column chromatography (SiO2; 5-20% EA/Hex) provided the title 

compound (9 mg, 0.044 mmol) as a colorless oil in 77% yield. 

1
H NMR (400 MHz, CDCl3): 7.40-7.30m, 4H), 7.28-7.22 (m, 1H), 5.82-5.80 (m, 1H), 5.24 -

5.21 (m, 1H), 5.19 (t, J = 1.0 Hz, 1H), 5.16 (d, J = 2.8 Hz, 1H), 3.72-3.67 (m, 1H), 2.49-2.43 (m, 

1H), 2.38-2.31 (m, 1H), 1.96-1.86 (m, 1H),  0.84 (d, J = 7.6 Hz, 3H).  

 13
C NMR (100 MHz, CDCl3): δ 142.8, 134.6, 128.0, 126.9, 126.0, 118.8, 74.4, 73.7, 43.5, 40.0, 

11.1. 

FTIR (neat): 3347, 2976, 2906, 1697, 1493, 1451, 1316, 1261, 1092, 1065, 1025, 975, 915, 700 

cm
-1

. 
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HRMS (CI) Calcd. for C13H18O2 [M-1]
+
: 205.1229, Found: 205.1231. 
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Chapter 3: Diastereoselective Transfer Hydrogenative Coupling of 

Allenes 

3.1 Introduction: 1,2-Aminoalcohols 

1,2-Aminoalcohols are a very important structural motif prevalent in numerous natural 

products, therapeutic agents and ligands. Due to their diverse function, several methods for their 

preparation have been accomplished.  There are three general approaches to synthesize this 

moiety.  

The first type of method used to generate 1,2-aminoalcohols utilizes nitrogen centered 

nucleophiles and epoxides as a source of electrophilic oxygen. In addition, these reactions 

usually require a stoichiometric metallic lewis acid to promote epoxide opening. In 1991, Jager 

disclosed a procedure to furnish allyl substituted anti-1,2-aminodiols. In the presence of 

titanium
(IV) 

isopropoxide epoxy alcohols furnish anti-1,2-aminodiols using primary and 

secondary amines as nucleophiles (Scheme 3.1).
54

 Complete regioselectivity and good to 

excellent yields are observed. However, the amine must serve as the reaction medium since huge 

excesses are required to obtain high conversion. 

Scheme 3.1: Jager’s Synthesis of anti-vicinal aminodiols. 

 

 

 
 

In 2006, Chakraborti reported an improvement upon this approach.
55

 In the presence of  

Zn(ClO4)2
.
6H2O (2 mol%), the reaction time is reduced to fifteen minutes and only 1 equivalent 
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of amine is required (Scheme 3.2). The only substrate shown to give good stereocontrol is 

cyclohexene oxide, this greatly limits this method as a synthetic tool.  

Scheme 3.2: Chakraborti’s Synthesis of anti-vicinal aminoalcohol’s.  

 

 
 

Another strategy involves carbon-carbon formation to introduce this moiety.  This type of 

reactivity is shown in several distinct ways, but very few are able to produce anti-1,2-

aminoalcohols. One contribution to this area of research comes from the research group of 

Barrett. In 1996, a procedure employing chirally modified amino-substituted allylborane reagents 

was reported (Scheme 3.3).
56 

 While these reagents provide absolute stereocontrol, stoichiometric 

boron waste is also generated. Furthermore, these amino-allylboranes are synthesized over 

several steps and require the use of cryogenic temperatures and pyrophoric reagents.  Lastly, the 

protecting group on the nitrogen must be carefully chosen to decrease enamine reactivity which 

promotes side reactions resulting in cyclopropane products. 

Scheme 3.3: Barret’s synthesis of optically pure anti-vicinal aminoalcohols. 

 

 
A different approach to produce these building blocks takes advantage of transition metal 

catalysis to produce syn-1,2-aminoalcohols. In pioneering work by Sharpless, an alkene and a 
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protected amine furnish products of syn-vicinal aminohydroxylation in the presence of an 

Osmium oxide catalyst (Scheme 3.4).
57

 High levels of optical purity are achieved and 

stoichiometric waste is avoided. Only syn-1,2-aminoalcohols can be obtained. 

Scheme 3.4: Sharpless’s aminohydroxylation of alkene’s. 

 

 
 

Thus, classical procedures for the nucleophilic addition of nonstabilized carbanions to 

carbonyl compounds, imines and epoxides usually rely upon the use of preformed 

organometallic reagents or a metallic activator. Recent studies from our laboratory demonstrate 

that allenes can serve as nonstabilized carbanion equivalents under the conditions of 

hydrogenation and transfer hydrogenation.
58-60

 Unlike their classical counterparts, such 

hydrogenative carbonyl additions occur under mildly basic to neutral conditions, avoid 

generation of stoichiometric metallic byproducts, and in certain cases may be conducted directly 

from the alcohol oxidation level.
59,60

  Although these previous procedures show a great ability to 

furnish carbonyl allylation in good to excellent yield and good regio-control, they unfortunately 

lack stereocontrol when allene’s serves as the pi-unsaturate.
59,60
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Scheme 3.5: Ruthenium-Catalyzed Reductive Coupling of Aldehydes to 1,1-Disubstituted 

Allenes via Transfer Hydrogenation. 

 
  

 As we have seen in Section 2.23 we could obtain products of syn-crotylation by placing a 

large substituent on the 2-position on butadiene. This effectively partitioned the (E) and the (Z)-

-allyl metal species because of significant A
1,2

 strain in the transition state leading the anti- 

carbonyl crotylation product and makes the transition state (Z)--allyl metal species lower in 

energy giving predominantly the syn-carbonyl crotylation product  (Scheme 2.14).  With this 

idea of partitioning the transition states by increasing allylic strain we thought we could obtain 

products of anti-crotylation and anti-aminoallylation by introducing significant A
1,3

 strain. It was 

hypothesized that this could be achieved by placing a big group on the terminus of an allene. 

Upon, allene hydrometalation this would effectively partitioned the (E) and the (Z)--allyl metal 

species because of significant A
1,3

 strain in the transition state leading the syn-carbonyl 

crotylation product and make the transition state (E)--allyl metal species lower in energy giving 

predominantly the anti-carbonyl crotylation product  (Scheme 3.6).  
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Scheme 3.6: Inducing A
1,3 

strain in the transition state for syn-carbonyl crotylation.   
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3.2 Reaction Development 

3.21 Reaction Discovery and Optimization of Allenamide Hydro-

Hydroxyalkylation: 1,2-Aminoalcohols via Ruthenium Catalyzed 

Carbonyl anti-Aminoallylation 

 It was reasoned that bulky alkyl substituted allenes would enforce generation of “(E)-σ-

crotylruthenium” isomers, potentially generating products of carbonyl anit-crotylation. With this 

hypothesis in hand we evaluated 4 different alkyl substituted allenes and screened them in a 

ruthenium catalyzed carbonyl crotylation reaction (Scheme 3.7).  It was found that 

RuBr(CO)3(η
3
-C3H5) liganded by P(Cy)3 catalyzes the desired transformation in good yield. 

More importantly it was found that the size of the alkyl group on the terminus of the allene does 

in fact show an increase in diastereoselectivity with an increase in size. When the terminus is 

substituted with a methyl or ethyl group the product displays poor diastereoselectivity, 2:1 dr 

(anti:syn). When bulkiness is increased with a an isopropyl group the diastereoselectivity 

increases to a moderate 6:1 dr (anti:syn). When the size of the alkyl group is increased to tert-

butyl complete diasteroslectivity is observed >25:1 dr (anti:syn). 

Scheme 3.7: Diastereoselectivity in response to size of allene terminus. 
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 With this proof of concept in hand, that partitioning of the (E)-σ-crotylruthenium could 

be achieved by placing a large group on the terminus of an allene, we decide to see if 

sulfonamido allenes would engage aldehydes in highly a anti-diastereoselective reductive 

addition to deliver vinyl-substituted 1,2-aminoalcohols. This process represents a new functional 

group interconversion and an alternative to the use of aminosubstituted allylborane reagents in 

carbonyl aminoallylation. Initial screening of solvent against previous known conditions using 

N-tosyl,benzyl-aminoallene as our model substrate and p-nitrobenzaldehyde as a coupling 

partner allowed us to achieved a significant yield of product in Toluene and THF with a 

moderate amount stereoselectivity. Our best yields using these conditions gave 50% and 49% 

respectively and both gave 5:1 d.r (Scheme 3.8).  

Scheme 3.8: Optimization of solvent and ligand in the aminoallylation reaction 

 

 

 With these results in hand, we undertook a screening of different ruthenium based 

catalysts. Unfortunately, all other catalytic systems failed to produce product. Cataylsts that were 
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assayed are as follows:  Ru(O2CCF3)2(CO)(PPh3)2, RuHCl(CO)(PPh3)3, RuH2(CO)(PPh3)2, 

RuCl2(CO)2(PPh3)2. From this point a systematic screening of phosphine ligands was undertaken 

in hope of increasing yield and improving selectivity. Gratifyingly, we discovered that the use of 

tricyclohexyl phosphine increased the yield to 84%.  However, in all cases the phosphine ligand 

did not influence the selectivity of the reaction (Scheme 3.8).  

 With the yield of the desired transformation optimized we needed to increase the bulk of 

the protecting group in order to fully partition the competing transition states.  Satisfyingly, after 

a assay of several amino protecting groups we were able to preserve yield and increased the 

diastereoselectivity. When we changed the nitrogen protecting groups to p-nitrobenzenesulfonyl 

and 2,4 dimethoxybenzyl we obtained a 91% yield and a diastereoselectivity of  >25:1 (Scheme 

3.9). 

Scheme 3.9: Influence of protecting group on diastereoselectivity. 

 

 After this final optimization, we decided to test the scope of this reaction by subjecting 

the reaction conditions to structurally diverse aldehydes.  Aromatic aldehydes were transformed 

to adducts 3.5a-3.5f as single diastereomers, α,β-unsaturated aldehydes to adducts 3.5g-3.5i as 

single diastereomers, and aliphatic aldehydes bearing R-heteroatoms to the corresponding anti-
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aminoallylation products 3.5j and 3.5k in good yield and with complete anti-diastereocontrol. 

Finally simple unactivated aliphatic aldehydes engage in highly anti-diastereoselective reductive 

coupling (Table 3.1). In general, it was found that conversion improves upon use of more 

electrophilic aldehydes. For less-activated aldehydes higher loadings of allene (200 mol %) were 

required to enforce high conversion. 

Table 3.1: Scope of aminoallylation reaction  
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 To better understand the mechanism of the reaction a deuterium labeling study was 

conducted. The coupling of allenamide to p-nitrobenzaldehyde was conducted using 2-propanol-

d8 as a terminal reductant. The product, deuterio-3.5a, incorporates deuterium at the internal 

vinylic position (29%) and terminal vinylic positions (9 and 7%). This data suggest reversible 

allene hydrometalation with incomplete regioselectivity in advance of carbonyl addition (Scheme 

3.10). 

Scheme 3.10: Deuterium labeling experiments. 

 

 

 A plausible catalytic cycle accounting for the relatively low levels of deuterium 

incorporation in the reaction of aldehydes and sulfonamide allene is indicated (Scheme 3.11). 

Reaction of the precatalyst [RuBr(CO)3(η
3
-C3H5)] with aldehydes in the presence of 2-propanol 

generates the homoallylic alcohol I and active catalyst II.  From deuterium NMR studies the 

active catalyst II undergoes nonproductive reversible transmetallation β-hydride elimination 

sequence with the sulfonamide allene III. When transmetallation occurs at the π-face distal and 

opposite to the sulfonamido moiety to provide an (Z)-σ-allylruthenium intermediate. Then, 

isomerization occurs to the proposed reactive (E)-σ-allylruthenium intermediate via an η
3
-

allylruthenium species V. The (E)-σ-allylruthenium intermediate then forms the carbon-carbon 

bond through a proposed Zimmerman-Trackler transition state to furnish ruthenium alkoxide VI. 

Protonolytic cleavage of the ruthenium alkoxide in the presence of 2-propanol releases product 

VII and regenerates the active catalyst II. 
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Scheme 3.11: Proposed catalytic cycle for the coupling of sulfonamido allenes. 

 

 The preceding transformation displays great reactivity and high levels of 

stereoselectivity. However, there is a significant problem with the reactivity when we try to 

generate nucleophile-electrophile pair by doing a in-situ oxidation of a alcohol to form an 

aldehyde and a metal hydride species.  Under the optimized conditions this reaction provides no 

desired product (Scheme 3.12). A systematic screen of precatalysts and ligands were undertaken 

to try an furnish the desired product.  

 Allenamide and  p-nitrobenzyl alcohol fail to provide adduct 3.5a upon exposure to 

RuHCl(CO)(PPh3)3 in the absence of added phosphine ligand (Table 3.2, entry 2). Hence, 
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RuHCl(CO)(PPh3)3 was used as a precatalyst for ligand screening. Notably, ligands effective in 

previously reported allene-aldehyde reductive couplings employing RuBr(
3
-C3H5)(CO)3 did not 

promote corresponding allene-alcohol carbon-carbon couplings (Table 3.2, entries 3 and 4). A 

promising result was obtained with dppf (Table 1, entry 8), which led to an assay of other 

ferrocene-based ligands. Eventually, it was found that the ruthenium complex obtained upon 

combination of RuHCl(CO)(PPh3)3 and dippf [dippf = bis(diisopropylphosphino)ferrocene] 

promotes the coupling of allenamide  and p-nitrobenzyl alcohol  to provide adduct 3.5a in 86% 

isolated yield (Table 3.2, entry 9). The phosphine-free precatalyst RuCl2(CO)(cymene) combines 

with dippf to furnish an even more effective catalyst (Table 3.2, entry 10). However, because the 

catalyst generated from RuCl2(CO)(cymene) and dippf showed greater air sensitivity, the 

RuHCl(CO)(PPh3)3/dippf catalyst system was adopted as our standard conditions (Table 3.2).  

Table 3.2: Development of auto-transfer aminoallylation.   
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 Under these conditions, allenamide  was coupled to structurally diverse alcohols. 

Benzylic alcohols, allylic alcohols and simple aliphatic alcohols are transformed to the 

corresponding products carbonyl aminoallylation. All adducts appear as single anti-

diastereomers (Table 3.3). 

Table 3.3: Scope of aminoallylation auto transfer reaction. 
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 In summary, the discovery and optimization of an anti-diastereoselective reductive 

coupling of sulfonamido allenes, aldehydes and alcohols under the conditions of ruthenium-

catalyzed transfer hydrogenation is shown. This protocol circumvents the use of stoichiometric 

metallic reagents in carbonyl aminoallylation and represents the first stereocontrolled C-C bond-

forming hydrogenation based on a ruthenium catalyst and the use of allene as a pi-unsaturate. 
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3.22 Reaction Discovery and Optimization of anti-

Diastereoselectivity via Curtin-Hammett Effects in Ruthenium 

Catalyzed Hydrohydroxyalkylation of 1,1-Disubstituted Allenes: 

Diastereoselective Formation of All-Carbon Quaternary Centers. 

 To further probe the generality of the optimized conditions for the aminoallylation we 

changed the -unsaturate to a 1,1-disubsituted allene that would furnish products of all carbon 

quaternary centers.  In an initial series of experiments we screened several different alcohols 

with 1-methyl-1-phenyl allene 3.6. It was revealed that diastereoselectivity increases as the 

carbonyl addition is slowed with less activated alcohols (Scheme 3.12). 

Scheme 3.12: Screen of different alcohols with 1-methyl-1-phenyl allene. 

 

 In order to make this transformation more general we ran a temperature and 

concentration screen. Since it seems that when we slow carbonyl addition we can observe 

energetic differentiation of transient (Z)- and (E)-σ-allylruthenium isomers, or perhaps a Curtin-

Hammett scenario wherein a given σ-allyl isomer preferentially participates in carbonyl addition. 

With this rational we believed that lower temperatures and lower concentrations would result in a 
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increase in diastereoselectivity.  Borne out by experimentation we were able to show this to be 

true. When benzyl alcohol and 1-methyl-1-phenyl allene are reacted with previously disclosed 

conditions for aminoallylation at 70
o
C the desired product 3.9c is formed in great yield but poor 

diastereoselectivity 2:1 dr (anti:syn).When the temperature of the reaction is lowered to 60
o
C, 

the diastereoselectivity does indeed increase to 5:1 dr (anti:syn) while maintaining a high for the 

same transformation. When we keep the temperature of the reaction fixed at 60
o
C we again see 

the same trend in diastereoselectivity. Increasing the concentration to one molar with respect to 

starting alcohol we observe a drop in diastereoselectivity to 4:1 (anti:syn). When we decrease the 

concentration to 0.2 molar the diastereoselectivity increases to  8:1 dr (anti:syn), but the yield 

drops significantly to 26% (Scheme 3.13).  

Scheme 3.13: Temperature and concentration screen. 

 

 Although energetic partitioning of (E)- and (Z)-σ-allyl metal intermediates obtained upon 

hydrometallation is difficult to achieve, increasing steric congestion at the metal center should 

favor the thermodynamically more stable (E)-isomer or perhaps result in a Curtin-Hammett 

scenario wherein a given σ-allyl isomer preferentially participates in carbonyl addition. Based on 
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this reasoning, it was further postulated that ruthenium complexes bearing counterions of 

variable size could be prepared in situ through the acid-base reaction of H2Ru(CO)(PPh3)3 and 

HX enabling a systematic evaluation of diastereoselectivity in response to steric demand of the 

counterion (Scheme 2.5, in this case dppf is substituted for dippf).
35

 With this hypothesis in hand 

we screened a several counterions. In the case of p-nitrobenzyl alcohol it was determined that the 

ruthenium mesitylenesulfonate complex enforced complete levels of anti-diastereoselectivity 

(Scheme 3.14).  It was reasoned that the increased size and polarizability of the counterion led to 

the ruthenium catalyst to have more cationic character and thus opening up a coordination site on 

the ruthenium center.  This would allow for more rapid -allyl interconversion and selection of 

the (E)-σ-allyl isomer to preferentially participate in carbonyl addition. 

Scheme 3.14: Screen of different counterions. 

 

 Encouraged by these results, the hydrohydroxyalkylation of 1,1-disubstituted allenes 3.6, 

3.7 and 3.8 employing alcohols was explored. In many cases, the chloride counterion provided 

the highest levels of anti-diastereoselectivity. However, in other cases, for example allene 3.7, 

the BINOL-modified phosphate counterion was most effective in promoting anti-

diastereoselectivity. Finally, whereas dippf was the ligand of choice for allenes 3.6 and 3.7, 
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alternate ligands were required to achieved optimal levels of anti-diastereoselectivity for the 

phthalimido-substituted allene 3.8. The assignment of relative stereochemistry for adducts 3.9a-

3.9g, 3.10a-3.10g and 3.11a-3.11g is made analogy to that determined for compound 3.11a, 

which was established via single crystal X-ray diffraction analysis, and compound 3.9c, which is 

reported in the literature (Table 1). 
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Table 3.4: Scope of Ruthenium catalyzed hydrohydroxyalkylation of 1,1-disubstituted allenes. 
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 Additional experiments that show that a Curtin-Hammett scenario is operative, where the 

(E)-σ-allyl isomer preferentially participates in carbonyl addition from a rapid equilibrating 

mixture, are the dramatic results that we obtain when trying the desired transformation from the 

aldehyde oxidation level.  When the allene coupling is conducted from the aldehyde oxidation 

level, diastereoselectivity is essentially absent. For example, although 8:1 anti-

diastereoselectivities are observed in the coupling of allene 3.8 to benzyl alcohol, respectively, 

corresponding couplings of benzaldehyde employing isopropanol as terminal reductant under 

otherwise identical conditions are not diastereoselective (Scheme 3.15). These data suggest that 

carbonyl addition is not turnover-limiting in couplings conducted from the aldehyde oxidation 

level. There are two probable explanations for this. In reactions conducted from the aldehyde 

oxidation level, aldehyde concentration is higher throughout the course of the reaction, which 

should accelerate carbonyl addition. Alternatively, dehydrogenation of isopropanol, a secondary 

alcohol, may be slower than primary alcohol dehydrogenation for such sterically congested 

ruthenium complexes. In either case, Curtin-Hammett effects can no longer be exploited to 

amplify diastereoselectivity. Consistent with this interpretation, in reactions conducted from the 

alcohol oxidation level, diastereoselectivity is found to be highly concentration dependent. 

Presumably, at lower concentration, carbonyl addition is sufficiently slow that the (E)-σ-

allylruthenium consumed upon addition may be replenished via isomerization of the remaining 

(Z)-σ-allylruthenium isomer (Scheme 3.13).  
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Scheme 3.15: Reactions conducted from the aldehyde oxidation level. 

 

 

 To evaluate whether primary alcohol dehydrogenation is indeed more rapid than carbonyl 

addition the following competition experiment was performed. Allene 3.7 was exposed to 

equimolar quantities p-nitrobenzyl alcohol and p-triflouromethyl-benzaldehyde under standard 

conditions employing the ruthenium catalyst generated in situ from H2Ru(CO)(PPh3)3, dippf and 

rac-BINOL-PO2H at 75 
o
C in THF solvent (1.0 M). The carbon-carbon coupling products 3.10a 

and 3.10b were produced in a 1:1 ratio. Under identical conditions employing equimolar 

quantities p-nitro-benzaldehyde and p-triflouromethyl-benzyl alcohol, a nearly identical product 

ratio is observed. These data are consistent with rapid, reversible primary alcohol 

dehydrogenation in advance of turnover-limiting carbonyl addition (Scheme 3.16). 
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Scheme 3.16: Ruthenium catalyzed competition experiment. 

 

  

 In summary, by taking advantage of Curtin-Hammett effects in ruthenium catalyzed 

alcohol-allene C-C coupling, one bypasses the need to partition trisubstituted σ-allylmetal 

species in the ground state. Rather, from an equilibrating mixture of transient (Z)- and (E)-σ-

allylruthenium isomers, preferential selection of the (E)-σ-allylruthenium species occurs upon 

energetic partitioning in the transition state for carbonyl addition. This phenomenon provides a 

basis for diastereoselective carbonyl allylation to furnish secondary neopentyl homoallylic 

alcohols, which possess all carbon quaternary centers.  
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3.3 Conclusion 

 In summary, two new methods for carbonyl crotylation have been developed under metal 

catalyzed transfer hydrogenation conditions. Section 3.21 illustrates a novel ruthenium catalyzed 

approach 1,2 aminoalcohols. This method shows the ability of an sulfonamido allenes to engage 

in stereoselective carbonyl addition to furnish the desired products. Yields and relative 

stereocontrol are good for this transformation. Section 3.22 illustrates a novel diastereoselective 

ruthenium catalyzed approach to all carbon quatnary centers. A ruthenium catalyst modified by 

different counterions, utilizing Curtin-Hammett effects, produces anti-diastereo carbonyl 

crotylation products from the alcohol oxidation level. These carbonyl crotylation protocols 

circumvent stoichiometric byproducts and cryogenic conditions and, hence, represents an 

important step toward the development of scalable methods for the construction of polyketide 

natural products. 
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3.4 Experimental Section: 

3.41 Experimental Details for Section 3.21 

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

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

were oven-dried and cooled under a stream of argon. Reactions tubes were purchased from 

Fischer Scientific (catalog number 14-959-35C). Tetrahydrofuran was obtained from solvent 

delivery system (Innovative Technology Inc. Ps-MD-5). RuBr(CO)3(
3
-C3H5) was prepared 

according to the literature procedure.
61

 Cy3P was used as received from Strem Chemicals. 

Anhydrous isopropanol was used as received from Acros. tert-Butyl allene was prepared 

according to the literature procedure.
62

 Aldehydes were purified by distillation or 

recrystallisation immediately prior to use. Analytical thin-layer chromatography (TLC) was 

carried out using 0.2-mm commercial silica gel plates (DC-Fertigplatten Kieselgel 60 F254). 

Preparative column chromatography employing silica gel was performed according to the 

method of Still.
47

 
 

Solvents for chromatography are listed as volume/volume ratios. Infrared 

spectra were recorded on a Perkin-Elmer 1600 spectrometer. High-resolution mass spectra 

(HRMS) were obtained on a Karatos MS9 and are reported as m/z (relative intensity). Accurate 

masses are reported for the molecular ion [M+H]
+
 or a suitable fragment ion. Melting points 

were obtained on a Thomas-Hoover Unimelt apparatus and are uncorrected. Proton nuclear 

magnetic resonance (
1
H NMR) spectra were recorded with a Varian Gemini (400 MHz or 

300MHz) spectrometer. Chemical shifts are reported in delta (δ) units, parts per million (ppm) 

downfield from trimethylsilane or ppm relative to the center of the singlet at 7.26 ppm for 

deuteriochloroform. Coupling constants are reported in Hertz (Hz). Carbon-13 nuclear magnetic 
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resonance (
13

C NMR) spectra were recorded with a Varian Gemini 300 (75 MHz) or 400 (100 

MHz) spectrometer. Chemical shifts are reported in delta (δ) units, ppm relative to the center of 

the triplet at 77.0 ppm for deuteriochloroform. 
13

C NMR spectra were routinely run with 

broadband decoupling. 

General Procedure for the Preparation of Allene:
 

 

2,4-Dimethoxybenzyl Protection: 

 To a stirred solution of 2,4-dimethoxybenzaldehyde (100 mol%) in dry MeOH (0.3 M) 

under nitrogen at 25 
o
C was added propargyl amine (120 mol%). The resulting mixture was 

allowed to stir for 3.5 hours at ambient temperature, at which point the mixture was cooled to 0 

o
C using an ice bath. Sodium borohydride (200 mol%) was added portion wise over 10 min. The 

ice batch was removed and the reaction mixture was allowed to warm to ambient temperature 

and was allowed to stir for 3 hours, at which point saturated solution of NH4Cl (aq.) was added 

to the reaction mixture drop-wise. The mixture was transferred to a separatory funnel. The 

organic layer was separated. The aqueous layer was extracted twice with EtOAc and the 

combined organic layers were dried (Mg2SO4), filtered and the filtrate was concentrated in vacuo 
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to furnish an oily residue that was purified by flash column chromatography (SiO2, 30% 

EtOAc/hexanes). 

 

p-Nitrobenzenesulfonamide Protection: 

To a stirred solution of compound 1 (100 mol%) in dry THF (0.4 M) under nitrogen at 25 
o
C was 

added N,N-diisopropylethylamine (160 mol%). The resulting mixture was cooled to 0 
o
C using 

an ice bath and a solution of p-nitrophenylsulfonyl chloride (130 mol%) in dry THF (0.4 M) was 

added dropwise over 5 min. The ice bath was removed and the reaction mixture was allowed to 

warm to ambient temperature and was allowed to stir for 14 hours. Water was added drop-wise 

to the reaction mixture. The reaction mixture was transferred to a separatory funnel. The organic 

layer was separated. The aqueous layer was extracted three times with EtOAc and the combined 

organic layers were washed with aqueous HCl (3 N), dried (Mg2SO4), filtered and the filtrate 

was concentrated in vacuo and purified by flash column chromatography (SiO2, 10% 

EtOAc/toluene).  

Preparation of Allene: 

To a stirred solution of compound 2 (3.0 g, 7.7 mmol, 100 mol%) in dry THF (38.5 mL, 0.2 M 

with respect to 2) under nitrogen at 25 
o
C was added t-BuOH (0.736 mL, 7.7 mmol, 100 mol%) 

followed by drop-wise addition of 1.0M t-BuOK in THF (1.54 mL, 1.54 mmol, 20 mol%). The 

resulting reaction mixture was stirred until the complete consumption of 2 was observed, as 

determined by TLC analysis. The reaction mixture was filtered through a pad of Celite, 

concentrated in vacuo and purified by flash column chromatography (SiO2: toluene) to furnish 

the title compound (2.28 g, 76%) as a yellow solid. Allene 1e was recrystallized from 

DCM/hexanes (1:3) at -4 
o
C. 
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N-(2,4-dimethoxybenzyl)-4-nitro-N-(propa-1,2-dienyl)benzenesulfonamide  

 

 

 

1
H NMR (400 MHz, CDCl3):  8.32 (d, J = 8.4 Hz, 2H), 7.95 (d, J = 8.4 Hz, 2H), 7.19 (d, J = 

8.4 Hz, 1H), 6.80 (t, J = 6.0 Hz, 1H), 6.40 (dd, J = 8.4, 2.4 Hz, 1H), 6.33 (d, J = 2.4 Hz, 1H), 

5.15 (d, J = 6.0 Hz, 2H), 4.34 (s, 2H), 3.78 (s, 3H), 3.71 (s, 3H). 

13
C NMR (100 MHz, CDCl3):  201.8, 160.5, 157.7, 150.0, 144.2, 129.1, 128.3, 115.6, 104.0, 

99.6, 98.1, 88.0, 55.3, 55.1, 45.0. 

HRMS (CI): Calcd. for C18H19N2O6S (M+1): 391.0964, Found: 391.0965 

FTIR (neat): 1588, 1532, 1505, 1348, 1212, 1170, 1118, 1033, 862 cm
-1

. 

M.P. 113 – 115 
o
C 
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General Procedure for the Coupling of Allenamide to Aldehydes: To a re-sealable pressure 

tube (13 x 100 mm) equipped with magnetic stir bar was added RuBr(CO)3(
3
-C3H5) (3.1 mg, 

0.01 mmol, 5 mol%) and Cy3P (8.4 mg, 0.03 mmol, 15 mol%). Aldehyde (0.200 mmol, 100 

mol%) and allene (0.300 mmol, 150 mol%) were added and the tube was sealed with a rubber 

septum and purged with argon. THF (0.2 mL, 1.0 M concentration with respect to aldehyde) and 

isopropanol (61 L, 0.800 mmol, 400 mol%) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 100 
o
C (oil bath temperature) for the time 

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

chromatography (SiO2) under the conditions noted to furnish the corresponding product of anti-

aminoallylation.  

General Procedure for the Coupling of Allenamide to Alcohols: To a re-sealable pressure 

tube (13 x 100 mm) equipped with magnetic stir bar was added RuHCl(CO)(PPh3)3 (9.5 mg, 0.01 

mmol, 5 mol%) and 1,1'-Bis(di-i-propylphosphino)ferrocene (4.2 mg, 0.01 mmol, 5 mol%). 

Alcohol (0.200 mmol, 100 mol%) and allene (1a or 1b) (0.400 mmol, 200 mol%) were added 

and the tube was sealed with a rubber septum and purged with nitrogen. THF (0.2 mL, 1.0 M 

concentration with respect to alcohol) was added and the rubber septum was quickly replaced 

with a screw cap. The mixture was heated at 95
o
C (oil bath temperature) for the time stated. The 

reaction mixture was then concentrated in vacuo and purified by flash column chromatography 

(SiO2) under the conditions noted to furnish the corresponding product of anti-aminoallylation. 
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N-(2,4-dimethoxybenzyl)-N-(1-hydroxy-1-(4-nitrophenyl)but-3-en-2-yl)-4-

nitrobenzenesulfonamide (3.5a)
 

 

Allenamide to Aldehydes: In accordance with the general procedure, the reaction was allowed 

to stir at 100 
o
C for 14 hours, at which point the mixture was concentrated in vacuo and purified 

by flash column chromatography (SiO2: 25% EtOAc/cyclohexane) to furnish the title compound 

(99 mg) as a yellow solid in 91% yield. Single crystals suitable for X-ray diffraction analysis 

were obtained by slow evaporation from chloroform. 

Coupling of Allenamide to Alcohols: In accordance with the general procedure, the reaction 

was allowed to stir at 95
o
C for 24 hours, at which point the mixture was concentrated in vacuo 

and purified by flash column chromatography (SiO2: 25% EtOAc/cyclohexane) to furnish the 

title compound (93 mg) as a yellow solid in 86% yield.
 

1
H NMR (400 MHz, DMSO):  8.25 (d, J = 9.0 Hz, 2H), 8.06 (d, J = 8.8 Hz, 2 H), 7.89 (d, J = 

9.0 Hz, 2H), 7.37 (d, J =8.8 Hz, 2H), 6.87 (d, J = 8.4 Hz, 1H), 6.36 (d, J = 2.4 Hz, 1H), 6.29 (dd, 

J = 8.4, 2.4 Hz, 1H), 5.91 (ddd, J = 17.2, 10.4, 7.2 Hz, 1H), 5.86 (d, J = 5.2 Hz, 1H), 5.07 (d, J = 

10.4 Hz, 1H), 4.95 (d, J = 17.6 Hz, 1H), 4.95 (d, J = 6.8 Hz, 1H), 4.31 (s, 2H), 4.24 (dd, J = 7.2, 

6.8 Hz, 1H), 3.70 (s, 3H), 3.64 (s, 3H). 

1
H NMR (400 MHz, CDCl3):  8.25 (d, J = 9.0 Hz, 2H), 8.11 (d, J = 8.8 Hz, 2H), 7.85 (d, J = 

9.0 Hz, 2H), 7.37 (d, J = 8.8 Hz, 2H), 7.13 (d, J = 8.4 Hz, 1H), 6.39 (dd, J = 8.4, 2.4 Hz, 1H), 

6.30 (d, J = 2.4 Hz, 1H), 6.07 (ddd, J = 17.2, 104, 7.2 Hz, 1H), 5.21 (d, J = 10.4 Hz, 1H), 5.20 

(d, J = 5.2 Hz, 1H), 4.95 (d, J = 17.2 Hz, 1H), 4.32 (d, J = 14.7 Hz, 1H), 4.25 – 4.24 (m, 1H), 

4.25 (d, J = 14.7 Hz, 1H), 3.79 (s, 3H), 3.69 (s, 3H), 2.89 (s, 1H). 

OH

NNos
O2N

DMB
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13
C NMR (100 MHz, DMSO):  160.9, 158.9, 151.2, 150.0, 147.2, 146.6, 132.8, 131.8, 131.9, 

129.4, 128.6, 124.8, 123.5, 121.6, 116.6, 105.2, 98.5, 74.4, 67.3, 55.8, 45.1. 

HRMS (EI): Calcd. for C25H24N3O9S (M-1) : 542.1239, Found : 542.1238
 

FTIR (neat): 3521, 3108, 2940, 2896, 2359, 1609, 1587, 1510, 1421, 1310, 1269, 1158 cm
-1

. 

M.P. :191-194 
o
C  
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N-(2,4-dimethoxybenzyl)-N-(1-hydroxy-1-phenylbut-3-en-2-yl)-4-nitrobenzenesulfonamide 

(3.5b)
 

 

Allenamide to Aldehydes: In a modification of the general procedure employing 200 mol% of 

allene (0.4 mmol), the reaction was allowed to stir at 100 
o
C for 16 hours, at which point the 

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

0-25% EtOAc/cyclohexane) to furnish the title compound (70 mg) as a yellow oil in 70% yield. 

Allenamide to Alcohols: In a modification of the general procedure employing 300 mol% of 

allene (0.6 mmol), the reaction was allowed to stir at 95
o
C for 24 hours, at which point the 

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

0-25% EtOAc/cyclohexane) to furnish the title compound (71 mg) as a yellow oil in 71% yield. 

1
H NMR (400 MHz, CDCl3):  8.14 (d, J = 8.8 Hz, 2H), 7.80 (d, J = 8.8 Hz, 2H), 7.22 – 7.29 

(m, 5H), 7.13 (d, J = 8.8 Hz, 1H), 6.40 (dd, J = 8.8, 2.4 Hz, 1H), 6.26 (d, J =  2.4 Hz, 1H), 6.10 

(ddd,  J = 17.2, 10.4, 6.8 Hz, 1H) 5.23 (d, J = 10.4 Hz, 1H), 5.10 (dd, J = 5.2, 2.4 Hz, 1H), 4.99 

(d, J = 17.2 Hz, 1H), 4.41 (dd, J = 6.8, 5.2 Hz, 1H), 4.28 (s, 2H), 3.78 (s, 3H), 3.62 (s, 3H), 2.60 

(d, J = 2.4 Hz, 1H). 

13
C NMR (75 MHz, CDCl3):  161.4, 158.4, 149.7, 147.0, 140.9, 132.3, 131.4, 128.8, 128.5, 

128.1, 127.0, 123.8, 122.3, 116.1, 104.7, 98.4, 76.2, 68.4, 55.7, 55.3, 46.4. 

HRMS (EI): Calcd. for C25H26N2O7SNa (M+23): 521.1348, Found: 521.1353 

FTIR (neat) – 3530, 2937, 2361, 1612, 1529, 1509, 1349, 1295, 1209, 1160, 1132, 1107, 1090, 

1036 cm
-1

. 

 

OH

NNos

DMB



254 

 

 



255 

 

 

 



256 

 

N-(1-(4-bromophenyl)-1-hydroxybut-3-en-2-yl)-N-(2,4-dimethoxybenzyl)-4-

nitrobenzenesulfonamide (3.5c) 

 

Allenamide to Aldehydes: In accordance with the general procedure, the reaction was allowed 

to stir at 100 
o
C for 14 hours, at which point the reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2: 25% EtOAc/cyclohexane) to furnish the title 

compound (89 mg) as a brown foam in 77% yield.  

Allenamide to Alcohols: In accordance with the general procedure, the reaction was allowed to 

stir at 95
o
C for 24 hours, at which point the reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2: 25% EtOAc/cyclohexane) to furnish the title 

compound (84 mg) as a brown foam in 73% yield. 

1
H NMR (400 MHz, CDCl3):  8.19 (d, J = 8.8 Hz, 2H), 7.75 (d, J = 8.8 Hz, 2H), 7.36 (d, J = 

8.4 Hz, 2H), 7.08 (m, 3H), 6.39 (d, J = 8.4 Hz, 1H), 6.26 (d, J = 2.3 Hz, 1H), 6.05 (ddd, J = 17.2, 

102, 7.0 Hz, 1H), 5.21 (d, J = 10.2 Hz, 1H), 5.04 (dd, J = 5.1, 2.6 Hz, 1H), 4.98 (d, J = 17.2 Hz, 

1H), 4.22 (m, 3H), 3.78 (s, 3H), 3.63 (s, 3H), 2.62 (d, J = 2.6 Hz, 1H). 

13
C NMR (100 MHz, CDCl3):  161.2, 158.1, 149.6, 146.5, 139.6, 132.1, 131.2, 130.6, 128.5, 

128.4, 123.7, 122.5, 121.6, 115.5, 104.6, 98.2, 75.4, 68.2, 55.4, 55.1, 46.1. 

HRMS (EI): Calcd. for C25H25N2O7SBrNa (M+23): 599.0468 Found: 599.0458 

FTIR (neat): 3509, 2938, 2359, 1733, 1611, 1588, 1464, 1348, 1209, 1158, 1010 cm
-1

. 
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Methyl 4-(2-(N-(2,4-dimethoxybenzyl)-4-nitrophenylsulfonamido)-1-hydroxybut-3 

-enyl)benzoate (3.5d) 

 

Allenamide to Aldehydes: In accordance with the general procedure, the reaction was allowed 

to stir at 100 
o
C for 14 hours, at which point the reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2: 30% EtOAc/cyclohexane) to furnish the title 

compound (105 mg) as a yellow oil in 94% yield.  

Allenamide to Alcohols: In accordance with the general procedure, the reaction was allowed to 

stir at 95
o
C for 24 hours, at which point the reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2: 30% EtOAc/cyclohexane) to furnish the title 

compound (98 mg) as a yellow oil in 88% yield. 

1
H NMR (400 MHz, CDCl3):  8.12 (d, J = 9.0 Hz, 2H), 7.86 (d, J = 8.4 Hz, 2H), 7.70 (d, J = 

9.0 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 8.4 Hz, 1H), 6.34  (dd, J = 8.4, 2.3 Hz, 1H), 

6.21 (d, J = 2.3 Hz, 1H), 5.99 (ddd, J = 17.2, 10.4, 6.8 Hz, 1H), 5.13 (d, J = 10.4 Hz, 1H), 5.08 

(d, J = 4.7 Hz, 1H), 4.87 (d, J = 17.2 Hz, 1H), 4.26 (dd, J = 6.8, 4.7 Hz, 1H), 4.23 (s, 1H), 4.22 

(s, 1H), 3.84 (s, 3H), 3.72 (s, 3H), 3.58 (s, 3H). 

13
C NMR (100 MHz, CDCl3):  166.8, 161.2, 158.1, 149.5, 146.5, 145.7, 132.0, 130.4, 129.5, 

129.4, 128.5, 126.6, 123.7, 122.5, 115.6, 104.6, 98.2, 75.8, 68.3, 55.4, 55.2, 52.1, 46.1. 

HRMS (EI): Calcd. for C27H27N2O9S (M-1): 555.1434, Found: 555.1443. 

FTIR (neat): 3502, 2952, 2360, 1720, 1588, 1437, 1348, 1209, 1108 cm
-1

. 
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N-(1-(4-acetylphenyl)-1-hydroxybut-3-en-2-yl)-N-(2,4-dimethoxybenzyl)-4- 

nitrobenzenesulfonamide (3.5e) 

 

Allenamide to Aldehydes: In accordance with the general procedure, the reaction was allowed 

to stir at 100 
o
C for 14 hours, at which point the reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2: 30% EtOAc/cyclohexane) to furnish the title 

compound (80 mg) as a yellow oil in 94% yield.  

Allenamide to Alcohols: In accordance with the general procedure, the reaction was allowed to 

stir at 95
o
C for 24 hours, at which point the reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2: 30% EtOAc/cyclohexane) to furnish the title 

compound (98 mg) as a yellow oil in 91% yield. 

1
H NMR (400 MHz, CDCl3):  8.18 (d, J = 8.6 Hz, 2H), 7.84 (d, J = 8.2 Hz, 2H), 7.77 (d, J =8.6 

Hz, 2H), 7.31 (d, J = 8.2 Hz, 2H), 7.13 (d, J = 8.4 Hz, 1H), 638 (d, J =8.4 Hz, 1H), 6.26 (s, 1H), 

6.05 (dd, J = 17.6, 10.2 Hz, 1H), 5.17 (d, J = 10.2 Hz, 1H), 5.14 (d, J = 4.3 Hz, 1H), 4.91 (d, J = 

17.6 Hz, 1H), 4.28 (m, 3H), 3.78 (s, 3H), 3.64 (s, 3H), 2.85 (s, 1H), 2.57 (s, 3H). 

13
C NMR (100 MHz, CDCl3):  197.8, 161.2, 158.1, 149.5, 146.5, 145.8, 136.5, 132.0, 130.2, 

128.5, 128.2, 126.7, 123.7, 122.6, 115.6, 104.7, 98.2, 75.9, 68.3, 55.4, 55.2, 46.2, 26.2. 

HRMS (EI): Calcd. for C27H27N2O8S (M-1): 539.1487, Found: 539.1439 

FTIR (neat): 3485, 3105, 2935, 2361, 1678, 1508, 1455, 1348, 1269, 1160 cm
-1

. 
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N-(1-(5-bromofuran-2-yl)-1-hydroxybut-3-en-2-yl)-N-(2,4-dimethoxybenzyl)-4-

nitrobenzenesulfonamide (3.5f) 

 

Allenamide to Aldehydes: In accordance with the general procedure, the reaction was allowed 

to stir at 100 
o
C for 14 hours, at which point the reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2: 35% EtOAc/cyclohexane) to furnish the title 

compound (102 mg) as a orange oil in 74% yield.  

1
H NMR (400 MHz, CDCl3):  8.21 (d, J = 9.2 Hz, 2H), 7.80 (d, J = 9.2 Hz, 2H), 7.12 (d, J = 

8.4, 2.4 Hz, 1H), 6.27 (d, J = 2.4 Hz, 1H), 6.25 – 6.22 (m, 2H), 6.05 (ddd, J = 17.2, 10.4, 6.8 Hz, 

1H), 5.31 (d, J = 10.4 Hz, 1H), 5.20 (d, J = 17.2 Hz, 1H), 4.96 (dd, J = 7.2, 4.4 Hz, 1H), 4.54 (t, 

J = 7.2 Hz, 1H), 4.30 (s, 1H), 4.29 (s, 1H), 3.78 (s, 3H), 3.65 (s, 3H), 2.57 (d, J = 4.4 Hz, 1H). 

13
C NMR (100 MHz, CDCl3):  161.4, 158.3, 155.3, 149.8, 146.8, 132.5, 131.8, 128.8, 123.9, 

122.6, 121.6, 115.7, 112.4, 111.2, 104.7, 98.4, 69.3, 65.5, 55.6, 55.4, 45.9. 

HRMS (EI): Calcd. for C23H23N2O8SBrNa (M+23): 589.0249, Found: 589.0250. 

FTIR (neat): 3503, 2939, 2361, 1611, 1588, 1464, 1293, 1158, 1034 cm
-1

. 
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(E)-N-(2,4-dimethoxybenzyl)-N-(4-hydroxy-6-phenylhexa-1,5-dien-3-yl)-4-

nitrobenzenesulfonamide (3.5g) 

 

Allenamide to Aldehydes: In a modification of the general procedure employing 200 mol% of 

allene (0.4 mmol), the reaction was allowed to stir at 100 
o
C for 18 hours, at which point the 

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

0-25% EtOAc/cyclohexane) to furnish the title compound (64 mg) as a yellow oil in 61% yield. 

Allenamide to Alcohols: In a modification of the general procedure employing 300 mol% of 

allene (0.6 mmol), the reaction was allowed to stir at 95 
o
C for 24 hours, at which point the 

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

0-25% EtOAc/cyclohexane) to furnish the title compound (89 mg) as a yellow oil in 85% yield. 

1
H NMR (400 MHz, CDCl3):  8.16 (d, J = 8.4 Hz, 2H), 7.84 (d, J = 8.4 Hz, 2H), 7.25 – 7.35 

(m, 6H), 6.40 (m, 2H), 6.26 (d, J = 2.0 Hz, 1H), 6.02 (m, 2H), 5.31 (d, J = 10.4 Hz, 1H), 5.20 (d, 

J = 17.2 Hz, 1H), 4.48 (m, 1H), 4.42 (s, 2H), 4.34 (t, J = 7.2 Hz, 1H), 3.77 (d, J = .8 Hz, 3H), 

3.66 (s, 3H), 2.18 (d, J = 3.2 Hz, 1H) 

13
C NMR (100 MHz, CDCl3):  161.1, 158.1, 149.5, 146.7, 136.4, 132.7, 132.4, 132.0, 128.6, 

128.5, 128.3, 128.0, 126.6, 123.7, 121.9, 116.0, 104.5, 98.1, 73.7, 66.4, 55.4, 55.1, 44.9. 

HRMS (EI): Calcd. for C27H29N2O7S (M+1): 525.1688, Found: 525.1690 

FTIR (neat): 3530, 2937, 2361, 1611, 1588, 1529, 1509, 1456, 1349, 1295, 1209, 1160, 1132, 

1107, 1090, 1036, 735, 686 cm
-1

. 
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(E)-N-(7-(benzyloxy)-4-hydroxyhepta-1,5-dien-3-yl)-N-(2,4-dimethoxybenzyl)-4-

nitrobenzenesulfonamide (3.5h) 

 

Allenamide to Aldehydes: In a modification of the general procedure employing 200 mol% of 

allene (0.4 mmol), the reaction was allowed to stir at 100 
o
C for 18 hours, at which point the 

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

0-30% EtOAc/cyclohexane) to furnish the title compound (70 mg) as a yellow oil in 65% yield. 

Allenamide to Alcohols: In a modification of the general procedure employing 300 mol% of 

allene (0.6 mmol), the reaction was allowed to stir at 95 
o
C for 24 hours, at which point the 

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

0-30% EtOAc/cyclohexane) to furnish the title compound (92 mg) as a yellow oil in 81% yield. 

1
H NMR (400 MHz, CDCl3):  8.18 (d, J = 8.8 Hz, 2H), 7.80 (d, J = 8.8 Hz, 2H), 7.33 – 7.35 

(m, 3H), 7.27 – 7.32 (m, 3H), 6.40 (dd, J = 8.4, 2.4 Hz, 1H), 6.21 (d, J = 2.4 Hz, 1H), 5.99 (ddd,  

J = 17.2, 10.4, 6.8 Hz, 1H), 5.71 (m, 2H), 5.28 (d, J = 10.4 Hz, 1H), 5.14 (d, J = 17.2 Hz, 1H), 

4.52 (s, 2H), 4.39 (s, 2H), 4.37 (m, 1H), 4.30 (m, 1H), 3.99 (d, J = 5.2 Hz, 2H), 3.75 (s, 3H), 3.64 

(s, 3H), 2.20 (d, J = 3.6 Hz, 1H). 

13
C NMR (100 MHz, CDCl3):  162.3, 158.3, 149.7, 147.0, 138.5, 132.5, 131.9, 131.7, 130.2, 

128.7, 128.6, 128.0, 127.9, 123.9, 122.1, 116.1, 104.7, 98.2, 73.6, 72.5, 70.1, 66.4, 55.6, 55.3, 

45.4. 

HRMS (CI): Calcd. for C29H32N2O8S (M+1): 568.1879, Found: 568.1874 

FTIR (neat): 3530, 2936, 2361, 1611, 1529, 1509, 1349, 1295, 1209, 1160, 1107, 1090, 1036, 

736 cm
-1

. 
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(E)-N-(2,4-dimethoxybenzyl)-N-(4-hydroxyhepta-1,5-dien-3-yl)-4-nitrobenzenesulfonamide 

(3.5i)
 

 

Allenamide to Aldehydes: In a modification of the general procedure employing 200 mol% of 

allene (0.4 mmol), the reaction was allowed to stir at 100 
o
C for 18 hours, at which point the 

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

20% EtOAc/cyclohexane) to furnish the title compound (54 mg) as a yellow oil in 63% yield.
 

1
H NMR (400 MHz, CDCl3):  8.20 (d, J = 8.8 Hz, 2H), 7.80 (d, J = 8.8 Hz, 2H), 7.27 (d, J = 

8.4 Hz, 1H), 6.42 (dd, J = 8.4, 2.4 Hz, 1H), 6.23 (d, J = 2.4 Hz, 1H), 5.97 (ddd,  J = 17.2, 10.4, 

6.8 Hz 1H), 5.62 (ddd,  J = 13.2, 6.8, 1.2 Hz 1H), 5.36 (dd, J = 6.8, 1.2 Hz, 1H), 5.28 (dd, J = 

10.4, 1.2 Hz, 1H),  5.16 (d, J = 17.2 Hz, 1H), 4.38 (d, J = 3.6 Hz, 2H), 4.27 (m, 2H), 3.77 (s, 

3H), 3.67 (s, 3H), 2.04 (d, J = 2.8 Hz, 1H), 1.66 (dd, J = 6.8, 1.2 Hz, 3H). 

13
C NMR (100 MHz, CDCl3):  161.0, 158.0, 149.5, 147.0, 132.3, 132.0, 130.1, 129.7, 128.4, 

123.6, 121.6, 116.1, 104.4, 97.9, 74.1, 66.4, 55.4, 55.1, 45.1, 17.9. 

HRMS (EI): Calcd. for C22H26N2O7SNa (M+23): 485.1356, Found: 485.1353. 

FTIR (neat): 3530, 3102, 2938, 2359, 1612, 1587, 1529, 1509, 1349, 1295, 1210, 1159, 1133, 

1090, 1036, 855, 735, 686 cm
-1

. 
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N-(5-(benzyloxy)-4-hydroxypent-1-en-3-yl)-N-(2,4-dimethoxybenzyl)-4-

nitrobenzenesulfonamide (3.5j) 

 

Allenamide to Aldehydes: In accordance with the general procedure, the reaction was allowed 

to stir at 100 
o
C for 14 hours, at which point the reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2: 35% EtOAc/cyclohexane) to furnish the title 

compound (83 mg) as a yellow foam in 77% yield.  

1
H NMR (400 MHz, CDCl3):  8.19 (d, J = 9.0 Hz, 2H), 7.82 (d, J = 9/0 Hz, 2H), 7.34 – 7.27 

(m, 6H), 6.4 (dd, J = 8.4, 2.3 Hz, 1H), 6.24 (d, J = 2.3 Hz, 1H), 5.92 (ddd, J = 17.2, 10.4, 6.6 Hz, 

1H), 5.2 (d, J = 10.4 Hz, 1H), 5.04 (d, J = 17.2 Hz, 1H), 4.39 (m, 5H), 3.90 (m, 1H), 3.74 (s, 

3H), 3.63 (s, 3H), 3.46 (dd, J = 9.6, 4.3 Hz, 1H), 3.39 (dd, J = 9.6, 6.4 Hz, 1H), 2.51 (s, 1H). 

13
C NMR (100 MHz, CDCl3):  161.0, 158.0, 149.6, 146.6, 137.8, 132.0, 131.8, 128.5, 128.4, 

127.8, 127.8, 123.9, 121.5, 116.2, 104.5, 98.1, 73.3, 71.0, 70.9, 63.1, 55.4, 55.1, 44.6. 

HRMS (EI): Calcd. for C27H30N2O8SNa (M+23): 565.1614, Found: 565.1615. 

FTIR (neat) – 3507, 2939, 1733, 1587, 1529, 1421, 1372, 1243, 1130, 1038 cm
-1

. 
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N-(2,4-dimethoxybenzyl)-N-(5-(1,3-dioxoisoindolin-2-yl)-4-hydroxypent-1-en-3-yl)-4-

nitrobenzenesulfonamide (3.5k) 

 

Allenamide to Aldehydes: In accordance with the general procedure, the reaction was allowed 

to stir at 100 
o
C for 14 hours, at which point the reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2: 35% EtOAc/cyclohexane) to furnish the title 

compound (99 mg) as a white foam in 85% yield.  

1
H NMR (400 MHz, CDCl3):  8.36 (d, J = 9.0 Hz, 2H), 7.86 (d, J = 9.0 Hz, 2H), 7.82 (d, J = 

5.7 Hz, 1H), 7.81 (d, J = 5.5 Hz, 1H), 7.71 (d, J = 5.7 Hz, 1H), 7.70 (d, J  = 5.5 Hz, 1H), 7.25 (d, 

J = 8.6 Hz, 1H), 6.38 (dd, J = 8.6, 2.3 Hz, 1H), 6.14 (d, J = 2.3 Hz, 1H), 6.02 (ddd, J = 16.6, 

10.4, 6.8 Hz, 1H), 5.32 (d, J = 10.4 Hz, 1H), 5.25 (d, J = 16.6 Hz, 1H), 4.38 (d, J = 3.7 Hz, 2H), 

4.19 (dd, J = 6.8, 5.1 Hz, 1H), 4.13 (m, 1H), 3.80 (dd, J = 14.3, 4.5 Hz, 1H), 3.69 (s, 3H), 3.60 

(s, 3H), 3.57 (dd, J = 14.3, 7.8 Hz, 1H), 3.02 (s, 1H). 

13
C NMR (100 MHz, CDCl3):  168.6, 161.0, 158.0, 149.6, 146.4, 134.1, 132.1, 131.8, 130.6, 

128.6, 123.8, 123.4, 122.6, 115.5, 104.5, 98.1, 71.5, 64.3, 55.3, 55.1, 45.1, 41.9. 

HRMS (EI): Calcd. for C28H27N3O9SNa (M+23): 604.1361, Found: 604.1360. 

FTIR (neat) – 3506, 2940, 2360, 1771, 1611, 1529, 1348, 1158, 1035 cm
-1

. 
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N-(2,4-dimethoxybenzyl)-N-(4-hydroxydec-1-en-3-yl)-4-nitrobenzenesulfonamide (3.5l) 

 

Allenamide to Aldehydes:  In a modification of the general procedure employing 200 mol% of 

allene (0.4 mmol), the reaction was allowed to stir at 100 
o
C for 18 hours, at which point the 

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

20% EtOAc/cyclohexane) to furnish the title compound (70 mg) as a yellow oil in 69% yield. 

Allenamide to Alcohols:  In a modification of the general procedure employing 300 mol% of 

allene (0.6 mmol), the reaction was allowed to stir at 95 
o
C for 24 hours, at which point the 

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

20% EtOAc/cyclohexane) to furnish the title compound (67 mg) as a yellow oil in 68% yield. 

1
H NMR (400 MHz, CDCl3):  8.22 (d, J = 9.0 Hz, 2H), 7.82 (d, J = 9.0 Hz, 2H), 7.33 (d, J = 

8.4 Hz, 1H), 6.44 (dd, J = 8.4, 2.6 Hz, 1H), 6.23 (d, J = 2.6 Hz, 1H), 5.94 (ddd, J = 17.2, 10.4, 

6.8 Hz, 1H), 5.25 (d, J = 10.4 Hz, 1H), 5.08 (d, J = 17.2 Hz, 1H), 4.39 (s, 1H), 4.38 (s, 1H), 4.15 

(q, J = 4.7 Hz, H), 3.76 (s, 3H), 3.67 (s, 4H), 2.06 (s, 1H), 1.45 – 1.02 (m, 10H), 0.85 (t, J = 

6.8Hz, 3H). 

13
C NMR (100 MHz, CDCl3):  161.0, 157.9, 149.5, 146.8, 131.9, 131.3, 128.4, 123.7, 122.0, 

116.2, 104.6, 98.1, 73.3, 66.4, 55.4, 55.2, 44.6, 33.8, 31.8, 29.2, 25.7, 22.6, 14.1. 

HRMS (EI): Calcd. for C25H34N2O7SNa (M+23): 529.1972, Found: 529.1979 

FTIR (neat): 3541, 2928, 2856, 1611, 1400, 1347, 1293, 1158, 1131, 1035 cm
-1

. 
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N-(2,4-dimethoxybenzyl)-N-(1-hydroxy-1-phenylbut-3-en-2-yl)-4-nitrobenzenesulfonamide 

(3.5m)
 

 

Allenamide to Alcohols:  In a modification of the general procedure employing 300 mol% of 

allene (0.6 mmol), the reaction was allowed to stir at 95
o
C for 24 hours, at which point the 

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

0-25% EtOAc/cyclohexane) to furnish the title compound (84 mg) as a yellow oil in 89% yield.  

1
H NMR (400 MHz, (CD3)2CO): δ 8.28 (d, J = 9.2 Hz, 2H), 7.86 (d, J = 9.2 Hz, 2H), 7.45 (d, J 

= 2.0 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 6.41-6.35 (m, 2H), 6.34 (d, J = 2.0 Hz, 1H), 6.23 (d, J = 

3.2 Hz, 1H), 6.08 (ddd, J = 18.0, 10.8, 6.4 Hz, 1H), 5.20-5.18 (m, 1H), 5.16 (m, 2H), 5.03 (dd, J 

= 6.8, 6.0 Hz, 1H), 4.73 (dd, J = 8.0, 7.2 Hz, 1H), 4.62 (d, J = 6.0 Hz, 1H) 4.44 (d, J = 15.0 Hz, 

1H), 4.37 (d, J = 15.0, 1H), 3.76 (s, 3H), 3.70 (s, 3H). 

13
C NMR (100 MHz, (CD3)2CO):  161.2, 158.5, 155.3, 149.9, 147.4, 142.1, 133.4, 132.1, 

128.9, 124.0, 120.1, 116.6, 112.1, 107.6, 104.8, 97.8, 69.2, 65.0, 55.0, 54.9, 44.9. 

HRMS (CI): Calcd. for C23H28N2O7S (M-16): 471.1226, Found: 471.1230. 

FTIR (neat): 3505, 2926, 1698, 1611, 1588, 1528, 1508, 1349, 1294, 1257, 1157, 1032, 1010, 

935, 735, 686 cm
-1

. 
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N-(2,4-dimethoxybenzyl)-N-(4-hydroxy-6-methylhepta-1,5-dien-3-yl)-4-

nitrobenzenesulfonamide (3.5n)
 

 

Allenamide to Alcohols:  In a modification of the general procedure employing 300 mol% of 

allene (0.6 mmol), the reaction was allowed to stir at 95 
o
C for 24 hours, at which point the 

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

20% EtOAc/cyclohexane) to furnish the title compound (76 mg) as a yellow oil in 80% yield.
 

1
H NMR (400 MHz, CDCl3):  8.22 (d, J = 9.0 Hz, 2H), 7.83 (d, J = 9.0 Hz, 2H), 6.42 (dd, J = 

8.4, 2.2 Hz, 1H), 6.24 (d, J = 2.2 Hz, 1H), 6.00 (ddd, J = 17.2, 8.4, 2.0, 1H), 5.28 (dd, J = 10.4, 

1.6 Hz, 1H), 5.16 (m, 1H), 5.07 (m, 1H), 4.60, (m, 1H), 4.37 (q, J = 24.8, 9.6, 2H), 4.21 (dd, J = 

8.4, 2.8 Hz, 1H), 3.77 (s, 3H), 3.68 (s, 3H), 1.90 (d, J = 2.4 Hz, 1H), 1.70 (d, J = 1.2  Hz, 3H), 

1.65 (d, J = 1.2 Hz, 3H) 

13
C NMR (100 MHz, CDCl3):  161.0, 158.0, 149.5, 147.0, 138.0, 132.2, 132.0, 128.4, 124.3, 

123.7, 121.6, 116.1, 104.4, 98.0, 70.0, 66.7, 55.4, 55.1, 45.2, 25.9, 18.5. 

HRMS (CI): Calcd. for C23H28N2O7S (M+1): 477.1695, Found: 477.1695. 

FTIR (neat): 3529, 3104, 2937, 2839, 2361, 2162, 1978, 1528, 1348, 1309, 1293, 1034, 735 cm
-

1
.  

 

 

 

 

 



290 

 

 



291 

 

 

 

 



292 

 

N-((3S,4R)-6-(benzyloxy)-4-hydroxyhex-1-en-3-yl)-N-(2,4-dimethoxybenzyl)-4-

nitrobenzenesulfonamide (3.5o) 

 

Allenamide to Alcohols:In a modification of the general procedure employing 300 mol% of 

allene (0.6 mmol), the reaction was allowed to stir at 95 
o
C for 24 hours, at which point the 

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

20% EtOAc/cyclohexane) to furnish the title compound ( 99 mg) as a yellow oil in 89% yield. 

1
H NMR (400 MHz, CDCl3):  δ 8.20 (d, J = 9.0 Hz, 2H), 7.83 (d, J = 9.0 Hz, 2H), 7.38-7.25 (m, 

6H), 6.43 (dd, J = 8.4, 2.4 Hz, 1H), 6.24 (d, J = 2.4 Hz, 1H), 5.94 (ddd, J = 17.2, 10.4, 8.8 Hz, 

1H), 5.23 (d, J = 17.2 Hz, 1H) 5.05 (d, J = 10.4 Hz, 1H), 4.45 (s, 2H), 4.42 (d, J = 4.4 Hz, 2H), 

4.22 ( dd, J = 8.8, 7.0 Hz, 1H), 3.89-3.84 (m, 1H), 3.82-3.78 (m, 1H), 3.39 (ddd, J = 9.2, 7.0, 3.6 

Hz, 1H), 1.90-1.84 (m, 1H), 1.72-1.62 (m, 1H) 

13
C NMR (100 MHz, CDCl3):  161.0, 158.0, 149.5, 146.8, 137.8, 132.1, 132.0, 128.5, 127.8, 

127.6, 123.8, 121.4, 116.4, 104.5, 98.0, 73.3, 72.3, 68.9, 65.8, 55.4, 55.1, 44.0, 33.3. 

HRMS (CI): Calcd. for C28H32N2O8S (M+1): 557.1957, Found: 557.2668 

FTIR (neat) – 3448, 2926, 2857, 2360, 1610, 1400, 1347, 1293, 1263, 1158, 1088, 1032, 880, 

735 cm
-1

. 
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N-(8-(benzyloxy)-4-hydroxyoct-1-en-3-yl)-N-(2,5-dimethoxybenzyl)-4-

nitrobenzenesulfonamide (3.5p) 

 

Allenamide to Alcohols: In a modification of the general procedure employing 300 mol% of 

allene (0.6 mmol), the reaction was allowed to stir at 95 
o
C for 24 hours, at which point the 

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

20% EtOAc/cyclohexane) to furnish the title compound (102 mg) as a yellow oil in 87% yield.  

1
H NMR (400 MHz, CDCl3):  8.20 (d, J = 9.0 Hz, 2H), 7.83 (d, J = 9.0 Hz, 2H), 7.36-7.26 (m, 

6H), 6.42 (dd, J = 8.4, 2.4 Hz, 1H), 6.24 (d, J = 2.4 Hz, 1H), 5.96 (ddd, J = 17.2, 10.4, 8.8 Hz, 

1H), 5.24 (d, J = 17.2 Hz, 1H), 4.47 (s, 2H), 4.41 (s, 2H), 4.19 (dd, J = 8.8, 6.0 Hz, 1H), 3.76 (s, 

3H), 3.65 (s, 3H), 3.41 (dd, J = 12.0 , 6.0 Hz, 2.85 (d, J = 3.6 Hz, 1H), 1.74-1.5 (m, 4H), 1.40-

1.30 (m, 1H), 0.9-0.8 (m, 1H). 

13
C NMR (100 MHz, CDCl3): 159.9, 156.9, 148.5, 145.7, 137.1, 130.9, 130.9, 127.4, 126.6, 

122.7, 120.5, 115.3, 103.5, 97.0, 71.9, 71.6, 69.3, 65.3, 54.4, 54.0, 43.3, 30.3, 25.1. 

HRMS (CI): Calcd. for C30H37N2O8S (M+1): 585.2271, Found: 585.2274 

FTIR (neat)- 3525, 3103, 2925, 1610, 1508, 1421, 1401, 1265, 1159, 1131, 1089, 1033, 881, 

735 cm
-1

. 
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2-tert-Butyl-1-(4-nitrophenyl)but-3-en-1-ol (3.4) 

 

Allene to Aldehydes: In a modification of the general procedure employing 200 mol% of tert-

butylallene (0.4 mmol), the reaction was allowed to stir at 100 
o
C for 18 hours, at which point the 

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

5% EtOAc/cyclohexane) to furnish the title compound (40 mg) as a yellow oil in 80% yield. 

Single crystals suitable for X-ray diffraction analysis were obtained by slow evaporation from 

hexanes. 

1
H NMR (400 MHz, CDCl3):  8.17 (d, J = 8.8 Hz, 2H), 7.42 (d, J = 8.8 Hz, 2H), 5.89 (dt, J = 

17.2, 10.2 Hz, 1H), 5.09 – 5.06 (m, 1H), 4.58 (d, J = 10.2 Hz, 1H), 4.54 (d, J = 17.2 Hz, 1H), 

1.90 (d, J =7.8 Hz, 1H), 1.86 (d, J = 4.2 Hz, 1H), 1.05 (s, 9H). 

13
C NMR (100 MHz, CDCl3):  152.7, 146.8, 132.8, 126.7, 123.2, 119.9, 72.8, 62.1, 33.2, 28.7. 

HRMS (CI): Calcd. for C14H20NO3 (M+1): 250.1443, Found: 250.1447 

FTIR (neat) – 3536, 2949, 1596, 1363, 1341, 1231, 1107, 1025 cm
-1

. 

M.P. 143 – 147 
o
C 

 

 

 

 

 

 

 

OH

O2N
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(1R,2R)-2-isopropyl-1-(4-nitrophenyl)but-3-en-1-ol (3.3) 

 

Allene to Aldehydes: In a modification of the general procedure employing 200 mol% of 

isopropylallene  (0.4 mmol), the reaction was allowed to stir at 100 
o
C for 18 hours, at which 

point the reaction mixture was concentrated in vacuo and purified by flash column 

chromatography (SiO2: 5% EtOAc/cyclohexane) to furnish the title compound (37 mg, 6:1 d.r 

A:B) as a yellow oil in 79% yield.  

1
H NMR (400 MHz, CDCl3):  8.19 (d, J = 8.8 Hz, 2H of A), 8.17 (d, J = 8.8 Hz, 2H of B), 7.49 

(d, J = 8.8 Hz, 2H of A), 7.42 (d, J = 8.8 Hz, 2H of B), 5.75 (dt, J = 17.0, 10.2 Hz, 1H of A), 5.38 

(dt, J = 17.0, 10.3 Hz, 1H of B), 5.26 (dd, J = 10.2, 2.0 Hz, 1H of A), 5.05 (dd, J = 17.2, 2.0 Hz, 

1H of A), 5.00 (dd, J = 10.2, 2.0 Hz, 1H of B), 4.79 (d, J = 7.0 Hz, 1H of A), 4.83 – 4.79 (m, 2H 

of B), 2.23 – 2.15 (m, 2H), 2.08 – 1.92 (m, 2H), 1.69 -1.56 (m, 1H of B), 1.54 – 1.41 (m, 1H of 

A), 0.97 (d, J = 6.7 Hz, 6H of B), 0.89 (d, J = 6.7 Hz, 6H of A). 

13
C NMR (100 MHz, CDCl3): 150.7, 150.6, 147.3, 147.2, 134.6, 134.2, 127.7, 127.5, 127.7, 

127.5, 123.5, 123.3, 120.9, 119.5, 73.9, 73.6, 59.2, 58.2, 27.7, 27.0, 21.7, 21.6, 18.2, 17.7  

FTIR (neat) – 3448, 2959, 1604, 1516, 1345, 1231, 1108, 856 cm
-1

. 
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(1R,2R)-2-ethyl-1-(4-nitrophenyl)but-3-en-1-ol (3.2) 

 

Allene to Aldehydes:  In a modification of the general procedure employing 200 mol% of 

ethylallene (0.4 mmol), the reaction was allowed to stir at 100 
o
C for 18 hours, at which point the 

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

5% EtOAc/cyclohexane) to furnish the title compound (33 mg, 2:1 d.r A:B) as a yellow oil in 

75% yield.  

1
H NMR (400 MHz, CDCl3):  8.19 (d, J = 8.8 Hz, 2H of A), 8.17 (d, J = 8.8 Hz, 2H of B), 7.49 

(d,  J = 8.8 Hz, 2H of A), 7.44 (d, J = 8.8 Hz, 2H of B), 5.61 (dt, J 17.2, 10.2 Hz, 1H of A),  5.52 

– 5.39 (m, 1H of B), 5.28 (d, J = 10.2 Hz, 1H of A),  5.16 (d, J =17.2 Hz, 1H of  A), 5.14 – 5.09 

(m, 1H of B), 5.02 (d, J = 17.2 Hz, 1H of B), 4.75 – 4.72 (m, 1H of B), 4.56 (d, J = 7.2 Hz, 1H of  

A), 2.35 – 2.27 (m, 2H), 2.24 – 2.19 (m, 2H), 1.31 – 1.18 (m, 4H), 0.85 – 0.77 (m, 6H).  

13
CNMR(100MHz,CDCl3):



FTIR (neat) – 3421, 2964, 2931, 2875, 1604, 1518, 1346, 1040, 1108, 854 cm
-1

. 
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2-Methyl-1-(4-nitrophenyl)but-3-en-1-ol (3.1)
 

 

In a modification of the general procedure a re-sealable pressure tube (13 x 100 mm) equipped 

with magnetic stir bar was added RuBr(CO)3(
3
-C3H5) (6.2 mg, 0.02 mmol, 5 mol%) and Cy3P 

(16.8 mg, 0.06 mmol, 15 mol%). Aldehyde (0.400 mmol, 100 mol%) were added and the tube 

was sealed with a rubber septum and purged with argon. THF (0.4 mL, 1.0 M concentration with 

respect to aldehyde) and isopropanol (122 L, 1.600 mmol, 400 mol%) were added. Then 1,2-

butadiene (48 L, 0.600 mmol, 150 mol%) was condensed into a 1 dram vial at -78 
o
C  and 

quickly transferred via syringe to the reaction tube. The rubber septum was then replaced with a 

screw cap and the mixture was heated at 100 
o
C (oil bath temperature) for 18 hours, at which 

point the reaction mixture was concentrated in vacuo and purified by flash column 

chromatography (SiO2: 10% EtOAc / Hexane) to furnish the title compound (70 mg, 2:1 d.r A:B) 

as a yellow oil in 85% yield. The spectroscopic properties of this compound were consistent with 

the data available in the literature.
63 

1
H NMR (400 MHz, CDCl3): 8.19-8.16 (m, 4H), 7.49-7.45 (m, 4H), 5.80-5.67 (m, 2H), 5.21-5.04 

(m, 4H), 4.76-4.74 (m, 1H of B), 4.49 (dd, J = 7.2, 2.2 Hz, 1H of A), 2.60-2.56 (m, 1H of B), 2.47-

2.41 (m, 1H of A), 2.30 (d, J = 2.2 Hz, 1H of A), 2.11 (d, J = 3.4 Hz, 1H of B), 0.94 (d, J = 6.8 Hz, 3H 

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

13
C NMR (100 MHz, CDCl3): 149.8, 149.7, 146.3, 146.2, 139.3, 139.2, 127.6, 127.2, 123.4, 

123.3, 118.0, 116.7, 76.8, 76.0, 46.6, 44.6, 16.3, 13.2. 

 

 



308 

 

3.42 Experimental Details for Section 3.22 

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

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

were oven-dried and cooled under a stream of nitrogen. Reactions tubes were purchased from 

Fischer Scientific (catalog number 14-959-35C). Tetrahydrofuran was obtained from solvent 

delivery system (Innovative Technology Inc. Ps-MD-5). RuHCl(CO)(PPh3)3 was prepared 

according to literature procedure.
52 

RuH2(CO)(PPh3)3was prepared according to literature 

procedure.
64

 Allene 3.6 was prepared according to literature procedure.
65  

All ligands were used 

as received from Strem ChemicalsInc. Alcohols were purified by distillation or recrystallization 

immediately prior to use. Analytical thin-layer chromatography (TLC) was carried out using 0.2-

mm commercial silica gel plates (DC-FertigplattenKieselgel 60 F254). Preparative column 

chromatography employing silica gel was performed according to the method of Still.
47

 Infrared 

spectra were recorded on a Perkin-Elmer 1600 spectrometer. High-resolution mass spectra 

(HRMS) were obtained on a Karatos MS9 and are reported as m/z (relative intensity). Accurate 

masses are reported for the molecular ion [M+H]
+
 or a suitable fragment ion. Melting points 

were obtained on a Thomas-Hoover Unimelt apparatus and are uncorrected. Proton nuclear 

magnetic resonance (
1
H NMR) spectra were recorded with a Varian Gemini (400 MHz or 

300MHz) spectrometer. Chemical shifts are reported in delta (δ) units, parts per million (ppm) 

downfield from trimethylsilane or ppm relative to the center of the singlet at 7.26 ppm for 

deuteriochloroform. Coupling constants are reported in Hertz (Hz). Carbon-13 nuclear magnetic 

resonance (
13

C NMR) spectra were recorded with a Varian Gemini 300 (75 MHz) or 400 (100 

MHz) spectrometer. Chemical shifts are reported in delta (δ) units, ppm relative to the center of 
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the triplet at 77.0 ppm for deuteriochloroform. 
13

C NMR spectra were routinely run with 

broadband decoupling. 

Experimental Procedures and Spectroscopic Data for Preparation for Allene 3.7 

 

 

An oven-dried round bottom flask was cooled under argon gas. To the flask was added CuCN 

(0.454g, 5.1 mmol, 300 mol%), LiCl (0.44 g, 10.2 mmol, 600 mol%) and dry THF (0.1 M with 

respect to substrate). To the stirring solution MeMgBr in THF (3.0 M, 1.7 mL, 5.1mmol, 300 

mol%) was added dropwiseunder argon at ambient temperature. Upon complete addition, the 

reaction mixture was allowed to stir for 30 min, at which point it was cooled to 0 °C. To the 

cooled stirring solution was added the propargylic tosylate (0.6 g, 1.7 mmol, 100 mol%) over 15 

min. The ice bath was removed and the reaction mixture was allowed to slowly warm to ambient 

temperature. Upon completionreaction, as determined by TLC analysis, the mixture was cooled 

to 0 °C, at which point water was added. The mixture was transferred to a separatory funnel. 

Et2O was added to the separatory funnel and organic phase was separated. The organic phase 

was washed with water and brine, then dried (MgSO4) and filtered. The filtrate was concentrated 

in vacuo and the crude oil residue was purified by flash column chromatography (SiO2, 0-10% 

EtOAc/hexane) to afford .300g of compound 3.7 as a colorless oil in 94% yield. 

 

1
H NMR (400 MHz, CDCl3): δ 7.29 (d,J = 8.4 Hz, 2H), 6.89 (d,J = 8.4 Hz, 2H), 4.74−4.74 (m, 

2H), 4.45 (s, 2H), 4.00 (t, J = 2.4 Hz, 2H), 3.80 (s, 3H), 1.72 (t, J = 3.6 Hz, 2H).  
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13
C NMR (100 MHz, CDCl3): δ 207.1, 159.2, 130.2, 129.5, 113.8, 95.8, 74.4, 71.5, 71.1, 55.2, 

15.7. 

 

HRMS(CI) Calcd.for C13H16O2(M+H):205.1229, Found: 205.1230. 

 

FTIR(neat):2908, 2835, 1959, 1611, 1585, 1512, 1463, 1441, 1369, 1350, 1301, 1245, 1172, 

1068, 1034, 979, 846, 818, 754, 708cm
-1

. 
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Experimental Procedures and Spectroscopic Data for Preparation for Allene 3.8 

 

 

Deprotection:To a stirred solution of compound 1 in Et2O was added TBAF (1 M in THF, 200 

mol%). The reaction mixture was allowed to stir at ambient temperature for one hour, at which 

point water was added. The mixture was transferred to a separatory funnel. Aqueous phase was 

extracted with Et2O and the organic phase was washed with brine. The combined organic layers 

were dried (MgSO4), filtered, and the filtrate volume was reduced. The crude mixture 2 was used 

in the next step without further purification. 

 

Preparation of allene 3.8 via Mitsunobu Reaction: To a stirred solution of the crude allenyl 

alcohol 2 in dry THF (0.1 M) was added triphenylphosphine (200 mol%) under argon at ambient 

temperature. The solution was cooled to 0 °C, at which point DIPEA (220 mol%) and 

phthalimide (200 mol%) were added subsequently. To the reaction mixture was added DIAD 

(200 mol%) dropwise over an hour. The reaction mixture was allowed to stir for one hour, 

slowly warming to ambient temperature. Water was added to the reaction mixture and the 

reaction mixture was transferred to a separatory funnel containing Et2O. The organic phase was 

washed with water and brine, then dried (MgSO4)and filtered. The filtrate was concentrated in 

vacuo and the crude was purified by flash column chromatography (SiO2, 10% EtOAc/hexane) 

to afford allene 3.8 as a white crystalline solid. 
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1
H NMR (400 MHz, CDCl3): δ 7.87−7.85 (m, 2H), 7.72−7.71 (m, 2H), 4.68−4.64 (m, 2H), 4.20 

(t, J = 3.6 Hz, 2H), 1.75 (t, J = 3.6 Hz, 2H). 
 

13
C NMR (100 MHz, CDCl3): δ 205.3, 167.9, 133.9, 132.1, 123.3, 95.2, 77.4, 40.1, 16.2. 

 

HRMS(CI) Calcd.for C13H11NO2 [M+H]
+
: 214.0868, Found: 214.0867. 

 

FTIR(neat): 3453, 3052, 2985, 2910, 2865, 1961, 1757, 1708, 1388, 1314, 1130, 943, 885, 

707cm
-1

.  

MP: 78-80 °C 
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Experimental Procedures and Spectroscopic Data for Adduct 3.9a-3.9g 

2-methyl-1-(4-nitrophenyl)-2-phenylbut-3-en-1 (3.9a) 

 

To a resealable pressure tube (13 x 100 mm) equipped with a magnetic stir bar was added 

RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1’-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), mesitylene sulfonic acid (2.4 mg, 0.01 mmol, 5 mol%) and 

corresponding alcohol  (30.6 mg, 0.20 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Allene 3.6 (60.1 µL, 0.40 mmol, 200 mol%) and THF (0.2 

mL, 1.0 M concentration with respect to alcohol) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 50°C (oil bath temperature) for 48 hrs. The 

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

5-15% Et2O/hexanes) to furnish the title compound (48 mg)as a colorless oil in 84% yield as a 

20:1 mixture of diastereomers.  

1
H NMR(400 MHz, CDCl3):  8.04 (dd, J = 8.8, 2.0 Hz, 2H), 7.56-7.35 (m, 5H), 7.21 (dd, J = 

8.8, 2.0 Hz, 2H), 6.51 (dd, J = 17.6, 11.0 Hz, 1H), 5.37 (dd, J = 11.0, 1.4 Hz, 1H), 5.18  (m, 1H), 

5.16 (dd, J = 17.6, 1.4 Hz, 1H), 2.28 (s, 1H), 1.28 (s, 3H). 

13
C NMR(100 MHz, CDCl3):  147.2, 143.7, 141.5, 128.6, 128.6, 127.1, 122.3, 116.4, 79.3, 

77.3, 50.4, 29.7, 19.4. 

HRMS (CI) Calcd.For  C17H17NO3(M+): 284.1287, Found: 284.1286. 

FTIR (neat): 3577, 3504, 3480, 3458, 3082, 1637, 1599, 1445, 1413, 1281, 1060, 1030, 919, 

764, 700, 667 cm
-1

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

literature.
60
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2-methyl-2-phenyl-1-(4-(trifluoromethyl)phenyl)but-3-en-1-ol (3.9b) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), and corresponding alcohol (27.4 μL, 0.20 mmol, 100 mol%). The tube 

was sealed with a rubber septum and purged with nitrogen. Allene 3.6 (60.1 µL, 0.40 mmol, 200 

mol%) and THF (0.4 mL, 0.5 M concentration with respect to alcohol) were added and the 

rubber septum was quickly replaced with a screw cap. The mixture was heated at 40°C (oil bath 

temperature) for 24 hrs. The reaction mixture was concentrated in vacuo and purified by flash 

column chromatography (SiO2: 5-15% Et2O/hexanes) to furnish the title compound (52 mg)as a 

colorless oil in 85% yield as a 4:1 mixture of diastereomers.  

1
H NMR(400 MHz, CDCl3):  7.44 (d, J = 8.2, 2H), 7.37-7.27 (m, 5H), 7.19 (d, J = 8.2 Hz, 2H), 

6.53 (dd, J = 17.6, 11.0 Hz, 1H), 5.35 (dd, J = 11.0, 1.0 Hz, 1H), 5.13  (dd, J = 17.6, 1.0, 1H), 

5.12 (d, J = 2.0 Hz, 1H), 2.17 (d, J = 2.0 Hz, 1H), 1.28 (s, 3H). 

13
C NMR(100 MHz, CDCl3):  144.2, 143.8, 141.6, 129.5 (q, J = 32.0 Hz), 128.5, 128.2, 127.2, 

126.8, 124.2 (q, J= 269 Hz), 124.1 (q, J = 3.8 Hz), 116.1, 79.6, 50.3, 19.9. 

HRMS (CI) Calcd.For  C18H18OF3(M+): 307.1310, Found: 307.1305. 

FTIR (neat): 3577, 3557, 3479, 3458, 2954, 2924, 2856, 1637, 1559, 1445, 1413, 1281, 1061, 

1030, 917, 700cm
-1

.  
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2-methyl-1,2-diphenylbut-3-en-1-ol (3.9c) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), and alcohol 2c (20.7 µL, 0.20 mmol, 100 mol%). The tube was sealed 

with a rubber septum and purged with nitrogen. Allene 1a (60.1 µL, 0.40 mmol, 200 mol%) and 

THF (0.4 mL, 0.5 M concentration with respect to alcohol) were added and the rubber septum 

was quickly replaced with a screw cap. The mixture was heated at 60°C (oil bath temperature) 

for 24 hrs. The reaction mixture was concentrated in vacuo and purified by flash column 

chromatography (SiO2: 5-20% Et2O/hexanes) to furnish the title compound (47mg)as a colorless 

oil in 99% yield as a 6:1 mixture of diastereomers.  

1
H NMR(400 MHz, CDCl3):  7.37-7.35 (m, 2H), 7.33-7.30 (m, 2H), 7.25-7.19 (m, 4H), 7.12-

7.09 (m,2H) 6.56 (dd, J  = 17.6, 11.0 Hz, 1H), 5.32 (dd, J =11.0, 1.2 Hz, 1H), 5.10 (dd, J = 17.6, 

1.2 Hz, 1H), 5.07 (d, J = 2.0 Hz, 1H), 2.07 (d, J = 2.0 Hz, 1H), 1.29 (s, 3H). 

13
C NMR(100 MHz, CDCl3):  145.0, 142.0, 140.0, 128.3, 127.9, 127.4, 127.2, 127.2, 126.5, 

115.6, 80.3, 50.3, 20.6. 

HRMS (CI) Calcd.For C17H18O(M+): 238.1358, Found:238.1355. 

FTIR (neat): 3577, 3558, 3479, 3459, 3082, 2954, 2924, 2856, 1636, 1599, 1466, 1445, 1413, 

1282, 1061, 1030, 917, 764, 600, 668cm
-1

. 
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1-(furan-2-yl)-2-methyl-2-phenylbut-3-en-1-ol (3.9d) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), and corresponding alcohol  (17.4 µL, 0.20 mmol, 100 mol%). The 

tube was sealed with a rubber septum and purged with nitrogen. Allene 3.6 (60.1 µL, 0.40 mmol, 

200 mol%) and THF (0.4 mL, 0.5 M concentration with respect to alcohol) were added and the 

rubber septum was quickly replaced with a screw cap. The mixture was heated at 60°C (oil bath 

temperature) for 24 hrs. The reaction mixture was concentrated in vacuo and purified by flash 

column chromatography (SiO2: 5-20% Et2O/hexanes) to furnish the title compound (45 mg)as a 

colorless oil in 99% yield as a 10:1 mixture of diastereomers.  

1
H NMR(400 MHz, CDCl3):  7.40-7.22 (m, 6H), 6.49 (dd, J = 18.0, 10.8 Hz, 1H), 6.28 (dd, J = 

3.1, 1.8 Hz, 1H), 6.07 (d, J = 3.1, 1H), 5.35 (dd, J = 10.8, 1.1 Hz, 1H), 5.16 (dd, J = 18.0, 1.1 

Hz, 1H), 5.10 (d, J = 4.0 Hz, 1H), 2.14 (d, J =4.0 Hz, 1H), 1.42 (s, 3H). 

13
C NMR(100 MHz, CDCl3):  154.2, 144.8, 144.3, 141.6, 128.5, 128.4, 127.7, 127.4, 126.8, 

115.7, 110.3, 108.0, 74.8, 50.3, 21.6. 

HRMS (CI) Calcd. For C15H17O2(M+1): 229.1229, Found: 229.1222. 

FTIR (neat): 2961, 2922, 2852, 1497, 1464, 1445, 1412, 1372, 1261, 1213, 1471, 1076, 1010, 

920, 809, 738, 699, 658cm
-1

.  
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4-methyl-1,4-diphenylhexa-1,5-dien-3-ol (3.9e) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), and corresponding alcohol  (25.8 µL, 0.2 mmol, 100 mol%). The tube 

was sealed with a rubber septum and purged with nitrogen. Allene 3.6 (60.1 µL, 0.4 mmol, 200 

mol%) and THF (1.0 mL, 0.2 M concentration with respect to alcohol) were added and the 

rubber septum was quickly replaced with a screw cap. The mixture was heated at 60°C (oil bath 

temperature) for 24 hrs. The reaction mixture was concentrated in vacuo and purified by flash 

column chromatography (SiO2: 5-20% Et2O/hexanes) to furnish the title compound (52 mg)as a 

colorless oil in 99% yield as a 5:1 mixture of diastereomers.  

1
H NMR(400 MHz, CDCl3):  7.44 (d, J = 7.6, 1.2, 2H), 7.36 (t, J = 7.6 Hz, 2H), 7.33-7.27 (m, 

6H), 6.59 (d, J = 16.0 Hz, 1H), 6.55 (dd, J = 18.0, 10.8 Hz, 1H), 6.44 (dd, J = 18.0, 10.8 Hz, 1H), 

6.10 (dd, J = 16.0, 6.6 Hz, 1H), 5.37 (dd, J = 10.8, 1.2 Hz, 1H), 5.22 (dd, J = 18.0, 1.4 Hz, 1H), 

4.63 (dd, J = 6.6, 2.8 Hz, 1H), 1.78 (m, 1H), 1.40 (s, 3H). 

13
C NMR(100 MHz, CDCl3):  144.8, 142.2, 136.8, 132.5, 128.5, 128.5, 128.1, 127.6, 127.1, 

126.6, 126.5, 115.5, 78.5, 49.7, 21.3. 

HRMS (CI) Calcd. For C19H21O(M+1): 265.1592, Found: 265.1592. 

FTIR (neat): 2958, 2918, 2849, 2365, 2342, 2493, 2446, 1374, 1262, 1097, 1068, 1028, 966, 

921, 752, 727, 718, 695, 670cm
-1

.  
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3-methyl-3-phenyldec-1-en-4-ol (3.9f) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), and alcohol 2f (28.4 µL, 0.2 mmol, 100 mol%). The tube was sealed 

with a rubber septum and purged with nitrogen. Allene 1a (90.3 µL, 0.6 mmol, 300 mol%) and 

THF (0.2 mL, 1.0 M concentration with respect to alcohol) were added and the rubber septum 

was quickly replaced with a screw cap. The mixture was heated at 75°C (oil bath temperature) 

for 24 hrs. The reaction mixture was then concentrated in vacuo and purified by flash column 

chromatography (SiO2: 0-5% Et2O/hexanes) to furnish the title compound (38 mg)as a colorless 

oil in 77% yield as a >20:1 mixture of diastereomers.  

1
H NMR(400 MHz, CDCl3):  7.39-7.31 (m, 4H), 7.24-7.20 (m, 1H), 6.29 (dd, J  = 18.0, 11.2 

Hz, 1H), 5.29 (dd, J = 11.2, 1.2 Hz, 1H), 5.17 (dd, J = 18, 1.2 Hz, 1H), 3.91 (m, 1H), 1.58 (s, 

1H), 1.56-1.51 (m, 2H), 1.38, (s, 3H), 1.29-1.21 (m, 8H), 0.86 (t, J = 7.0 Hz, 3H). 

13
C NMR(100 MHz, CDCl3):  145.7, 143.6, 128.7, 127.1, 126.6, 114.8, 49.9, 32.1, 31.7, 31.5, 

29.5, 27.3, 22.9, 22.0, 14.3. 

HRMS (CI) Calcd. For C17H25O(M+): 246.1984, Found: 246.1987. 

FTIR (neat): 3577, 3557, 3505, 3480, 3459, 3083, 2954, 2924, 2856, 1636, 1493, 1466, 1445, 

1375, 1114, 1075, 1061, 1030, 917, 764, 747, 700, 668cm
-1

.  
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7-(benzyloxy)-3-methyl-3-phenylhept-1-en-4-ol (3.9g) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), and corresponding alcohol (35.1 µL, 0.2 mmol, 100 mol%). The tube 

was sealed with a rubber septum and purged with nitrogen. Allene 3.6 (90.1 µL, 0.6 mmol, 300 

mol%) and THF (0.2 mL, 1.0 M concentration with respect to alcohol) were added and the 

rubber septum was quickly replaced with a screw cap. The mixture was heated at 75°C (oil bath 

temperature) for 24 hrs. The reaction mixture was concentrated in vacuo and purified by flash 

column chromatography (SiO2: 0-5% Et2O/hexanes) to furnish the title compound (42 mg)as a 

colorless oil in 67% yield as a >20:1 mixture of diastereomers.  

1
H NMR(400 MHz, CDCl3):  7.41-7.28 (m, 9H), 7.26-7.22 (m, 1H), 6.33 (dd, J = 17.6, 11.0 

Hz), 5.31 (dd, J = 11.0, 1.2 Hz, 1H), 5.18 (dd, J = 17.6, 1.2 Hz), 4.51 (s, 2H), 3.97 (d, J  = 10.8 

Hz, 1H), 3.49 (t, J =6.2 Hz, 2H), 2.18 (d, J = 2.8, 1H), 1.90-1.83 (m, 1H), 1.75-1.64 (m, 1H), 

1.57-1.50 (m, 1H), 1.41 (s, 3H), 1.38-1.28 (m, 1H). 

13
C NMR(100 MHz, CDCl3):  145.8, 143.7, 138.7, 128.7, 128.6, 128.0, 127.8, 127.2, 126.5, 

114.8, 73.1, 70.6, 49.9, 28.7, 27.4, 20.3. 

HRMS (CI) Calcd.For  C21H27O2(M+1): 311.2011, Found: 311.2012. 

FTIR (neat): 3577, 3558, 3480, 3459, 3083, 2954, 2924, 2856, 1637, 1599, 1493, 1466, 1445, 

1413, 1282, 1061, 1030, 917, 764, 700, 668cm
-1

.  
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Experimental Procedures and Spectroscopic Data for Adduct 3.10a-3.10g 

2-(((4-methoxybenzyl)oxy)methyl)-2-methyl-1-(4-nitrophenyl)but-3-en-1-ol (3.10a) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1'-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), rac-BINOLphosphoric acid (3.5 mg, 0.01 mmol, 5 mol%) and 

corresponding alcohol  (30.6 mg, 0.20 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Allene 3.7 (82 mg, 0.40 mmol, 200mol%) and THF (0.2 mL, 

1.0 M concentration with respect to alcohol) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 75
o
C (oil bath temperature) for 24 hrs. The 

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

0-20% EtOAc/hexanes) to furnish the title compound (69 mg) as a yellow oil in 97% yield as a 

16:1 mixture of diastereomers. 

1
H NMR(400 MHz, CDCl3):8.11 (d, J = 9.2 Hz, 2H), 7.36 (d, J = 8.8 Hz, 2H), 7.28 (d, J = 9.2 

Hz, 2H), 6.92 (d, J = 8.8 Hz, 2H), 6.08 (dd, J = 17.6, 11.0 Hz, 1H), 5.20 (dd, J = 11.0, 1.2 Hz, 

1H), 4.97 (dd, J = 17.6, 1.2 Hz, 1H), 4.82 (d, J = 3.6 Hz, 1H), 4.49 (s, 2H), 3.83 (s, 3H), 3.44 (d, 

J = 9.2 Hz, 1H), 3.33 (d, J = 9.2 Hz, 1H), 0.92 (s, 3H). 

13
C NMR(100 MHz, CDCl3):159.5, 148.3, 147.2, 139.1, 129.5, 129.3, 128.7, 122.6, 116.1, 

114.0, 79.1, 77.1, 73.5, 55.3, 45.6, 18.2. 

HRMS:(CI)Calcd. forC20H23NO5(M+): 357.1576, Found: 357.1572. 

FTIR (neat): 3454, 2858, 1609, 1512, 1463, 1344, 1245, 1173, 1077, 1032, 1013, 922, 852, 819, 

733cm
-1

. 
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2-(((4-methoxybenzyl)oxy)methyl)-2-methyl-1-(4-(trifluoromethyl)phenyl)but-3-en-1-ol 

(3.10b) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1'-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), rac-Binolphosphoric acid (3.5 mg, 0.01 mmol, 5 mol%). The tube was 

sealed with a rubber septum and purged with nitrogen. Alcohol 2b (27.4µL, 0.20 mmol, 100 

mol%), allene 1b (82 mg, 0.40 mmol, 200 mol%) and THF (0.2 mL, 1.0 M concentration with 

respect to alcohol) were added and the rubber septum was quickly replaced with a screw cap. 

The mixture was heated at 75
o
C (oil bath temperature) for 24 hrs. The reaction mixture was 

concentrated in vacuo and purified by flash column chromatography (SiO2: 0-15% 

EtOAc/hexanes) to furnish the title compound (71 mg) as a yellow oil in 93% yield as a >20:1 

mixture of diastereomers. 

1
H NMR(400 MHz, CDCl3):7.51 (d, J =8.0 Hz, 2H), 7.37 (d, J =8.0 Hz, 2H), 7.28 (d, J =8.8 

Hz, 2H), 6.91 (d, J = 8.8 Hz, 2H), 6.07 (dd, J =18.0, 10.8 Hz, 1H), 5.18 (dd, J =10.8, 1.2 Hz, 

1H), 4.99 (dd, J =18.0, 1.2 Hz, 1H), 4.79 (d, J = 3.6 Hz, 1H), 4.49 (s, 2H), 3.82 (s, 3H), 3.68 (d, 

J =3.6, 1H), 3.44 (d, J = 9.0 Hz, 1H), 3.32 (d, J = 9.0 Hz, 1H), 0.92 (s, 3H). 

13
C NMR(100 MHz, CDCl3):159.4, 144.8, 139.5, 129.54, 129.46, 129.43 (q,J = 32Hz), 128.2, 

126.4 (q, 3.7 Hz), 124.3 (q, J = 271 Hz), 115.8, 113.9, 79.3, 77.2, 73.4, 55.3, 45.6, 18.2. 

HRMS:(CI)Calcd. for  C21H23F3O3(M+): 380.1599, Found: 380.1596. 

FTIR (neat): 3454, 2860, 1612, 1586, 1513, 1464, 1416, 1360, 1323, 1246, 1208, 1161, 1110, 

1066, 1034, 1016, 920, 846, 820, 762, 703 cm
-1

.  
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2-(((4-methoxybenzyl)oxy)methyl)-2-methyl-1-phenylbut-3-en-1-ol (3.10c) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1'-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), rac-BINOLphosphoric acid (3.5 mg, 0.01 mmol, 5 mol%). The tube 

was sealed with a rubber septum and purged with nitrogen.  Corresponding alcohol (20.7µL, 

0.20 mmol, 100 mol%), allene 3.7 (82 mg, 0.40 mmol, 200 mol%) and THF (0.2 mL, 1.0 M 

concentration with respect to alcohol) were added and the rubber septum was quickly replaced 

with a screw cap. The mixture was heated at 95
o
C (oil bath temperature) for 24 hrs. The reaction 

mixture was concentrated in vacuo and purified by flash column chromatography (SiO2: 0-15% 

EtOAc/hexane) to furnish the title compound (53 mg) as a yellow oil in 85% yield as a 17:1 

mixture of diastereomers. 

1
H NMR(400 MHz, CDCl3): 7.32-7.22 (m, 7H), 6.91 (d, J = 8.4 Hz, 2H), 6.09 (dd, J =17.8, 

11.2 Hz, 1H), 5.17 (dd, J =11.2, 1.2 Hz, 1H), 5.00 (dd, J =17.8, 1.2 Hz, 1H), 4.72 (d, J = 3.6 Hz, 

1H), 4.49 (s, 2H), 3.83 (s, 3H), 3.50 (d, J =3.6, 1H), 3.46 (d, J =8.8 Hz, 1H), 3.32 (d, J =8.8 Hz, 

1H), 0.94 (s, 3H). 

13
C NMR(100 MHz, CDCl3):159.3, 140.8, 140.2, 129.8, 129.4, 127.8, 127.4, 127.3, 115.2, 

113.9, 79.6, 77.2, 73.3, 55.3, 45.7, 18.3. 

HRMS:(CI)Calcd. for C20H24O3 (M-1): 311.1647, Found: 311.1649. 

FTIR (neat):3469, 2855, 1611, 1585, 1512, 1453, 1416, 1359, 1301, 1245, 1208, 1172, 1081, 

1033, 917, 819, 781, 758, 730, 702 cm
-1

. 
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1-(furan-2-yl)-2-(((4-methoxybenzyl)oxy)methyl)-2-methylbut-3-en-1-ol (3.10d) 

 

To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1'-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), racemic-Binol Phosphoric Acid (3.5 mg, 0.01 mmol, 5 mol%). The 

tube was sealed with a rubber septum and purged with nitrogen.  Corresponding alcohol  

(17.4µL, 0.20 mmol, 100 mol%), allene 3.7 (82 mg, 0.40 mmol, 200 mol%) and THF (0.2 mL, 

1.0 M concentration with respect to alcohol) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was heated at 95
o
C (oil bath temperature) for 24 hrs. The 

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

0-15% Et2O/hexanes) to furnish the title compound (43 mg) as a yellow oil in 71% yield as a 

15:1 mixture of diastereomers. 

1
H NMR(400 MHz, CDCl3): 7.34 (d,J = 1.6 Hz,1H), 7.27 (d, J = 8.4 Hz, 2H), 6.89 (d, J =8.4, 

2H), 6.32 (dd, J =3.2, 1.6 Hz, 1H), 6.21 (d, J = 3.2 Hz, 1H), 6.01 (dd, J = 17.8, 10.8 Hz, 1H), 

5.17 (dd, J =10.8, 0.8 Hz, 1H), 5.07 (dd, J = 17.8, 0.8 Hz, 1H), 4.70 (d,J = 5.6 Hz, 1H), 4.54 - 

4.42 (m, 2H), 3.81 (s, 3H), 3.58 (d, J =8.4, 1H), 3.52 (d, J =5.6 Hz, 1H), 3.34 (d, J =8.4 Hz, 1H), 

1.05 (s, 3H). 

13
C NMR(100 MHz, CDCl3):159.5, 155.1, 141.7, 140.2, 130.1, 129.6, 115.3, 114.1, 110.3, 

107.8, 77.0, 74.3, 73.6, 55.5, 45.8, 19.2. 

HRMS:(CI)Calcd. for C18H22O4(M-1): 301.1440, Found: 301.1437. 

FTIR (neat): 3474, 2859, 1611, 1585, 1512, 1464, 1416, 1301, 1245, 1173, 1078, 1032, 1007, 

921, 883, 817, 735 cm
-1

. 
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(((4-methoxybenzyl)oxy)methyl)-4-methyl-1-phenylhexa-1,5-dien-3-ol (3.10e) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuH2(CO)(PPh3)3 (9.2 mg, 0.01 mmol, 5 mol%), 1,1'-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), rac-BINOLphosphoric acid (3.5 mg, 0.01 mmol, 5 mol%). The tube 

was sealed with a rubber septum and purged with nitrogen. Corresponding alcohol  (25.8µL, 

0.20 mmol, 100 mol%), allene 3.7 (82 mg, 0.40 mmol, 200 mol%) and THF (0.2 mL, 1.0 M 

concentration with respect to alcohol) were added and the rubber septum was quickly replaced 

with a screw cap. The mixture was heated at 95
o
C (oil bath temperature) for 24 hrs. The reaction 

mixture was then concentrated in vacuo and purified by flash column chromatography (SiO2: 0-

15% EtOAc/hexanes) to furnish the title compound (63 mg) as a yellow oil in 94% yield as a 

17:1 mixture of diastereomers. 

1
H NMR(400 MHz, CDCl3): 7.38-7.20 (m, 7H), 6.88 (d, J = 8.4 Hz, 2H), 6.60 (dd, J =16.2, 

.8Hz 1H), 6.19 (dd, J = 16.2, 7.2 Hz, 1H), 6.04 (dd, J = 17.8, 11.2 Hz, 1H), 5.20 (dd, J = 11.2, 

1.2 Hz, 1H), 5.11 (dd, J = 17.8, 1.2 Hz, 1H), 4.47 (s, 2H), 4.23 (m, 1H), 3.81 (s, 3H), 3.57 (d, J 

=8.8, 1H), 3.39 (d, J = 8.8 Hz, 1H), 3.21 (d, J =3.6 Hz, 1H), 1.09 (s, 3H). 

13
C NMR(100 MHz, CDCl3):159.3, 140.5, 137.0, 131.8, 129.8, 129.4, 128.8, 128.5, 127.5, 

126.5, 115.1, 113.9, 78.2, 76.7, 73.3, 55.3, 45.3, 18.9. 

HRMS:(CI)Calcd. for  C22H26O3(M+): 338.1882, Found: 338.1887 

FTIR (neat):3465, 2856, 1611, 1585, 1512, 1462, 1359, 1301, 1245, 1172, 1081, 1032, 967, 917, 

819, 756, 692 cm
-1

. 
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3-(((4-methoxybenzyl)oxy)methyl)-3-methyldec-1-en-4-ol (3.10f) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 

RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Corresponding alcohol (28.4µL, 0.20 mmol, 100 mol%),allene 3.7(123mg, 0.60 mmol, 300 

mol%) and THF (0.2 mL, 1.0 M concentration with respect to alcohol) were added and the 

rubber septum was quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath 

temperature) for 48 hrs. The reaction mixture was concentrated in vacuo and purified by flash 

column chromatography (SiO2: 0-10% EtOAc/hexanes) to furnish the title compound (55 mg) as 

a colorless oil in 86% yield as a 4:1 mixture of diastereomers. 

1
H NMR(400 MHz, CDCl3): 7.23 (d, J = 8.8 Hz, 2H), 6.87 (d, J = 8.8 Hz, 2H), 5.97 (dd, J = 

17.8, 10.8 Hz, 1H), 5.14 (dd, J =10.8, 1.2 Hz, 1H), 5.04 (dd, J = 17.8, 1.2 Hz, 1H), 4.45 (s, 2H), 

3.81 (s, 3H), 3.52 (d, J =8.8, 1H), 3.52-3.45 (m, 1H), 3.34 (d, J = 8.8 Hz, 1H), 2.89 (d, J =4.8, 

1H), 1.35 – 1.20 (m, 10H), 1.02 (s, 3H), 0.88 (t, 6.8 Hz). 

13
C NMR(100 MHz, CDCl3):159.2, 141.0, 130.0, 129.2, 114.2, 113.8, 77.3 (2 carbons 

obstructed by chloroform), 73.3, 55.3, 44.9, 31.9, 31.8, 29.4, 26.7, 22.7, 22.7, 19.0, 14.1. 

HRMS:(CI)Calcd. forC20H32O3 (M-1): 319.2273, Found: 319.2274. 

FTIR (neat):3481, 2926, 2855, 1612, 1513, 1463, 1416, 1362, 1301, 1246, 1172, 1078, 1035, 

1007, 961, 915, 819, 757, 704 cm
-1

.  
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7-(benzyloxy)-3-(((4-methoxybenzyl)oxy)methyl)-3-methylhept-1-en-4-ol (3.10g) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 

RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Corresponding alcohol (35.1 µL, 0.20 mmol, 100 mol%), allene 3.7 (123mg, 0.60 mmol, 300 

mol%) and THF (0.2 mL, 1.0 M concentration with respect to alcohol) were added and the 

rubber septum was quickly replaced with a screw cap. The mixture was heated at 95°C (oil bath 

temperature) for 48 hr. The reaction mixture was concentrated in vacuo and purified by flash 

column chromatography (SiO2: 0-20% EtOAc/Hexanes) to furnish the title compound (53 mg)as 

a yellow oil in 69% yield as a 4:1 mixture of diastereomers. 

1
H NMR(400 MHz, CDCl3):7.33 – 7.25 (m, 5H), 7.23 (d, J = 8.8 Hz, 2H), 6.86 (d, J = 8.8 Hz, 

2H), 5.96 (dd, J = 17.6, 11.0 Hz, 1H), 5.13 (dd, J =11.0, 1.2 Hz, 1H), 5.03 (dd, J = 17.6, 1.2 Hz, 

1H), 4.50 (s, 2H), 4.44 (s, 2H), 3.79 (s, 3H), 3.53-3.46 (m, 4H), 3.33 (d, J = 9.2, 1H),  3.07 (d, J 

=4.8 Hz, 1H), 1.90 – 1.80 (m, 1H), 1.70 – 1.50 (m, 2H),1.35 – 1.20 (m, 1H), 1.02 (s, 3H). 

13
C NMR(75 MHz, 

CDCl3):

. 

HRMS:(CI)Calcd. forC24H32O4(M+): 384.2292, Found: 384.2287. 

FTIR (neat): 3483, 2854, 1611, 1585, 1512, 1454, 1416, 1362, 1301, 1246, 1207, 1173, 1081, 

1034, 909, 820, 730, 697 cm
-1

.  
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Experimental Procedures and Spectroscopic Data for Adduct 3.11a-3.11g 

2-(2-(hydroxy(4-nitrophenyl)methyl)-2-methylbut-3-enyl)isoindoline-1,3-dione (3.11a) 

 
 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.54 mg, 0.01 mmol, 5 mol%) and cyclohexyldiphenylphosphine (8.05 mg, 

0.03 mmol, 15 mol%) and corresponding alcohol (30.6 mg, 0.20 mmol, 100 mol%). The tube 

was sealed with a rubber septum and purged with nitrogen. Allene 3.8 (85.3 mg, 0.40 mmol, 200 

mol%) and THF (0.40 mL, 0.5 M concentration with respect to alcohol) was added and the 

rubber septum was quickly replaced with a screw cap. The reaction was heated at 95 °C (oil bath 

temperature) for 24 hrs. The reaction mixture was concentrated in vacuo and purified by flash 

column chromatography (SiO2: 15 % EtOAc/hexane) to furnish the title compound (61 mg) as a 

white crystalline solid in 83% yield as a 10:1 mixture of diastereomers.
 

1
H NMR (400 MHz, CDCl3): δ 8.12-8.08 (m, 2H), 7.94-7.89 (m, 2H), 7.82-7.78 (m, 2H), 6.20 

(dd, J=17.6, 11.4 Hz, 1H), 5.21 (dd, J = 11.4, 0.8 Hz, 1H), 4.93 (dd, J = 17.6, 0.8 Hz, 1H), 4.61 

(d, J = 4.8 Hz, 1H), 4.48 (d, J = 4.8 Hz, 1H), 4.06 (d, J = 14.2 Hz, 1H), 3.69 (d, J = 14.2 Hz, 1H), 

0.90 (s, 3H). 
 

13
C NMR (100 MHz, CDCl3): δ 169.5, 147.0, 146.8, 137.4, 134.2, 131.3, 128.5, 123.4, 122.1, 

116.9, 75.8, 47.2, 44.4, 18.8.   

HRMS(CI) Calcd.for C20H18N2O5 [M+H]
+
: 367.1294, Found: 367.1288. 

FTIR(neat): 3448, 3074, 2985, 2932, 2349, 1779, 1699, 1512, 1397, 1339, 729cm
-1

.  

MP: 175-177 °C 
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2-(2-(hydroxy(4-(trifluoromethyl)phenyl)methyl)-2-methylbut-3-enyl)isoindoline-1,3-

dione(5b) 

 
 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.5 mg, 0.01 mmol, 5 mol%) and cyclohexyldiphenylphosphine (8.1 mg, 

0.03 mmol, 15 mol%) and corresponding alcohol (27.4 µL, 0.20 mmol, 100 mol%). The tube 

was sealed with a rubber septum and purged with nitrogen. Allene 3.8 (85.3 mg, 0.40 mmol, 200 

mol%) and THF (0.40 mL, 0.5 M concentration with respect to alcohol) was added and the 

rubber septum was quickly replaced with a screw cap. The reaction was heated at 95 °C (oil bath 

temperature) for 24 hrs. The reaction mixture was concentrated in vacuo and purified by flash 

column chromatography (SiO2: 15 % EtOAc/hexane) to furnish the title compound (51 mg) as a 

colorless oil in 65% yield as a 14:1 mixture of diastereomers. 

1
H NMR (400 MHz, CDCl3): δ 7.93-7.88 (m, 2H), 7.81-7.76 (m, 2H), 7.51 (d, J = 8.0 Hz, 2H), 

7.35 (d, J = 8.0 Hz, 2H), 6.22 (dd, J = 17.6, 10.8 Hz, 1H), 5.22 (dd, J = 10.8, 0.8 Hz, 1H), 4.95 

(dd, J = 17.6, 0.8 Hz, 1H), 4.45 (d, J = 4.8 Hz, 1H),4.39 (d, J = 17.8 Hz, 1H), 4.03 (d, J = 15.0 

Hz, 1H), 3.71 (d, J = 15.0 Hz, 1H), 0.89 (s, 3H). 
 

13
C NMR (100 MHz, CDCl3): δ 169.4, 143.5, 137.9, 134.1, 131.4, 128.0, 127.7 (q, J = 284 Hz), 

123.9, 123.4, 116.6, 76.2, 47.2, 44.4, 18.8. 

HRMS(CI) Calcd.for C21H18F3NO3 [M+H]
+
: 390.1314, Found: 390.1317. 

FTIR(neat): 3457, 3074, 2977, 2932, 1779, 1699, 1397, 1326, 1161, 1121, 1063, 907, 716 cm
-1

.  
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2-(2-(hydroxy(phenyl)methyl)-2-methylbut-3-enyl)isoindoline-1,3-dione (3.11c) 

 
 

To a re-sealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.5 mg, 0.01 mmol, 5 mol%) and 1,1´-bis(dicyclohexylphosphino) 

ferrocene (5.8 mg, 0.01 mmol, 5 mol%) and corresponding alcohol  (20.7 µL, 0.20 mmol, 100 

mol%). The tube was then sealed with a rubber septum and purged with nitrogen. Allene 3.8 

(85.3 mg, 0.40 mmol, 200 mol%) and THF (0.40 mL, 0.5 M concentration with respect to 

alcohol) was added and the rubber septum was quickly replaced with a screw cap. The reaction 

was heated at 75 °C (oil bath temperature) for 48 hrs. The reaction mixture was concentrated in 

vacuo and purified by flash column chromatography (SiO2: 10 % EtOAc/hexanes) to furnish the 

title compound (64 mg) as a white crystalline solid in 99% yield as a 8:1 mixture of 

diastereomers. 

1
H NMR (400 MHz, CDCl3): δ 7.91-7.87 (m, 2H), 7.79-7.74 (m, 2H), 7.27-7.24 (m, 5H), 6.264 

(dd, J = 18.0, 10.8, 1H), 5.21 (dd, J = 10.8, 1.2 Hz, 1H), 4.95 (dd, J = 18.0, 1.2 Hz, 1H), 4.44 (d, 

J = 4.8 Hz, 1H), 4.05-3.95 (m, 2H), 3.79-3.73 (m, 1H), 0.91 (s, 3H). 
 

13
C NMR (100 MHz, CDCl3): δ 169.6, 139.8, 139.1, 134.3, 131.8, 127.9, 127.4, 127.3, 123.5, 

116.3, 77.2, 47.6, 44.9, 18.9.  

HRMS(CI) Calcd.for C20H20NO3 [M+H]
+
: 322.1442, Found: 344.1443. 

FTIR(neat): 3474, 3070, 2977, 2883, 1770, 1699, 1383, 1334, 925, 720cm
-1

.  

MP: 170-172 °C 
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2-(2-(furan-2-yl(hydroxy)methyl)-2-methylbut-3-enyl)isoindoline-1,3-dione (3.11d) 

 
 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuH2(CO)(PPh3)3(9.2 mg, 0.01 mmol, 5 mol%), 1,1´-bis(diisopropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), camphor sulfonic acid (2.4 mg, 0.01 mmol, 5 mol%) and 

corresponding alcohol  (17.4µL, 0.20 mmol, 100 mol%). The tube was sealed with a rubber 

septum and purged with nitrogen. Allene 3.8 (85.3 mg, 0.40 mmol, 200 mol%) and THF 

(0.20mL, 1.0 M concentration with respect to alcohol) was added and the rubber septum was 

quickly replaced with a screw cap. The reaction was heated at 85 °C (oil bath temperature) for 24 

hrs. The reaction mixture was concentrated in vacuo and purified by flash column 

chromatography (SiO2: 10 % EtOAc/hexanes) to furnish the title compound (52mg) as a colorless 

oil in 84% yield as a 7:1 mixture of diastereomers. 

1
H NMR (400 MHz, CDCl3): δ 7.90-7.84 (m, 2H), 7.78-7.72 (m, 2H), 7.3 (dd, J = 2.0, 0.8 Hz, 

1H), 6.31-6.24 (m, 3H), 5.25 (dd, J = 10.8, 1.2 Hz, 1H), 5.13 (dd, J = 17.6, 1.2 Hz, 1H), 4.48 (d, 

J = 5.6 Hz, 1H), 4.06 (d, J = 5.6 Hz, 1H), 3.95 (d, J = 14.4 Hz, 1H), 3.72 (d, J = 14.4 Hz, 1H), 

0.98 (s, 3H). 
 

13
C NMR (100 MHz, CDCl3): δ 169.6, 153.8, 141.4, 139.3, 134.3, 131.7, 123.6, 116.1, 110.1, 

107.7, 71.5, 47.3, 44.5, 18.6. 

HRMS(CI) Calcd.for C18H18NO4 [M+H]
+
: 312.1236, Found: 312.1234. 

FTIR(neat): 3462, 3092, 2990, 2936, 1766, 1699, 1392, 1339, 1010, 930, 720 cm
-1

.  
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2-((E)-3-hydroxy-2-methyl-5-phenyl-2-vinylpent-4-enyl)isoindoline-1,3-dione (3.11e) 

 
 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.5 mg, 0.01 mmol, 5 mol%) and 1,1´-bis(dicyclohexylphosphino) 

ferrocene (5.8 mg, 0.01 mmol, 5 mol%) and corresponding alcohol  (25.8µL, 0.20 mmol, 100 

mol%). The tube was then sealed with a rubber septum and purged with nitrogen. Allene 3.8 

(85.3 mg, 0.40 mmol, 200 mol%) and THF (2.0mL, 0.1 M concentration with respect to alcohol) 

was added and the rubber septum was quickly replaced with a screw cap. The reaction was 

heated at 85 °C (oil bath temperature) for 48 hrs. The reaction mixture was then concentrated in 

vacuo and purified by flash column chromatography (SiO2: 10 % EtOAc/hexanes) to furnish the 

title compound (69 mg) as a colorless oil in 99% yield as a 5:1 mixture of diastereomers. 

1
H NMR (400 MHz, CDCl3): δ 7.86-7.81 (m, 2H), 7.74-7.69 (m, 2H), 7.31-7.72 (m, 5H), 6.52 

(d, J = 16.0 Hz, 1H), 6.20-6.10 (m, 2H), 5.24 (dd, J = 11.2, 0.8 Hz, 1H), 5.14 (dd, J = 17.6, 0.8 

Hz, 1H), 4.19-4.16 (m, 1H), 3.94-3.89 (m, 2H), 3.66 (d, J = 14.0 Hz, 1H), 1.01 (s, 3H). 
 

13
C NMR (100 MHz, CDCl3): δ 169.6, 139.5, 136.8, 134.3, 132.6, 131.7, 128.4, 127.5, 126.5, 

123.5, 116.2, 75.8, 47.0, 44.4, 18.8.  

HRMS(CI) Calcd.for C22H22NO3 [M+H]
+
: 348.1599, Found: 348.1600. 

FTIR(neat): 3470, 2977, 2932, 1775, 1708, 1388, 1330, 921, 716 cm
-1

.  
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2-((2R,3R)-3-hydroxy-2-methyl-2-vinylnonyl)isoindoline-1,3-dione (3.11f) 

 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar, 

RuHCl(CO)(PPh3)3 (9.6 mg, 0.01 mmol, 5 mol%), 1,1’-bis(diipropylphosphino)ferrocene (4.2 

mg, 0.01 mmol, 5 mol%), and corresponding alcohol (28.4 µL, 0.20 mmol, 100 mol%) were 

added. The tube was sealed with a rubber septum and purged with nitrogen. Allene 3.8 (127.8 

mg, 0.60 mmol, 300 mol%) and THF (0.2 mL, 1.0 M concentration with respect to alcohol) were 

added and the rubber septum was quickly replaced with a screw cap. The mixture was heated at 

95°C (oil bath temperature) for 24 hr. The reaction mixture was concentrated in vacuo and 

purified by flash column chromatography (SiO2: 0-15% EtOAc/hexanes) to furnish the title 

compound (61 mg)as a colorless oil in 93% yield as a >20:1 mixture of diastereomers.  

1
H NMR(400 MHz, CDCl3):  7.87 (dd, J = 5.6, 2.8 Hz, 2H), 7.76 (dd, J = 5.6, 2.8 Hz, 2H), 

6.10 (dd, J =17.8, 11.0 Hz, 1H), 5.24 (dd, J = 11.0, 1.2 Hz, 1H), 5.17 (dd, J = 17.8, 1.2 Hz, 1H), 

3.96 (d, J =4.4, 1H), 3.91 (d, J = 14.0, 1H), 3.54 (d, J =14.0, 1H), 3.21-3.18 (m, 1H), 1.28-1.24  

(m, 10H), 1.00 (s, 3H), 0.85 (t, J = 6.8 Hz, 3H). 

13
C NMR(100 MHz, CDCl3):  169.2, 139.8, 134.3, 131.8, 123.5, 115.5, 74.2, 47.0, 44.8, 31.8, 

30.9, 29.4, 27.1, 22.6, 18.5, 14.1. 

HRMS (CI) Calcd.For  C20H28NO3(M+1): 330.2069, Found: 330.2071. 

FTIR (neat): 2926, 2375, 2261, 2234, 2226, 2217, 2182, 2165, 2083, 2060, 2046, 2033, 2014, 

1988, 1707, 1393, 1377, 917, 724, 714, 667cm
-1

. 
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2-(6-(benzyloxy)-3-hydroxy-2-methyl-2-vinylhexyl)isoindoline-1,3-dione (3.11g) 

 

 
 

To a resealable pressure tube (13 x 100 mm) equipped with magnetic stir bar was added 

RuHCl(CO)(PPh3)3 (9.5 mg, 0.01 mmol, 5 mol%) and 1,1´-bis(diisopropylphosphino)ferrocene 

(4.2 mg, 0.01 mmol, 5 mol%) and corresponding alcohol (35.1µL, 0.20 mmol, 100 mol%). The 

tube was then sealed with a rubber septum and purged with nitrogen. Allene 3.8 (85.3 mg, 0.40 

mmol, 200 mol%) and THF (0.2 mL, 1.0 M concentration with respect to alcohol) was added and 

the rubber septum was quickly replaced with a screw cap. The reaction was heated at 85 °C (oil 

bath temperature) for 48 hrs. The reaction mixture was concentrated in vacuo and purified by 

flash column chromatography (SiO2: 10 % EtOAc/hexanes) to furnish the title compound (57 

mg) as a colorless oil in 72% yield as a >20:1 mixture of diastereomers. 

1
H NMR (400 MHz, CDCl3): δ 7.87-7.84 (m, 2H), 7.77-7.74 (m, 2H), 7.29-7.27 (m, 4H), 7.23-

7.19 (m, 1H), 6.10 (dd, J = 17.6, 11.2 Hz, 1H), 5.24 (dd, J = 11.2, 1.2 1H), 5.16 (dd, J = 17.6, 1.2 

Hz, 1H), 4.47 (q, J = 12.0, 5.6 Hz, 2H), 4.08 (dd,  J = 3.2, 1.6 Hz, 1H), 3.90 (d, J = 14.2 Hz, 1H), 

3.57 (d, J = 14.2 Hz, 1H), 3.52-3.40 (m, 2H), 3.25-3.21 (m, 1H), 1.94-1.85 (m, 1H), 1.66-1.48 

(m, 2H), 1.36-1.24 (m, 1H), 1.00 (s, 3H).  
 

13
C NMR (100 MHz, CDCl3): δ 169.7, 139.6, 138.5, 134.2, 131.7, 128.2, 127.6, 127.4, 123.5, 

115.6, 73.9, 72.7, 70.2, 47.0, 44.8, 27.5, 26.9, 18.5.  

HRMS(CI) Calcd.for C24H28NO4 [M+H]
+
: 394.2017, Found: 394.2018. 

FTIR(neat): 3479, 3092, 2940, 2856, 1757, 1708, 1388, 1330, 1090, 934, 716 cm
-1

.  
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Crystallographic Material for 3.11a. 

X-ray Experimental for C20H18N2O5 (3.11a):  Crystals grew as colorless needles by slow 

evaporation from dichloromethane / hexanes. The data crystal was cut from a larger crystal and 

had approximate dimensions; 0.32 x 0.04 x 0.03 mm. The data were collected on a Rigaku R-

Axis Spider diffractometer with an image plate detector using a graphite monochromator with 

CuK radiation ( = 1.5418Å). A total of 130 images of data were collected using -scans with 

a scan range of 5 and a counting time of 420 seconds per image.  The data were collected at 100 

K using a RigakuXStream low temperature device.  Details of crystal data, data collection and 

structure refinement are liste. Data reduction were performed using the Rigaku Americas 

Corporation’s Crystal Clear version 1.40. The structure was solved by direct methods using 

SIR97 and refined by full-matrix least-squares on F2 with anisotropic displacement parameters 

for the non-H atoms using SHELXL-97. Most of the hydrogen atoms were located in a ∆F map 

and refined with isotropic displacement parameters.  The hydrogen atoms on C14 and O3 were 

calculated in ideal positions with isotropic displacement parameters set to 1.2xUeq of the 

attached.  The function, w(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[((Fo))2 + (0.0808*P)2 

+ (0.3373*P)] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.220, with R(F) equal to 0.0688 and 

a goodness of fit, S, = 1.20. Definitions used for calculating R(F), Rw(F2) and the goodness of 

fit, S, are given below. The data were corrected for secondary extinction effects.  The correction 

takes the form:  Fcorr = kFc/[1 + (8.1(15)x10-6)* Fc
23/(sin2)]0.25 where k is the overall scale 

factor. Neutral atom scattering factors and values used to calculate the linear absorption 

coefficient are from the International Tables for X-ray Crystallography (1992). All figures were 

generated using SHELXTL/PC. Tables of positional and thermal parameters, bond lengths and 

angles, torsion angles and figures are found elsewhere. SIR97. (1999).   
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Crystal data and structure refinement for 1. 

Empirical formula  C20 H18 N2 O5 

Formula weight  366.36 

Temperature  100(2) K 

Wavelength  1.54180 Å 

Crystal system  Triclinic 

Space group  P-1 

Unit cell dimensions a = 7.3019(6) Å = 75.958(5)°. 

 b = 9.615(9) Å = 75.473(5)°. 

 c = 13.028(2) Å  = 80.710(6)°. 

Volume 854.0(8) Å3 

Z 2 

Density (calculated) 1.425 Mg/m3 

Absorption coefficient 0.861 mm-1 

F(000) 384 

Crystal size 0.32 x 0.04 x 0.03 mm 

Theta range for data collection 6.52 to 66.56°. 

Index ranges -6<=h<=8, -9<=k<=11, -13<=l<=15 

Reflections collected 7885 

Independent reflections 2924 [R(int) = 0.0392] 

Completeness to theta = 66.56° 96.9 %  

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00 and 0.799 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2924 / 0 / 310 

Goodness-of-fit on F2 1.198 

Final R indices [I>2sigma(I)] R1 = 0.0688, wR2 = 0.1592 

R indices (all data) R1 = 0.1241, wR2 = 0.2202 

Extinction coefficient 8.1(15)x10
-6 

Largest diff. peak and hole 0.373 and -0.328 e.Å-3 
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 Atomic coordinates  ( x 104) and equivalent  isotropic displacement parameters (Å2x 103) 

for 3.11a.  U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 

________________________________________________________________________________  

 x y z U(eq) 

________________________________________________________________________________  

C1 -3109(7) -2553(5) -5182(4) 56(1) 

C2 -2372(6) -1111(4) -5599(3) 50(1) 

C3 -1483(7) -463(5) -6633(4) 57(1) 

C4 -993(7) 928(5) -6793(4) 58(1) 

C5 -1396(6) 1625(5) -5943(4) 56(1) 

C6 -2279(6) 973(5) -4901(4) 51(1) 

C7 -2747(6) -406(4) -4753(3) 47(1) 

C8 -3708(6) -1382(4) -3755(3) 48(1) 

C9 -4837(7) -3831(5) -3318(4) 52(1) 

C10 -3569(6) -5033(4) -2707(3) 51(1) 

C11 -2230(9) -5852(6) -3520(4) 60(1) 

C12 -2542(7) -4413(5) -2073(4) 54(1) 

C13 -692(9) -4667(6) -2088(5) 70(2) 

C14 -5026(6) -6039(4) -1906(3) 54(1) 

C15 -4092(6) -7431(5) -1318(4) 52(1) 

C16 -3529(6) -7508(5) -350(4) 54(1) 

C17 -2764(7) -8817(5) 187(4) 54(1) 

C18 -2504(6) -10006(4) -268(3) 51(1) 

C19 -3027(6) -9960(5) -1221(4) 51(1) 

C20 -3845(7) -8655(5) -1733(4) 54(1) 

N1 -3784(5) -2668(4) -4062(3) 51(1) 

N2 -1765(5) -11420(4) 303(3) 57(1) 

O1 -3152(5) -3468(3) -5670(2) 68(1) 

O2 -4359(4) -1133(3) -2862(2) 57(1) 

O3 -6202(4) -5211(3) -1163(3) 65(1) 

O4 -1412(4) -12440(3) -173(2) 61(1) 

O5 -1554(5) -11538(4) 1228(3) 69(1) 

________________________________________________________________________________ 
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 Bond lengths [Å] and angles [°] for  3.11a. 

_____________________________________________________  

C1-O1  1.214(5) 

C1-N1  1.401(5) 

C1-C2  1.495(6) 

C2-C7  1.380(5) 

C2-C3  1.381(6) 

C3-C4  1.394(6) 

C3-H3  0.98(4) 

C4-C5  1.376(6) 

C4-H4  1.00(4) 

C5-C6  1.389(6) 

C5-H5  1.01(4) 

C6-C7  1.379(6) 

C6-H6  1.00(3) 

C7-C8  1.491(6) 

C8-O2  1.208(4) 

C8-N1  1.401(5) 

C9-N1  1.470(5) 

C9-C10  1.551(6) 

C9-H9A  1.07(4) 

C9-H9B  1.07(5) 

C10-C12  1.514(6) 

C10-C11  1.528(6) 

C10-C14  1.562(6) 

C11-H11A  0.98(5) 

C11-H11B  1.06(6) 

C11-H11C  1.01(4) 

C12-C13  1.330(7) 

C12-H12  1.05(4) 

C13-H13A  1.03(5) 

C13-H13B  1.10(5) 

C14-O3  1.430(4) 

C14-C15  1.522(6) 

C14-H14  1.00 

C15-C20  1.379(6) 

C15-C16  1.404(6) 

C16-C17  1.388(6) 

C16-H17  1.03(4) 

C17-C18  1.376(6) 

C17-H18  0.89(4) 

C18-C19  1.376(6) 

C18-N2  1.472(5) 

C19-C20  1.389(6) 

C19-H19  1.07(4) 

C20-H20  0.95(4) 

N2-O5  1.229(4) 

N2-O4  1.244(4) 

O3-H3O  0.84 

O1-C1-N1 124.9(4) 

O1-C1-C2 129.5(4) 

N1-C1-C2 105.6(4) 

C7-C2-C3 120.9(4) 

C7-C2-C1 108.6(4) 

C3-C2-C1 130.5(4) 

C2-C3-C4 117.9(5) 

C2-C3-H3 121(2) 

C4-C3-H3 121(2) 

C5-C4-C3 120.5(5) 

C5-C4-H4 123(2) 

C3-C4-H4 117(2) 

C4-C5-C6 121.8(5) 

C4-C5-H5 115(2) 

C6-C5-H5 123(2) 

C7-C6-C5 117.1(4) 

C7-C6-H6 119.6(18) 

C5-C6-H6 123.3(19) 
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C6-C7-C2 121.8(4) 

C6-C7-C8 130.3(4) 

C2-C7-C8 107.9(4) 

O2-C8-N1 125.5(4) 

O2-C8-C7 128.3(4) 

N1-C8-C7 106.2(4) 

N1-C9-C10 113.6(4) 

N1-C9-H9A 109(2) 

C10-C9-H9A 106(2) 

N1-C9-H9B 106(2) 

C10-C9-H9B 108(2) 

H9A-C9-H9B 114(3) 

C12-C10-C11 113.4(4) 

C12-C10-C9 110.9(4) 

C11-C10-C9 108.8(4) 

C12-C10-C14 109.8(4) 

C11-C10-C14 109.9(4) 

C9-C10-C14 103.5(4) 

C10-C11-H11A 115(3) 

C10-C11-H11B 109(3) 

H11A-C11-H11B 119(4) 

C10-C11-H11C 114(2) 

H11A-C11-H11C 94(4) 

H11B-C11-H11C 104(4) 

C13-C12-C10 125.7(5) 

C13-C12-H12 118(2) 

C10-C12-H12 116(2) 

C12-C13-H13A 116(3) 

C12-C13-H13B 119(3) 

H13A-C13-H13B 125(4) 

O3-C14-C15 111.6(4) 

O3-C14-C10 106.7(3) 

C15-C14-C10 113.5(4) 

O3-C14-H14 108.3 

C15-C14-H14 108.3 

C10-C14-H14 108.3 

C20-C15-C16 119.5(4) 

C20-C15-C14 118.9(4) 

C16-C15-C14 121.6(4) 

C17-C16-C15 119.7(5) 

C17-C16-H17 122(2) 

C15-C16-H17 118(2) 

C18-C17-C16 119.0(5) 

C18-C17-H18 120(3) 

C16-C17-H18 121(3) 

C17-C18-C19 122.6(4) 

C17-C18-N2 120.2(4) 

C19-C18-N2 117.1(4) 

C18-C19-C20 118.0(4) 

C18-C19-H19 123(2) 

C20-C19-H19 118(2) 

C15-C20-C19 121.3(5) 

C15-C20-H20 119(2) 

C19-C20-H20 119(2) 

C1-N1-C8 111.4(4) 

C1-N1-C9 125.5(4) 

C8-N1-C9 121.8(4) 

O5-N2-O4 123.4(4) 

O5-N2-C18 118.5(4) 

O4-N2-C18 118.0(4) 

C14-O3-H3O 109.5 

_____________________________________________________________  
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 Anisotropic displacement parameters  (Å2x 103) for 3.11a.  The anisotropic 

displacement factor exponent takes the form:  -22[ h2a*2U11 + ...  + 2 h k a* b* U12 ] 

______________________________________________________________________________  

 U11 U22 U33 U23 U13 U12 

______________________________________________________________________________  

C1 58(3)  50(3) 58(3)  -15(2) -11(2)  6(2) 

C2 51(3)  43(2) 52(3)  -7(2) -8(2)  -3(2) 

C3 53(3)  62(3) 55(3)  -17(2) -10(2)  1(2) 

C4 48(3)  60(3) 57(3)  -9(3) -4(2)  -1(2) 

C5 36(3)  53(3) 69(3)  -3(2) -3(2)  -7(2) 

C6 46(3)  52(3) 56(3)  -16(2) -9(2)  -1(2) 

C7 39(2)  47(3) 52(2)  -12(2) -4(2)  1(2) 

C8 42(3)  47(3) 52(3)  -15(2) -6(2)  2(2) 

C9 56(3)  43(3) 57(3)  -7(2) -12(2)  -10(2) 

C10 53(3)  47(3) 49(2)  -13(2) -5(2)  -4(2) 

C11 64(4)  52(3) 58(3)  -14(3) -1(3)  -3(3) 

C12 51(3)  49(3) 63(3)  -12(2) -10(2)  -8(2) 

C13 77(4)  60(3) 73(4)  -13(3) -17(3)  -11(3) 

C14 59(3)  41(2) 59(3)  -15(2) -2(2)  -5(2) 

C15 48(3)  49(3) 53(3)  -13(2) -2(2)  -4(2) 

C16 51(3)  50(3) 58(3)  -15(2) 1(2)  -8(2) 

C17 50(3)  57(3) 55(3)  -18(2) -3(2)  -9(2) 

C18 50(3)  48(3) 47(2)  -11(2) -1(2)  -1(2) 

C19 46(3)  52(3) 52(3)  -16(2) 2(2)  -9(2) 

C20 56(3)  47(3) 55(3)  -19(2) -3(2)  -2(2) 

N1 57(2)  45(2) 49(2)  -15(2) -6(2)  -5(2) 

N2 45(2)  57(2) 59(2)  -11(2) 4(2)  -6(2) 

O1 86(3)  57(2) 65(2)  -24(2) -12(2)  -10(2) 

O2 56(2)  53(2) 56(2)  -16(2) -2(2)  -2(1) 

O3 58(2)  59(2) 70(2)  -19(2) 6(2)  -4(2) 

O4 58(2)  54(2) 68(2)  -20(2) -6(2)  0(2) 

O5 77(2)  78(2) 51(2)  -17(2) -12(2)  0(2) 

______________________________________________________________________________ 
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 Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 103) 

for 3.11a. 

________________________________________________________________________________  

 x y  z  U(eq) 

________________________________________________________________________________  

 

H14 -5845 -6293 -2330 65 

H3O -7145 -5649 -806 98 

H3 -1190(60) -980(40) -7230(30) 52(12) 

H4 -360(60) 1380(40) -7550(30) 65(13) 

H5 -900(60) 2590(50) -6120(30) 67(14) 

H6 -2560(40) 1450(30) -4260(30) 27(9) 

H9A -5870(60) -3400(40) -2700(30) 67(13) 

H9B -5430(60) -4300(50) -3810(40) 72(14) 

H11A -1260(70) -6540(60) -3230(40) 94(19) 

H11B -3030(80) -6170(50) -3980(40) 98(19) 

H11C -1270(60) -5250(40) -4080(30) 62(13) 

H12 -3370(60) -3680(40) -1610(30) 62(13) 

H13A -250(70) -4250(50) -1540(40) 84(17) 

H13B 200(70) -5390(50) -2590(40) 97(17) 

H17 -3730(60) -6580(50) -60(30) 69(14) 

H18 -2460(60) -8900(40) 820(30) 60(15) 

H19 -2930(60) -10890(40) -1550(30) 63(13) 

H20 -4250(60) -8600(40) -2380(30) 55(13) 

________________________________________________________________________________  
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Torsion angles [°] for 3.11a. 

________________________________________________________________  

O1-C1-C2-C7 175.8(5) 

N1-C1-C2-C7 -4.0(5) 

O1-C1-C2-C3 -3.0(8) 

N1-C1-C2-C3 177.1(4) 

C7-C2-C3-C4 -0.6(7) 

C1-C2-C3-C4 178.1(4) 

C2-C3-C4-C5 -0.2(7) 

C3-C4-C5-C6 0.6(7) 

C4-C5-C6-C7 -0.3(7) 

C5-C6-C7-C2 -0.5(6) 

C5-C6-C7-C8 -179.3(4) 

C3-C2-C7-C6 0.9(7) 

C1-C2-C7-C6 -178.0(4) 

C3-C2-C7-C8 180.0(4) 

C1-C2-C7-C8 1.0(5) 

C6-C7-C8-O2 3.5(8) 

C2-C7-C8-O2 -175.4(4) 

C6-C7-C8-N1 -178.7(4) 

C2-C7-C8-N1 2.4(5) 

N1-C9-C10-C12 57.2(5) 

N1-C9-C10-C11 -68.2(5) 

N1-C9-C10-C14 174.9(4) 

C11-C10-C12-C13 -8.1(6) 

C9-C10-C12-C13 -130.9(5) 

C14-C10-C12-C13 115.3(5) 

C12-C10-C14-O3 53.6(5) 

C11-C10-C14-O3 179.0(4) 

C9-C10-C14-O3 -64.8(4) 

C12-C10-C14-C15 -69.8(5) 

C11-C10-C14-C15 55.7(5) 

C9-C10-C14-C15 171.8(4) 

O3-C14-C15-C20 144.0(4) 

C10-C14-C15-C20 -95.4(5) 

O3-C14-C15-C16 -34.1(6) 

C10-C14-C15-C16 86.5(5) 

C20-C15-C16-C17 -1.2(7) 

C14-C15-C16-C17 177.0(4) 

C15-C16-C17-C18 2.6(7) 

C16-C17-C18-C19 -2.0(7) 

C16-C17-C18-N2 -177.7(4) 

C17-C18-C19-C20 0.0(7) 

N2-C18-C19-C20 175.8(4) 

C16-C15-C20-C19 -0.9(7) 

C14-C15-C20-C19 -179.0(4) 

C18-C19-C20-C15 1.4(7) 

O1-C1-N1-C8 -174.1(4) 

C2-C1-N1-C8 5.7(5) 

O1-C1-N1-C9 -7.1(7) 

C2-C1-N1-C9 172.7(4) 

O2-C8-N1-C1 172.8(4) 

C7-C8-N1-C1 -5.1(5) 

O2-C8-N1-C9 5.2(7) 

C7-C8-N1-C9 -172.8(4) 

C10-C9-N1-C1 97.6(5) 

C10-C9-N1-C8 -96.7(5) 

C17-C18-N2-O5 6.6(6) 

C19-C18-N2-O5 -169.3(4) 

C17-C18-N2-O4 -174.5(4) 

C19-C18-N2-O4 9.6(6)
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View of 3.11a showing the atom labeling scheme.  Displacement ellipsoids are scaled to the 50% 

probability level.  
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Chapter 4: Transfer Hydrogenative Vinylougous Aldol. 

4.1 Introduction 

 Vinylogues of the aldol reaction represent an important class of carbonyl addition 

processes.
66

 The vast majority of enantioselective vinylogous aldol additions employ dienolates 

and dienol ethers derived from β-ketoester esters
67

 in combination with chiral Lewis acids,
67a-k

 

chiral Lewis bases
67k-m

 or chiral H-bond donors.
67n

 Dienolates and dienol ethers derived from 

simple α,-unsaturated carbonyl compounds
67k-m,68

 and 2-siloxy furans
68

 also participate in 

enantioselective vinylogous aldol additions. While excellent regio- and enantioselectivities have 

been obtained in certain cases, the formation and tractability of the requisite dienol ethers pose a 

barrier to their use. Additionally, chiral Lewis acid catalyzed reactions of silyl dienol ethers often 

suffer from competing racemic silyl cation catalyzed background reactions, requiring slow 

addition of the dienol ether, cryogenic conditions and high catalyst loadings. Vinylogous direct 

aldol additions of unmodified α,-unsaturated carbonyl compounds potentially address these 

limitations,
69

 however, to date, such transformations are restricted to the use of 2-(5H)-furanones 

as aldol donors.
 
In a significant departure from prior art, Shibasaki and Kanai devised a reductive 

vinylogous aldol reaction of allenic esters mediated by pinacolborane.
70

 A related reductive 

process, the vinylogous Reformatsky reaction, could potentially deliver identical products, 

however, enantioselective variants are unknown. 
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4.11 Background 

 Under transfer hydrogenation conditions using isolated ortho-cyclometallated iridium 

catalysts generated from allyl acetate, 3-nitrobenzoic acid and (S)-Segphos ligand, 

enantioselective carbonyl crotylation is achieved from the alcohol or aldehyde oxidation level 

using α-methyl allyl as the crotyl donor. Aliphatic, allylic and benzylic alcohols are transformed 

to the corresponding homoallylic alcohols with uniformly high levels of enantioselectivity. In the 

presence of isopropanol, but under otherwise identical conditions, aldehydes are converted to an 

equivalent set of adducts. This protocol avoids cryogenic conditions and the stoichiometric use 

of metallic reagents or reductants 
 
(Scheme 4.1).

48,49 

Scheme 4.1: Enantioselective iridium catalyzed carbonyl crotylation. 
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 Related processes were established for example, diastereo- and enantioselective α-

(trifluromethyl)allylation employing α-trifluoromethyl allyl benzoate as allyl donor to get the 

trifluoroallylation products in high levels of anti-diastereo- and enantioselectivity.
71a

 Other 

processes includes, α-(trimethylsilyl)allylation
71b

 and α-(hydroxymethyl)allylation
71c

 which also 

have been performed from the alcohol or aldehyde oxidation level. Finally, α-

(hydroxy)allylation
71d

 was performed using allylic gem-dibenzoate under the conditions of 

iridium catalyzed transfer hydrogenation to provide anti-1-ene-2,3-diols with excellent relative 

and absolute stereocontrol. The latter process can only be performed from aldehyde oxidation 

level as the alcohol starting material mostly undergoes trans-esterification (Scheme 4.2). 

Scheme 4.2 Iridium catalyzed carbonyl crotylation processes. 
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 All of the above processes take place by means of substituted π-allyl iridium 

intermediates  and results in complete branched regioselectivities, accompanied by good to 

complete levels of anti-diastereoselectivity. This suggests that carbonyl addition occurs with 

allylic inversion from the primary (E)-σ-allyl haptomer. Conversely, we believe 1,2-substituent 

on the crotyl donor renders the alkene a poor ligand for iridium center, as a result they did not 

participate actively in carbonyl addition processes. It has been established that the stability of 

late transition metal-olefin π-complex decreases with increasing degree of olefin substitution.
72

 

As olefin coordination is a prerequisite to ionization, the requirement of allyl donors that 

incorporate monosubstituted olefins likely stems from the shorter lifetime of more highly 

substituted iridium-olefin π-complexes.  The goal of this research was to understand the 

reactivity pattern of iridium transfer hydrogenation coupling using allylating agents 1,2-

substitution pattern (Scheme 4.3). 

Scheme 4.3: 1,2-substitution pattern of the allyl donor effecting coordination to metal. 
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4.2 Reaction Development 

4.21 Reaction Discovery and Optimization of Transfer 

Hydrogenative Vinylougous Aldol. 

 We believed that we might be able to use 1,2-disubstituted allyl donors to furnish 

products of vinylougous aldol addition.  The linear carbonyl addition products might be availed 

upon stabilization of the secondary σ-allyl haptomer through introduction of a stabilizing group. 

Introduction of a carbonyl moiety can stablize the secondary σ-allyl haptomer, equivalent to a η
1
-

C-bound iridium enolate.   Also we believed, that if we introduce a electron withdrawing group 

to the terminus of the olefin we would increase olefin binding to metal center and thus increase 

ionization (Scheme 4.4).
73

  

Scheme 4.4: Secondary σ-allyl stabilization by a electron withdrawing group.
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 We were able to show this novel regioselectivity by the exposure of the -acyloxy 

crotonate 4.1 to benzyl alcohol in the presence of the ortho-cyclometallated iridium C,O-

benzoate complex modified by BIPHEP, designated as (rac)- I. While potassium phosphate was 

used as base and the products of carbonyl addition was obtained in 15% yield. The more labile 

benzoate ester 4.2 leads to slight improvement in yield. Though, due to practical problem of 

product isolation further optimizations were carried out with metyl 4-(hydroxymethyl)benzoate. 

Pivaloyl crotonate 4.3 on the other hand did not participate in coupling reaction. However, to our 

delight tert-butyl carbonate 4.4 of -hydroxy crotonate resulted in 26% isolated yield. The Boc-

carbonate 4.4 is a better allylating agent as it did not participate in acyl transfer reaction and the 

the reaction required any external base (Table 4.1). 

Table 4.1: Optimization of leaving group.  

 

 With these intial results in hand we started the optimization by changing the electronic 

character of ortho-cyclometallated iridium C,O-benzoate complex, by means of changing the 

substituent at 4-position of the benzoic acid. A uniform structure activity relationship was not 

found but electron withdrawing substituent gave uniformly good reactivity. The 4-chloro-3-
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nitrobenzoate based catalyst (rac)-II was chosen for any further reaction optimization due to 

commerial availability and well behaved reactivity pattern (Table 4.2). 

Table 4.2: Iridium C,O-benzoate complex modified, effects on vinylogous aldol reaction. 

 

 Having found the optimal C,O-benzoate for this reaction, the next parameter that we 

screened was reaction temperature. Interestingly it was found that at lower temperatures the 

vinylogous Reformatsky-aldol addition suffers from regioselectivity issues. At lower 

temperatures , the primary (E)-δ-allyl haptomer is the reactive species, which resulted in the 

observed branched selectivity. However, at higher temperature the secondary δ-allyl haptomer is 

more reactive giving rise to novel linear selectivity by virtue of γ-addition (Table 4.3). This 

reactivity pattern suggests a Curtin-Hammett scenario wherein the equilibrating mixture of 

primary and secondary σ-allyl haptomers selectively reacts with aldehyde at different 

temperature.
74

 Since we were interested in the novel regioselectivity we further optimized the 

linear γ-addition product. 
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Table 4.3: Effect of temperature on regioselectivity. 

 

 The next parameter to be optimized for this transformation was the effect of different 

concentrations. It was found out that the reaction works better at lower concentration and 0.5 M 

was superior than 1 M (Table 4.4). With these results in hand we preformed a solvent screen. 

The solvent screen very interesting results and it was found that 1,4-dioxane was the best solvent 

for the desired transformation (Table 4.4). 

Table 4.4:  Reaction solvent and concentration screen. 
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 As we have optimized all reaction parameters we wanted to see if other substrates gave 

the same desired regioselectivity. To find out substrate-regioselectivity relationship, O-4-

methoxybenzyl-1,3-propanediol, cyclohexanemethanol and corresponding aldehydes were 

examined under optimized conditions. The former O-4-methoxybenzyl-1,3-propanediol, was 

found to be completely unselective towards regioselectivity giving the product in equal amount 

of regioselectivity however, the corresponding aldehyde was slightly favorable to linear product 

(2:1 rr). Conversely, by increasing the steric hindrance at the reactive carbonyl center, as by α-

substitution in cyclohexanemethanol, it reacted to deliver the product in higher level of linear 

regioisomer (4:1 rr). The corresponding aldehyde gave slightly better selectivity (5:1) (Table 

4.5). Any further optimization to improve regioselectivity was unsuccessful. 

Table 4.5: Reactivity of aliphatic aldehydes. 

 

Having found substrates that provided high yields and selectivities, we began to optimize 

the asymmetric variant of the transformation.  Screening of chiral catalysts were performed 
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however, most of the chiral catalysts resulted in poor enantioselectivity. (R)-Cl,MeO-BIPHEP 

modified catalyst, (R)-I was the best catalyst in the series (Table 4.6, entry 5). Excitingly, for the 

same reaction conditions, it was noted that the enantioselectivity was slightly higher for shorter 

reaction time. This anomaly can be explained by invoking oxidation reduction of the coupling 

product which results in scrambling of enantiomeric purity. This analysis bode with the 

assumption that the additional substituent on double bond of the product renders it poor 

coordinating ability which in turn makes it susceptible to iridium catalyzed β-hydride 

elimination. Since, benzylic alcohols are more reactive towards β-hydride elimination and 

therefore, would give poor enantiomeric excess. However, aliphatic alcohols and unactivated 

allylic and benzylic substrate can potentially provide better enantioselectivity. 

Table 4.6: Screen of chiral ligands. 

 

 As we seen with the racemic catalyst cyclohexanemethanol gave better yields and 

regioselectivity. As a substrate in enantioselective vinylogous Reformatsky addition reaction, it 

gave the first result of high yield, high regioselectivity and excellent enantioselectivity 

employing either alcohol or aldehyde oxidation level (table 4.7). 
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Table 4.7: Results of changing the substrate to cyclohexanemethanol. 

 

With optimized conditions in hand a diverse range of substrate were screened to examine 

the scope of enantioselective vinylogous Reformatsky-aldol addition. O-PMB-propanediol 

undergos carbonyl addition giving rise to mixture of regioisomers in a combined 87% yield as a 

1:2 mixture of linear (88% ee) and branched regioisomers 4.13, favoring formation of the 

branched adduct due to a lack of -branching.  However, primary neopentyl alcohols deliver 

products of carbon-carbon coupling with complete linear regioselectivity and exceptional 

enantioselectivity. In all cases, roughly equivalent yields and selectivities are observed when the 

carbon-carbon coupling is performed using aldehydes. Finally, benzylic alcohols and the 

corresponding aldehydes engage in carbon-carbon coupling to furnish adduct 4.11 and 4.12 in 

good yield. Here, as suggested, slight erosion in optical purity of is observed over the course of 

the reaction, due to reversible oxidation-reduction of the secondary benzylic alcohol product 

(Table 4.8) 



400 

 

Table 4.8: Substrate scope of enantioselective vinylogous Reformatsky-aldol addition. 

 

Linear regioselectivity in response to increased steric demand of the aldehyde suggests a 

Curtin-Hammett scenario wherein carbonyl addition occurs selectively from an equilibrating 

mixture of primary and secondary σ-allyl haptomers.
74

 Beyond electronic effects, it is likely that 

carbonyl addition from the α-C-bound iridium enolate to form the less substituted carbon-carbon 

bond is favored due to the absence of gauche interactions in the transition state.
73

 For sterically 

demanding aldehydes, such gauche interactions would be accentuated, thus increasing the 

preference for the linear regioisomer. 

 



401 

 

4.3 Conclusion 

 In this section we report a catalytic method for enantioselective vinylogous Reformatsky- 

type aldol addition in which asymmetric carbonyl addition occurs with equal facility from the 

alcohol or aldehyde oxidation level. Good to excellent levels of regioselectivity and uniformly 

high levels of enantioselectivity were observed across a range of alcohols and aldehydes. Insight 

into the structural-interactional features of the catalytic system via partitioning of linear and 

branched adducts suggests a Curtin-Hammett scenario, wherein carbonyl addition occurs 

selectively from an equilibrating mixture of primary and secondary σ-allyl haptomers.
74

 The 

collective data are consistent with carbonyl addition from the secondary α-C-bound iridium 

enolate to form the less substituted carbon-carbon bond due to the absence of gauche interactions 

in the transition state. Notably, in reactions conducted from the alcohol oxidation level, the only 

stoichiometric byproducts formed are carbon dioxide and tert-butanol. 
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4.4 Experimental Section 

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

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

were oven-dried and cooled under a stream of argon. Reactions tubes were purchased from 

Fischer Scientific (catalog number 14-959-35C). Tetrahydrofuran was obtained from solvent 

delivery system (Innovative Technology Inc. Ps-MD-5). Aldehydes were purified by distillation 

or recrystallisation immediately prior to use. Analytical thin-layer chromatography (TLC) was 

carried out using 0.2-mm commercial silica gel plates (DC-Fertigplatten Kieselgel 60 F254). 

Preparative column chromatography employing silica gel was performed according to the 

method of Still. 
 

Infrared spectra were recorded on a Perkin-Elmer 1600 spectrometer. High-

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

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

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

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

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

parts per million (ppm) downfield from trimethylsilane or ppm relative to the center of the 

singlet at 7.26 ppm for deuteriochloroform. Coupling constants are reported in Hertz (Hz). 

Carbon-13 nuclear magnetic resonance (
13

C NMR) spectra were recorded with a Varian Gemini 

300 (75 MHz) or 400 (100 MHz) spectrometer. Chemical shifts are reported in delta (δ) units, 

ppm relative to the center of the triplet at 77.0 ppm for deuteriochloroform. 
13

C NMR spectra 

were routinely run with broadband decoupling. 
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Preparation of (R)-I: 

 To a mixture of [Ir(cod)Cl]2 (134.3 mg, 0.20 mmol, 100 mol%), (R)-Cl,MeO-BIPHEP 

(260.6 mg, 0.40 mmol, 200 mol%), Cs2CO3 (260.6 mg, 0.80 mmol, 400 mol%), 4-Cl-3-

NO2BzOH (161.2 mg, 0.89 mmol, 400 mol%) and allyl acetate (100.1 mg, 1.0 mmol, 500 mol%) 

in a sealed tube under N2 atmosphere was added THF (4.0 mL, 0.05 M). The reaction mixture 

was allowed to stir for 30 min at ambient temperature and was then heated at 80 
o
C for 1.5 hr, at 

which point the reaction mixture was allowed to cool to ambient temperature. The reaction 

mixture was filtered and washed with THF (10 mL). The filtrate was concentrated in vacuo and 

desolved in THF (2 mL) and hexane (50 mL) was added. A yellow precipitate formed which was 

sonicated for 5 minutes, collected by filtration and dried under vacuum to provide (R)-I (342.0 

mg, 0.316 mmol) in 79% yield. 

 

Synthesis of starting material 4.4 
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(Z)-but-2-ene-1,4-diyl tert-butyl dicarbonate 

 

 A 500 mL round bottom flask was charged with cis-2-butenediol (5.27 g, 60 mmol, 100 

mol%), tetrabutylammonium hydrogen sulfate (3.46 g, 10.2 mmol, 17 mol%) and the mixture 

was dissolved in 6N NaOH (70 mL, 0.85 M) and CH2Cl2 (150 mL, 0.4 M). Boc-Anhydride 

(34.83 g, 159.6 mmol, 266 mol%) was added as a solid and the reaction mixture was allowed to 

stir at ambient temperature overnight. The reaction mixture was transferred to seperatory funnel, 

diluted with CH2Cl2 and washed with water (3 x 300 mL). The organic layer was dried (Na2SO4), 

filtered and concentrated to give the title compound (17.13 g, 59.40 mmol) in 99% yield as 

colorless oil and was used without further purification. 

TLC (SiO2): Rf = 0.60 (ethyl acetate: hexanes, 1:9).  

1
H NMR (400 MHz, CDCl3): δ 5.80-5.78 (m, 2H), 4.68-4.66 (m, 4H), 1.49 (s, 18H).  

13
C NMR (100 MHz, CDCl3): δ 153.2, 128.0, 82.4, 62.2, 27.9.  

FTIR (neat): 2981, 2928, 1739, 1458, 1394, 1369, 1347, 1270, 1250, 1156, 1089, 966, 929, 859, 

792 cm
-1

.  

HRMS (CI) Calcd. for C14H25O6 [M+H]
+
: 289.1651, Found: 289.1655. 
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(E)-ethyl 4-(tert-butoxycarbonyloxy)but-2-enoate (4.4) 

 

 To (Z)-but-2-ene-1,4-diyl tert-butyl dicarbonate (10 g, 34.68 mmol, 100 mol%) was 

added CH2Cl2 (115 mL, 0.3 M) and the temperature was lowered to -78 
o
C. Ozone was passed 

through the solution (~ 3h) until a deep blue color persisted, at which point TLC analysis 

revealed complete consumption of starting material. Argon was passed through solution for 30 

min and dimethyl sulfide (21.56 g, 347.03 mmol, 1000 mol%) was added at -78 
o
C. The cooling 

bath was removed and the reaction mixture was allowed to stir overnight. The reaction mixture 

was concentrated in vacuo to give crude aldehyde, which was used immediately without further 

purification. 

 To the aldehyde in a 500 mL round bottom flask was added THF (180 mL, 0.2M) and 

Ethyl (triphenylphosphoranylidene)acetate (26.58 g, 76.29 mmol, 220 mol%). The reaction 

vessel was equipped with a reflux condenser and the reaction mixture was heated to reflux for 2 

h. The reaction mixture was allowed to cool to ambient temperature and was concentrated in 

vacuo, diluted with hexane (180 mL), which resulted in precipitation and the suspension was 

filtered through a pad of celite. The filtrate was concentrated in vacuo and purified by flash 

column chromatography (SiO2; ethyl acetate: hexanes, 0:100 to 5:95) to furnish the title 

compound (10.86 g, 47.16 mmol) as a colorless oil in 68% yield over two steps. 

TLC (SiO2): Rf = 0.45 (ethyl acetate: hexanes, 1:4).  

1
H NMR (400 MHz, CDCl3): δ 6.94 (dt, J = 15.6, 4.8 Hz, 1H), 6.06 (dt, J = 15.6, 2 Hz, 1H), 

4.73 (dd, J = 4.4, 2.0 Hz, 2H), 2.09 (q, J = 7.2 Hz, 2H), 1.50 (s, 9H), 1.29 (t, J = 7.2 Hz, 3H).  

13
C NMR (100 MHz, CDCl3): δ 165.8, 152.9, 140.9, 122.3, 82.7, 64.9, 60.6, 27.7, 14.2.  
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FTIR (neat): 2981, 2936, 2905, 1743, 1721, 1667, 1457, 1394, 1369, 1275, 1251, 1157, 1120, 

1094, 1037, 968, 934, 851, 792, 769 cm
-1

.  

HRMS (CI) Calcd. for C11H19O5 [M+H]
+
: 231.1233, Found: 231.1233. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



409 

 

 

 

 

 

 



410 

 

 

 

 

 

 



411 

 

(R)-(E)-ethyl 5-hydroxy-7-(4-methoxybenzyloxy)hept-2-enoate (4.13) 

 

Alcohol: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding alcohol (58.9 mg, 0.30 mmol, 100 mol%) and (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) were added and 

the rubber septum was quickly replaced with a screw cap. The mixture was placed in an oil bath 

at 90 
o
C and was allowed to stir for 48 hr. The reaction mixture was concentrated in vacuo. 

Purification of by column chromatography (SiO2; ethyl acetate: hexanes, 1:4 to 1:2) provided the 

branched product (55.5 mg, 0.180 mmol, 1:1 dr) as a colorless oil in 60% yield, and the desired 

linear product 4.13 (24.6 mg, 0.080 mmol) as a colorless oil in 27% yield. 

Aldehyde: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), freshly distilled corresponding aldehyde (58.3 mg, 0.30 mmol, 100 

mol%), (E)-ethyl 4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) 

and isopropyl alcohol (36.1 mg, 0.6 mmol, 200 mol%) were added and the rubber septum was 

quickly replaced with a screw cap. The mixture was placed in an oil bath at 90 
o
C and was 

allowed to stir for 24 hr. The reaction mixture was concentrated in vacuo. Purification of by 

column chromatography (SiO2; ethyl acetate: hexanes, 1:4 to 1:2) provided the branched product 

(42.5 mg, 0.138 mmol, 1:1 dr) as a colorless oil in 46% yield and the desired linear product 4.13 

(17.8 mg, 0.058 mmol) as a colorless oil in 19% yield. 
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TLC (SiO2): Rf = 0.25 (ethyl acetate: hexanes, 1:2).  

[ α ]D
25 

= +13.0 (c = 1, CH2Cl2). 

 
1
H NMR (400 MHz, CDCl3): δ 7.24 (dt, J = 8.8, 2.8 Hz, 2H), 6.97 (dt, J = 15.6, 7.2 Hz, 1H), 

6.88 (dt, J = 8.8, 2.8 Hz, 2H), 5.88 (dt, 15.6, 1.2 Hz, 1H), 4.45 (s, 2H), 4.18 (q, J = 7.2, 2H), 

3.98-3.95 (m, 1H), 3.81 (s, 3H), 3.73-3.70 (m, 1H), 3.65-3.59 (m, 1H), 3.16 (d, J = 2.8 Hz, 1H), 

2.40-2.34 (m, 2H), 1.79-1.73 (m, 2H), 1.28 (t, J = 7.2 Hz, 3H).  

13
C NMR (100 MHz, CDCl3): δ 166.3, 159.3, 145.1, 129.7, 129.4, 123.6, 113.9, 73.0, 70.4, 68.7, 

60.2, 55.3, 40.1, 35.8, 14.2.  

FTIR (neat): 3484, 3453, 3431, 2976, 2935, 2861, 1714, 1654, 1612, 1586, 1513, 1464, 1367, 

1302, 1246, 1204, 1171, 1091, 1034, 980, 820, 756, 708 cm
-1

.  

HRMS (CI) Calcd. for C17H24O5 [M]
+
: 308.1624, Found: 308.1613.  

HPLC: Alcohol: (Chiralcel AS-H column, hexanes:i-PrOH = 90:10, 1 mL/min, 254 nm), tminor = 

10.8 min, tmajor = 12.3 min; ee = 88%. Aldehyde: (Chiralcel AS-H column, hexanes:i-PrOH = 

90:10, 1 mL/min, 254 nm), tminor = 10.0 min, tmajor = 11.1 min; ee = 83%. 
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Alcohol: 
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Aldehyde: 
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(R)-(E)-ethyl 5-cyclohexyl-5-hydroxypent-2-enoate (4.10) 

 

Alcohol: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding alcohol (34.2 mg, 0.30 mmol, 100 mol%) and (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) were added and 

the rubber septum was quickly replaced with a screw cap. The mixture was placed in an oil bath 

at 90 
o
C and was allowed to stir for 48 hr. The reaction mixture was concentrated in vacuo. 

Purification of by column chromatography (SiO2; ethyl acetate: hexanes, 1:10 to 1:5) provided 

the branched product (9.5 mg, 0.042 mmol, 1:1 dr) as a colorless oil in 14% yield, and the 

desired linear product 4.10 (42.5 mg, 0.188 mmol) as a colorless oil in 63% yield. 

Aldehyde: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), freshly distilled corresponding aldehyde (33.6 mg, 0.30 mmol, 100 

mol%), (E)-ethyl 4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) 

and isopropyl alcohol (36.1 mg, 0.6 mmol, 200 mol%) were added and the rubber septum was 

quickly replaced with a screw cap. The mixture was placed in an oil bath at 90 
o
C and was 

allowed to stir for 48 hr. The reaction mixture was concentrated in vacuo. Purification of by 

column chromatography (SiO2; ethyl acetate: hexanes, 1:10 to 1:5) provided the branched 

product (8.0 mg, 0.035 mmol, 1:1 dr) as a colorless oil in 12% yield and the desired linear 

product 4.10 (51.6 mg, 0.228 mmol) as a colorless oil in 76% yield. 
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TLC (SiO2): Rf = 0.25 (ethyl acetate: hexanes, 1:4). 

 [ α ]D
25 

= -11.0 (c = 1.0, CH2Cl2).  

1
H NMR (400 MHz, CDCl3): δ 7.01 (ddd, J = 15.6, 7.6, 6.8 Hz, 1H), 5.91 (dt, J = 15.6, 1.6 Hz, 

1H), 4.19 (q, J = 7.2 Hz, 2H), 3.51 (dt, J = 14, 4.8 Hz, 1H), 2.46-2.28 (m, 2H), 1.87-1.74 (m, 

4H), 1.73-1.65 (m, 2H), 1.29 (t, J = 6.8 Hz, 3H), 1.41-0.97 (m, 6H). 

 
13

C NMR (100 MHz, CDCl3): δ 166.4, 146.0, 123.5, 74.6, 60.2, 43.2, 37.1, 29.0, 27.8, 26.3, 

26.1, 25.9, 14.2 Hz.  

FTIR (neat): 3434, 2972, 2851, 1718, 1702, 1652, 1449, 1393, 1368, 1318, 1265, 1206, 1162, 

1695, 1039, 977, 892, 828, 712 cm
-1

.  

HRMS (CI) Calcd. for C13H23O3 [M+H]
+
: 227.1647, Found: 227.1646. 

 HPLC: Alcohol: (Chiralcel AD-H column, hexanes:i-PrOH = 90:10, 0.5 mL/min, 254 nm), 

tmajor = 14.2 min, tminor = 14.9 min; ee = 95%. Aldehyde: (Chiralcel AD-H column, hexanes:i-

PrOH = 90:10, 0.5 mL/min, 254 nm), tmajor = 14.2 min, tminor = 14.9 min; ee = 92%. 
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Alcohol: 

 

 

 

 



420 

 

Aldehyde: 
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(R)-(E)-ethyl 5-hydroxy-6,6-dimethylhept-2-enoate (4.5) 

 

Alcohol: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%) and corresponding alcohol (26.5 mg, 0.30 mmol, 100 mol%). The 

tube was sealed with a rubber septum and purged with nitrogen. Dioxane (0.6 mL, 0.5 M) and 

(E)-ethyl 4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) were 

added and the rubber septum was quickly replaced with a screw cap. The mixture was placed in 

an oil bath at 90 
o
C and was allowed to stir for 48 hr. The reaction mixture was concentrated in 

vacuo. Purification of by column chromatography (SiO2; ethyl acetate: hexanes, 1:20 to 1:10) 

provided the desired linear product 4.5 (35.5 mg, 0.177 mmol) as a colorless oil in 59% yield. 

Aldehyde: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), freshly distilled corresponding aldehyde (25.8 mg, 0.30 mmol, 100 

mol%), (E)-ethyl 4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) 

and isopropyl alcohol (36.1 mg, 0.6 mmol, 200 mol%) were added and the rubber septum was 

quickly replaced with a screw cap. The mixture was placed in an oil bath at 90 
o
C and was 

allowed to stir for 48 hr. The reaction mixture was concentrated in vacuo. Purification of by 

column chromatography (SiO2; ethyl acetate: hexanes, 1:20 to 1:10) provided the desired linear 

product 4.5 (50.9 mg, 0.254 mmol) as a colorless oil in 85% yield. 
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TLC (SiO2): Rf = 0.20 (ethyl acetate: hexanes, 1:6). 

 [ α ]D
25 

= +37.0 (c = 1.0, CH2Cl2). 

 
1
H NMR (400 MHz, CDCl3): δ 7.04 (ddd, J = 15.6, 8, 6.4 Hz, 1H), 5.92 (dt, , J = 15.6, 1.2 Hz, 

1H), 4.19 (q, , J = 6.8 Hz, 2H), 3.39-3.35 (m, 1H), 2.48-2.41 (m, 1H), 2.23-2.14 (m, 1H), 1.67 

(br s, 1H), 1.29 (t, , J = 6.8 Hz, 3H), 0.93 (s, 9H).  

13
C NMR (100 MHz, CDCl3): δ 166.4, 147.1, 123.4, 78.3, 60.2, 35.0, 34.8, 25.6, 14.2.  

FTIR (neat): 3471, 2956, 2871, 1702, 1652, 1478, 1393, 1366, 1267, 1245, 1158, 1095, 1067, 

1041, 1009, 976, 934, 914, 771, 704 cm
-1

. 

HRMS (CI) Calcd. for C11H21O3 [M+H]
+
: 201.1491, Found: 201.1491.  

HPLC: Alcohol (Chiralcel OD-H column, hexanes:i-PrOH = 95:5, 0.5 mL/min, 254 nm), tminor = 

11.4 min, tmajor = 12.3 min; ee = 96%. Aldehyde: (Chiralcel OD-H column, hexanes:i-PrOH = 

95:5, 0.5 mL/min, 254 nm), tminor = 11.5 min, tmajor = 12.3 min; ee = 97%. 
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Alcohol: 

 

 

 

 

 



426 

 

Aldehyde: 
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(R)-(E)-ethyl 5-hydroxy-6-(4-methoxybenzyloxy)-6-methylhept-2-enoate (4.7) 

 

Alcohol: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding alcohol (62.8 mg, 0.30 mmol, 100 mol%) and (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) were added and 

the rubber septum was quickly replaced with a screw cap. The mixture was placed in an oil bath 

at 90 
o
C and was allowed to stir for 48 hr. The reaction mixture was concentrated in vacuo. 

Purification by column chromatography (SiO2; ethyl acetate: hexanes, 0:1 to 3:7) provided the 

desired linear product 4.7 (85.0 mg, 0.264 mmol) as a colorless oil in 88% yield. 

Aldehyde: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding aldehyde (62.5 mg, 0.30 mmol, 100 mol%), (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) and isopropyl 

alcohol (36.1 mg, 0.6 mmol, 200 mol%) were added and the rubber septum was quickly replaced 

with a screw cap. The mixture was placed in an oil bath at 90 
o
C and was allowed to stir for 48 

hr. The reaction mixture was concentrated in vacuo. Purification by column chromatography 

(SiO2; ethyl acetate: hexanes, 0:100 to 3:7) provided the desired linear product 4.7 (68.0 mg, 

0.211 mmol) as a colorless oil in 70% yield. 
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TLC (SiO2): Rf = 0.33 (ethyl acetate: hexanes, 3:7).  

[ α ]D
25 

= +18 (c = 1.0, CH2Cl2).  

1
H NMR (400 MHz, CDCl3): 7.23 (d, J = 8.8 Hz, 2H), 7.07 (dt, J = 15.6, 1.2 Hz, 1H), 6.88 (d, 

J = 8.8 Hz, 2H), 5.92 (dt, J = 15.6, 1.2 Hz, 1H), 4.40 (s, 2H), 4.18 (q, J = 7.2 Hz, 2H), 3.80 (s, 

3H), 3.67 - 3.63 (m, 1H), 2.54 (d, J = 3.2 Hz, 1H), 2.46 – 2.28 (m, 2H), 1.30 – 1.23 (m, 9H).  

13
C NMR (100 MHz, CDCl3): δ 166.4, 159.1, 146.6, 131.0, 128.9, 123.1, 113.8, 77.6, 76.0, 63.5, 

60.2, 55.3, 34.4, 21.5, 20.1, 14.3. 

 FTIR (neat): 3488, 2976, 1714, 1653, 1612, 1586, 1513, 1464, 1386, 1367, 1321, 1300, 1246, 

1212, 1170, 1148, 1035, 978, 893, 821, 749, 705 cm
-1

.  

HRMS (CI) Calcd. for C18H26O5 [M]
+
: 322.1780, Found: 322.1780.  

HPLC: Alcohol: (Chiralcel OD-H column, hexanes:i-PrOH = 96:4, 0.75 mL/min, 210 nm), tminor 

= 21.6 min; tmajor = 26.4 min, ee = 96%. Aldehyde: (Chiralcel OD-H column, hexanes:i-PrOH = 

96:4, 0.75 mL/min, 210 nm), tminor = 21.6 min; tmajor = 26.4 min, ee = 99%. 

 

 

 

 

 

 

 

 

 

 



429 

 

 

Alcohol:  
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Aldehyde: 
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(R)-(E)-ethyl 5-hydroxy-7-(4-methoxybenzyloxy)-6,6-dimethylhept-2-enoate (4.7) 

 

Alcohol: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding alcohol (67.2 mg, 0.30 mmol, 100 mol%) and (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) were added and 

the rubber septum was quickly replaced with a screw cap. The mixture was placed in an oil bath 

at 90 
o
C and was allowed to stir for 48 hr. The reaction mixture was concentrated in vacuo. 

Purification by column chromatography (SiO2; ethyl acetate: hexanes, 0:1 to 3:7) provided the 

desired linear product 4.7 (76.0 mg, 0.226 mmol) as a colorless oil in 75% yield. 

Aldehyde: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding aldehyde (66.6 mg, 0.30 mmol, 100 mol%), (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) and isopropyl 

alcohol (36.1 mg, 0.6 mmol, 200 mol%) were added and the rubber septum was quickly replaced 

with a screw cap. The mixture was placed in an oil bath at 90 
o
C and was allowed to stir for 48 

hr. The reaction mixture was concentrated in vacuo. Purification by column chromatography 

(SiO2; ethyl acetate: hexanes, 0:100 to 3:7) provided the desired linear product 4.7 (84.0 mg, 

0.250 mmol) as a colorless oil in 83% yield. 
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TLC (SiO2): Rf = 0.33 (ethyl acetate: hexanes, 3:7).  

[ α ]D
25 

= +25 (c = 1.0, CH2Cl2).  

1
H NMR (400 MHz, CDCl3): 7.23 (d, J = 8.4 Hz, 2H), 7.07 (dt, J = 16.0, 1.2 Hz, 1H), 6.87 (d, 

J = 8.4 Hz, 2H), 5.88 (dt, J = 16.0, 1.2 Hz, 1H), 4.43 (d, J = 8.4 Hz, 2H), 4.17 (q, J = 7.2 Hz, 

2H), 3.80 (s, 3H), 3.62 – 3.56 (m, 1H), 3.36 (d, J = 3.6 Hz, 1H), 3.35 (d, J = 9.2 Hz, 1H), 3.27 (d, 

J = 9.2 Hz, 1H), 2.40 – 2.30 (m, 1H), 2.25 – 2.15 (m, 1H), 1.27 (t, J = 7.2 Hz, 3H), 0.92 (s, 3H), 

0.91 (s, 3H).  

13
C NMR (100 MHz, CDCl3): δ 166.4, 159.3, 147.4, 129.7, 129.2, 122.8, 113.8, 79.3, 77.4, 73.3, 

60.1, 55.2, 38.3, 35.0, 22.8, 19.6, 14.3.  

FTIR (neat): 3482, 2959, 2872, 1714, 1653, 1612, 1586, 1513, 1465, 1366, 1321, 1301, 1246, 

1209, 1172, 1083, 1035, 978, 912, 819, 755, 706 cm
-1

.  

HRMS (CI) Calcd. for C19H28O5 [M]
+
: 336.1937, Found: 336.1937. 

 HPLC: Alcohol: (Chiralcel OD-H column, hexanes:i-PrOH = 96:4, 0.75 mL/min, 280 nm), 

tmajor = 23.3 min, tminor = 22.4 min; ee = 99%. Aldehyde: (Chiralcel OD-H column, hexanes:i-

PrOH = 96:4, 0.75 mL/min, 280 nm), tmajor = 23.3 min, tminor = 22.4 min; ee = 99%. 
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Alcohol: 
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Aldehyde: 
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(R)-(E)-ethyl 5-hydroxy-5-(1-phenylcyclopropyl)pent-2-enoate (4.8) 

 

Alcohol: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%) and corresponding alcohol (44.5 mg, 0.30 mmol, 100 mol%). The 

tube was sealed with a rubber septum and purged with nitrogen. Dioxane (0.6 mL, 0.5 M), and 

(E)-ethyl 4-(tert-butoxycarbonyloxy)but-2-enoate 4. (138.2 mg, 0.60 mmol, 200 mol%) were 

added and the rubber septum was quickly replaced with a screw cap. The mixture was placed in 

an oil bath at 90 
o
C and was allowed to stir for 48 hr. The reaction mixture was concentrated in 

vacuo. Purification of by column chromatography (SiO2; ethyl acetate: hexanes, 1:10 to 1:5) 

provided the desired linear product 4.8 (54.9.9 mg, 0.211 mmol) as a colorless oil in 70% yield. 

Aldehyde: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding aldehyde (43.9 mg, 0.30 mmol, 100 mol%), (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) and isopropyl 

alcohol (46 36.1 mg, 0.6 mmol, 200 mol%) were added and the rubber septum was quickly 

replaced with a screw cap. The mixture was placed in an oil bath at 90 
o
C and was allowed to stir 

for 48 hr. The reaction mixture was concentrated in vacuo. Purification of by column 

chromatography (SiO2; ethyl acetate: hexanes, 1:10 to 1:5) provided the desired linear product 

4.8 (46.7 mg, 0.179 mmol) as a colorless oil in 60% yield. 
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TLC (SiO2): Rf = 0.30 (ethyl acetate: hexanes, 1:4).  

[ α ]D
25 

= -60.0 (c = 1.0, CH2Cl2).  

1
H NMR (400 MHz, CDCl3): δ 7.38-7.35 (m, 2H), 7.33-7.29 (m, 2H), 7.27-7.23 (m, 1H), 6.96 

(dt, J = 15.6, 7.6 Hz, 1H), 5.83 (dt, J = 15.6, 1.6 Hz, 1H), 4.17 (q, J = 7.2 Hz, 2H), 3.31-3.26 (m, 

1H), 2.47-2.40 (m, 1H), 2.19-2.11 (m, 1H), 1.73 (d, J = 5.6 Hz, 1H), 1.27 (t, J = 7.2 Hz, 3H), 

0.90-0.86 (m, 2H), 0.84-0.80 (m, 2H). 

 
13

C NMR (100 MHz, CDCl3): δ 166.3, 145.7, 140.6, 131.0, 128.2, 127.0, 123.4, 77.3, 60.2, 

38.1, 31.3, 14.2, 11.1, 10.2.  

FTIR (neat): 3455, 3079, 3057, 2981, 2901, 1699, 1652, 1601, 1496, 1445, 1426, 1392, 1368, 

1315, 1268, 1205, 1040, 977, 936, 762, 701 cm
-1

.  

HRMS (CI) Calcd. for C16H21O3 [M+H]
+
: 261.1491, Found: 261.1490. 

 HPLC: Alcohol (Chiralcel AD-H column, hexanes:i-PrOH = 90:10, 1 mL/min, 254 nm), tmajor = 

8.6 min, tminor = 10.1 min; ee = 97%. Aldehyde: (Chiralcel AD-H column, hexanes:i-PrOH = 

90:10, 1 mL/min, 254 nm), tmajor = 8.7 min, tminor = 10.2 min; ee = 93%. 
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Alcohol: 
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Aldehyde: 
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(R)-(E)-ethyl 5-hydroxy-5-(3-methyloxetan-3-yl)pent-2-enoate (4.9) 

 

Alcohol: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding alcohol (30.6 mg, 0.30 mmol, 100 mol%) and (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) were added and 

the rubber septum was quickly replaced with a screw cap. The mixture was placed in an oil bath 

at 90 
o
C and was allowed to stir for 24 hr. The reaction mixture was concentrated in vacuo. 

Purification of by column chromatography (SiO2; ethyl acetate: hexanes, 1:3 to 1:1) provided the 

desired linear product 4.9 (48.2.9 mg, 0.225 mmol) as a colorless oil in 61% yield. 

Aldehyde: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding aldehyde (30.0 mg, 0.30 mmol, 100 mol%), (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) and isopropyl 

alcohol (36.1 mg, 0.6 mmol, 200 mol%) were added and the rubber septum was quickly replaced 

with a screw cap. The mixture was placed in an oil bath at 90 
o
C and was allowed to stir for 48 

hr. The reaction mixture was concentrated in vacuo. Purification of by column chromatography 

(SiO2; ethyl acetate: hexanes, 1:3 to 1:1) provided the desired linear product 4.9 (37.2 mg, 0.174 

mmol) as a colorless oil in 58% yield. 
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TLC (SiO2): Rf = 0.30 (ethyl acetate: hexanes, 1:1).  

[ α ]D
25 

= +06.0 (c = 1.0, CH2Cl2). 

 
1
H NMR (400 MHz, CDCl3): δ 6.99 (ddd, J = 15.6, 8, 7.2 Hz, 1H), 5.94 (dt, J = 15.6, 1.6 Hz, 

1H), 4.64 (d, J = 6 Hz, 1H), 4.51 (d, J = 6 Hz, 1H), 4.35 (d, J = 6 Hz, 1H), 4.32 (d, J = 6 Hz, 

1H), 4.20 (d, J = 7.2 Hz, 2H), 4.04 (m, 1H), 2.44 (br s, 1H), 2.33-2.20 (m, 2H), 1.33 (s, 3H), 1.30 

(t, J = 6.8 Hz, 3H). 

 
13

C NMR (100 MHz, CDCl3): δ 166.2, 145.0, 124.1, 80.5, 79.5, 74.2, 60.4, 43.3, 35.0, 18.6, 

14.2.  

FTIR (neat): 3419, 2962, 2928, 2873, 1715, 1653, 1456, 1369, 1321, 1265, 1215, 1159, 1040, 

975, 827, 699 cm
-1

.  

HRMS (CI) Calcd. for C11H19O4 [M+H]
+
: 215.1283, Found: 215.1286.  

HPLC: Alcohol (Chiralcel OB-H column, hexanes:i-PrOH = 95:5, 1 mL/min, 254 nm), tminor = 

10.2 min, tmajor = 11.6 min; ee = 90%. Aldehyde: (Chiralcel OB-H column, hexanes:i-PrOH = 

95:5, 1 mL/min, 254 nm), tminor = 9.6 min, tmajor = 11.4 min; ee = 93%. 
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Alcohol: 
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Aldehyde: 
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(R)-(E)-ethyl 5-hydroxy-5-(1-tosyl-1H-indol-3-yl)pent-2-enoate (4.12) 

 

Alcohol: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding alcohol (90.4 mg, 0.30 mmol, 100 mol%) and (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) were added and 

the rubber septum was quickly replaced with a screw cap. The mixture was placed in an oil bath 

at 90 
o
C and was allowed to stir for 48 hr. The reaction mixture was concentrated in vacuo. 

Purification of by column chromatography (SiO2; ethyl acetate: hexanes, 1:10 to 1:5) provided 

the branched product (16.0 mg, 0.039 mmol, 1:1 dr) as a colorless oil in 13% yield and the 

desired linear product 4.12 (83.3 mg, 0.201 mmol) as a light brown gummy solid in 67% yield. 

Aldehyde: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding aldehyde (89.9 mg, 0.30 mmol, 100 mol%), (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) and isopropyl 

alcohol (36.1 mg, 0.6 mmol, 200 mol%) were added and the rubber septum was quickly replaced 

with a screw cap. The mixture was placed in an oil bath at 90 
o
C and was allowed to stir for 48 

hr. The reaction mixture was concentrated in vacuo. Purification of by column chromatography 

(SiO2; ethyl acetate: hexanes, 1:10 to 1:5) provided the branched product (20.0 mg, 0.048 mmol, 

1:1 dr) as a light brown solid in 16% yield and the desired linear product 4.12 (97.2 mg, 0.235 

mmol) as a light brown gummy solid in 78% yield. 
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TLC (SiO2): Rf = 0.30 (ethyl acetate: hexanes, 1:4).  

[ α ]D
25 

= -37.0 (c = 1.0, CH2Cl2).  

1
H NMR (400 MHz, CDCl3): δ 8.10 (dt, J = 8.4, 0.8 Hz, 1H), 7.64 (dt, J = 8.4, 2 Hz, 2H), 7.47 

(dt J = 7.2, 0.8 Hz, 1H), 7.32-7.28 (m, 1H), 7.23 (dt, J = 8.4, 0.8 Hz, 1H), 7.18 (app d, J = 8.8 

Hz, 2H), 7.05 (dt, J = 15.6, 6.8 Hz, 1H), 6.68 (t, J = 0.8 Hz, 1H), 5.95 (dt, J = 15.6, 1.6 Hz, 1H), 

5.37-5.33 (m, 1H), 4.18, (q, J = 6.8Hz, 2H), 3.34 (d, J = 4.8 Hz, 1H), 2.98-2.82 (m, 2H), 2.32 (s 

3H), 1.28 (t, J = 6.8 Hz, 3H). 

 
13

C NMR (100 MHz, CDCl3): δ 166.2, 145.2, 144.4, 142.6, 137.2, 135.4, 129.9, 129.0, 126.2, 

125.1, 124.0, 123.9, 121.2, 114.8, 109.6, 65.9, 60.3, 38.4, 21.5, 14.2. 

 FTIR (neat): 3449, 3061, 2981, 2926, 1715, 1655, 1596, 1451, 1451, 1367, 1306, 1274, 1213, 

1188, 1173, 1149, 1120, 1090, 1044, 978, 813, 750, 704, 675, 655 cm
-1

. 

 HRMS (CI) Calcd. for C22H24NO5S [M+H]
+
: 414.1375, Found: 414.1356. 

HPLC: Alcohol (Chiralcel AS-H column, hexanes:i-PrOH = 90:10, 1.0 mL/min, 254 nm), tmajor 

= 11.1 min, tminor = 16.4 min; ee = 95%. Aldehyde (Chiralcel AS-H column, hexanes:i-PrOH = 

90:10, 1.0 mL/min, 254 nm), tmajor = 11.0 min, tminor = 16.4 min; ee = 96%. 
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Alcohol:  

 

 

 

 



452 

 

Aldehyde: 
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(R)-(E)-ethyl 5-hydroxy-5-(2-methoxyphenyl)pent-2-enoate (4.11) 

 

Alcohol: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding alcohol (41.4 mg, 0.30 mmol, 100 mol%) and (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) were added and 

the rubber septum was quickly replaced with a screw cap. The mixture was placed in an oil bath 

at 90 
o
C and was allowed to stir for 48 hr. The reaction mixture was concentrated in vacuo. 

Purification by column chromatography (SiO2; ethyl acetate: hexanes, 0:1 to 3:7) provided the 

desired linear product 4.11 (60.0 mg, 0.240 mmol) as a colorless oil in 80% yield. 

Aldehyde: To a resealable pressure tube equipped with a magnetic stir bar was added (R)-I (16.3 

mg, 0.015 mmol, 5 mol%). The tube was sealed with a rubber septum and purged with nitrogen. 

Dioxane (0.6 mL, 0.5 M), corresponding aldehyde (40.8 mg, 0.30 mmol, 100 mol%), (E)-ethyl 

4-(tert-butoxycarbonyloxy)but-2-enoate 4.4 (138.2 mg, 0.60 mmol, 200 mol%) and isopropyl 

alcohol (36.1 mg, 0.6 mmol, 200 mol%) were added and the rubber septum was quickly replaced 

with a screw cap. The mixture was placed in an oil bath at 90 
o
C and was allowed to stir for 48 

hr. The reaction mixture was concentrated in vacuo. Purification by column chromatography 

(SiO2; ethyl acetate: hexanes, 0:100 to 3:7) provided the desired linear product 4.11 (60.0 mg, 

0.240 mmol) as a colorless oil in 80% yield. 
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TLC (SiO2): Rf = 0.25 (ethyl acetate: hexanes, 3:7).  

[ α ]D
25 

= +25 (c =1.0, CH2Cl2).  

1
H NMR (400 MHz, CDCl3): 7.32 (dd, J = 7.6, 1.8 Hz, 1H), 7.26 (dd, J = 15.6, 1.8 Hz, 1H), 

7.05 – 6.95 (m, 2H), 6.88 (d, J = 8.4 Hz, 1H), 5.85 (dt, J = 15.6, 1.6 Hz, 1H), 5.03 (q, J = 6.8 Hz, 

1H), 4.17 (q, J = 6.8 Hz, 2H), 3.85 (s, 3H), 2.70 – 2.65 (m, 3H), 1.25 (t, J = 7.2 Hz, 3H). 

 
13

C NMR (100 MHz, CDCl3): δ 166.4, 156.3, 145.6, 131.2, 128.7, 126.7, 123.5, 120.9, 110.4, 

69.6, 60.2, 55.3, 40.1, 14.3.  

FTIR (neat): 3447, 2937, 2837, 1714, 1652, 1600, 1588, 1490, 1463, 1439, 1392, 1368, 1238, 

1189, 1157, 1114, 1040, 977, 936, 782, 753, 706 cm
-1

.  

HRMS (CI) Calcd. for C14H18O4 [M-1]
+
: 249.1127, Found: 249.1127.  

HPLC: Alcohol: (Chiralcel AD-H column, hexanes:i-PrOH = 92:8, 0.75 mL/min, 230 nm), tmajor 

= 21.6 min, tminor = 23.2 min; ee = 86%. Aldehyde: (Chiralcel OD-H column, hexanes:i-PrOH = 

90:10, 1 mL/min, 254 nm), tmajor = 16.9 min, tminor = 18.7 min; ee = 94%. 
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Alcohol: 
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Aldehyde: 
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Determination of Absolute Stereochemistry: 

The absolute stereochemistry of the vinylogous Aldol-Reformatsky addition product was 

determined by comparision of the optical rotation with the reported compound. Compound 4.10 

was converted to diol 4.14 by ozonolysis and NaBH4 reduction of the corresponding ozonide. 

The specific rotation was in comparision with literature value.
75,76 

[ α ]D
25 

= +14.2 (c = 2.6, EtOH), reported +12.3.
75 
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