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ABSTRACT OF THE DISSERTATION

Steps Away from (–)-Azaspirene:  A Novel Synthesis of the Core Spirocycle

Chemical Studies in Copper(I) Iodide Dimethyl Sulfide Catalyzed Asymmetric 

Conjugate Addition

Wittig Chemistry in the Teaching Laboratory:  A Novel Water-Organic Interface Reaction 

Michael John Barker Kelly

Doctor of Philosophy in Chemistry

University of California San Diego 2019

San Diego State University 2019

Professor Bernt Mikael Bergdahl, Chair

	 (–)-Azaspirene is a fungal metabolite isolated by the Osada1 group in 2002 from the soil 

fungus Neosartorya sp. that has been shown to have promising inhibition of angiogenesis1,2 in vitro 

and in vivo, and which may be the key to the synthesis and elucidation of the structurally-similar 

pseurotin family of compounds.  This family of compounds is interesting because its members 

have been shown to have a wide range of interesting therapeutic effects, which will be discussed in 

detail.  Unfortunately, it is impractical to isolate sufficient quantities of azaspirene from its natural 
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source (85 mg were obtained from a 15 liter culture1).  In addition, the previous synthetic routes to 

azaspirene, discussed within, are notoriously difficult and low-yielding.  Because of these issues, 

sufficient material has been difficult to obtain to satisfy the twin goals of thorough biological 

testing to confirm the anti-angiogenic effects of azaspirene and the synthesis and elucidation of 

its derivatives.  The overarching goal in part I has been to find a simpler, more accessible route to 

azaspirene, and through it the pseurotin family.

Silyl groups have been used extensively in organic synthesis as valuable protecting groups, 

bulky directing groups, and masked hydroxyl groups.3  In 2002, the Bergdahl lab published new 

methodology for asymmetric silyl conjugate addition reactions with monosilylcopper reagents and 

oxazolidinones.4  This methodology was expanded further in 2005 with the introduction of a novel 

stoichiometric copper iodide-dimethyl sulfide complex.5  Combining the two approaches, and with 

further development that allows the catalytic use of the copper complex, it was possible to probe 

the scope of the technique and show its utility in Part II.

	 The Wittig reaction is a fundamental synthetic organic reaction which has been extensively 

used for more than fifty years to build organic frameworks through its robust creation of carbon-

carbon double bonds.6  However, for most of its history relatively harsh conditions have been 

employed to push the reaction forward.  In 2007, the Bergdahl lab was able to conceive an alternative7 

which used aqueous sodium bicarbonate and stabilized ylides to effect the same change in high 

yields.  In Part III, this important methodology has been expanded.  An efficient lab protocol was 

developed for use in teaching the reaction to undergraduates in a lab setting.8



1

Chapter 1:  General Introduction

	 The modern drug discovery process is focused on the treatment of disease through the 

discovery and modification of novel molecules that have a therapeutic effect.9  In this vein, the 

problem of drug design is often approached from three distinct areas of discovery:  first, biochemistry 

and the study of the molecular origins of disease in the human body; second, computational and 

combinatorial chemistry and the design of drugs which are similar to existing successful drugs; 

and third, natural products chemistry and the discovery of bioactive compounds found in nature.  

In the biochemical vein of drug discovery, the body is studied in an attempt to understand its 

processes on a molecular level. In this way, a disease pathway is discovered or the structure-activity 

relationship between a particular molecular signal and receptor is identified, and this information 

is used as a jumping-off point to drug design.  Conversely, in natural products chemistry, a mixture 

is discovered in nature that has a particular therapeutic effect, and the identification and structural 

elucidation of the active species in the mixture is used as a jumping-off point to drug design.  

Applied biochemistry and natural products chemistry can, in this way, be considered to be working 

on drug design from opposite ends of the problem—biochemistry from the human body out, and 

natural products chemistry from the outside in.

	 Nature is an amazing source of molecular diversity,10 developed over millions of years.  

Important small molecules from aspirin to penicillin to ziconotide which treat human disease and 

improve the human condition were first found in nature (in willow trees, mold, and sea snails, 

respectively) and have been adapted to great effect by chemists and doctors for use in humans (as 

a pain killer and blood thinner, a potent antibiotic, and treatment of severe chronic pain).  Natural 
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products chemistry is the discipline concerned with mining these molecular gems from nature and 

determining their biological activity and their physical structure.  Synthetic organic chemists are 

the next link in this chain, responsible for creating the identified molecules and their derivatives, 

and continuing their testing for biological activity.  Once a target molecule is synthesized and is 

shown to be biologically effective, it can then be analyzed by medicinal chemists, biologists and 

others, before they are finally tested by a government agency or drug company.  If this testing shows 

the potential drug to be beneficial, cost-effective and relatively harmless in its application, it can 

finally be put on the market with Food and Drug Administration approval.  It is an expensive and 

lengthy process, but it ensures that any drugs that come to market have the expected therapeutic 

effect, and that the danger of any side effect does not overshadow the treatment.

	 In Part I, the main focus of this dissertation, a part of this drug discovery process is explored 

through the synthesis of a potential anti-tumor drug, the angiogenesis inhibitor azaspirene.  A 

novel approach to the synthesis of the core spirocyclic structure of azaspirene is outlined, and each 

step documented fully and characterized by H-NMR and HRMS.  

	 Conjugate addition reactions and Wittig reactions are two important sources of carbon-

carbon bond formation in synthetic organic chemistry.  Both are widely used in the synthesis of 

important molecules which help improve the human condition.  In Part II, a novel approach to 

asymmetric conjugate addition involving a twist on Evans’ chiral auxiliary chemistry is outlined, 

and a new methodology is explored.  In Part III, an improved method for creating carbon-carbon 

double bonds through Wittig reactions with stabilized ylides and sodium bicarbonate are adapted 

for use in the undergraduate teaching laboratory.
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PART I:  Steps Away from (–)-Azaspirene:  A Novel Synthesis of the Core Spirocycle

Chapter 2:  (–)-Azaspirene and the Pseurotin Family
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2.1  Introduction and Significance of Research

The Bergdahl group has been focused for several years on the synthesis of the spirocyclic 

soil fungus metabolite azaspirene, a member of the pseurotin family of compounds, isolated by 

Osada and coworkers1 in 2002 from a broth of Neosartorya sp.  Throughout the several iterations 

of the synthetic route that have been pursued, two goals have remained constant:  first a concise, 

asymmetric route which improves upon the methods used in prior syntheses; and second a 

route which provides for the simple introduction of diversity in the structure of the molecule.  

The achievement of both goals will provide sufficient material for effective biological testing, 

structure-activity relationship (SAR) determination and, perhaps most importantly, the synthesis 

of analogs of azaspirene and its sister molecules from the pseurotin family.  Further study of the 

pseurotin family of compounds with their diverse range of biological activities holds promise for 

the treatment of several critical human diseases, from bacterial and fungal infections to cancer.  

In the pursuit of the synthetic route to azaspirene, novel chemistry was developed.  This includes 

the selective conjugate addition of alkenes made from alkynes using Schwartz’s Reagent and a 

Figure 2.1:  (–)-Azaspirene
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copper-dimethyl sulfide catalyst, the stereoselective conjugate addition of silyl groups to alkenes 

using Evans’ chiral auxiliaries in old chemistry with a new twist, and the use of chiral malimides 

as stereo-directing frameworks in a way never done before to build up the spirocycle at the heart 

of azaspirene and the larger pseurotin family.

�

2.2  Synthesis of the Pseurotins

The path toward the synthesis of azaspirene began with the discovery of pseurotin A in 

1976 by Peter Bloch, Christoph Tamm and coworkers.11  The pseurotin family of compounds 

(Figure 2.2) is so named because pseurotin A, as the first member of the family identified, was 

isolated from the Argentinean soil fungus Pseudeurotium ovalis Stolk by Tamm’s group.  The 

pseurotin family, including azaspirene, is defined by the same distinctive spirocyclic core structure 

with differences in two main areas:  first, only azaspirene has a hydroxyl group and a benzyl group 

on C-8 in the spirocyclic core—all others have a methoxy group and a benzoyl group on C-8; 

second, the “tail” carbon chain on C-2 of the spirocycle is different for each family compound (see 

Figure 2.2 for examples).  The pseurotin family lends itself to study because despite the similarities 

among their structures, the biological effects of the members of the family are diverse, so it is 

likely that small changes in structure will lead to large differences in biological activity.  The study 

of and path to the synthesis of these compounds is an extensive one.  However, the study of these 

prior syntheses is important because it led to the methodology which was pursued in the Bergdahl 

lab effort in synthesizing azaspirene.
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2.2.1 Pseurotin A
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Pseurotin A was the first member of the pseurotin family discovered, in 1976, by Tamm11 

and coworkers and was named after the Argentinean soil fungus Pseudeurotium ovalis Stolk from 

which it was isolated.  It was selected as a molecule of study not because it showed any biological 

activity initially (Tamm reported specifically that it was neither antifungal nor antibiotic in his 

testing), but because of its “novel, highly substituted and functionalized spirocyclic system.”  Its 

structure was elucidated in 1976 by chemical tests and x-ray analysis of its dibromo derivative.  

The discovery was soon followed by Tamm’s study of its biosynthesis12 in 1981 and the isolation 

of its sister compounds pseurotins B, C, D and E from the same soil fungus, which structurally 

only differ in the “tail” attached to C-2 of the spirocycle (see Figure 2.2).  Notably, it was reported 

by Tamm that none of the compounds showed significant biological activity in his tests.  

Nevertheless, in 199013 and 1991,14 Tamm and coworkers took initial steps toward synthesizing the 

new compounds.

Tamm’s initial results were not the last word on the biological activity of pseurotin A, 

however.  In 1993, Sterner15 and coworkers published the first indication that pseurotin A was 

biologically active in the inhibition of chitin synthase, but reported that this did not translate to 

antifungal activity.  In 1996, Fujita17 and coworkers discovered that pseurotin A had neuritogenic 

Figure 2.3: Pseurotin A
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activity, including possible neuroprotective properties which they reported may be useful in the 

treatment of some forms of dementia and Alzheimer’s disease.  They also reported that pseurotin 

A had an IC50 of 12 μg/mL in A2780 human ovarian carcinoma cells, which indicates that it may 

be an effective treatment for some kinds of cancer.  

In 2004, Oki’s18 group published an account of the directed biosynthesis of a fluorinated 

derivative of pseurotin A (and of its sister pseurotin synerazol) by the fungus Aspergillus fumigatus 

by feeding it fluorinated phenylalanine.  In addition to providing new information about the 

biosynthesis of the molecule, they also reported that pseurotin A showed no antibiotic or antifungal 

activity, and they also reported that it did not inhibit angiogenesis, which supports prior reports.

In 2009, Murata19 and coworkers described the inhibition of immunoglobulin E by 

pseurotin A and suggested that structure-activity relationships could explain this behavior.  In 

2010, Chowdhury20 and his group reported that pseurotin A did show “selective antibiotic activity” 

against Bacillus cereus and Shigella shiga at 64 μg/mL, in contrast to Tamm’s prior reports.  They 

additionally reported that pseurotin A showed no activity against cancer cells nor against fungi.  

However, in 2011, Gu21 and colleagues found that pseurotin A and some of its diastereomers were 

cytotoxic against HL 60 cell lines in vitro, with an IC50 of 67.0 μmol/L.  In 2013, Marinho22 

and colleagues also reported an antibiotic effect from pseurotin A, with a minimum inhibitory 

concentration of 15.62 μg/mL against Bacillus subtilis and Staphylococcus aureus.  Finally, in 

2016, Yamada23 and Yang24 both published structural elucidations of diastereomers of pseurotin A.  
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2.2.1.1 The Tamm Route Toward Pseurotin A

Tamm’s approach did not result in the synthesis of the target molecule, pseurotin A, but it 

utilized several novel schemes that are worthy of closer study, not only because they were the first 

efforts toward any of the pseurotins, but because they were adapted by some of the later routes to 

synthesizing the family of molecules; particularly the other approaches to pseurotin A (discussed 

later this chapter).  As shown in scheme 2.1, Tamm’s use of D-glucose13a as a starting material and 

its transformation to the key chiral creating block 2.1 indicated is particularly important because 

the same approach was used by both Osada32 and Tadano25 in their syntheses of pseurotin A.  As 

shown in Tamm’s route in scheme 2.1, the application of catalytic acid and paraformaldehyde 

formed the acetal ii selectively, and glycolic cleavage with sodium periodate yielded iii.  A shift of 

the acetal protecting group from 2,4 to 2,3 gave iv, a selective Wittig reaction gave v, and a Swern 

oxidation changed the primary alcohol into an aldehyde to give 2.1.

Tamm intended that the chiral chain of 2.1 would form the “tail” of pseurotin A, and its 

framework could be used to build up the spirocyclic system in a stereoselective fashion.  In their 

first attempt, shown in scheme 2.2, they were largely successful.  An acetone cyanohydrin i was 

subjected to Grignard conditions to give ii, and hydrolysis of the imine to the ketone gave iii.  Chiral 

synthon 2.1 was then coupled to iii give v.  Next, with a Swern oxidation and acetal deprotection 

they were able to spontaneously close the molecule to a five-member ring and synthesize 2.2, 

which resembles the western ring of pseurotin A with the correct stereochemistry (scheme 2.2).  

Next, Tamm’s group made their first attempt at creating a structure that would provide the 
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necessary chemical “handles” to construct the eastern ring of the spirocycle of pseurotin A onto 

the western ring, which is illustrated in scheme 2.3.  They attempted to functionalize the methyl 

groups of the acetone cyanohydrin from scheme 2.2 by substituting TMS-protected dimethyl-2-

hydroxymalonate (i, scheme 2.3).13b  The enolate coupling with propionyl chloride gave ii, but 

unfortunately ii decomposed upon formation of the enolate necessary for coupling with 2.1.  To get 

around this problem, as shown in scheme 2.4, they used a second cyanohydrin, a THP-protected 

propionyl cyanohydrin, ii, and were able to successfully couple it to a protected dihydroxyacetone, 

iv.  In this way, it was possible to retain the hydroxyl functionality needed as a synthetic handle 

to create the right ring of the molecule, with different protecting groups allowing differentiation 

among the three hydroxyl groups (scheme 2.4, 2.4.1).13b  They successfully tested the utility 

of the scheme by coupling the new molecule with benzoyl chloride and closing the left ring, 

yielding 2.4.2.13a  With their success in hand, as shown in scheme 2.5, 2.4.2 was coupled with 

the protected tail portion, 2.1 (scheme 2.1), and the result was subjected to the same cyclization 

conditions (scheme 2.5, v to vi).  Unfortunately, it was discovered that the acidic TMS deprotection 

conditions they had used previously to accomplish the cyclization would not work.  Under these 

conditions, all protecting groups were removed and it became impossible to differentiate among 
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the hydroxyl groups (scheme 2.5, vii).  In the process of correcting the problem, it was discovered 

that deprotecting the TMS group under mildly basic conditions would allow the cyclization to 

proceed without removing the other protecting groups (scheme 2.6).  The removal of the TBS 

groups with TBAF and subsequent monoprotection using the large trityl protecting group shown in 

iv (scheme 2.6), allowed for sufficient differentiation to move forward, and it was envisioned that 

oxidation of the primary alcohol would provide a further handle for constructing the second ring.  

Unfortunately, an unwanted decarboxylation was the result (2.6).  Nevertheless, a semblance of the 

left ring and tail of the molecule 2.6 was achieved (scheme 2.6).  Unfortunately, several different 

attempts to protect the ketone of the ring and deprotect and oxidize the remaining hydroxyl group 

to begin constructing the second ring were also unsuccessful (schemes 2.7 and 2.8).  Still, in 

1991,14 Tamm published a paper outlining the utility of the ring-closing step discovered (scheme 

2.9).



15

O

O

H

H

O O

OTMS

OTBS

OTBS

K
2
CO

3
, MeOH

rt, 16h

86%

O

O

O

H

O

OTBS

OTBS

TBAF

THF

94%

O

O

O

H

O

OH

OH

TEA, DMAP, DCM

68%

Cl

OMeMeO

O

O

O

H

O

OTr(OMe)
2

OH

Key Intermediate

Tamm, Helv. Chim. Acta, 1990, 73, 483-491 (cpd 20)

Swern

O

O

O

H

O

OTr(OMe)
2

O

Silica column

92% (2 steps)

O

O

O

H

O

OTr(OMe)
2

Key Intermediate

Tamm, Helv. Chim. Acta, 1990, 73, 483-491 (cpd 27)

Protection of ketone with ethylene glycol

and tosylic acid or Dowex did not work;

only starting material recovered

Scheme 2.6: Tamm synthesis of the western ring of the spirocycle plus tail (2.6)

2.5

2.6

ii

iii iv

v



16

3% DCA

DCM, -10°C, 1h

72%

O

O

O

H

O

OH

At this point Swern, Corey-Schmidt, and Griffiths

oxidation did not work; decomposition resulted,

perhaps because of beta-ketone

TBSCl

imid, DMF

55%

O

O

O

H

O

OTBS

Methylchloroformate

LiHMDS, THF, -78°C

66%

O

O

O

H

O

OTBS

OMe

OAromatic Ring:

Dead End

O

O

O

H

O

OTr(OMe)
2

Key Intermediate

Tamm, Helv. Chim. Acta, 1990, 73, 483-491 (cpd 27)

Scheme 2.7: Tamm attempt at creating the eastern ring of the spirocycle using the western ring

2.6 ii

iii iv



17

O

O

O

H

O

OTr(OMe)
2

DIBAL, benzene

76% O

O

O

H

OH

OTr(OMe)
2

Cannot protect alcohol here with TMS or TBS.

Less than 10% yield, mostly starting material

MEMCl, DIPEA, DCM

54%
O

O

O

H

OTr(OMe)
2

Dead End

Key Intermediate

Tamm, Helv. Chim. Acta, 1990, 73, 483-491 (cpd 27)

Scheme 2.8: Tamm attempt at creating the eastern ring of the spirocycle using the western ring

O

O

H

H

O O

OTMS

OTBS

OTBS

Key Intermediate

Tamm, Helv. Chim. Acta, 1990, 73, 483-491 (cpd 20)

K
2
CO

3
, MeOH,

rt, 16h

86%

O

O

O

H

O

OTBS

OTBS

O O

OTMS

K
2
CO

3
, MeOH, rt

78%

O

O

O O

OTMS

O

O

K
2
CO

3
, MeOH, rt

56%

O O

OTMS

K
2
CO

3
, MeOH, rt

68%

O

O

O

Scheme 2.9:  Tamm synthesis of various functionalized β-oxygenated enones

2.6

2.5

ii

iii



18

In 1995,16 Tamm’s group published an updated progress report on their efforts to synthesize 

the psuerotins, focusing on the eastern ring of the molecule (schemes 2.10, 2.11 and 2.12).  In 

their first attempt,16a illustrated in schemes 2.10 and 2.11, Tamm’s group started by coupling two 

relatively expensive materials:  an acetonide protected unnatural enantiomer of glyceraldehyde i 

and an acetal protected bromoacrolein ii, to create a framework with the proper stereochemistry.  

The chiral framework was built into a semblance of the eastern ring of pseurotin A with several 

protection/deprotection and oxidation steps.  In scheme 2.10, some notable techniques were used; 

for example, oxidation of an aldehyde, v,  to a carboxylic acid, vi, (the mild Pinnick oxidation, 

which was used because other methods were troublesome) and an unusual methylation reagent 
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to change a carboxylic acid vi to an ester 2.10.2.  Notable reactions include an asymmetric 

dihydroxylation to 2.10.2 to yield ii followed by a modified Swern using trifluoroacetic anhydride 

to give iii (scheme 2.11).  A large substituted trityl group protected the primary alcohol in v to 

give vi, and a Ley-Griffith oxidation transformed the secondary alcohol into the necessary ketone 

2.11 (scheme 2.11).  The yields in each step were excellent, except for a troublesome Grignard 

reaction used to transform iii to iv.  The difficulty with the Grignard addition seemed to derive 

from problems with the stability of the aldehyde starting material iii.  Despite their success, they 

next adjusted their approach in an attempt to improve their overall yield.

In their second paper published in 1995,16b reflected in scheme 2.12, the same chiral 
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Scheme 2.12: Tamm alternative synthesis of an eastern ring analog

starting material 2.10.2 was used, this time in an asymmetric epoxidation to change 2.10.2 to ii, 

a feat that several other pseurotin routes48,50,51 were not able to achieve.  The secondary alcohol 

was protected yielding iii, and the epoxide selectively opened with base to yield iv.  The new 

hydroxyl groups were protected as a carbonate derivative (v), and the ring was finally closed via an 

acetonide rearrangement to form acetal vi (scheme 2.12).  While this approach utilized some novel 

techniques, the result seems further afield than the previous attempt, in that the resulting molecule 

is less similar to the target eastern ring of pseurotin A.  
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2.2.1.2:  The Tadano Route to Pseurotin A

In 2002 Tadano’s group published25 their first attempt toward the synthesis of pseurotin A 

(see Tadano’s first four schemes, 2.13-2.14.3).  Tadano’s route, like Tamm’s,13 used D-glucose for 

the (S,Z)-3-hexenyl-1,2-diol tail.  Tadano’s effort diverges from Tamm’s in its use of D-glucose 

as the chiral template to build up the eastern ring of the spirocycle.  The Tadano route toward the 

eastern ring of the spirocycle of pseurotin A was initiated with a series of vague transformations, 

referred to as “known 5 steps” and later, “6 convenient steps26” to transform D-glucose into the 

necessary chiral director starting material (scheme 2.13).  The experimental procedure for this 

transformation is not listed; instead Tadano referenced a 1957 Canadian Journal of Chemistry 

paper27 that seems to be inadequate.  Upon communication with Tadano, however, the route shown 

in scheme 2.13 was outlined.  Using Schmidt’s28 method, D-glucose i was protected as its di-

acetonide in a procedure which favored the furanose conformation in ii, and the unprotected alcohol 

was benzylated29 to give iii.  The less-substituted ring was hydrolyzed,29,30 and the resulting diol iv 

reprotected as the tosylate v.  Using Finkelstein’s conditions,27,31 an iodine replaced the tosylated 

alcohols to form the vicinal diiodide, one of which reacted with another iodide ion, eliminating  

the remaining iodide and leaving the double bond vi (see scheme 2.43a on page 77 for a proposed 

mechanism).  Finally the double bond was reduced and the benzyl protecting group was removed 

via hydrogenation to form the chiral key intermediate product 2.13 from scheme 2.13.  

Tadano’s synthesis of the eastern ring of pseurotin A continued in scheme 2.14.1 with 

the oxidation of the unprotected alcohol of the chiral key intermediate 2.13 with pyridinium 

chlorochromate, which gave β-oxygenated ketone ii.  This ketone was subjected to a stereodirected 
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2.13

Grignard reaction with vinylmagnesium bromide to give iii in an excellent 83% yield over 2 steps.  

The acetonide protecting group was removed, and the hemiacetal iv was selectively oxidized with 

via a radical reaction with NIS to give the lactone v in a 95% yield over two steps.  The diol was 

then reprotected using dimethoxypropane to form the acetonide vi, and the lactone was opened 

with LAH to give vii, all with excellent yields.  The resulting primary alcohol was next protected 

selectively with a bulky trityl group to give viii, the secondary alcohol was protected as a benzyl 

ether for ix, then the trityl was removed to give x (concluding scheme 2.14.1).  Next, in scheme 

2.14.2, a Dess-Martin oxidation yielded aldehyde i, which was subjected to a stereocontrolled 
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Grignard reagent addition using benzylmagnesium chloride to give ii.  The vinyl group was 

transformed into an aldehyde iii by ozonolysis, the acetonide removed to give iv which rearranged 

to v, and the hemiacetal was selectively oxidized via another radical reaction with NIS to give 

vi.  A TES protecting group was added to give vii, the benzyl protecting group removed to give 

viii, and the alcohol oxidized with Dess-Martin periodinane to give the dicarbonyl 2.14.  This key 

intermediate, which forms much of the eastern ring of pseurotin A, is markedly similar to Tamm’s 

2.11, though the route to the molecule was very different.  

With the eastern ring of pseurotin A mostly completed (scheme 2.14.2, compound 2.14), 
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Scheme 2.15: Tadano synthesis of the tail of pseurotin A

2.15

Tadano moved on to create the tail of the molecule from D-glucose (scheme 2.15, compound 2.15) 

in a stereoselective fashion in nearly the same way reported by Tamm13a (scheme 2.1), with the 

difference only in the protecting groups.  

The two chiral pieces (2.14 and 2.15) were successfully coupled to give iii, and a deprotection 

to give iv followed by a Dess-Martin oxidation caused the western ring to spontaneously cyclize 

to give v, which after dehydration provided the spirocycle 2.16 (scheme 2.16).  Tadano’s group 

published their progress to 2.16 in 2002, and did not publish the synthesis of their target molecule, 

pseurotin A, until 2004.26  In two papers that year, they finished the synthesis of both pseurotin A 

and azaspirene. 
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vi with a five-fold preference for the desired stereochemistry.  However, the stereochemistry was 

not critical in vi, because in the next step the stereocenter was destroyed by eliminating the labile 

hydroxyl group to give vii.  The necessary stereocenter was reintroduced in a stereoselective 

fashion creating an epoxide that was opened in a stereoselective fashion to form diol viii.  The 

secondary alcohol was oxidized to form the desired benzoyl group ix, the MOM protecting groups 

were removed with HCl to give x.  The hydroxy group at C-8 was then selectively replaced with 

a methoxy group to give pseurotin A, but with a low yield for the last step.  The total yield for 

pseurotin A, excluding the steps for which there is no yield information (the first few steps), is 

1.2% over 37 steps.  Though the synthetic scheme is novel and uses cheap and common D-glucose, 

it is not an efficient route.

2.2.1.3  The Osada Route to Pseurotin A

Osada and coworkers published32 their synthesis of pseurotin A in 2003, and were the first 

to achieve the total synthesis of the molecule.  Osada’s route is derived from his group’s 2002 

synthesis of azaspirene.33  Their strategy began with the synthesis of the (S,Z)-3-hexenyl-1,2-diol 

tail portion of pseurotin A from D-glucose using Tamm’s13 method (scheme 2.18, 2.1).  

Next, Osada’s group employed a Sharpless asymmetric dihydroxylation with methyl (E)-

pent-2-enoate (i) to install a vicinal diol in a stereoselective fashion, providing ii (scheme 2.19).  

The vicinal diol was protected as the acetonide to give iii, and an aldol condensation was completed 
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with phenylpropargyl aldehyde in modest yields to give 2.19 (scheme 2.19).  

Next, the benzylation of the secondary alcohol gave ii (scheme 2.20).  The ester was 

hydrolyzed yielding iii, converted to an acid chloride with oxalyl chloride, then turned into an 

amide (iv) with liquid ammonia.  This amide was BOC-protected to give v, and then treated with 

potassium permanganate to give the diol.  As the diol formed, it was oxidized to the dione by 

potassium permanganate, and the dione cyclized to form the desired lactam (vi) with the benzoyl 

group in the desired position (but with ambiguous stereochemistry).  The hydroxyl group was 

methylated to give vii, the acetal protecting group removed, and the secondary alcohol successfully 
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and selectively oxidized with NCS yielding viii (scheme 2.20).  The product of this scheme (viii) 

closely resembles the protected eastern ring of pseurotin A, and therefore appears to be a good 

target that was achieved in an elegant and fairly efficient synthesis.  Unfortunately, the necessary 

aldol reaction between the tail and the eastern ring analog could not be accomplished despite 

O O

Et
H

OHO

Ph

OBn
H

3N LiOH, tBuOH

5:1, 110°C, 2 days

1) Oxalyl chloride
TEA, DMF
DCM, rt, 4h

2) liq NH3, rt, 1h
45% over 2 steps

O O

Et
H

NH2O

Ph

OBn
H

KH, Boc2O,
DMF

rt, 1h
89%

O

O
NBoc

O

BnOEt H

O O

Et
H

NHBocO

Ph

OBn
H

OH

O

Ph

KMnO4

buffer

MeI, Ag2O

ACN
83% (2 steps)

O

O
NBoc

O

BnOEt H
OMe

O

Ph

1) 3M HCl, THF 76%

2) NCS, DMS, DIPEA, 76%

O
HO NH

O

BnO
Et OMe

O

Ph

Key Intermediate
Osada, Org. Lett., 2003, 5, 2287-2289 (cpd 4)

DEAD END: ALDOL DID NOT WORK

O O

Et
H

OMeO

Ph

OH
H

O O

Et
H

OMeO

Ph

OBn
H

BnBr, NaH

DMF

Key Intermediate
Osada, Org. Lett., 2003, 5, 2287-2289 (cpd 8)
Osada, JACS, 2002, 124, 12078-12079 (cpd 6a)

2.19

Scheme 2.20: Osada unsuccessful attempt toward the eastern ring of pseurotin A

ii

iii iv

v vi

vii viii

32
33

32



32

several efforts, and so the route had to be adjusted.

The next attempt began with the same intermediate, 2.19, which was protected as its TIPS 

ether to give ii, and then put through a similar sequence of steps; thus ester hydrolysis to give 

iii, and acid chloride formation and amidation with liquid ammonia to produce iv (scheme 2.21).  

Then in deviation from the first attempt, the amide was treated with sodium hydride.  The Osada 

group discovered when they used sodium hydride in an adaptation of the BOC protection step 

from scheme 2.20 (iv to v), it gave a promising side product which was further optimized to yield 

lactam v as shown in scheme 2.21.  This lactam (v) was obtained from a nucleophilic attack on 

the triple bond under sonication, with the Z alkene as the predominant product.  The acetonide 

protecting group was removed with TFA to give vi, and the secondary alcohol oxidized with Dess-

Martin periodinane, to give 2.21.  The structure of 2.21 is similar to Tadano’s25 compound 2.14 and 

Tamm’s13 compound 2.11; all which are similar to the eastern ring of pseurotin A.  

	 With the successful creation of 2.21, an aldol reaction was successfully conducted between 

2.21 and Tamm’s13 tail portion, 2.1, resulting in iii (scheme 2.22.1).  The reaction proceeded in 

modest yield, and the resulting secondary alcohol was oxidized with Dess-Martin periodinane to 

give iv.  Upon preparative TLC purification, the compound spontaneously cyclized and dehydrated 

to give spirocycle v, a structure that is similar to the spirocyclic framework of pseurotin A.  The 

exocyclic double bond on the lactam was then oxidized with DMDO to give the epoxide which 

was selectively opened to give i (scheme 2.22.2), and the secondary alcohol was oxidized with 

Dess-Martin periodinane to give ii.  The TIPS protecting group was successfully removed with 

TBAF to yield iii.  Finally, when the compound was treated with acetyl chloride and methanol, the 
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Scheme 2.21:  Osada synthesis of a chiral intermediate toward the eastern ring of pseurotin A
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acetal protecting group was removed to give iv, and some of the product was methylated to give 

pseurotin A.  The unmethylated product was subjected to the same conditions to give additional 

pseurotin A (scheme 2.22.2).

	 Osada’s synthetic scheme illustrates the first complete synthesis of any pseurotin.  It is, 

compared to the Tadano25 scheme, relatively concise, and achieved pseurotin A in 19 steps in a 

0.3% overall yield.  This overall yield is lower than Tadano’s, and the relatively costly starting 

material makes the route impractical for scale-up.



35

O

2

1

HO NH

Ph

O

OTIPS

3

O O

HH

4

O

+

LDA, THF, HMPA

-78°C

54%

OH

4

H

H

O

O

3

TIPSO

O

Ph

NHHO

1

2

O

DMP, DCM

O

4

H

H

O

O

3

TIPSO

O

Ph

NHHO

1

2

O

TLC

68% (2 steps)

H

H

O

O

4

3

2

1

O
NH

O

Ph

O

OTIPS

DMD, Acetone

MeOH, -60°C

3Å MS

62%

Key Intermediate

Tamm, Helv. Chim. Acta, 1990, 73, 63-68 (cpd 11)

Tadano, Heterocycles, 2002, 58, 57-61 (cpd 7)

Osada, Org. Lett., 2003, 5, 2287-2290 (cpd 3)

Tadano, Bull. Chem. Soc. Jpn., 2004, 77, 1703-1716 (cpd 29)

Tadano, Heterocycles, 2004, 62, 161-166 (cpd 5)

Key Intermediate

Osada, Org. Lett., 2003, 5, 2287-2290 (cpd 14)

Osada, JACS, 2002, 124, 12078-12079 (cpd 13)

Scheme 2.22.1: Osada synthesis of pseurotin A, part 1

2.212.1

iii

iv

v

13a
25

32
26b

26a

32

33



36

H

H

O

O

O

NH

O
Ph

O

OTIPS

OH

OH

DMP, DCM

68%

H

H

O

O

O

NH

O
Ph

O

OTIPS

OH

O

TBAF, MeOH

61%

H

H

O

O

O

NH

O
Ph

O

OH

OH

O

AcCl, MeOH

67% plus 25% Pseurotin A

H

H

HO

HO

O

NH

O
Ph

O

OH

OH

O

AcCl, MeOH

26% plus 52% SM

NH

O

OCH
3

OH
O

O
O

OH

HO

Pseurotin A

Scheme 2.22.2: Osada synthesis of pseurotin A, part 2

i ii

iii iv



37

2.2.1.4 The Finney Scheme Toward Pseurotin A

In 2005, Mitchell and Finney published34 their synthesis toward pseurotin A.  Their research 

was focused on antifungal drug targets, and despite the previous reports of pseurotin A’s lack of 

antifungal activity, because it was reported to be active against chitin synthase,15 they decided to 

investigate an approach to construct it to further study its potential as an antifungal compound.  

Their route was similar to the published approaches in that they synthesized the chiral tail 

using Tamm’s strategy from D-glucose (scheme 2.1), and they created a lactam which closely 

resembled the eastern ring of the spirocycle.  Similar to previous routes, they attempted to couple 

the tail and the lactam via an aldol reaction before closing the western ring of the spirocycle.  

However, their approach used a different nucleophile and electrophile for the aldol reaction 

(schemes 2.23.1 and 2.23.2).  They envisioned a synthetic scheme which used an electrophilic 

aldehyde on the lactam portion of the molecule and a nucleophilic enolate created from a ketone 

on the tail; an electronic situation that is opposite of previous approaches.  If those two pieces 

were coupled, it was expected that the cyclization of the western ring of the spirocycle would be 

relatively straightforward and the completion of the synthesis would allow further investigation of 

the biological activity of the molecule and its derivatives.  However, the aldehyde portion of the 

molecule was unstable and was an ineffective electrophile.  The enolate portion of the molecule 

would not couple, even with very simple aldehydes.  Instead the enolate decomposed, evidently 

due to the lactam functionality.  

Their approach began with the relatively expensive starting material i, which when coupled 
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with sodium benzoate via a substitution reaction gave ii, which was then dihydroxylated to give 

iii.  The newly-created diol was protected as an acetal (iv), and the benzoyl group was removed 

with sodium methoxide to give v.  They selectively TBS protected only one of the hydroxyl groups 

to give vi, which aided in their isolation of vi from v, albeit in relatively low yield.  Oxidation to 

the aldehyde (vii) and addition of phenylacetylene yielded alcohol viii.  After shuffling protecting 

groups, viii was oxidized to aldehyde xi then carboxylic acid xii.  Next, the amide was created 

through a peptide coupling reaction between ammonia and xii, to give xiii.  They accomplished a 

ring closing very similar to the Osada approach (scheme 2.20, v to vi), with a dihydroxylation of 

the triple bond and its subsequent oxidation to the diketone with potassium permanganate.  This 

spontaneously cyclized to yield the lactam with the desired stereochemistry (xiv), but purification 

failed at this point, presumably because of the reversibility of the ring closing in silica.  In an 

attempt to resolve the difficulty with the purification of xiv, acid and methanol were added to the 

crude material of xiv (scheme 2.23.1) to remove the acetal protecting group.  These conditions 

also effected selective dehydration of the hydroxyl on C-8.  The subsequent replacement of the 

dehydrated hydroxyl group by a methoxy group on C-8 occurred with the desired stereochemistry 

yielding i (scheme 2.23.2).  This stereochemical change was possible because the eastern ring 

opened and the methoxy group on C-8 was labile.  Because selective oxidation of the primary 

alcohol failed, the protecting group strategy had to be altered.  Thus, the tertiary alcohol was 

protected as a methyl-thio-methyl group, and the successful Swern oxidation of the deprotected 

primary alcohol to the aldehyde was accomplished to give 2.23, a compound which unfortunately 

turned out to be unstable.  
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To synthesize the tail for the molecule the authors followed the procedure first reported 

by Tamm13 and his group in the 1990s.  Once the Finney group had synthesized Tamm’s key 

intermediate, 2.1 (the same intermediate used by every other synthesis of pseurotin A; see 

Tamm’s scheme 2.1 for the synthetic steps), they then converted it to a ketone ii by the addition 

of ethylmagnesium bromide and then oxidized the secondary alcohol to give iii in excellent yield 

(scheme 2.24).  

With their two advanced intermediates in-hand, they were unsuccessful in coupling the 

molecules, despite several different attempts.  In fact, they report that any attempt at an addition 

reaction to lactam aldehyde 2.23 was unsuccessful.  
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2.2.1.5 Summary of the Efforts Toward Pseurotin A

Though pseurotin A was discovered in 1976, it is still a relevant topic of research.  The 

different reported results from the biological testing of the molecule demonstrate that different 

testing methodologies can have dramatically different results, and that subjecting complicated 

mixtures to purification, structural elucidation and biological testing is difficult.  Furthermore, the 

range of biological activity attributed to pseurotin A underscores the promise in the further study 

of the pseurotins.
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2.2.2 Synerazol

In 1991, Haneishi and coworkers isolated35 the antifungal antibiotic synerazol from a broth 

of the Thai soil fungus Aspergillus fumigatus, the first time such a spirocyclic compound was 

isolated from an organism besides Pseudeurotium ovalis Stolk.  In 2004, Igarashi36 and coworkers 

published the absolute configuration of synerazol.  In the same year, Oki18 and colleagues discussed 

fluorinated derivatives of synerazol, and suggested that synerazol and pseurotin A were related in 

their biosynthesis; a hypothesis that seems likely given the similarities in their structures.  Oki18 

reported that synerazol was not an antibiotic, but was antifungal and inhibited angiogenesis in 

chicken CAM assays.  In 2009, Murata19 and coworkers described the immunosuppresive activity 

of synerazol.

2.2.2.1 Osada Synthesis of Synerazol

In 2005, Osada’s37 group published the first total synthesis of synerazol.  In their first 

approach, they took advantage of the same chiral template, 2.21, which they utilized for pseurotin 

A32 and azaspirene33 (see scheme 2.21 for details on the synthetic steps).  The tail portion of 

the molecule was synthesized in a novel procedure from diethyl D-tartrate (scheme 2.25).  This 
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starting material, though it is the unnatural isomer,  is relatively inexpensive and readily available.  

A standard selective bromination to give ii and an epoxidation to give iii was followed by the 

differentiation of the ester ends of the molecule through a single reduction to give iv.  A protection 

followed to give v, and a reduction to give vi.  The unprotected hydroxy group was subjected to a 

Swern oxidation to provide the aldehyde (vii).  A subsequent Wittig reaction formed the necessary 

Z-double bond and extended the carbon chain to give viii.  The deprotection of the other hydroxy 

group followed by another Swern oxidation finished the tail fragment 2.25 (scheme 2.25).  

The new tail fragment was successfully coupled with the eastern spirocycle fragment, 2.21, 

to yield iii (the synthesis of 2.21 can be found in scheme 2.21; the current procedure is reflected 

Scheme 2.25: Osada synthesis of the tail of synerazol
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in scheme 2.26).  A Dess-Martin oxidation of iii underwent a cyclization to the hemiacetal, which 

dehydrated to give 2.26 (scheme 2.26).  The exocyclic double bond in the eastern lactam was 

selectively dihydroxylated with DMDO and water via the formation of an epoxide to give v.  An 

attempt to open the epoxide with methanol instead of water to create the methyl ether and provide 

viii in one step was unsuccessful.  Instead, the benzoyl group was created by oxidation to give vi, 

and efforts were made to methylate the remaining hydroxyl group.  Since the carbonyl position 

was consistently methylated instead, its enol analog was first protected as a TIPS ether to give 

Scheme 2.26: Osada’s first synthesis of synerazol
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vii.  The yield of the methylation to give viii was low, presumably because the TIPS group was 

too sterically demanding.  Final deprotection gave synerazol in a 0.6% overall yield over 17 steps 

(scheme 2.26).

The authors theorized that changing the TIPS protecting group to a smaller group would 

improve the yield by making substitution with methanol at the epoxide opening step possible, 

but removing the TIPS group on the advanced spirocyclic intermediate 2.26 proved impossible:  

the eastern ring instead opened to the conjugated aldehyde and furan moiety as shown in scheme 

2.27, which as a consequence scrambled several stereocenters.  To fix this dilemma, as shown in 

scheme 2.28, the authors backtracked to the original lactam intermediate 2.21, and tested both a 

TES and TMS ether of 2.21 as a replacement.  While both protecting groups were adequate, the 

TMS ether of 2.21 proceeded with higher yields overall.  Opening of the epoxide with methanol 

proved successful in modest yields (scheme 2.28, iv to v).  With the problem solved, a Dess-Martin 

oxidation to give vi followed by a deprotection yielded synerazol, with a 1.3% overall yield over 

15 steps (scheme 2.28).

The Osada route to synerazol demonstrated the importance of an approach toward the 

general spirocyclic core of the pseurotins, which can be applied to the synthesis of other pseurotins.  

Osada’s group was able to apply their approach in the syntheses of pseurotin A32 and azaspirene33 

to the synthesis of synerazol, which is proof of the general utility of their approach.  Unfortunately, 

their overall yield is still too low for scale-up or adequate testing.
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2.2.2.2 Ninomiya Synthesis of Synerazol

In 2008, Ishikawa and Ninomiya38 synthesized synerazol and pseurotin E in a one-pot 

procedure from pseurotin A.  Pseurotin A was chosen as their starting material because it is the 

most available pseurotin from its natural source, and because of its similarity to the intended 

products.  Their approach shows the utility in transforming one pseurotin to another via chemical 

manipulation.  Thus, with a simple Mitsunobu reaction the authors were able to create an epoxide 

from the diol of pseurotin A with the proper stereochemistry to give synerazol.  The scarcity of 

the starting material makes this approach generally impractical.  An efficient total synthesis is still 

necessary for further study of synerazol.
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Omura39 and coworkers reported the isolation of FD-838 and its antibiotic effects in a 

patent application from 1987.  It was not until 2008, however, that Orellana and Rovis40 attempted 

further study of FD-838.  

2.2.3.1  The Rovis Route Toward FD-838

The Rovis40 route toward FD-838, completed in 2008, is different from previous pseurotin 

syntheses in that a common maleimide precursor was used.  This precursor was manipulated into a 

spirocyclic core similar to FD-838 in 7 steps and a 24% overall yield.  The key to Rovis’ approach 

was a catalytic Stetter reaction which, with the use of an organocatalyst, proceeded with high 

selectivity and provided the desired chiral framework.  However, though this in itself was an 

accomplishment, their compound lacked the necessary functional groups to complete the target, 

FD-838.

The route was initiated by dibrominating the N-protected maleimide i to give ii (scheme 

Figure 2.5:  FD-838
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2.30).  The double bond was reintroduced by elimination under basic conditions to give iii.  Bomine 

was replaced with 1,3-propanediol to give iv, in 48% yield from i.  The alcohol was successfully 

oxidized to the aldehyde (v) using Dess-Martin reagent.  When v was subjected to Stetter conditions 

using the N-heterocyclic carbene organocatalyst vi (scheme 2.30), the spirocycle spontaneously 

closed with the proper stereochemistry to give vii.  Formation of the O-protected enolate viii with 

triethylsilyl triflate followed by a “hydride abstraction” with trityl and a bulky base formed the 

necessary double bond to give ix in excellent yield.  In a similar fashion a resonance stabilized 

positive charge was induced with triethylsilyl triflate to give x.  This allowed 2-methylfuran to be 

added in a stereoselective fashion to give xi.  The final step in Rovis’ scheme added a benzyl group 

selectively to the imide using “Barbier-type alkylation of succinimides,” yielding xii.  While this 

effort did not result in successful synthesis of the target molecule, the authors did use what they 

learned from this effort in a synthesis of diastereomers of  another pseurotin, cephalimysin A, 

which is discussed later.

2.2.3.2  The Kakeya Synthesis of FD-838

Soon after Rovis, in 2009, Kakeya,41 Hayashi and coworkers published their total synthesis 

of FD-838.  Using the Osada32 route previously applied to azaspirene,1,2,33 pseurotin A,32 and 

synerazol,37 they created the main chiral lactam 2.21 (scheme 2.21).  Compound 2.21 was coupled 

with commercially available 5-ethyl-2-furaldehyde (i) via an aldol reaction to yield iii in modest 

yield (scheme 2.31).  A Dess-Martin oxidation and purification by TLC on silica gel spontaneously 
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closed the spirocycle to give iv.  A subsequent DMDO epoxidation of the exocyclic lactam double 

bond and opening of the epoxide with methanol gave v.  In contrast to their synthesis of synerazol, 

they retain the TIPS protecting group for the synthesis of FD-838.  A further Dess-Martin oxidation 

gave vi and a deprotection gave FD-838 in 0.7% yield, over 12 steps.  

The success in utilizing the Osada route in creating multiple pseurotins demonstrates once 

again the general utility of their approach.  Their yields, however, make the route unsuitable for 

scale-up.
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2.2.3.3  The Svenda Route to Cephalimysins B and C (Epimers of FD-838)

In 2010, FD-838 and three of its epimers, cephalimysins B-D, were isolated from the fungus 

Aspergillus fumigatus extracted from a fish, Mugil cephalus, and characterized by the Yamada42 

group.  Yamada reported that FD-838 had an IC50 of 56.0 μM against murine P388, 60.8 μM against 

HL-60, 70.5 μM against L1210 and 73.0 against KB cancer cell lines.  Additionally, the Yamada 

group reported that cephalimysin B was not effective against any cell line, and cephalimysins C 

and D were not effective against the L1210 or KB cell lines, but each was effective against the 

other cell lines similarly to FD-838:  Cephalimysin C had an IC50 of 53.5 μM against P388 and 58.4 

μM against HL-60;  Cephalimysin D had an IC50 of 51.1 μM against P388 and 48.7 μM against 

HL-60.  

In 2017, Svenda43 and coworkers published their synthesis of racemic cephalimysins B 

and C, which are epimers of FD-838 (scheme 2.32).  Their route contains novel chemistry, but it 

is unselective, and therefore the stereochemistry is mixed at carbons 5, 8 and 9 in their products.  

However, this gave the authors a way to synthesize cephalimysins B and C, because they differ in 

their stereochemistry at C-5, which is the spirocenter of the molecule, as well as C-8 and C-9 as 

compared to FD-838.  

Svenda’s group started by creating the western ring of cephalimysins B and C, beginning 

with 3-oxovaleric acid i (scheme 2.32), which is not readily commercially available, but which 

presumably can be created from an ester that is available (for example, the methyl ester).  They 

next made the trifluoroethyl ester ii from the acid i.  A diazo group was introduced to give iii, in 
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order to facilitate the future ring closing step that would give vii.  Compound iii was coupled with 

an expensive ethyl furfural iv via a Mukaiyama type aldol reaction to give v.  After an oxidation 

with IBX to give vi, Svenda’s group was able to close the ring with a rhodium catalyst to give vii, 

similar to the methods described by Park.44  A conjugate addition of the furan ring on the triple 

bond of expensive 1-phenylpropynone viii formed a racemic spirocenter ix, and left the exocyclic 

double bond in Z-formation.  A dihydroxylation of the double bond with potassium osmate(VI) 

dihydrate spontaneously caused the eastern ring of the spirocycle to close to form lactone x, with 

the stereochemistry shown at C-8 and C-9 favored in a ratio of 7:1.  After a TMS protection of the 

secondary alcohol to give xi, a ring opening was accomplished with ammonia to give xii.  After 

oxidation with Dess-Martin reagent, the ring closed to form lactam xiii.  The hydroxyl group at C-8 

was then replaced with a methoxy group using a gold catalyst, providing cephalimysin C in a 2.4% 

overall yield and cephalimysin B in a 0.8% overall yield over 12 steps; both racemic around C-8 

and C-9.  The authors were also able to synthesize six derivatives, also racemic, with substitutions 

in the benzoyl group at C- 8 and at the tail of the molecule (Figure 2.6).  It is an approach with 

useful features as discussed, but the reported route is not stereoselective.
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2.2.4 Cephalimysin A
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In 2007, cephalimysin A was isolated45 from the fungus Aspergillus fumigatus extracted 

from a fish, Mugil cephalus, and structurally characterized by the Yamada group.  They found it to 

have cytotoxic activity against the murine P388 leukemia cell line and the human HL 60 leukemia 

cell line, with an IC50 of 15.0 and 9.5 nM respectively.

2.2.4.1:  The Rovis Synthesis of Three Epimers of Cephalimysin A  

In 2013, Lathrop and Rovis46 published their synthesis of several diastereomers of 

cephalimysin A, using the same novel Stetter reaction technique they used in their effort toward 

FD-838.39  They were not successful in synthesizing cephalimysin A itself, but they did confirm 

the structure of cephalimysin A by analyzing the spectra of their synthesized epimers as compared 

to the natural product.  Their approach is also important because it builds upon the work they did 

toward the synthesis of FD-838, and demonstrates the utility of their catalytic Stetter reaction, as 

well as a “Barbier-type” coupling which introduces the benzoyl group to the molecule in a unique 

way.

Figure 2.7:  Cephalimysin A
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The Rovis effort toward cephalimysin A began similarly to their effort toward FD-83840 

(scheme 2.30), with the bromination of cheap, readily-available maleimide i and its O-coupling 

with a 1,3-dialdehyde enolate vii created efficiently from 1-ethoxypropene to yield viii (scheme 

2.33).  With their Stetter substrate viii in hand, they successfully screened a number of catalysts and 

conditions to optimize a N-heterocyclic carbene catalyzed reaction which coupled the aldehyde 

carbon with the spirocyclic carbon to close the spirocycle and form the framework of the molecule 

2.33 (scheme 2.33).  
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As a first effort in adding the necessary functional groups to the spirocyclic framework of 

2.33, Rovis created a Grignard reagent by replacing the hydroxyl group of trans-3-hexenol with a 

bromine to form 2.34 (scheme 2.34).   

The Grignard reagent 2.34 was coupled with 2.33 in a conjugate addition reaction, which 

was trapped in its enolate form by the addition of TBSCl to give iii (scheme 2.35).  In the next step, 

a “Barbier-type” coupling selectively replaced the necessary imide carbonyl with an unsaturated 
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benzyl group to give iv, with excellent yield and selectivity.  The authors reported that had the ketone 

in iii not been protected as the TBS enolate, the Barbier-type coupling would have proceeded with 

reduced selectivity.  In the coupling, the samarium chelated between the halogen and the benzyl 

group, and this reactive species immediately added selectively to the desired imide carbonyl, 

presumably via the least-hindered π-face.  The addition of HCl in the second step dehydrated the 

resulting alcohol to form the exocyclic double bond seen in iv.  Once the protecting groups were 

removed to form v, the vicinal diol vi was introduced via an epoxide with DMDO, which then 

opened to the corresponding diol with water.  The tertiary alcohol in vi was then dehydrated to 

form a double bond and the secondary alcohol oxidized in good yields with Martin sulfurane,  to 

provide 2.35 (scheme 2.35).  

Subsequent epoxidation of the double bond in lactam 2.35 was invariably unsuccessful 

(scheme 2.36).  Instead, 2.35 decomposed, or its tail was oxidized.  To resolve this problem, the 

double bond was instead treated with NIS to create the iodonium ion, which was then easily opened 

with methanol to form the desired iodo-substituted compound ii with the proper stereochemistry.  

Nakamura type dehalogenative hydroxylation of ii yielded two epimers of cephalimysin 

A in a 60/40 ratio (2.35.1 and 2.35.2), over 20 steps with an overall yield of 0.8% and 0.5%, 

respectively.  As shown in scheme 2.36, the final epimer, 2.35.3, was synthesized from 2.35 by 

changing the conditions of the iodination reaction.  TFA was introduced in an effort to reverse the 

stereochemistry of the epoxide and as a consequence reverse the stereochemistry at C-8 and C-9 

compared to the previous two epimers.  The opposite stereochemistry was selectively introduced 

in this way to provide vi, but when the iodine was replaced with a hydroxyl group to yield 2.35.3 
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the stereochemistry at C-8 was still incorrect as compared to the natural form of cephalimysin A, 

creating epimer 2.35.3 in 20 steps with an overall yield of 0.7%.  

Despite that cephalimysin A was not synthesized with correct stereochemistry, Rovis’ 

route is still quite a useful illustration because it demonstrates the utility of their Stetter reaction 

protocol in its ability to form the required spirocycle in a stereoselective fashion.  Additionally, 

several creative ways of introducing the necessary functional groups are presented, in relatively 

high yields.  
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2.2.5 Berkeleyamide D
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In 2008, Patacini47 and coworkers isolated several novel amide compounds from the fungus 

Penicillium rubrum Stoll, which they found in the Berkeley Pit Lake System superfund site near 

Butte, Montana.  Berkeleyamide D was reported to inhibit MMP-3 and caspase-1, which Patacini 

reports may inhibit tumor growth.

2.2.5.1 The Tsubaki Route to Racemic Berkeleyamide D

In 2014, Tsubaki48 and coworkers synthesized racemic berkeleyamide D, and updated their 

synthetic strategy in 2016.49  In their approach, they adapt some classic chemistry to create their 

starting materials, and bring the resulting two molecules together in a “Darzens reaction,” to form 

the eastern lactam of berkeleyamide D with the proper functional groups and in good yield, but not 

in a stereoselective fashion.

Tsubaki’s first approach,48 (scheme 2.37), began with acetoacetamide i, which was 

brominated with NBS to give ii.  Next, ethyl isovalerate iii was subjected to a set of reactions 

which the authors neglect to cover in great detail, but which involve the deprotonation of DMSO, 

Figure 2.8:  Berkeleyamide D
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its attack on and displacement of the ester group iv, and then a transfer in strong aqueous acid of 

the oxygen from the sulfur to the adjacent carbon to give v.  Copper removed the sulfur atom to 

form aldehyde 2.37.  

With their two starting materials, 2.37 and ii in hand, Tsubaki’s group subjected both to 

weak base to zip the two molecules together in a “Darzens reaction,” starting with the deprotonation 

of the relatively acidic middle carbon of the 1,3-dicarbonyl, and its attack on the aldehyde of the 

1,2-dicarbonyl.  The negatively charged oxygen from the addition then attacked the center carbon 

of the 1,3-dicarbonyl to displace the bromine and to form a racemic epoxide.  The amide nitrogen 

then attacked the ketone of the 1,2-dicarbonyl, resulting in a lactam (vii) that is very similar to 
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the eastern lactam structure of the berkeleyamide spirocycle.  The alcohol was replaced by an 

isobutyl ether via dehydration to give viii, racemic around C-8.  The exocyclic ketone α-carbon 

was deprotonated and coupled with phenylacetyl chloride.  The resulting 1,3-dicarbonyl was 

immediately deprotonated to form a negatively charged oxygen which then opened the epoxide, 

and closed the western ring of the spirocycle yielding ix as shown, with the stereochemistry at 

C-5 and C-9 determined by the stereochemistry of the original epoxide.  The manipulation in this 

step might be a useful adaptation in routes toward other pseurotins, and was somewhat similar to 

the Margaretha69 ring closing step, which will be discussed in the Bergdahl strategy to azaspirene.  

Finally, the isobutyl ether was replaced with a hydroxy group in a non-selective fashion, to form 

racemic D-berkeleyamide in 8 steps with a 2.8% overall yield.
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Tsubaki’s second attempt in the synthesis of berkeleyamide D in 2016,49 (scheme 2.38), 

was an effort at improving the overall yield compared to their original strategy.  The starting 

material was changed to include a phenylacetyl group (i), and the ketone was masked as a ketal (ii).  

The carboxylic acid in ii was coupled to Meldrum’s acid (iii) to form iv.  An amidation was then 

performed with hexamethyldisilazane to give 2.38, and subsequent bromination with NBS gave 

vi.  Compound vi was then coupled with 2.37 in a Darzens reaction, to form unstable epoxide viii, 

racemic at C-5, C-8 and C-9.  The final step removed the ketal to form the enol with perchloric acid 

in water, which cyclized to form the western ring of the spirocycle and produce berkeleyamide 

D.  Tsubaki’s second attempt yielded racemic berkeleyamide D in a 3% overall yield over 8 steps.  

This second approach did not significantly improve the overall yield, nor reduce the number of 

steps.  

In their final effort49 (scheme 2.39), Tsubaki’s group used the same starting material 2.38, 
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but the amide was BOC-protected in an effort to improve the yield of the bromination and the 

Darzens reaction.  In addition, the compound was expected to cyclize once the BOC group was 

removed. 

The BOC-protection proceeded smoothly to give ii, and the bromination yield of iii increased 

from 42% to 72% (scheme 2.39).  The Darzens reaction product vi proved relatively stable, and 

was purified in a 92% yield, instead of the 23% yield over 2 steps in their second attempt.  An 

acetal and BOC-deprotection with 30%  perchloric acid in water formed the spirocycle, and the 

final product, racemic berkeleyamide D, was achieved over 9 steps in a 7% overall yield.  

The use of the Darzens reaction to bring the molecule together was an unusual and 

effective approach to achieve the spirocycle in few steps and good yields.  However, the product 

was unfortunately racemic.
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2.2.5.2  The Han Route to Berkeleyamide D

In 2017, Han published a synthesis of both racemic Berkeleyamide D50 and azaspirene,51 

by taking advantage of novel biomimetic approaches.  In the synthesis of berkeleyamide D, the 

strategy was to create a linear structure via biomimetic chemistry, and cyclize at the end.  

Han’s first attempt (scheme 2.40), was initiated with phenylacetaldehyde (i) and tert-butyl 

acetoacetate (ii), which formed the aldol product iii.  Subsequent Dess Martin oxidation provided 

iv, and the tert-butyl ester was transformed to the chiral amide v using O-TBS-protected L-leucinol.  

Removal of the TBS group with acid gave vi, and a modified Pfitzner-Moffat50 oxidation provided 

aldehyde vii, which was used directly in the next step.  Deprotonation of vii with sodium hydroxide 

invariably yielded a 7-membered ring (viii) rather than the desired 5-membered ring.  

Han’s second attempt50 (scheme 2.41), was initiated using the same starting materials, 

which were brought together via an aldol reaction to give iii.  In an effort to prevent the formation 

of the 7-membered ring, the aldol product (iii) was first protected as its TBS ether (iv), and the 

oxidation of iii to the ketone was avoided.  Ester iv was reacted with unprotected L-leucinol to give 

amide v, and the primary alcohol was oxidized using a modified Pfitzner-Moffat method to give 

aldehyde vi.  When the aldehyde (vi) was exposed to sodium hydroxide, the desired 5-membered 

lactam (vii) was obtained in good yields.  The subsequent installation of an epoxide with MMPP 

proceeded to give viii, though not in a stereoselective fashion.  Camphorsulfonic acid in methanol 

then removed the TBS protecting group and installed a methyl ether at C-8 to provide ix with 



67

O

Phenylacetaldehyde
11¢ per gram Aldrich

O O

O

tert-butyl acetoacetate
2¢ per gram Aldrich

NaH, BuLi,
THF, -78°C to rt
82%

O O

O

OH
TBSOTf
2,6-lutidine
DCM, -78°C
82%

O O

O

OTBS L-Leucinol
DMAP, tol
reflux, 78%

O OOTBS

N
H

OH

EDC, DCA
DMSO, tol, rt

O OOTBS

N
H

O
NaOH, EtOAc
H2O, rt
82% (2 steps)

NH

OOHOTBS MMPP·6H2O
THF, MeOH, 0°C

NH

OOOTBS

O

HO

CSA, MeOH
HC(OMe)3, rt
34% (2 steps)

NH

OOOH

O

MeO

DMP
DCM

NH

OOOH

O

MeO

TEA
DCM

NH
O

O

O OMeOH

TsOH·H2O
THF, H2O, rt
59% (3 steps)

*
*

NH
O

O

O OHOH

Racemic D-Berkeleyamide

Scheme 2.41:  The second Han route toward racemic Berkeleyamide D

i ii

iii

iv v

vi vii

viii ix

x
xi

8 8



68

inversion of stereochemistry.  Subsequent oxidation of the unprotected alcohol to the enol (x) and 

application of triethylamine caused the hydroxy group of the enol to open the epoxide, closing the 

western ring to form the spirocycle (xi).  Tosic acid in water then replaced the methoxy group with 

a hydroxy group, to give racemic berkeleyamide D, in 10 steps and an 8.6% overall yield. 

Han’s biomimetic approach to conceive the total synthesis of berkeleyamide D has several 

interesting features.  For instance, the use of L-leucinol to create the eastern ring of the spirocycle 

may provide a handle for future asymmetric syntheses.  It is notable that, just like the Tsubaki47,48 

strategy, the non-asymmetrical creation of an epoxide was an additional key step which caused the 

final result to be racemic.  Overall, the fact that the Han group was able to build even the racemic 

molecule with a high overall yield is an accomplishment.

2.3  A Summary of the Synthesis of the Pseurotins

If one was able to find an overall efficient way to build the novel spirocyclic framework 

of the pseurotin family, it would offer relatively simple access to the other structures within the 

family.  Thus the study of the pseurotin molecular family is very important.  Because the different 

substances in the molecular family are reported to have very different biological activities, the 

opportunity for finding useful drugs among them remains very strong.  With a few adjustments to 

the tail portion of the molecule and the attachments on C-8 of the spirocycle, it should be possible 

to create a facile synthesis of many of these potential drug targets.  The exploration of the synthetic 

strategies, outlined in the previous schemes, has illustrated this in detail.  Many of the groups 
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which have successfully synthesized members of this structural family have used variations on 

their initial procedure to access sister molecules in subsequent papers. 

All of this brings us forward to the syntheses of the main target molecule for the work that 

was accomplished in the Bergdahl laboratory and described herein:  the synthesis of azaspirene.  

First, the existing synthetic routes toward azaspirene must be conveyed in detail. 
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(–)-Azaspirene was isolated from a broth of Neosartorya sp. and characterized by Osada 

and coworkers in 2002.1  The research of the Osada group had been specifically focused on 

angiogenesis inhibitors, and they reported azaspirene showed promise in this area.  Azaspirene 

caused complete inhibition of vascular ethothelial growth factor (VEGF) induced cell migration in 

human umbilical vein endothelial cells (HUVECs) at a concentration of 27 μM in vitro.  This result 

was later supported by more extensive in vivo testing by the Osada2 group in 2008, using chicken 

CAM assays and a mouse study.  

In Osada’s mouse study2 (Figure 2.10), BALB/c mice were inoculated with RENCA 

tumor cells, and received either paclitaxel, used as a positive control because it is known to 

Asami et al. Cancer Sci | September 2008 | vol. 99 | no. 9 | 1855
© 2008 Japanese Cancer Association

phosphorylation of Raf-1 and Raf-1-binding proteins. The results
showed that azaspirene inhibited VEGF-induced phosphorylation
of Raf-1 in a dose-dependent manner (Fig. 4a). Additionally,
azaspirene had no effect on the disruption of Hsp90–Raf-1–
MEK complexes and did not markedly suppress VEGF-induced
KDR/Flk-1 autophosphorylation at concentrations up to 81 μmol/L
(Fig. 4a,b). These data suggest that the mode of action of
azaspirene is different from those of known antiangiogenic
compounds, such as the receptor tyrosine kinase inhibitor,
vatalanib, Raf-1 kinase inhibitor, and sorafenib.(13–17)

Azaspirene did not inhibit angiogenic factor-induced activation of
ERK1/2 in NIH3T3, HeLa, MSS31, and MCF-7 cells. To investigate the
effect of azaspirene on the activation of ERK1/2 in several cell
lines other than HUVEC, we examined the phosphorylation of
ERK1/2 in non-vascular endothelial cells. As shown in Fig. 5a,
phosphorylation of ERK1/2 induced by bFGF, PDGF, and PDBu
in NIH3T3 cells was not remarkably suppressed by azaspirene
at 81 or 270 μmol/L. Similarly, azaspirene did not inhibit the
phosphorylation of ERK1/2 induced by EGF or PDBu in HeLa,
MSS31, or MCF-7 cells (Fig. 5b,c). These results suggest that
azaspirene specifically inhibits the MAPK signaling pathway in
vascular endothelial cells.

Azaspirene preferentially inhibited the growth of HUVEC and
suppressed MAPK activation in HEK293T cells transiently expressing
KDR/Flk-1. To investigate the effect of azaspirene on cell growth
inhibition and MAPK activation in HEK293T cells transiently
expressing KDR/Flk-1, we examined the unique biological
activities of azaspirene on HUVEC. We first tested the effects
of azaspirene on the growth of NIH3T3, HeLa, MSS31, MCF-7,
and HUVEC in a proliferation assay. Interestingly, azaspirene
preferentially inhibited the growth of HUVEC rather than those
of the other four cell lines at 81.4 μmol/L (Fig. 6a). In addition,
we investigated whether azaspirene influenced VEGF-triggered
activation of the MAPK signaling pathway in HEK293T cells
transiently expressing KDR/Flk-1.(33) VEGF-induced ERK1/2
activation was strongly inhibited by azaspirene at 27 μmol/L

Fig. 1. Effect of azaspirene on tumor-induced
angiogenesis in vivo. (a) The chemical structure of
azaspirene. (b) Photographs of tumor-induced
vessel formation after treatment with vehicle,
azaspirene, and paclitaxel. (c) Quantification
of newly formed blood vessels. The statistical
significance of differences between the control
and experimental groups was determined using
one-way ANOVA, Tukey method analysis, repeated
measures. *P < 0.05; **P < 0.01 was taken as the
level of statistical significance.

Fig. 2. Suppression of blood vessel formation within chorioallantoic
membrane (CAM) by azasprirene. (a) The 4.5-day-old CAM were treated
with increasing concentrations of azaspirene for 48 h, and then patterns
of angiogenesis were photographed. (b) The total area of blood vessels
was analyzed with angiogenesis-measuring software and is shown under
each panel. Solid column, vehicle (10% dimethyl sulfoxide); hatched
column, 30 μg/egg azaspirene. The statistical significance of differences
between control and experimental groups was determined using two-
group two-tailed Student’s t-test. *P < 0.05 was taken as the level of
statistical significance.

Figure 2.10: Photographs from Osada’s Cancer Science paper of tumor-induced blood vessel 
formation in their mouse study

Figure 2.9:  (–)-Azaspirene
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inhibit angiogenesis, at a dose of 6 or 20 mg/kg; asazpirene, at a dose of 31.6 or 100 mg/kg; or 

dimethylsulfoxide vehicle as a negative control.  After one week, each dose of both drugs showed 

significantly fewer blood vessels oriented toward the tumor as compared to the vehicle, and the 

azaspirene mice seemed to be in generally better health than the paclitaxel mice.  Unfortunately, 

the authors are unclear on the number of mice used for the study.

In the chicken CAM assay2 (Figure 2.11), 30 µg azaspirene was dosed per fertilized Dekalb 

chicken egg, and the eggs were incubated for 2 days.  Finally a fat emulsion was injected, and 

the blood vessel growth analyzed.  According to the authors, the azaspirene eggs showed an anti-

angiogenic response compared to the control.  

In 2015, Emoto52 reported that an analog of azaspirene with an ethyl group on C-2 of 

the spirocycle showed anti-angiogenic activity.  Both enantiomers of their analog were tested 

in vivo using a mouse study.  Compared to thalidomide as a positive control, they reported that 

both enantiomers of their ethyl analog showed anti-angiogenic activity with VEGF inhibition in 

HUVECs with an IC50 of 10 μg per mL, without the body mass loss seen in the mice treated with 

thalidomide.  This data not only support that azaspirene has an anti-angiogenic effect as reported 
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phosphorylation of Raf-1 and Raf-1-binding proteins. The results
showed that azaspirene inhibited VEGF-induced phosphorylation
of Raf-1 in a dose-dependent manner (Fig. 4a). Additionally,
azaspirene had no effect on the disruption of Hsp90–Raf-1–
MEK complexes and did not markedly suppress VEGF-induced
KDR/Flk-1 autophosphorylation at concentrations up to 81 μmol/L
(Fig. 4a,b). These data suggest that the mode of action of
azaspirene is different from those of known antiangiogenic
compounds, such as the receptor tyrosine kinase inhibitor,
vatalanib, Raf-1 kinase inhibitor, and sorafenib.(13–17)

Azaspirene did not inhibit angiogenic factor-induced activation of
ERK1/2 in NIH3T3, HeLa, MSS31, and MCF-7 cells. To investigate the
effect of azaspirene on the activation of ERK1/2 in several cell
lines other than HUVEC, we examined the phosphorylation of
ERK1/2 in non-vascular endothelial cells. As shown in Fig. 5a,
phosphorylation of ERK1/2 induced by bFGF, PDGF, and PDBu
in NIH3T3 cells was not remarkably suppressed by azaspirene
at 81 or 270 μmol/L. Similarly, azaspirene did not inhibit the
phosphorylation of ERK1/2 induced by EGF or PDBu in HeLa,
MSS31, or MCF-7 cells (Fig. 5b,c). These results suggest that
azaspirene specifically inhibits the MAPK signaling pathway in
vascular endothelial cells.

Azaspirene preferentially inhibited the growth of HUVEC and
suppressed MAPK activation in HEK293T cells transiently expressing
KDR/Flk-1. To investigate the effect of azaspirene on cell growth
inhibition and MAPK activation in HEK293T cells transiently
expressing KDR/Flk-1, we examined the unique biological
activities of azaspirene on HUVEC. We first tested the effects
of azaspirene on the growth of NIH3T3, HeLa, MSS31, MCF-7,
and HUVEC in a proliferation assay. Interestingly, azaspirene
preferentially inhibited the growth of HUVEC rather than those
of the other four cell lines at 81.4 μmol/L (Fig. 6a). In addition,
we investigated whether azaspirene influenced VEGF-triggered
activation of the MAPK signaling pathway in HEK293T cells
transiently expressing KDR/Flk-1.(33) VEGF-induced ERK1/2
activation was strongly inhibited by azaspirene at 27 μmol/L

Fig. 1. Effect of azaspirene on tumor-induced
angiogenesis in vivo. (a) The chemical structure of
azaspirene. (b) Photographs of tumor-induced
vessel formation after treatment with vehicle,
azaspirene, and paclitaxel. (c) Quantification
of newly formed blood vessels. The statistical
significance of differences between the control
and experimental groups was determined using
one-way ANOVA, Tukey method analysis, repeated
measures. *P < 0.05; **P < 0.01 was taken as the
level of statistical significance.

Fig. 2. Suppression of blood vessel formation within chorioallantoic
membrane (CAM) by azasprirene. (a) The 4.5-day-old CAM were treated
with increasing concentrations of azaspirene for 48 h, and then patterns
of angiogenesis were photographed. (b) The total area of blood vessels
was analyzed with angiogenesis-measuring software and is shown under
each panel. Solid column, vehicle (10% dimethyl sulfoxide); hatched
column, 30 μg/egg azaspirene. The statistical significance of differences
between control and experimental groups was determined using two-
group two-tailed Student’s t-test. *P < 0.05 was taken as the level of
statistical significance.

Figure 2.11: Photographs from Osada’s Cancer Science 
paper of chicken CAM assay results
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by Osada, but also suggest that the hexadienyl tail contributes less in the overall anti-angiogenic 

properties of the molecule.  Importantly, the synthesis of Emoto’s analog has not yet been reported.

In view of the potential of azaspirene as an anti-tumor drug, and the difficulty in isolating 

the molecule from its natural sources, it became an interesting synthetic target.  Four total syntheses 

of azaspirene have followed.

2.4.1 The Osada Route to (–)-Azaspirene

Osada’s33 route to (–)-azaspirene was published in July of 2002, a year prior to their total 

synthesis of pseurotin A,32 and three years prior to their synthesis of synerazol.37  At this point, 

there had been no reports which completed the synthesis of any of the pseurotins, though Tamm 

was more than a decade into his attempts toward pseurotin A.11-14,16  In addition, Tadano’s25 group 

had just published their work toward pseurotin A and azaspirene in March 2002, but would not 

complete the synthesis of either molecule until 2004.26

The Osada33 route to azaspirene is shown in scheme 2.42.  They began by creating the 

eastern ring of azaspirene with an achiral enone (i), which was transformed via a stereocontrolled 

Sharpless asymmetric dihydroxylation to give ii.  The diol was protected as its acetonide to provide 

iii, and propargyl aldehyde was installed via an aldol reaction to form iv.  After a TIPS protection 

of the resulting secondary alcohol to give v, the ester was hydrolyzed to the carboxylic acid (vi), 

which was then transformed to its acid chloride with oxalyl chloride.  Ammonia was added to form 

amide vii, and the lactam was closed via addition to the triple bond to produce viii.  The acetonide 
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Scheme 2.42: Osada synthesis of (–)-Azaspirene
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was next removed to form diol ix, and the secondary alcohol oxidized with Dess-Martin reagent to 

give 2.21.  Compound 2.21 is the same key intermediate used in the Osada synthesis of pseurotin 

A32 and synerazol,37 and the Kakeya synthesis of FD-838.41

The common intermediate (2.21) was subjected to an aldol reaction with commercially 

available 2,4-heptadienal (xi), which added the tail of the molecule to the framework to give xii.  

Next, an additional Dess-Martin oxidation was performed, which upon purification with silica 

gel thin layer chromatography caused the closure of the western ring of the spirocycle to provide 

xiii.  The stereocontrol of the TIPS-protected alcohol allowed the necessary hydroxyl group to be 

introduced in a stereoselective fashion to C-8 of the spirocycle across the exocyclic double bond.  

This was accomplished by employing a mixture of tosic acid and water.  The TIPS group was then 

removed with ammonium fluoride to yield (–)-azaspirene over 13 steps in an overall yield of 2.2%.  

The Osada group has demonstrated through the synthesis of azaspirene, pseurotin A32 and 

synerazol;37 and Kakeya through the synthesis of FD-838,41 that their inventive approach is useful 

for accessing many of the pseurotins.  Their common intermediate (2.21) can be used to access the 

pseurotins and their analogs.  The overall yield and the relatively low number of steps is also very 

good, especially as compared to the Tadano25,26 route. However, the Osada route is still challenging 

due to its scalability, especially in their use of preparative TLC to close the western ring of the 

spirocycle.  Moreover, the yield of the last step is painfully low.  However, theirs was the first 

complete, relatively efficient, asymmetric synthetic strategy published.
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2.4.2 The Tadano Route to (–)-Azaspirene

 Tadano’s group was the first to describe a workable version of the spirocyclic core of 

the psuerotins, reported in 2002.25  However, their strategy did not produce a complete synthetic 

scheme until azaspirene and pseurotin A were reported in 2004.26  Tadano was able to use D-glucose 

to achieve the tail of pseurotin A using Tamm’s13a method.  In addition, Tadano used D-glucose as a 

chiral template for the spirocyclic core of azaspirene, pseurotin A and pseurotin F2.  Unfortunately, 

Tadano’s route is comparatively long, and some steps– especially the first “six convenient steps” 

employed to transform D-glucose to their starting material (2.43)– are not explicitly listed anywhere 

in their procedure, and the references27 provided are also inadequate.  Thankfully, Tadano was 

gracious enough to give insight into their methods, and the Tadano synthesis is shown in schemes 

2.43 to 2.44.

Tadano’s route to azaspirene (scheme 2.43), was initiated with β-D-glucose (i), which 

when subjected to Schmidt’s28 acetonide formation conditions rearranged to form the 1,2- and 

5,6-dioxalane ii.  Next, benzyl protection of the free hydroxyl group at C-3 gave iii using Ching’s29 

method.  Subsequently, using Ching’s29 and Kishi’s30 methods, the selective removal of the less-

substituted 5,6-dioxolane was effected by 75% acetic acid in water to give iv.  The addition of 

tosyl groups to the diol gave v, which provided good leaving groups for a subsequent iodination/

elimination reaction to give vi.  This Finkelstein reaction,27,31 which plausible mechanism is 

shown (scheme 2.43.a), transformed the diol to an alkene.  This alkene was hydrogenated to form 

2.43.  It should be noted that no yields are available for these reactions, except for the iodination/

elimination and hydrogenation, which were provided26c by Tadano.  The missing yields therefore 



77

O

H

H

H

O

OH

H

O

O

O

O

PCC

4ÅMS

O

OH

OH

O

OH

Vinylmagnesium bromide

THF, -18ºC, 83% (2 steps)

AcOH/H
2
O

80ºC

O

OH

O

OH

NIS, TBAI, DCM

95% (2 steps)

O

O

O

OH

Dimethoxypropane

CSA, acetone

40ºC, 79%

O

O

O

O

LAH, THF, 0ºC

91%

O O

OH
OH

O O

OTr
OH

TrCl, DMAP, pyridine

reflux

O O

OTr
OBn

BnBr

NaH

DMF

O O

OH
OBn

CSA, MeOH, EtOAc

78% (3 steps) per Tadano

Heterocycles 2002

84% (3 steps) per Tadano

Bull Chem Soc Jpn 2004

DMP, DCM

99% per Tadano

Heterocycles 2002

96% per Tadano

Bull Chem Soc Jpn 2004

O O

O

OBn

BnMgCl

CuBr•DMS

THF, DMS

0°C, 89%

Scheme 2.44.1: Tadano synthesis of (–)-Azaspirene intermediate 2.44 part 1

2.43

are not included in the overall yield calculation attributed to this route.  

As illustrated in scheme 2.44.1, secondary alcohol 2.43 was oxidized with PCC to give 

the β-oxygenated ketone ii, which upon exposure to a vinyl Grignard reagent formed iii in a 

stereoselective fashion.  Removal of the acetonide with acetic acid and water gave iv and a radical 

oxidation selectively formed the corresponding lactone v, from the triol.  Dimethoxypropane was 

used to reintroduce the acetonide (vi), and the lactone was reduced with lithium aluminum hydride 

to give vii.  The primary alcohol was then selectively protected as a bulky trityl ether (viii) and the 

secondary alcohol protected as its benzyl ether providing ix.  Selective deprotection of the trityl 

ether to give x and subsequent oxidation of the primary alcohol provided aldehyde xi.  Exposure 

ii iii

iv v

vi vii viii

ix x xi
25

26b

25

26b



78

O O

OH

OBn

O O

O

OH

OBn

O
3

DCM

-78°C

DMS

60% TFA (aq)

2

HO OH

3

4

1

O

OH

OBn

Spontaneous

ring closure

1

2

3

4

O

OH

HO

OBn

OH

Ph

NIS, TBAI, DCM

77% (3 steps)

O

O

HO

OBn

OH

Ph

TESOTf

pyridine

50°C, 100%

O

O

TESO

OBn

TESO

Ph

O

O

TESO

OH

TESO

Ph

10% Pd/C

H
2
, EtOAc

93%

O

O

TESO

O

TESO

Ph

DMP

DCM

100%

Key Intermediate

Tadano, Bull. Chem. Soc. Jpn., 2004,

77, 1703-1716; cpd 35

Tadano, Heterocycles, 2002,

58, 57-61; cpd 6

Tadano, Heterocycles, 2004,

62, 161-166; cpd 6

Scheme 2.44.2: Tadano synthesis of (–)-Azaspirene intermediate 2.44 part 2

2.44

of xi to a benzyl Grignard reagent introduced the benzyl group in a stereoselective fashion, to give 

compound i (scheme 2.44.2).

Alkene i was subjected to ozonolysis conditions to form aldehyde ii (scheme 2.44.2).  

Removal of the acetonide group with trifluoroacetic acid gave iii, and caused formation of 

hemiacetal iv.  A subsequent radical oxidation yielded lactone v.  After triethylsilyl protection of 

vi, hydrogenation conditions removed the benzyl protecting group to form vii.  This secondary 

alcohol was subsequently oxidized to give 2.44.  Compound 2.44 resembles the eastern ring of 

the spirocycle and is a key sub-unit which Tadano’s group used to access the three pseurotins for 

which they report syntheses:   azaspirene, pseurotin A and pseurotin F2.  This sub-unit is similar to 
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vii
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Tamm’s13 compound 2.11.  

Tadano next used 2,4-heptadienal (scheme 2.45), also used by Osada33 (scheme 2.42), in 

an aldol reaction to introduce the tail of the molecule and to start creating the western ring of the 

spirocycle (ii).  As shown, hydrofluoric acid selectively removed the tertiary TES group to provide 

iii.  Subsequent oxidation to ketone iv caused the western ring of the spirocycle to spontaneously 

cyclize to form hemiacetal v.  This hemiacetal was next exposed to thionyl chloride, and the 

subsequent E2-type elimination reaction with pyridine formed the double bond in the western ring 

to create vi.  Due to difficulty with the subsequent aminolysis step, the problematic TES group was 

exchanged for a more suitable MOM group (vii to viii).  Ammonia in isopropanol converted the 

lactone to the corresponding amide and secondary alcohol ix.  This alcohol was oxidized to ketone 

x using Dess-Martin reagent.  Weak base caused the eastern ring to close as the corresponding 

lactam with the correct stereochemistry (xi).  Removal of the MOM group with strong acid gave 

azaspirene, over 33 steps with less than a 1% overall yield, not including the first four steps for 

which yields are not documented.

The Tadano strategy is important because of its novel use of common and very inexpensive 

D-glucose as a chiral template.  The use of ozonolysis and radical oxidation to bring the synthesis 

forward is elegant, and the achievement of an asymmetric synthesis which can access multiple 

pseurotins is admirable.  However, the strategy suffers from a large number of steps, and therefore 

the overall yield is low.  Additionally, the lack of clarity with which the first few steps are reported 

in the literature is problematic.  For all of these reasons, the Tadano route is impractical for scale-

up.
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2.4.3 The Tanabe Synthesis of (–)-Azaspirene

A major focus of research in the Tanabe53 group was a unique protocol they had developed 

for titanium-directed aldol and claisen condensation reactions.  Considering the challenges faced by 

previous syntheses of the pseurotins in the use of key aldol reactions in their respective approaches, 

the Tanabe aldol adaptation seemed to be a promising way to solve some of these problems.  To 

demonstrate the efficacy of their approach, they published a protocol for the asymmetric synthesis 

of (–)-azaspirene.  

The Tanabe approach was initiated with cinnamyl chloride (i) and tert-butyl acetoacetate 

(ii), both readily available starting materials (scheme 2.46.1).  A standard coupling between 

the diketone and the alkenyl chloride to give iii was followed by a bromination to yield iv.  

Decarboxylation with barium hydroxide to give v was followed by an ester hydrolysis with TFA to 

give vi.  The resulting carboxylic acid vi was converted to the acid chloride with thionyl chloride 

yielding vii.  When exposed to  (R)-atrolactic acid (viii), the acid chloride (vii) yielded the ester 

and subsequently displaced the α-bromide with the carboxylate group as the nucleophile to form 

dilactone ring ix.  The addition of this chiral (R)-atrolactic acid auxiliary would serve to direct the 

stereochemistry of the Mukayiama Claisen reaction that followed.

Next, the Tanabe group’s selective crossed Claisen reaction was employed.  Propionyl 

chloride was added to ix in a stereoselective fashion, using titanium tetrachloride and a special 

di-sec-butylamine/2-ethyl-1-methylimidazole complex (x), to yield 2.46.1 in high yield and with 

a large diastereomeric excess.
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The route continues in scheme 2.46.2, which illustrates the removal of the atrolactic acid 

chiral auxiliary with sodium methoxide to give i, and a reduction with sodium borohydride and 

zinc chloride to give the vicinal diol (iii).  After iii was protected through the formation of an 

acetonide to give iv, the ester was hydrolyzed to the acid to give v. The iodinium ion was formed 

through the addition of I2, and an iodolactonization formed lactone vi.  Since dry DBU proved 

ineffective, a DBU/water mixture was added to give vii.  A mixed anhydride activation gave viii, 

and a subsequent ring closing was accomplished with acetic anhydride, to give chiral lactone i 

(scheme 2.46.3).  

Chiral lactone i was oxidized with selenium dioxide to give ii (scheme 2.46.3).  The lactone 

was next transformed to the corresponding lactam (iii) by the addition of ammonia in isopropanol.  

After dehydration of the racemic alcohol to give iv, the ketone was reduced in a stereoselective 

fashion with sodium triacetoxyborohydride to form v.  The alcohol was then protected as the 

chloroacetate (vi).  The acetonide was removed with acid, which also caused the transfer of the 

chloroacetyl group to give diol vii.  The secondary alcohol was protected over the tertiary alcohol to 

give the TBS ether (viii), and the chloroacetyl protecting group was removed with 2-aminophenol 

and strong base to provide ix.  Oxidation of the secondary alcohol gave 2.46, which is structurally 

similar to Osada33 2.21, Tamm13 2.11, and Tadano25, 26 compound 2.44.

In completion of the synthesis of (–)-azaspirene (scheme 2.46.4), the tertiary alcohol of 

2.46 was protected as its TMS-ether to give compound i.  2,4-heptadienal (ii) was added via a 

modified Mukaiyama aldol reaction to give iii, in a strategy similar to that of Osada32 and Tadano.26  

The TMS group was removed to provide alcohol iv and the secondary alcohol was oxidized to 
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ketone v, which spontaneously formed spirocycle vi.  A double bond was installed by dehydration 

using tosic acid to give vii.  Then a mixture of benzoic acid and TBAF removed the TBS protecting 

group to give (–)-azaspirene, in a 0.6% overall yield and 29 steps.

The Tanabe route shows the utility of their novel titanium Claisen condensation procedure, 

and their signature reaction proceeds with a 78% yield and diastereomeric excess greater than 

95%.  While it is commendable that an asymmetric synthesis was achieved, their route has  large 

number of steps, and the overall yield is lower than previously published routes.  Because of the 

low yield and the number of steps, this route is impractical for scale-up.
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2.4.4 The Han Synthesis of Racemic Azaspirene

In July 2017, the Han51 group published the most recent synthesis of azaspirene, which is 

similar to their 2017 synthesis of berkeleyamide D.50  Their approach involved using biomimetic 

starting materials and transformations to approximate the biosynthesis of azaspirene by its native 

fungus, Neosartorya sp. Han’s group took a linear approach to the synthesis of the molecule.   In 

addition, Han’s strategy had the fewest steps by far, at six total, than any of the other routes.  Their 

product is unfortunately racemic, however.

The Han group initiated their synthesis with the same 2,4-heptadienal (i) that is seen in the 

Tadano and Osada routes, and tert-butyl 3-oxopentanoate (ii, scheme 2.47).  The diketone (ii) was 

subjected to strong base to form the dienolate, which was then added to aldehyde i.  The resulting 

compound iii was oxidized to the enol (iv), and the amino group of chiral L-phenylalaninol (v) 

replaced the tert-butoxy group to form amide vi.  The alcohol on the phenylalaninol moiety was 

then oxidized with a modified Swern protocol to form aldehyde vii.  Formation of an enolate with 

NaOH allowed addition to the aldehyde to close the lactam, and subsequent dehydration gave viii.  

Epoxide formation was accomplished using MMPP in a non-stereospecific fashion to give ix.  This 

racemic expoxide was opened with the enol oxygen to form the racemic spirocycle and azaspirene 

in an impressive 10% yield over six steps.  

The Han synthesis is notable because of its simplicity, high yield, and few steps.  Using 

techniques inspired by nature to develop a synthetic scheme as Han described is an elegant 

approach.  It is unfortunate, however, that the result of this synthetic strategy is racemic, due to the 
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lack of stereospecificity in the epoxidation step.  More importantly, it has not been demonstrated 

that the Han strategy will work to access the other pseurotin compounds.  If this route proves 

generally applicable to the pseurotins, the Han strategy could be of practical use to access the 

family of compounds and to further study its analogs.  
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Chapter 3:  The Bergdahl Synthesis of (–)-Azaspirene
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3.1:  The First Effort Toward (–)-Azaspirene

From its inception, a major goal of the synthesis of (–)-azaspirene in the Bergdahl group  

was to achieve a synthetic process which improved on the overall yield of the molecule and also 

allowed the introduction of diversity in key areas of its structure.  In this way it should be possible 

to use one versatile synthetic route to create derivatives of azaspirene and to access the other 

pseurotin structures for study (figure 2.2).  Because the main areas of structural difference in the 

pseurotin family are with the tail on C-2 and various groups on C-8 of the same basic spirocyclic 

framework, it was expected that focusing on a synthesis of this basic framework while allowing 

diversity in these areas would be the best way to achieve this major goal, and access the pseurotin 

family of compounds (figure 2.2).  

D-Malic acid, the unnatural enantiomer of malic acid, was chosen as the starting material 

for the synthetic route, both because its stereochemistry matches the eastern ring of azaspirene 

well, and because it is easily created from very inexpensive D-aspartic acid through a diazotization 

reaction.55  

Figure 3.1:  (–)-Azaspirene



92

5

9

8

NH

7
6

O

OH

4

3

16

OH
O

O

1

2

10

11

12

13

14

15

17

18

19

20

21
22

23

5

9

8

NH

7

6

O

O4

3

OH
O

O

1

2

10

17 MgCl

+

5

9

8

NH

7

6

O

O4

3

OH
O

HO

1

2

10

O

+

[O]

5

9

8

NH

7
6

O

O

HO

4

3

O

+

5

9

8

OH

OH

6

O

O

HO

D-(+)-Malic Acid

(-)-Azaspirene

5

9

8

NH

7
6

O

O

HO

4

3

O

OEt

Figure 3.2: First Kelly Retrosynthetic Analysis

N

O

O

HO

OH

OH

OH

O

O

H
2
N

D-(-)-Aspartic Acid

NaNO
2
, H

2
SO

4

61%

OH

OH

O

O

HO

D-(+)-Malic Acid

benzylamine, xylenes

reflux, 72%

N

O

O

HO

Ph

propionaldehyde

NaHMDS, THF

-78°C, 1h, 44%

Ph

TBSCl, imid., DMF

89%
N

O

O

TBSO

OH

Ph

DMP, DCM

N

O

O

TBSO

O

Ph

DMDO, [(R-Binap)Pd(H
2
O)

2
](OTf)

2

N

O

O

TBSO

O

Ph

HO

Scheme 3.1: The First Kelly Synthetic Attempt

3.1 3.2

3.3 3.4

i

ii

iii

iv v

vi vii viii

i

vi vii

ref 55 ref 56

ref 57

ref 59

ref 61



93

As shown in figure 3.2, it was expected that this iteration of the route could be concluded 

with a benzyl addition to C-8 of spirocycle ii, presumably with a Grignard reagent.  In addition, the 

tail diene portion iii on C-2 of the imide framework iv could also be added relatively late, through a 

consecutive trans-esterification and enolate addition.  An alternative zirconocene-based conjugate 

addition reaction was also explored, but was discarded (see scheme and compound 8.1 in the 

appendix).  Since C-8 and the C-2 tail portion are the major points of diversity among the pseurotin 

family, adding both as late as possible was expected to be advantageous.  The necessary tertiary 

hydroxyl group to give iv may be added in a stereoselective manner with a special palladium 

catalyst61 to 1,3-dicarbonyl v.  Compound v, in turn, could be the result from the oxidation of a the 

aldol product of aldehyde vi and malimide vii.  Finally, the malimide vii may be easily created from 

D-malic acid viii in an imidation56 reaction with benzyl amine.  An alternative tartarimide-based 

route was also explored, but was discarded (see compounds 8.2 through 8.4 in the appendix).

3.1.1:  The Aldol Condensation

In initiation of the route to azaspirene, D-aspartic acid was transformed to crude D-malic 

acid via a diazotization55 procedure (scheme 3.1).  This crude malic acid proceeded smoothly 

through an imidation56 reaction with benzylamine to give N-benzyl-D-malimide (3.2) in multi-

gram quantities (ca. 70% yield, scheme 3.1).  The next step in the sequence to azaspirene required 

an aldol reaction57 with propanal to give 3.3, to provide the beginning of the western ring of 

azaspirene.  After exhaustive optimization, the aldol reaction proceeded with the modest yields 
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expected based on literature57 precedent.  Multiple attempts with different bases and conditions 

were attempted, and often the result was decomposition of the starting material.  The small 

successes achieved, however, as well as the examples which claimed success from literature,57 

provided hope that the reaction could be optimized to improve the result. 

As shown in table 3.1, to begin, it was necessary to find a base that would deprotonate the 

imide substrate 3.2 without decomposition.  Despite the suggestion of literature protocols,57 standard 

conditions with lithium diisopropyl amide (LDA) were unsuccessful.  Even deprotonating the 

substrate with LDA for subsequent deuteration was unsuccessful.  The use of stronger alkyllithium 

bases was attempted to see whether complete and immediate deprotonation of the substrate would 

block possible side reactions, like coupling, that could be destroying the substrate.  Unfortunately, 

the use of n-butyllithium resulted in decomposition of the starting material.  However, there was 

some small success with tert-butyllithium (less than 5% yield, with no starting material recovery).  

Initial tests with a slighly weaker bulky amide base, lithium hexamethyldisilazide (HMDS), made 

in-situ with hexamethyldisilazane and n-butyllithium were more successful, with just under a 10% 

yield, but with minimal recovery of starting material.  Following this improvement, further tests 

were done to see whether the reactivity of the base could be tuned by changing the metal cation.  

Tests with potassium HMDS were slightly more effective than the lithium counterpart, with just 

over a 10% yield, but with minimal starting material recovery.  Finally, the most improved yields, 

at between 10% and 20% yield with ca. 10% starting material recovery, were achieved with sodium 

HMDS.  

With the most effective base, sodium hexamethyldizilazide, in hand, protection of the 
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malimide hydroxyl group was tested to see whether any protection would improve the yield (table 

3.1).  Though these protections were usually quite successful, the protected starting material 

decomposed when subjected to strong base for the aldol reaction.  After several attempts, it became 

clear that the best result would be obtained if the hydroxyl group remained as is (see compounds 

8.5 through 8.13 for further examples).  Thus, deprotonation of 3.2 would require creating a 

dianion, both at the hydroxyl position and at the α-carbon.  Other attempts at improving the aldol 

reaction included the replacement of the N-benzyl protecting group with an (S)-methylbenzyl 

protecting group, and reduction of the bottom carbonyl of the imide to an ethoxy group.58  These 

modifications did not improve the product yield for the aldol reaction, however.  Thus, the original 

N-benzylmalimide 3.2 was retained.  Next the reaction was further optimized by modification of 

the reaction temperature.  

Initially, the aldol condensation reaction was attempted at -78 °C throughout, as suggested 

by much of the literature,57,58 resulting in the 10-20% yields discussed.  Other sources57a suggested 

conducting the deprotonation reaction at 0 °C and then cooling to -78 °C for the aldehyde addition.  

In order to determine which temperature combination was the best in terms of yield with the 

desired substrate, several reactions at different temperatures were run in series (see table 3.1).  

This was done with the expectation that a warmer temperature could allow full and faster double-

deprotonation of the malimide.  Conversely, it was important to maintain a cool temperature to 

allow selective deprotonation and prevent side reactions like coupling.  The reaction run at 0 °C 

then cooled to -78 °C achieved a 38% yield, which was the highest yield achieved yet.  This result 

suggested that the formation of the enolate at 0 °C followed by cooling to -78 °C for the aldehyde 
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Starting 

Material 

Cpd # 

R Base* Deprotonation 

Temperature 

(°C) 

Addition 

Temperature 

(°C) 

% Yield 

3.2.1.A H NaHMDS 0 -78 44 

3.2.1.A H LDA 0 -78 0 

3.2.1.A H tBuLi 0 -78 <5 

3.2.1.A H nBuLi 0 -78 0 

3.2.1.A H LiHMDS 0 -78 <10 

3.2.1.A H KHMDS 0 -78 10 

3.2.1.B TBS NaHMDS 0 -78 0 

3.2.1.C MOM NaHMDS 0 -78 0 

3.2.1.D TIPS NaHMDS 0 -78 0 

3.2.1.E Me NaHMDS 0 -78 0 

3.2.1.F Allyl NaHMDS 0 -78 0 

3.2.1.G Benzyl NaHMDS 0 -78 0 

3.2.1.H tBu NaHMDS 0 -78 0 

3.2.1.A H NaHMDS -30 -78 23 

3.2.1.A H NaHMDS 0 -30 0 

3.2.1.A H NaHMDS -78 -78 10-20 

Table 3.1:  A Selection of Aldol Condensation Conditions Attempted

1)

2)
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addition was optimal.  

A variety of changes were attempted to improve the result of the aldol reaction, including 

the variations shown in table 3.1, but also additional modifications.  Among these, attempts with 

acid chlorides and esters instead of aldehydes, attempts with several different solvents, and attempts 

where the substrate was changed from an imide to an ester were notable, but did not improve the 

yield of the reaction.  Finally, a 44% yield was achieved, which is similar to published routes.57  

With reproducible results in the aldol condensation, it was finally possible to move on to the next 

step.

As shown in scheme 3.1, the selective creation of a TBS-ether59 at the ring hydroxyl gave 

3.4.  Notably, the mono-protection reaction was conducted at room temperature for only one 

hour, because longer times favored the double-protection.  The selective protection was possible 

because of the relative rigidity of the 5-member ring and the relative ease with which the 1,3-chain 

hydroxyl can hydrogen bond as compared with the 1,2-ring hydroxyl.60  The yield of the protection 

reaction was consistently in the high 70% range.  

Next, a Dess-Martin oxidation to the diketone was envisioned.  This would have allowed a 

subsequent stereoselective DMDO hydroxylation61,62 to give vii.  However, the DMDO reaction did 
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not produce the desired result in the preliminary reactions studied (schemes 3.1 and 3.2).  While it 

should be possible to install a hydroxyl group in a stereoselective fashion between two carbonyl 

groups with a palladium catalyst according to Hii61 et al., their result could not be duplicated.  

3.2:  The Second Effort Toward (–)-Azaspirene

To obtain the necessary tertiary hydroxyl in 3.6 (schemes 3.1 and 3.3), a dehydration 

and subsequent dihydroxylation were considered as an alternative to the palladium-catalyzed 

hydroxylation thus far attempted (schemes 3.1 and 3.2).  If the secondary hydroxyl group in 3.4 

could be dehydrated, the resulting double bond could be dihydroxylated in a stereoselective fashion 

to give 3.6.  In practice, the dehydration of 3.4 in the method of Procter63 with triethylamine and 

methanesulfonyl chloride resulted in product 3.5 with a ratio of 1:5 Z:E, with a total yield often 
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over 90% (scheme 3.3).  Dihydroxylation in a stereoselective manner was necessary, and Sharpless 

asymmetric dihydroxylation was an obvious choice.  However, in an attempt to avoid the use of 

osmium reagents, it was expected that the bulky TBS ether could direct a hydroxylation with 

potassium permanganate in the method of Reissig.64  Reissig’s process proceeded smoothly to 

give 3.6, with the addition anti to the TBS-ether.  This provided the tertiary hydroxyl group with 

the correct stereochemistry, and the secondary alcohol in the same 1:5 ratio as the Z:E isomers, in 

total yields approaching 90%.  The secondary alcohol in 3.6 was successfully oxidized in yields 

in the mid-70% range with Dess-Martin periodinane65 to give key compound 3.7.  However, 

occasionally the minor dihydroxylated product of the Z isomer would be slow to oxidize.  In those 

cases, Jones66 oxidation was used, and consistently provided comparable results.  The product (key 

compound 3.7) was substantially similar to key intermediates in each of the major prior schemes 

(Tamm 2.11, Tadano 2.14, Osada 2.21 and Tanabe 2.46).  This structure resembles the eastern ring 

of the spirocycle closely, including the crucial components to begin creating the western portion 

of azaspirene (scheme 3.3).

3.2.1:  Adding the Tail

With key compound 3.7 (scheme 3.3) in hand, it was necessary to incorporate the unsaturated 

“tail” of the molecule.  Employing Watanabe’s67 method (scheme 3.4), using triethyl phosphite (i) 

and ethyl bromoacetate (ii), triethyl phosphonoacetate (3.8b) was formed in an overnight reaction.  

Compound 3.8b was then subjected to a Horner-Wadsworth-Emmons reaction with 2-pentenal 
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(iv) using Marquet’s method68 to obtain the doubly-unsaturated ethyl heptadienoate (3.8a).  A very 

small amount of inseparable cis-trans product was a common side-product, which can be seen in 

the H-NMR as a very small peak next to the CH=CHCH2CH3 peak, at 2.34 ppm, once the tail has 

been added to spirocycle 3.7.  

The first approach envisioned employing a tandem trans esterification-cyclization similar 

to the method of Margaretha69 (scheme 3.5) to add the tail ester 3.8a to key compound 3.7 (scheme 

3.6).  The Margaretha approach was attractive because an ester was added to a tertiary alcohol to 

form a β-oxygenated enone similar to the western ring of azaspirene in a one-pot process.  The 

relative steric bulk of the imide substrate and the less electrophilic unsaturated ester necessary for 

azaspirene made this approach unworkable, however.  Instead, a two-step approach was applied 

(scheme 3.7)– a standard DCC coupling70 reaction followed by a ring-closing aldol reaction.  
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First, the unsaturated ester (3.8a) was hydrolyzed68 to acid 3.8.  The acid was coupled to 3.7 

using a Steglich esterification70 to form 3.9 (scheme 3.7).  Finally, the western ring of the spirocycle 

was formed with strong base.  The elimination of the hemiacetal hydroxyl formed the necessary 

double bond during workup, to give key compound 3.10, which completed the main spirocyclic 

framework of (–)-azaspirene in 8 steps from D-(+)-malic acid, in a 5.3% overall yield.  In order to 

complete (–)-azaspirene, a benzyl group needed to be incorporated in not only a regiospecific, but 

also in a stereospecific way to C-8 of spirocycle 3.10, which was expected to be complicated in a 

molecule with three carbonyls available.  The product of the benzyl addition would additionally 
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need to be deprotected by the removal of the TBS-ether and the N-benzyl protecting groups.  

3.2.2:  The Benzyl Grignard 

As the final step prior to deprotection in the route to (–)-azaspirene, it was necessary to 

incorporate a benzyl group in a stereoselective fashion to C-8 of key compound 3.10 (scheme 

3.7).  A few options were considered, but the most straightforward seemed to be the addition of a 

benzyl Grignard to compound 3.10.  The benzyl Grignard reaction was studied with the starting 

malimide substrate with various protecting groups on the alcohol group (scheme 3.8).  Under the 

right conditions72 the addition was reported to be selective71,72 at the desired imide carbonyl.  In the 

case of key compound 3.10, it was expected that the TBS-ether would shield the back face of the 

ring, and that the top imide carbonyl and ketone would be too sterically congested to allow any 

addition.  Support for this hypothesis included literature reports that in the malimide substrate the 

addition at the desired imide carbonyl is favored.71  The benzyl Grignard addition was selective to 

the malimide substrate under relatively warm conditions (0 °C) and with a benzyl ether protecting 

the chiral alcohol (scheme 3.8).  A TBS-ether in the same position proved nonselective, resulting 

in addition at both imide carbonyls, presumably due to a reduced chelation effect with the silyl 

N

O

O

Ph

BnO

N

O

OH

Ph

BnO

Ph

BnMgCl

Et
2
O

0°C, 5h

55%

Scheme 3.8:  An optimized Grignard addition to a test substrate, N,O-Dibenzyl-D-malimide
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ether.  Diethyl ether as the solvent was selective for the desired imide carbonyl, and THF was 

non-selective, presumably for the same reason.  At reaction temperatures warmer or cooler than 

0 °C, the yields for the benzyl addition decreased.  The optimized conditions using the malimide 

substrate are shown in scheme 3.8.  

Given the appropriate conditions for adding a benzyl Grignard to the malimide substrate, 

these conditions could be applied to key compound 3.10.  Unfortunately, the benzyl Grignard 

reagent added to none of the three carbonyls in the molecule– they were all evidently too sterically 

congested.  Instead, the benzyl group added to the double bond in the western ring of the spirocycle 

to yield 3.11 in a 27% yield (scheme 3.9).  The conjugate addition was supported by the following 

evidence:  in the H-NMR spectrum, the appearance of a quartet at 2.70 ppm represented the H 

installed at C-3 on the spirocycle, which was split by the three hydrogens on C-16.  The signal 

from the three protons on C-16, in turn, changed from a singlet at 1.74 ppm in the starting material 

to a doublet at 0.98 ppm.  In the IR, the loss of a peak at 1619.89 cm-1 from the starting material 

to the product indicated the absence of the conjugated ketone.  In the C-NMR spectrum, the signal 

at 207 ppm indicated the ketone was still present, though it was shifted upfield from the starting 

material, which is an indication of the loss of the double bond.  However, the C-NMR evidence 

is ambiguous on its own, given that the signals change from 4 signals in the range of 166-194 

ppm (the carbonyl range) in the starting material, which represent the three carbonyls and the 

conjugated C-2 of the spirocycle, to instead 3 signals for the product, as would be expected for any 

1,4-addition product.  Given the NMR and IR spectral evidence together, however, the loss of the 

double bond at C-2 is certain (see the appendix for the NMR and IR data).  
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In an effort to block the conjugate addition, different versions of an acetal protection of the 

ketone were attempted, both acidic and basic, using the smallest substrates available (a methanol/

methoxy and an ethylene glycol protection were both attempted).  Unfortunately, the starting 

material was reclaimed without any reaction, presumably because of the same steric congestion 

that prevented the Grignard addition in the first place.  It became clear that another adjustment in 

the approach was necessary.

3.3:  Conclusion of the Route

The investigation described has provided a way to reliably build the spirocyclic core of 

azaspirene, and may provide a new way to access the pseurotin family of compounds.  However, 

there are still two issues that must be resolved before the synthesis of the target molecule can 

be achieved:  the N-benzyl group must be substituted for a protecting group that is more easily 

removed, and additional strategies for adding the benzyl group to C-8 in a stereoselective manner 

need to be investigated.  Despite this ongoing process, however, another successful synthesis of 

azaspirene was achieved in the Bergdahl lab, in part based on the successes and problems of the 

initial described approach.
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3.4: The Montgomery Route to (–)-Azaspirene

In 2016, Dr. Timothy Montgomery completed an alternative route to (–)-azaspirene 

in which a chiral lactone was used as the starting material, thereby circumventing some of the 

problems associated with the previously discussed effort initiated with malimide.  The advantage 

of substituting an oxygen for the nitrogen in the heterocyclic starting material was evidenced by 

simpler purification and elucidation throughout the route without the troublesome imide group.  

The Montgomery synthesis was initiated with a chiral lactone (vii), which serves as a chiral 

template for creating the eastern ring of azaspirene (scheme 3.11).  Unfortunately, the benzyl-

substituted chiral lactone (vii) is difficult to find commercially.  Therefore, the starting material 

was made from L-phenylalanine (i):  a process which adds 5 steps to the synthesis and produces 

vii in a 65% overall yield.  

L-Phenylalanine (i) was subjected to a diazotization to give ii, and reduced to the diol to 

give iii with LAH (scheme 3.11).  A bromination of iii gave iv and an epoxidation of iv yielded 

(phenylmethyl)oxirane (v).  The epoxide (v) was opened under basic conditions while exposed to 

diethyl malonate (vi).  A subsequent decarboxylation yielded the chiral lactone (vii).  

Next, a double bond was introduced with diphenyldisulfide to give x over three steps 

(though phenylselenide compounds work as well in just two steps).  Then a novel stereoselective 

conjugate addition was performed with catalytic copper iodide-dimethylsulfide complex and a 

novel silyl zinc reagent, which in a one-pot reaction was coupled in a stereoselective fashion 

with propanal to give xi.  A Tamao-Fleming oxidation was employed next to give xii.  After TBS 



108

protection of the chiral ring alcohol to give xiii, the chain alcohol was subjected to E2 dehydration 

conditions to install the double bond (xiv).  Next, a diol was introduced in a stereoselective fashion 

anti to the TBS-ether with potassium permanganate to give xv.  Dess-Martin oxidation failed at 

this point, but a Swern oxidation succeeded to give xvi in acceptable yields.  This was followed 

by a DCC coupling which paired 2,4-heptadienoic acid (xvii) to the tertiary alcohol of xvi to yield 

xviii.  The application of strong base to xviii (scheme 3.11) resulted in formation of the spirocycle 

moiety and provided i (scheme 3.12).  

The addition of saturated ammonia in isopropanol transformed the lactone i to lactam iv 

over three steps, a process which scrambled the stereochemistry at C-8 (scheme 3.12).  Gratifyingly, 

when exposed to TFA, the stereochemistry was corrected to form the more thermodynamically 

favorable diastereomer via the opening and closing of the amide ring.  The TBS group was also 

removed by TFA, yielding (–)-azaspirene, in 11 steps from the lactone with an overall yield of 6% 

(though as shown, 15 steps from the lactone with a yield of 3%).  

Chapter 3 contains material being prepared for submission for publication where the 

dissertation author is a principal researcher and co-author on the manuscript.  I’d like to thank Dr. 

Timothy Montgomery, Dr. David Schmit, Paul Smith, and Kevin Walsworth for their permission 

to use this material.
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Chapter 4:  Conclusion

Natural products synthesis is not a trivial task.  There are many approaches to chemical 

transformations.  There are also many resources available for help along the way, not the least 

of which is the experience of those scientists who attempted similar transformations previously.  

The route to (–)-azaspirene has been a process in studying previous syntheses of the pseurotins 

and their drawbacks, with a constant imperative to improve on past efforts.  An efficient, high 

yielding, generally applicable synthesis of the pseurotin family of compounds will allow further 

study of these biologically active molecules, and could help yield compounds which will improve 

the human condition through the treatment of disease.

The Tamm route to pseurotin A is notable because it was the first attempt toward the 

synthesis of this family of potentially useful compounds.  It failed in its main task of actually 

synthesizing a pseurotin, however.  The Osada-Kakeya and Tadano routes are notable because 

their strategies are both asymmetric and have been used to synthesize multiple members of the 

pseurotin family of compounds.  Their routes are too low yielding to be practical, however.  Each 

of the strategies takes a different approach which broadens the knowledge of the chemistry and 

biological activity of the pseurotins, but does not improve on the main problem of the Osada-

Kakeya and Tadano routes:  their low yields.  

Of all the asymmetric routes, it is again notable that the first, the Osada route, is still the 

most viable, at least as measured by the number of pseurotins they have produced with it.  But it 

is interesting that the new Han racemic route achieved an overall yield nearly 10 times higher than 
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the Osada route, though it is racemic.  It is also worth noting again that so many of the more recent 

published routes to the pseurotins were not improvements at all, but still contained interesting 

chemistry that was worth studying.  

Our route to (–)-azaspirene in this context is still a work in progress.  There are many 

improvements currently being investigated which could lead to more efficient asymmetric 

syntheses of the pseurotins.
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Chapter 5:  Future Work

Both the current effort and the Montgomery route are worthy of study because of their 

potential for fewer steps and higher yields in the synthesis of the pseurotin family of compounds 

than their competitors.  The primary work needed to improve the malimide strategy, which is in 

one sense the most economical in terms of steps and potential stereocontrol, is selecting workable 

protecting groups, and the addition of the final benzyl group on C-8 of compound 3.10 (scheme 

3.10).  

In order to add the troublesome benzyl group to C-8, it may be possible to incorporate 

Rovis’s40,46 Barbier-type samarium or a benzyl zinc coupling instead of the Grignard addition on 

C-8 of the advanced spirocycle.  Rovis’ trapped enolate method to protect the ketone is also worth 

further study in the context of the benzyl addition.

 Finally, taking the best aspects of each of the routes discussed and combining them, a 

new path to azaspirene should be possible.  By having a concise record of the other routes to the 

psuerotins, more of these ideas will be more accessible for future study.
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Part II:  Chemical Studies in Copper(I) Iodide Dimethyl Sulfide Catalyzed Asymmetric 

Conjugate Addition

Chapter 6:  Copper Catalyzed Silyl Conjugate Addition Chemistry

6.1:  Introduction:  Disilylzinc/copper and Oxazolidinone Chemistry

Silicon-carbon bond creation through conjugate addition chemistry is a classic approach 

which has been used in organic synthesis for decades.3  Silicon groups are often used as bulky 

directing groups or “masked” hydroxyls since they can be easily oxidized through Fleming-

Tamao75 chemistry with retention of stereochemistry to form the corresponding alcohol groups.   

6.2:  The Bergdahl Oxazolidinone Methodology

In 2002 our laboratory devised76 a method for adapting Evans’ chiral auxiliary to create 

carbon-carbon bonds via asymmetric conjugate addition of lithium monoorganocopper reagents 

with stoichiometric copper.75,77  

In 2003, this method was expanded78 by adding silyl groups via conjugate addition with 

a special copper iodide-dimethyl sulfide catalyst, with close to quantitative yields of the β-silyl 

addition product.  Additionally, the Bergdahl group verified that the inclusion of Evans’ chiral 
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auxiliary would selectively direct the conjugate addition reaction to form a masked asymmetric 

aldol fragment product.78,79  However, the reaction still required the presence of stoichiometric 

amounts of copper.  In 2005 this method was again expanded80 to include the use of dimethyl 

sulfide as a solvent, which was more efficient for some substrates with congested β-carbons.  

In 2004, Oestreich and Weiner81 published their approach to silyl conjugate addition via 

a disilyl zinc reagent using a variety of catalytic copper reagents.  Their method employed zinc 

chloride instead of the more common pyrophoric dialkyl zinc reagents, and was performed on a 

variety of substrates, with racemic products.  They updated their work with three papers in 2006, 

the first82 of which expanded their methodology to incorporate additions to substituted acetylenes, 

1,3-dienes and styrenes.  The second83 paper detailed their efforts in adapting their approach to 

provide asymmetric products, which were not ultimately successful.  The third84 paper outlined 

the enantioselective addition of silanes to special chiral alkenyl substrates.  However, the copper-

catalyzed silyl conjugate addition reactions as outlined in the first two papers were not successfully 

adapted to provide asymmetric products.

Our laboratory combined the prior effort in enantioselective silyl conjugate additions with 

Oestreich’s method81 in creating disilyl zinc reagents with zinc chloride, and developed a protocol 

for adding silyl groups in a stereocontrolled fashion to these substrates.  The results are shown in 

the schemes that follow (see table 6.1).  

This method improves on prior work because it was successful in creating silicon-carbon 

bonds through conjugate addition in a stereoselective fashion using catalytic copper and Evans’ 
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*These reactions have stereochemistry opposite to that shown in the 

figure: the stereochemistry for the silyl group is (S) and R
2
 is (R). 

Cpd # R
1 

R
2 

% Yield dr 

6.1 Me iPr 91 87:13 

6.2 Ph iPr 90 87:13 

6.3 n-Pr iPr 80 87:13 

6.4 Me t-Bu 95 95:5 

6.5 Ph t-Bu 82 96:4 

6.6 n-Pr t-Bu 80 97:3 

6.7 Me Bn 91 92:8 

6.8 Ph Bn 87 84:16 

6.9 n-Pr Bn 93 91:9 

6.10* Me Ph* 95 95:5 

6.11* Ph Ph* 89 97:3 

6.12* n-Pr Ph* 82 98:2 

Table 6.1:  Yield and dr of asymmetric conjugate addition reactions on various substrates
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chiral auxiliary.  It has been shown that disilylzinc reagents can be utilized in conjugate addition 

reactions in a stereoselective fashion with high yields and diastereomeric ratios, without pyrophoric 

alkyl zincs or any other additives.  This approach has also been shown to be generally applicable to 

unsaturated carbonyl compounds, and is stereocontrolled when our conditions are applied.

While the asymmetric nature of the reaction was preserved at the temperature indicated, 

increasing the reaction temperature resulted in a drastic reduction in diastereomeric ratio, and 

approached a racemic mixture.  When a similar reaction was run in more polar solvents, like water, 

the result was also racemic, likely due to the inhibition of the chelation effect of the metal ion (either 

lithium or zinc) between the two carbonyls of the substrate, allowing the chiral oxazolidinone 

group to freely rotate (see scheme 6.1).  The larger substituents on the oxazolidinone group also 
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produced higher diastereomeric ratios, and the differences in the alkenyl R group proved to be less 

important to the result.  

In developing the conditions for the reaction, several variables were important.  First, the 

silyllithium reagent must be freshly prepared and used within a few days.  Silyl anion reagent 

solutions kept under argon in the freezer for longer periods caused reduced yields.  Second, the 

temperature of the reaction must be monitored closely, especially for the disilyl zinc reagent itself:  

once it is made it is better to transfer it via cannula than syringe, especially for large reactions.  

The yield and the stereoselectivity of the addition suffered with increased reaction temperature for 

oxazolidinone imides.  However, for non-oxazolidinone substrates that contain double bonds which 

are particularly electron-poor or held in a favorable s-cis conformation, the conjugate addition 

reaction proceeded nicely at -78 °C without warming to -30 °C.  Conversely, for those substrates 

with bulky groups near the double bond or relatively electron-rich double bonds, the reaction may 

need to be warmed to as much as 0 °C for the reaction to proceed, or may not react at all.

6.2.1:  A proposed catalytic cycle for silylzinc conjugate addition

The conjugate addition reaction as outlined with catalytic copper allowed for improvements 

in atom economy and simplification of product workup and purification.  It is expected that the 

reaction follows a catalytic cycle similar to the one proposed by Oestreich and Weiner81 (Figure 

6.1).  In the catalytic cycle, copper(I) iodide accepts a silyl anion from zinc, producing a negative 

charge at the copper that is balanced by the positive charge at the zinc.  Once the enone substrate is 
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introduced to the reaction the zinc likely chelates to the carbonyl, especially given the 1,3-dicarbonyl 

available in the main oxazolidinone substrate.  The anionic copper adds to the double bond on the 

enone by oxidative addition on the π-face opposite to the oxazolidinone R2 group.  Finally, by 

reductive elimination a bond is formed between the silicon and the β-carbon, with stereochemistry 

opposite to the oxazolidinone R2 group, and copper(I) iodide is regenerated.  Notably, the second 

equivalent of silyl anion in the cycle, shown attached to the zinc, was never observed to add. 

Given the high yields and high stereoselectivity of these reactions, accessing chiral silyl 

addition products is a simpler, more efficient process.  The β-silane products can be used to access 

chiral alcohols that mimic aldol condensation fragments by utilizing the Fleming-Tamao75 oxidation 

technique to convert the silyl group to a β-hydroxy group with retention of stereochemistry.  The 

Cu(I)I

(PhMe
2
Si)

2
Zn

Cu(I)

SiMe
2
Ph

I

PhMe
2
SiZn

R
1

O

N

(S)

O

O

R
2

Cu(III)

I

SiMe
2
Ph

R
1

ON

(S)

O

O

R
2

M

oxidative addition

reductive elimination

R
1

(R)

O

N

(S)

O

O

R
2

SiMe
2
Ph

Zn

SiMe
2
Ph

transmetallation

Figure 6.1:  A proposed catalytic cycle



120

oxazolidinone chiral auxiliary can easily be removed from most target substrates with mild sodium 

methoxide/dimethylcarbonate85 to give a substrate methyl ester, or with hydroxides to give a 

substrate carboxylic acid.  With stronger reducing agents like, for example, lithium aluminum 

hydride, access can be provided to a substrate alcohol.  The chiral auxiliary can then be retained 

and reused.  

6.3:  Racemic conjugate addition of silyl groups in water with boron-silicon reagents.

In 2012, Calderone and Santos86 published an account of their addition of silyl groups to 

enones in water using a pinacolboron-dimethylphenylsilyl reagent.  Given their success in adding 

similar silyl anions in a stereoselective fashion to enones in organic solutions, it seemed potentially 
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fruitful to investigate whether the Calderone and Santos protocol could be expanded using our 

oxazolidinone method, using water as a medium and utilizing their silyl-boron reagent and 

catalytic copper(II) sulfate.  The pinacolboron-dimethylphenylsilyl reagent was easily prepared 

from pinacolborane and an identical silyl anion reagent as we used previously, by using lithium 

metal and dimethylphenylsilyl chloride following Calderone and Santos’s protocol.  

With the boron-silicon reagent in hand, the silyl group was added to α,β-unsaturated 

carbonyl compounds in conjugate addition reactions in water in an adapted Calerone and Santos 

protocol.  A vinyl-boron complex produced in a similar way to their silyl-boron protocol showed 

that a carbon-based approach was also effective using the Calderone-Santos technique (scheme 

6.2).  When applied to chiral substrates including the oxazolidinones used in our prior procedures, 

the products were racemic.  This was most likely because there is a significantly reduced chelation 

effect in the presence of water, which allowed the oxazolidinone to freely rotate along the carbon-

nitrogen bond (scheme 6.1).  

In an attempt to adapt the Calderone-Santos protocol to obtain a stereoselective product, a 

chiral catalyst framework was envisioned.  An N-heterocyclic carbene (NHC), that would become 
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a chiral ligand for the copper and direct the conjugate addition reaction to produce products in 

a stereoselective fashion.  As an initial step toward this approach, a simple NHC compound, a 

symmetrical, N,N-diphenyl-NHC tetrafluoroborate salt, created following the protocol of Lee and 

Hoveyda,87 was employed.  We combined the approaches of Calderone and Santos and Hoveyda by 

substituting Hoveyda’s NHC for Calderone and Santos’s boron complex.  The NHC was expected 

to act as a tunable chiral delivery device for a variety of nucleophilic substrates in conjugate 

addition reactions, with a focus on the carbon- and silicon-based nucleophiles we used previously, 

and employing achiral α,β-unsaturated substrates.  This approach using catalytic (5 mol %) NHC 

without added copper was promising, with conjugate addition products approaching 90% yields 

(scheme 6.3).  The reaction did not proceed with the addition of the copper sulfate when utilized 

with catalytic NHC, however.  

Subsequently, Sawamura’s88 group published a procedure for the stereoselective addition of 

carbon-based groups to α,β-unsaturated carbonyls using NHC complexes and copper(I) chloride, 

which may provide additional information for the adjustment of our approach.  Specifically, 

adapting the Sawamura approach to allow conjugate addition reactions in an aqueous environment 

is a potential avenue for further study in this area.

6.4:  Summary and Future Work

Copper conjugate addition reactions are important carbon-silicon and carbon-carbon 

bond formation reactions that have been used widely in organic synthesis, and can be particularly 
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valuable when stereoselective.  The first part of this work improves on prior methods with a new 

protocol which uses a copper iodide-dimethylsulfide catalyst and silylzinc reagents to add silyl 

groups in a stereoselective fashion to α,β-unsaturated carbonyl compounds with oxazolidinone 

chiral auxiliaries in high yields and high stereoselectivity.  It may be possible to further expand 

this protocol by performing the addition on new substrates, investigating other ways to make the 

addition stereoselective besides the use of oxazolidinones, and using silylzinc reagents that, once 

they are added, are more easily oxidized.  The Montgomery work on azaspirene also suggests that 

a tandem conjugate addition-aldol reaction protocol may be a fruitful method to explore.

The second part of this chapter focuses on two distinct yet related approaches to silyl 

conjugate addition reactions.  The first approach utilizes copper sulfate and either boron-silicon 

reagents or boron-carbon reagents in water to achieve respective racemic silyl or carbon-based 

conjugate addition to a variety of α,β-unsaturated carbonyl compounds.  The second approach 

utilizes catalytic N-heterocyclic carbenes (NHCs) and silyl or carbon-based nucleophiles to 

achieve addition to similar α,β-unsaturated carbonyl compounds.  While both approaches were 

successful, there is significant opportunity to expand the method; particularly with their potential 

for adding nucleophilic groups to α,β-unsaturated carbonyl compounds in a stereoselective fashion 

in an aqueous environment.

Chapter 6 contains material being prepared for submission for publication where the 

dissertation author is a principal researcher and author on the manuscript.  I’d like to thank Dr. 

Timothy Montgomery for his permission to use this material.
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Part III:  Wittig Chemistry in the Teaching Laboratory: A Novel Water-Organic Interface 

Reaction

Chapter 7:  Aqueous Wittig Chemistry

Since its discovery in the 50s by Georg Wittig,89 the reaction that bears his name has 

been used extensively in organic synthesis to create carbon-carbon double bonds from carbonyl 

compounds and ylides,90 and has been a subject of much research.  Simply, the Wittig reaction 

is an energetically favorable reaction because of the special stability of the phosphonium oxides 

which are the main byproduct.  Traditional Wittig reactions often use strong bases to deprotonate 

the Wittig salt to form the ylide, and most take place under inert atmosphere in organic solvents.

In 2005,91 and expanded in 2007,7 our lab published an adaptation of the classic Wittig 

procedure that takes advantage of the special properties of stabilized ylides to run Wittig reactions 

in heterogeneous aqueous sodium bicarbonate solution, an improvement which reduces the use of 

strong bases and organic solvents which are normally used for such reactions.  This is not only an 

improvement in green chemistry methodology, because it virtually eliminates the use of organic 

solvents for the reaction, but it also simplifies the reaction remarkably:  there is no need to keep 

the reaction anhydrous, and the need for potentially dangerous chemicals is reduced.  Our protocol, 

therefore, made a tempting target for adaptation for the teaching laboratory.

Because the classic Wittig reaction has wide application in synthesis and a relatively simple 

procedure, it is one of the major reactions taught to undergraduates in general organic chemistry 

laboratories.  In 2016, the Bergdahl lab optimized8 a few of the procedures outlined in the 2007 
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paper for use in an undergraduate teaching laboratory.  The adaptation scales the reactions up 

to make them easier for students to deal with, and includes full procedures and spectra analysis 

as appropriate.  Additionally, this method has been used in the teaching lab at San Diego State 

University for the last few years, with great success.  The paper, originally published in Journal of 

Chemical Education, follows.

Reprinted with permission from:  Kelly, M.; Fallot, L.; Gustafson, J.; Bergdahl, M.  J. 

Chem. Ed.  2016, 93 (9), 1631-1636.  Copyright 2016 American Chemical Society.

Chapter 7 contains material being prepared for submission for publication where the 

dissertation author is a principal researcher and author on the manuscript.  I’d like to thank Major 

Lucas Fallot, Dr. Jeffrey Gustafson and the American Chemical Society for their permission to use 

this material.
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Water Mediated Wittig Reactions of Aldehydes in the Teaching
Laboratory: Using Sodium Bicarbonate for the in Situ Formation of
Stabilized Ylides
Michael J. B. Kelly, Lucas B. Fallot, Jeffrey L. Gustafson, and B. Mikael Bergdahl*

Department of Chemistry and Biochemistry, San Diego State University, San Diego, California 92182-1030, United States
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ABSTRACT: The synthesis of alkenes using the Wittig reaction is a
traditional part of many undergraduate organic chemistry teaching
laboratory curricula. The aqueous medium version of the Wittig
reaction presented is a reliable adaptation of this alkene formation
reaction as a very safe alternative in the introductory organic
chemistry laboratory. The specific aqueous Wittig reactions discussed use a one-pot reagent setup and greener methods that the
students can complete within 30 min with partial workup in one laboratory period. The aqueous Wittig reactions presented have
been implemented to various aldehydes and take advantage of dilute sodium bicarbonate (“baking soda”) as the only base needed
for in the in situ formation of stabilized ylides. Outcomes from the implementation of the proposed aqueous Wittig procedure
into the organic chemistry teaching laboratory curriculum are presented. Described also are reaction workup, purification, and
analysis of products using 1H NMR and IR spectroscopy.

KEYWORDS: Second-Year Undergraduate, Aqueous Solution Chemistry, Organic Chemistry, Alkenes, Synthesis,
Water/Water Chemistry, Green Chemistry, Hands-On Learning/Manipulatives, Laboratory Instruction

Ever since the first report of alkene synthesis from aldehydes
in the 1950s by Wittig,1 the reaction has remained a

powerful tool in the organic chemistry community for the
construction of unsaturated carbon−carbon bonds. Since then
the Wittig reaction has become one of the most commonly
used instruments in synthetic organic chemistry to generate
excess of either the E- or Z-geometrical isomers of alkenes, and
even though the reaction has been known for over six decades,
it is still under intense mechanistic investigation.2 Conventional
reaction conditions for the selective formation of E-alkenes use
stabilized ylides and aldehydes, most of the time paired with
organic solvents like toluene, DMF, or DMSO.
As a consequence of its wide use, the Wittig methodology

has been included in the organic chemistry curriculum for quite
some time,3 but unfortunately the Wittig protocol has
historically involved dangerous reagents and relatively
complicated procedures less suitable for a teaching laboratory.
However, with modern laboratory techniques, the chemistry
can be made much easier and safer, while still demonstrating to
students the important concepts of the reaction, especially the
formation of the ylide and its characteristic reaction with
aldehydes to form unsaturated carbon−carbon bonds.3k,4

In the early 1980s, Breslow5 and Grieco6 disclosed that the
interaction of hydrophobic moieties in aqueous media can have
a tremendous effect on the rate of organic reactions. However,
it was not until relatively recently that the prospect of water as a
medium for organic reactions gained widespread attention,7

and significant advances have been made in achieving organic
reactions in water by utilizing this favorable hydrophobic
interaction of the reactants.8 Such a “hydrophobic effect”9 fits
well with the concepts learned early in the chemistry

curriculum, and is especially well-designed for the organic
chemistry laboratory where chemistry experiments commonly
are conducted using conventional organic solvents.
In order to increase yield or selectivity in the Wittig reaction,

many modified condition alternatives have been reported, such
as increasing temperature10 or pressure,11 using additives,12

sonication,13 silica gel,14 ionic solvents,15 irradiation with
microwaves16 or light,17 and quite recently neat water.4a,b

Some reports describing the influence of aqueous LiCl18 and
surfactant19 on the Wittig reaction have also emerged.
Advances also include the in situ formation of the phosphorus
ylide in solid state reactions employing the corresponding
phosphonium salt with anhydrous K2CO3, and then subsequent
Wittig reaction in a solvent-free setting.20

The experiment disclosed is intended to expose students to
alkene synthesis via the aqueous Wittig reaction conducted
under very mild basic aqueous conditions, and in this way teach
a novel version of an important class of reactions in organic
chemistry experimentally. Instrumental analysis and group
discussions are then integrated for assessment of the laboratory
experience. Since water is inexpensive and extremely easy to
handle and represents few environmental concerns, the
illustrated laboratory experiment should help students see
water as a possible medium for organic reactions, and its
potential for wider adoption.
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■ THE AQUEOUS WITTIG REACTION

Water has previously been used as a solvent for Wittig reactions
utilizing modified water-soluble phosphonium salts,21 but the
application of water as a crucial medium for conducting Wittig
reactions employing poorly water-soluble stabilized ylides is
limited. In this paper we present suitable solutions from our
original report4b on aqueous promoted Wittig reactions fitting
for a second semester organic chemistry laboratory experiment.
Apart from the application of the illustrated student experi-
ments to greener chemistry,22 these proposed reactions
contribute a valuable methodology for carbon−carbon double
bond creation in water in synthetic organic chemistry.
The in situ formation of ylides during the Wittig reaction

employing water as a medium and sodium bicarbonate as a base
along with triphenylphosphine and α-bromo esters recently has
been a particularly fruitful area of study. We have had seven of
these aqueous Wittig reactions tailor-made and adopted in the
organic teaching laboratories for over two years, during which
they have been tested by a total of roughly 500 students during
a three week laboratory period. The first week incorporates the
examination of the importance of water as a medium in various
types of organic reactions, the reaction setup and execution,
and the partial workup of the Wittig product. The second week
includes purification and isolation of the Wittig product using
silica gel column chromatography or recrystallization and the
use of a rotary evaporator. The third week is used for analysis
with a discussion around the product structure and completion
of 1H NMR and IR spectroscopy.23

■ THE LABORATORY EXPERIMENTS

The aqueous Wittig reactions presented herein demonstrate
optimized examples of laboratory experiments that can be
adopted in second semester organic chemistry laboratory
course. The aqueous Wittig reactions exemplified are simple,
safe, and an example of a greener one-pot setup that the students
can complete within 30 min with partial workup in one
laboratory period. They take advantage of dilute sodium
bicarbonate as the only base needed for in the in situ formation
of stabilized ylides required for alkene formation.
Examples of the reaction are found in general organic

chemistry textbooks24 and in numerous published synthetic
procedures,1−22 and, therefore, the reaction is often covered
specifically in introductory organic chemistry classes and their
corresponding laboratories. Many of the literature procedures
reported for conducting a Wittig reaction use problematic or
hazardous reagents which make them unsuitable in an organic
chemistry teaching laboratory. To circumvent such problems
greener alternatives to the traditional Wittig reaction have been
reported3k using semistabilized ylide substrates and the use of
sodium bicarbonate as a base.4b Greener chemistry is an
increasingly important lesson for young scientists for the critical
analysis and simplification of laboratory procedures. The Wittig
reactions described herein are summarized in Scheme 1.
While several stabilized ylides are commercially available,

many can easily be prepared in the teaching laboratory in situ
during the Wittig reaction using the less expensive reagents
triphenylphosphine, ethyl bromoacetate, and sodium bicarbon-
ate. Implementing a more contemporary aqueous Wittig
reaction in the organic chemistry teaching laboratory creates
a constructive experience and provides an opportunity for
group discussions for the students when comparing the reaction
to the classic Wittig reaction developed many years ago. An

organic solvent is not used in the aqueous Wittig reaction itself
but is required in the workup procedure and during the
purification step using either a semi-microscale silica gel
column chromatography technique or recrystallization. The
students will also learn how to use a rotary evaporator in order
to quickly remove solvent from their product. The learning
experience is also enhanced by the characterization of the
Wittig products using 1H NMR and IR spectroscopy.
The aqueous medium is mild, inexpensive, and especially safe

for conducting the Wittig reaction in the teaching laboratory.
The laboratory experiment can be completed in two lab periods
(generally, one lab period for the reaction and one lab period
for the purification), and a third week can be used for analysis
with a discussion around the product structure and completion
of 1H NMR and IR spectroscopy.

■ EXPERIMENTAL OVERVIEW
The students work individually and can choose or be assigned
any of the seven suggested aldehydes (see Table 1).
Alternatively the aldehydes can be provided as “unknowns”
for students and they can determine the structure of their
original aldehyde from the 1H NMR spectra obtained of their
product after conducting the Wittig reaction.
The aldehydes used in the experiment are benzaldehyde,

cinnamaldehyde, p-nitrobenzaldehyde, p-methoxybenzalde-
hyde, m-benzyloxybenzaldehyde, p-hydroxybenzaldehyde, and
p-dimethylaminobenzaldehyde. Each student mixes the appro-
priate aldehyde (1 equiv), triphenylphosphine (1.5 equiv), ethyl
bromoacetate (2 equiv), and saturated sodium bicarbonate (20
mL) in a 100 mL single-neck round-bottom flask fitted with a
reflux condenser. The heterogeneous solution is refluxed with
rapid stirring for 30 min. After cooling, the solution is extracted
with 4−5 portions of ethyl acetate (total solvent volume: 20−
30 mL). The organic solvent is evaporated to give a mixture of
the product and triphenylphosphine oxide byproduct. The
product is either a white to yellow solid or oil that is purified by
a simple recrystallization or by silica gel chromatography. The
product is characterized by IR and 1H NMR spectroscopy and
by melting point if the product is crystalline. Detailed
instructions can be found in the Supporting Information.

■ HAZARDS
Ethyl bromoacetate is a potent lachrymator and should be used
with caution in a ventilated hood. Each of the aldehydes and
triphenylphosphine are irritants and should be used with
caution. Do not inhale silica dust; use with caution in a well-
ventilated hood. Both the olefin products and 10% aqueous
sodium bisulfite are harmful if swallowed. The products are
considered skin and eye irritants and should not be swallowed.

Scheme 1. Aqueous Wittig Reactions with Ethyl
Bromoacetate and Triphenylphosphine to Substituted
Benzaldehydes (A) and Cinnamaldehyde (B)

Journal of Chemical Education Laboratory Experiment

DOI: 10.1021/acs.jchemed.6b00206
J. Chem. Educ. 2016, 93, 1631−1636

1632



128

Ethyl acetate is an eye irritant and is highly flammable. Hexanes
are highly flammable and a neurotoxin. Deuterated chloroform
is an irritant, is harmful if swallowed, and is a suspected
carcinogen. Consult safety data sheets for all reagents prior to
conducting the laboratory experiment.

■ RESULTS AND DISCUSSION

The aqueous Wittig laboratory experiment has been completed
during five consecutive semesters by roughly 500 second year
undergraduate students enrolled in a second semester organic
chemistry course. A typical student product yield was 36% to
80% depending on the aldehyde the student used. In general,
the product yield is quite high, but it is dependent on how well
the student accomplishes the recrystallization and the column
chromatography. Typically, students obtained a solid Wittig
product after purification (except for products 1 and 2) and the
melting point was determined as a way to check for relative
purity and compare it to the reported literature melting point
(see Table 1). It is expected that a decrease in melting point
will occur as a consequence of a low E/Z ratio. For instance,
Wittig product 2 never solidified even though the pure E,E-
isomer has been reported as a low melting point solid. The
corresponding E-isomer is the major constitutional isomer
relative to the minor Z-isomer (Figure 1).

Even though the ratio of the E- and Z-isomers is clearly
visible in the 1H NMR spectrum, the students need to have a
firm knowledge of NMR spectroscopy in order to interpret the
data fully, for example by identifying the coupling constants for
the E- and the Z-isomers. However, the students can still
accomplish a simple analysis of their Wittig products with less
1H NMR comprehension, for instance by the identification the
alkene protons in the 1H NMR spectrum and the determination
of the E/Z ratio.
The students’ NMR spectra were obtained by the students

themselves using our 80 MHz picoSpin NMR spectrometer
located on the benchtop in the laboratory. Even with this
relatively low field strength instrument, sufficient spectroscopic
information can be obtained in order to characterize the Wittig
products. At 80 MHz it is possible to determine the coupling
constant for the alkene protons. The product composition was
also analyzed by 400 MHz 1H NMR spectroscopy (see
Supporting Information). In this case, the students did not

Table 1. Summary of Product Yields and NMR Data

aMajor E-isomer. bLiterature mp for the pure E-isomer. cYield range of major E-isomer after column chromatography purification. d400 MHz NMR
data of major E-isomer. eHighest yield was obtained from simple recrystallization from 95% ethanol.

Figure 1. Illustration of E and Z isomers that form.
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collect the NMR data themselves but instead an autosampler
with the Varian 400 MHz NMR spectrometer was used, which
allowed for 20 students’ NMR samples to be collected
overnight. Although an error analysis of the spectroscopic
data can be done, it was not introduced as a requirement in the
laboratory course. If the students are able to obtain a low
resolution NMR (80 MHz), they will be able to compare these
data with the 400 MHz spectra found in the Supporting
Information and thereby analyze the difference between high
and low field resolution. The students analyzed the NMR
spectra and measured the E/Z ratio by comparing the
integration of the olefin peaks for each isomer of the Wittig
products, and relating the different coupling constants of alkene
protons. The E-isomer was the major product at a ratio greater
than 5:1, though the exact ratio varies by aldehyde. The loss of
the aldehyde signal in the 1H NMR spectrum (usually found at
9.5−10.5 ppm) is one indication of the consumption of the
starting material. Students can compare their product NMR
spectra with the spectra of the starting material (see Supporting
Information). Remaining triphenylphosphine is the only major
contaminant in the product after column chromatography, but
made up <1% of the product. It is expected that the
triphenylphosphine contamination will affect a slight decrease
in melting point of the Wittig product. The student yield ranges
and NMR data for the E-isomer of each product are
summarized in Table 1.
The students also used the IR spectrometer as a tool to

confirm the chemical structure of the products, with the shift of
the carbonyl peak from the aldehyde range to the ester range,
the appearance of the ester C−O stretches, and the appearance
of alkene and phenyl groups (see Supporting Information).
The reaction takes roughly 30 min to conduct, but the

majority of the time in lab was spent on reaction setup, workup,
and the purification followed by the evaporation of the solvent.
Thus, it is recommended to conduct at least the spectroscopic
analysis during a different 3 h laboratory session. The students
will then have additional time available to analyze and compare
their individual spectra with the 1H NMR and IR spectra
(Supporting Information). The scope of analysis is dependent
on time available in the laboratory session and the
instrumentation accessible. There are several benefits to the
proposed instructional water based Wittig reaction with various
levels of instrumentation or various academic goals.

■ CONCLUSION

A mild aqueous sodium bicarbonate based Wittig reaction that
works with different aldehydes has been created as a suitable
experiment for a second semester organic chemistry laboratory.
The simple procedures included allow for simple reaction
setup, purification, and characterization of products using 1H
NMR and IR spectroscopy. The large number of students who
participated in this study were exposed to a number of
laboratory and spectroscopic techniques required for analysis of
their products.
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Chapter 8:  Experimental Section

8.1 Chemicals and Instruments

General:   All reactions were conducted in septum-sealed, oven-dry glassware under inert positive-

pressure argon atmosphere unless otherwise specified.  All reagents and solvents were obtained 

commercially from companies like Aldrich, Fisher Scientific, Combi-Blocks, Oakwood Chemical, 

Chem-Impex, and PureBulk Supplements.  Thin-layer chromatography was conducted using glass-

backed SiliCycle 250 micron, 60Å particle size TLC plates.  NMR spectra were taken on Varian 

400 or 500 MHz instruments using deuterated chloroform with tetramethylsilane as an internal 

standard, deuterated dimethylsulfoxide, or D2O.  Column chromatography was performed either 

manually using glass columns or with a Biotage Isolera with refillable Biotage snap columns, filled 

with SorbTech 60Å silica gel, 230-400 mesh.  

8.2 Experimental Procedures

Copper Iodide-Dimethyl Sulfide Complex, (CuI)4(DMS)3:
51b  Copper iodide (5 grams, 5.23 

mmol) was dissolved in 15 mL of diethyl ether in a 125 mL Erlenmeyer flask, and 20 mL of 

dimethylsulfide was added.  The reaction mixture was filtered to remove any insoluble material, 

then 50 mL cold hexanes was added slowly.  The solution was kept in the freezer overnight, and 

pure white crystals were separated by filtration the next morning and washed with cold hexanes.  
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The crystals were held in a vacuum desiccator in the dark until their mass remained constant.  60% 

yield.

Schwartz’s Reagent, Cp2Zr(H)Cl:51a, 92  Zirconocene dichloride (5 grams, 17 mmol) was dissolved 

in 100 mL of anhydrous THF in a 200 mL round bottom flask under argon, and 1.5 mL of 4.0 M 

(6 mmol, 0.34 eq) lithium aluminum hydride solution in diethyl ether was added dropwise over 

45 minutes.  The solution was stirred at room temperature for 90 minutes, then the apparatus was 

equipped with an oven-dry Schlenk filter and a 500 mL oven-dry round bottom flask, and the solid 

was separated by inverting the apparatus and pulling the liquid into the 500 mL flask, being careful 

not to expose the solid to atmosphere.  Under argon, the solid was washed with 25 mL of anhydrous 

THF four times, then 25 mL of DCM twice, and 25 mL of diethyl ether four times; the solid 

was agitated with a magnetic stir bar and a magnet in between each wash.  The dichloromethane 

washes are particularly important, because they convert any over-reduced dihydride product to the 

desired hydride-chloride product.  The white solid was collected and dried in a vacuum desiccator 

in the dark.  90% yield.  
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Scheme 8.1:  Zirconocene vinyl conjugate addition
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General procedure for zirconocene vinyl conjugate additions51a  (scheme 8.1):  Freshly prepared 

Schwartz’s reagent (1.3 grams, 5 mmol, 1.1 eq) was added to an oven-dry, 2-neck round bottom 

flask equipped with a stir bar, condenser, and septum, under argon.  The flask was cooled in an 

ice bath, and 20 mL anhydrous THF was added through the septum, then 5 mmol (1.1 eq) of the 

alkyne was added.  The solution was stirred for 5 minutes at ice bath temperature, then heated in an 

oil bath at 40 °C for 6 hours, then cooled to room temperature.  4.5 mmol (1 eq) of the anhydrous 

enone was then added through the septum (make a solution in anhydrous THF if necessary), and 

after 5 minutes 0.47 grams (0.5 mmol, 0.1 eq) of freshly prepared copper iodide-dimethyl sulfide 

was added by removing the septum temporarily.  The solution was stirred at 40 °C for 12 hours.  

After 12 hours, the solution was cooled to room temperature in a water bath, and quenched with 

20 mL of wet diethyl ether.  After stirring for 10 minutes, the solution was filtered through a celite 

pad, which was rinsed three times with 100 mL of ether each time.  The combined organics were 

transferred to a separatory funnel, and washed twice with 20 mL of saturated sodium bicarbonate, 

then dried over anhydrous sodium sulfate.  The dry organic layer was filtered through celite again, 

and again the celite pad was washed with ether.  Volatiles were removed on the rotovap, and the 

residue purified on a silica column.  70-95% yield. 
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O

n-Pr

4-phenyl-trans-5-decen-2-one1 (8.1):  Synthesized using the general zirconocene conjugate 

addition procedure above.  Product:  68% yield, yellow oil, Rf 0.5 10% ethyl acetate/hexanes.  1H 

NMR (400 MHz, CDCl3) δ: 1H NMR (400 MHz, Chloroform-d) δ 7.33 – 7.14 (m, 5H), 5.59 – 

5.39 (m, 2H), 3.84 (q, J = 7.2 Hz, 1H), 2.80 (dd, J = 7.4, 3.6 Hz, 2H), 2.07 (s, 3H), 1.98 (q, J = 7.0 

Hz, 2H), 1.29 (dd, J = 7.4, 3.7 Hz, 4H), 0.87 (t, J = 7.1 Hz, 3H).

 

N

O

O

HO

TBSO

N-Benzyl-mono-O-tert-butyldimethylsilyl-L-tartarimide:59  To a 50 mL oven-dry round bottom 

flask under argon added 6.6 grams (30 mmol) tartarimide, 5.07 grams (75 mmol, 2.5 eq) imidazole 

and 5.4 grams (36 mmol, 1.2 eq) TBSCl.  Added 13 mL of DMF through the septum by syringe.  

Stirred at room temperature overnight.  The next morning, transferred to a separatory funnel with 

ca 50 mL of diethyl ether.  Washed the organic layer 5x with water, then once with saturated brine.  

Dry over anhydrous sodium sulfate.  Silica column, 0-15% MeOH/DCM.  87% yield, offwhite 

8.1

8.2
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solid.  1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.28 (m, 4H), 4.65 (s, 2H), 4.55 – 4.41 (m, 

2H), 2.72 (s, 1H), 0.95 (s, 9H), 0.21 (s, 3H), 0.18 (s, 3H).

N

O

O

TIPSO

HO

N-Benzyl-mono-O-Triisopropylsilyl-L-Tartarimide:59  N-benzyl-L-tartarimide (0.2 grams, 0.91 

mmol) and imidazole (0.154 grams, 2.26 mmol, 2.5 eq) were added to an oven-dry 25 mL round 

bottom flask under argon.  Anhydrous DMF (4 mL) was added via syringe, then TIPSCl (0.178 

mL, 0.83 mmol, 0.9 eq) was added dropwise over 5 min.  The reaction was stirred for 3 days at 

room temperature.  Transferred to separatory funnel with 25 mL of DCM, washed organic layer 

5x with water, then once with brine.  Dried over sodium sulfate.  Rotovap.  Silica column, 0-50% 

EtOAc/Hexanes.  78% yield.  Yellow oil.  1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.18 (m, 

6H), 4.72 – 4.56 (m, 3H), 4.49 (t, J = 4.5 Hz, 1H), 4.06 (d, J = 5.5 Hz, 1H), 1.36 – 1.15 (m, 3H), 

1.15 – 1.05 (m, 19H).

8.3
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N,O-Dibenzyl-O-Triisopropylsilyl-L-Tartarimide:59  Dry N-benzyl-mono-O-triisopropylsilyl-

L-tartarimide (1.97 grams, 5.22 mmol) and freshly-prepared silver oxide (5 grams, 22 mmol, 4 

eq) were added to a 250 mL oven-dry round bottom flask under argon, and anhydrous diethyl 

ether (100 mL) was added.  Once the substrate was dissolved, and while stirring rapidly, benzyl 

bromide (2.0 mL, 16.8 mmol, 3 eq) was added slowly.  The flask was wrapped in foil to protect it 

from light, the argon flow was removed, and the solution was stirred for 7 days.  After 7 days, the 

solution was poured through celite with more anhydrous ether, and the volatiles were removed on 

a rotovap.  100 gram silica column, 0-20% EtOAc/hexanes, hold at 20% for 3 column volumes, 

then increase to 60% EtOAc/hexanes over 5 column volumes.  Product comes out with benzyl 

alcohol in the middle isocratic portion, then alone in the higher gradient.  62% yield.  Yellow oil.  

1H NMR (400 MHz, Chloroform-d) δ 7.47 – 7.19 (m, 10H), 5.15 (d, J = 11.1 Hz, 1H), 4.82 (d, J = 

11.0 Hz, 1H), 4.66 (d, J = 5.0 Hz, 1H), 4.64 (s, 2H), 4.29 (d, J = 4.9 Hz, 1H), 1.28 – 1.11 (m, 3H), 

1.07 (d, J = 5.8 Hz, 18H).

8.4
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HO

D-(+)-Malic Acid (3.1):55 D-aspartic acid (50 grams, 376 mmol) was dissolved in 0.5M H2SO4 (2 

liters, 1 mol, 2.5 eq) in a 5-liter 3-neck round bottom flask equipped with a 1-liter addition funnel 

and a large stir bar; one neck was connected to a gentle stream of air and one neck left open to vent.  

NaNO2 (169 grams, 2.44 mol, 6.5 eq) was dissolved in 394 mL water to make a 30% solution, then 

transferred to the addition funnel and added to the acid solution dropwise at room temperature 

while stirring rapidly, with the stream of air evacuating the resulting brown NO2 gas from the 

flask out of the open neck.  Significant nitrogen gas emission and nitrogen dioxide gas emission 

was observed (the solution became translucent blue-green and effervescent).  The solution was 

stirred at room temperature overnight.  The next morning the reaction was heated to a simmer for 

30 minutes to push it to completion and evacuate any residual gases, and the water was removed 

under reduced pressure on a rotary evaporator.  The product was taken up from the remaining 

white to yellow solid by washing several times with boiling acetone, breaking up any chunks and 

filtering each wash through a silica plug, until the bright white residual salts were persistent and no 

significant product mass was collected with further washes.  The acetone was removed on a rotary 

evaporator, and the resulting clear to yellow syrup was rinsed twice with toluene and rotovapped to 

3.1



140

remove residual water, then finally put under vacuum while heated at 50 °C in an oil bath overnight 

to remove any remaining solvent.  The next morning a light yellow to off-white solid remained, 

which is pure D-(+)-malic acid by NMR. The product is very water soluble, but mostly insoluble 

in organics, and may be further purified by Soxhlet55b with diethyl ether if desired.  Product:  86% 

yield, light tan solid, mp 98-101 °C.  1H NMR (400 MHz, Deuterium Oxide) δ 4.62 (dd, CHOH, 

J = 6.7, 4.6 Hz, 1H), 2.91 (ddd, CH2CHOH, J = 16.6, 6.8, 4.6 Hz, 2H).

N

O

O
HO

Ph

D-(+)-N-Benzylmalimide (3.2):  Method A:56b  D-(+)-malic acid (50 grams, 373 mmol) was 

suspended in 50 mL methanol in a 1000 mL round bottom flask to make a clear to light yellow 

heterogeneous solution.  While stirring rapidly, benzylamine (40.0 mL, 366 mmol, 0.98 eq), 

previously distilled from calcium hydride, was added in a slow stream.  Once the addition was 

complete, the solution was stirred at room temperature for one hour, and the methanol was removed 

under reduced pressure on a rotary evaporator leaving a white to yellow solid.  The flask was 

equipped with a bump trap without drain holes as a crude water trap and heated in an oil bath at 140 

°C for 8 hours.  The solid melted within the first hour resulting in about 100 mL of a clear to light 

3.2
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yellow syrup which became orange to brown as the reaction proceeded.  Significant condensation 

was observed on the sides of the flask and about 10-20 mL of water was collected in the bump 

trap.  After 8 hours (or overnight) about 500 mL of toluene was added to the syrup, and the 

heterogenous solution was boiled with rapid stirring, becoming less heterogenous as it warmed.  

Any solids that did not dissolve in boiling toluene were removed by hot filtration through a large 

glass-fritted funnel. Finally the solution was allowed to cool to room temperature and put in the 

fridge overnight.   The next morning crude solid D-malimide was separated by vacuum filtration 

and washed with cold toluene.  The mother liquor was collected and rotovapped, the residue boiled 

with toluene again and put in the fridge to affect further crops of product.  Each time the crude 

solid was collected, but if it was still very brown then toluene was added to it and the process 

was repeated to obtain light brown to yellow crude product.  This crude product was dissolved 

in minimum dichloromethane and hexanes were added until fluffy white crystals formed.   The 

crystals were collected by filtration, the mother liquor rotovapped and the process repeated to 

obtain additional product.  Once crystallization failed the residual brown syrup was further purified 

on a silica column with 100% ethyl acetate.  Note that any of the main (+)-N,N’-Dibenzyl-D-malic 

diamide byproduct must be removed from the final product, if present, by further purification with 

a silica plug and 50% ethyl acetate-hexanes, monitoring the eluent by TLC (Rf of product is 0.5, Rf 

of byproduct is 0.1; potassium permanganate stain).  The product is usually completely separated 

from the byproduct which should begin to appear as a faint spot near the baseline.  See the product 

and byproduct NMRs in the appendix.  Product:  72% yield, fluffy white solid.

Method B:56a  D-(+)-malic acid (50 grams, 373 mmol) was dissolved in 25 mL water and 25 mL 



142

methanol in a 2-liter single-neck round bottom flask to make a clear to light yellow homogenous 

syrup.  While stirring rapidly, benzylamine (40 mL, 366 mmol, 0.98 equiv), previously distilled 

from calcium hydride, was added in a slow stream by syringe.  Once the addition was complete, 

and while continuing to stir, the solution was heated for 30 minutes at 50 °C, then the methanol 

was removed under reduced pressure on a rotary evaporator.  1 liter of xylenes was added, a Dean-

Stark trap and condenser were equipped, and the solution was slowly brought to boiling.  The 

heterogeneous solution became homogenous as it heated.  The reaction was monitored for the first 

two hours for excessive foaming, to ensure homogeneity, and to empty the Dean-Stark trap; then 

refluxed overnight.  The solution became homogenous and well-behaved within the first two hours, 

but the product syrup can burn or foam can climb the condenser if the reaction is not properly 

monitored.  The next morning the xylenes solution was cooled to room temperature, then put in 

the fridge overnight to effect crystallization of the product.  The product was separated by vacuum 

filtration and washed with a minimum of cold xylenes.  The mother liquor was rotovapped and the 

residue saved if its volume was significant.  The crude solid and any residue were recrystallized 

from boiling toluene, with any insoluble material removed by hot filtration.  Often, it was necessary 

to leave the solution in the fridge overnight to achieve complete recrystallization, and the mother 

liquor was always saved and rotovapped to reclaim impure product and to repeat the process.  The 

recrystallization from toluene was repeated until the product solid was light tan to yellow.  Then it 

was dissolved in a minimum amount of dichloromethane, and hexanes were added until pure D-(+)-

malimide crystallized as a fluffy white solid.  The crystals were collected by filtration, the mother 

liquor rotovapped and the process repeated to obtain additional product.  Once crystallization failed 
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the residual brown syrup was further purified on a silica column with 100% ethyl acetate.  Note 

that any of the main (+)-N,N’-Dibenzyl-D-malic diamide byproduct must be removed from the 

final product, if present, by further purification with a silica plug and 50% ethyl acetate-hexanes, 

monitoring the eluent by TLC (Rf of product is 0.5, Rf of byproduct is 0.1; potassium permanganate 

stain).  The product is usually completely separated from the byproduct which should begin to 

appear as a faint spot near the baseline.  See the product and byproduct NMRs in the appendix.  

Product: 60% yield, white solid, mp 107 °C.  1H NMR (400 MHz, Chloroform-d) δ 7.51 – 7.12 

(m, ArH, 5H), 4.67 (d, NCHHPh, J = 1.6 Hz, 2H), 4.62 (ABXddd, CHAHBCHXOH, J = 8.4, 4.8, 2.7 

Hz, 1H), 3.07 (ABXdd, CHAHBCHXOH, J = 18.2, 8.4 Hz, 1H), 2.89 (d, CHAHBCHXOH, J = 2.7 Hz, 

1H), 2.68 (ABXdd, CHAHBCHXOH J = 18.2, 4.8 Hz, 1H).  13C NMR (125.7 MHz, Chloroform-d) 

δ 177.78, 173.65, 135.19, 128.83, 128.74, 128.17, 67.01, 42.53, 37.13.  FTIR (neat, diamond ATR, 

cm-1) 3358, 1690.  MS (ASAP):  calcd for ([M+H]+, C11H12NO3
+) 206.08, found 206.0.

N

O

O

HO

(S)

 

8.5

N-(S)-Methylbenzyl-D-Malimide:56a  The same procedure was used as 3.2, method B, except 

(S)-Methylbenzylamine was used instead of benzylamine.  Purified on a silica column, 20-50% 

EtOAc/Hexanes.  Offwhite solid.  47% yield.  1H NMR (400 MHz, DMSO-d6) δ 7.36 – 7.20 (m, 

5H), 6.05 (d, J = 6.6 Hz, 1H), 5.25 (q, J = 7.2 Hz, 1H), 4.54 – 4.42 (m, 1H), 2.99 (dd, J = 17.7, 8.4 



144

Hz, 1H), 2.39 (dd, J = 17.7, 4.5 Hz, 1H), 1.69 (d, J = 7.3 Hz, 3H).

N

O

OEt

HO

 (4R)-1-benzyl-5-ethoxy-4-hydroxypyrrolidin-2-one:58  N-Benzyl-D-Malimide (2 grams, 9.7 

mmol) was dissolved in 100 mL of anhydrous THF in an oven-dry 250 mL round bottom flask 

equipped with a 25 mL addition funnel under argon.  The solution was cooled to -20 °C.  LiBH4 

(12.5 mL of 2.0M in THF, 25 mmol, 2.5 eq) was transferred to the addition funnel, and added 

dropwise to the malimide solution over 30 minutes.  After the addition was complete, the solution 

was stirred for 90 minutes.  The reaction was quenched by adding just enough 2M sulfuric acid 

in ethanol to bring the solution to a neutral pH (wet pH paper was used to get a reading on the 

organic solution).  The solution was rotovapped to remove the THF, and the residue was dissolved 

in enough ethanol to fill the flask halfway.  The pH was reduced to about 3 by the addition of 

more 2M sulfuric acid in ethanol, and the solution was stirred at room temperature overnight.  The 

yellow-grey solution was cloudy white the next morning.  The solution was refluxed for 8 hours, 

and became cloudier as it boiled.  After 8 hours the solution was neutralized with about 1 mL of 

hot NaOH in ethanol (a few pellets of NaOH in ethanol was sufficient; a 5% solution could be used 

for larger scales).   After the solution had cooled, it was filtered through celite with lots of ethanol.  

Rotovap.  The residue was heated at 40 °C under hi-vac to remove the rest of the solvent.  Yellow 

8.6
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solid, insoluble in DCM and chloroform.  Silica column, 3-20% EtOH/DCM.  70% yield.  1H 

NMR (400 MHz, DMSO-d6) δ 7.42 – 7.16 (m, 5H), 5.37 (d, J = 3.7 Hz, 1H), 4.67 (d, J = 15.4 Hz, 

1H), 4.44 (s, 1H), 4.07 (d, J = 15.5 Hz, 1H), 4.04 (dd, J = 9.9, 5.2 Hz, 1H), 3.52 – 3.35 (m, 2H), 

2.69 (dd, J = 17.3, 6.1 Hz, 1H), 2.05 (dd, J = 17.3, 1.3 Hz, 1H), 1.05 (t, J = 7.0 Hz, 3H).

N

O

O

TBSO

N-Benzyl-O-tert-Butyldimethylsilyl-D-Malimide:59  Dry D-malimide (1 gram, 4.9 mmol), 

imidazole (1.0 gram, 14.7 mmol, 3 eq), and TBSCl (2.2 grams, 14.7 mmol, 3 eq) were added to a 

50 mL oven-dry round bottom flask under argon, and 20 mL anhydrous DMF was added through a 

septum.  The solution was stirred overnight at room temperature under argon.  The next morning, 

diethyl ether was added, and the solution was transferred to a separatory funnel with more ether.  

The combined ether layer was washed 5x with water, then once with saturated brine, then dried 

over anhydrous sodium sulfate.  The volatiles were removed on a rotovap and the yellow oil 

purified on a silica column, 0-10% EtOAc/Hexanes.  90% yield, yellow oil.  1H NMR (400 MHz, 

Chloroform-d) δ 7.41 – 7.23 (m, 5H), 4.65 (dd, J = 21.7, 15.2 Hz, 2H), 4.57 (dd, J = 8.1, 4.5 Hz, 

1H), 2.99 (dd, J = 18.0, 8.1 Hz, 1H), 2.60 (dd, J = 18.0, 4.4 Hz, 1H), 0.90 (s, 9H), 0.16 (d, J = 3.9 

Hz, 6H).

8.7
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N

O

O

TIPSO

N-Benzyl-O-Triisopropylsilyl-D-Malimide:59  N-benzyl-D-malimide (0.5 grams, 2.44 mmol) 

and imidazole (0.85 grams, 12.5 mmol, 5 eq) were added to an oven-dry 25 mL round bottom flask 

under argon.  The solids were dissolved in 3 mL of anhydrous DMF, then TIPSCl (2.7 mL, 12.6 

mmol, 5 eq) was added.  The solution was stirred at room temperature overnight.  The next day the 

reaction was poured into 25 mL of water in a separatory funnel with the aid of 50 mL of diethyl 

ether.  The ether layer was washed 5 times with water, then brine once, then dried over anhydrous 

sodium sulfate.  Rotovap.  Silica column, 0-30% EtOAc/hexanes.  Yellow syrup.  Quantitative 

yield.  1H NMR (400 MHz, Chloroform-d) δ 7.45 – 7.19 (m, 5H), 4.74 – 4.57 (m, 1H), 4.73 – 4.59 

(m, 2H), 3.03 (dd, J = 17.9, 8.1 Hz, 1H), 2.63 (dd, J = 17.8, 4.4 Hz, 1H), 1.23 – 1.07 (m, 3H), 1.05 

(d, J = 1.0 Hz, 18H).

N

O

O

MeO

N-Benzyl-O-Methyl-D-Malimide:93  Dry N-benzyl-D-malimide (0.188 grams, 0.916 mmol) and 

freshly-prepared silver oxide (0.639 grams, 2.76 mmol, 3 eq) were added to a 25 mL oven-dry round 

8.8
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bottom flask under argon, 10 mL of anhydrous diethyl ether was added, and the heterogeneous 

black solution was stirred for a few minutes, then the flask was covered in foil to keep out the 

light.  Methyl iodide was added through the septum, and the solution was stirred under argon 

for an hour.  Then triethyl amine (0.5 mL) was added.  After another hour the flow of argon was 

removed to preserve the solvent (a balloon may be used).  The solution was stirred overnight.  The 

next morning, the solution was filtered through celite with more ether, then the combined organics 

were washed with 10% HCl twice, then saturated sodium bicarbonate once, then saturated brine.  

Dried over anhydrous sodium sulfate.  Yellow oil, 20% yield.  1H NMR (400 MHz, Chloroform-d) 

δ 7.43 – 7.22 (m, 5H), 4.66 (d, J = 2.2 Hz, 2H), 4.20 (dd, J = 8.2, 4.2 Hz, 1H), 3.61 (s, 3H), 2.99 

(dd, J = 18.2, 8.2 Hz, 1H), 2.62 (dd, J = 18.2, 4.1 Hz, 1H).

N

O

O

MOMO

N-Benzyl-O-Methoxymethyl-D-Malimide:94  A 25 mL 2-neck oven-dry round bottom flask was 

equipped with a thermometer in one neck, placed under argon.  Freshly distilled dimethoxymethane 

(DMM, 0.22 mL, 2.5 mmol, 1.0 eq), and 3x the volume of toluene as compared to DMM (0.6 mL) 

were added.  A spatula tip of zinc bromide (0.01 mol % was necessary) was added by removing 

the septum briefly, then acetyl chloride (0.18 mL, 2.5 mmol, 1.0 eq) was added dropwise.  

The reaction spontaneously warmed to 40-45 °C and then cooled, indicating that the MOMCl 

8.10
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producing reaction was proceeding.  The solution was cooled in an ice bath, 0.5 grams (2.4 mmol) 

of dry D-malimide were added in one portion by removing the septum briefly, and the solution 

was stirred for a few minutes.  DIPEA (0.53 mL, 3 mmol, 1.25 eq) was added dropwise, while 

maintaining the temperature of the reaction below 25 °C.  After the addition was complete, the 

ice was allowed to melt, and the solution was stirred 2 days at room temperature.  After 2 days, 

the solution was poured carefully into 50 mL each of EtOAc and saturated ammonium chloride.  

Let stir 30 min to quench any remaining MOMCl.  The solution was poured into a separatory 

funnel, and the layers separated.  The organic layer was washed with water twice, brine once, then 

dried over anhydrous sodium sulfate.  The volatiles were removed on a rotovap.  Yellow solid.  

Purified on a silica column, 0-30% EtOAc/Hexanes.  The main byproducts are starting material (ca 

40%) and acetylated D-Malimide (ca 30%).  20% yield, light yellow solid.  1H NMR (400 MHz, 

Chloroform-d) δ 7.44 – 7.23 (m, 5H), 5.44 (dd, J = 8.7, 4.8 Hz, 1H), 4.99 (d, J = 6.8 Hz, 1H), 

4.78 – 4.63 (m, 2H), 4.58 (dd, J = 8.4, 4.5 Hz, 1H), 3.41 (s, 3H), 3.04 (dd, J = 18.2, 8.4 Hz, 1H), 

2.74 – 2.61 (m, 1H).

N

O

O

O

N-Benzyl-O-Allyl-D-Malimide:95  D-malimide (0.5 grams, 2.4 mmol) were dissolved in 4 mL 

of DCM in a 25 mL oven-dry round bottom flask.  Allyl bromide (0.5 grams, 2.4 mmol) and 50% 

8.11
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aqueous KOH (1.8 mL, 40 mmol, 16 eq) were added, and the heterogeneous mixture was stirred 

vigorously for 4 hours.  The mixture was diluted with 10 mL water, and stirred for 5 minutes.  The 

reaction was poured into a separatory funnel with more DCM, the layers separated, and the organic 

layer washed with 10% aqueous NaBr once, then the organic layer was dried over sodium sulfate.  

The volatiles were removed on a rotovap, and the yellow syrup was purified on a silica column, 

0-20% MeOH/DCM.  11% yield, yellow solid.  1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.15 

(m, 5H), 5.83 (ddt, J = 17.0, 10.2, 5.9 Hz, 1H), 5.28 – 5.15 (m, 2H), 4.55 – 4.35 (m, 2H), 4.31 (dd, 

J = 7.0, 4.6 Hz, 1H), 4.19 – 4.01 (m, 2H), 2.86 (dd, J = 14.9, 4.6 Hz, 1H), 2.59 (dd, J = 15.0, 7.0 

Hz, 1H).

N

O

O

O

N-Benzyl-O-Benzyl-D-Malimide:96  D-malimide (0.48 grams, 2.3 mmol) and freshly-prepared 

silver oxide (1.6 grams, 6.9 mmol, 3 eq) were added to a 50 mL oven-dry round bottom flask under 

argon.  20 mL of ether were added, then freshly-distilled benzyl bromide (0.83 mL, 6.9 mmol, 3 

eq).  After a few hours removed the argon flow to preserve the solvent.  Stirred at room temperature, 

flask covered in aluminum foil, for 5 days.  After 5 days, the reaction solution was filtered through 

celite with more ether.  Rotovap, brown oil.  Silica column, 0-40% EtOAc/Hexanes.  96% yield, 

clear oil turns to white solid on standing.  1H NMR (400 MHz, Chloroform-d) δ 7.41 – 7.24 (m, 

8.12
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10H), 4.99 (d, J = 11.7 Hz, 1H), 4.78 (d, J = 11.7 Hz, 1H), 4.66 (d, J = 2.4 Hz, 2H), 4.36 (dd, J = 

8.2, 4.2 Hz, 1H), 2.95 (dd, J = 18.3, 8.3 Hz, 1H), 2.66 (dd, J = 18.2, 4.2 Hz, 1H).

N

O

O

O

N-Benzyl-O-tert-butyl-D-Malimide:97  MgSO4 (0.48 grams, 4 mmol, 4 eq) was added to 3 mL 

of cyclohexane in a 25 mL round bottom flask, and the suspension was stirred vigorously while 

3 drops (ca 0.06 mL, 1 mmol, 1 eq) of concentrated sulfuric acid was added.  The mixture was 

stirred for 15 minutes.  Separately, tert-butanol (0.5 mL, 5 mmol, 5 eq) and N-benzyl-D-malimide 

(0.2 grams, 1 mmol, 1 eq) were dissolved in 1 mL of 1:1 DCM/cyclohexane, and the solution was 

added to the magnesium sulfate solution via syringe.  The flask was sealed with a glass stopper, 

and stirred at room temperature overnight.  The next morning, the solution was transferred to a 

separatory funnel with 25 mL of diethyl ether, and the organic layer was washed with saturated 

sodium bicarbonate, then brine, then dried over anhydrous sodium sulfate.  Rotovap.  Product has 

Rf of 0.4 in 20% EtOAc/Hexanes.  Silica column, 15-70% EtOAc/Hexanes.  White solid.  68% 

yield.  1H NMR (400 MHz, Chloroform-d) δ 7.42 – 7.24 (m, 5H), 4.65 (dd, J = 18.4, 14.1 Hz, 2H), 

4.45 (dd, J = 8.3, 4.8 Hz, 1H), 2.98 (dd, J = 18.0, 8.4 Hz, 1H), 2.59 (dd, J = 18.0, 4.8 Hz, 1H), 1.27 

(s, 9H).

8.13
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N
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Ph

(3R)-1-benzyl-3-hydroxy-4-(1-hydroxypropyl)pyrrolidine-2,5-dione (3.3):57  Very pure white 

D-(+)-N-Benzylmalimide (5 grams, 24.4 mmol) was added to a 250 mL 24/40 single-neck round 

bottom flask.  The malimide was thoroughly dried by adding toluene and removing it three 

times with a rotary evaporator; and finally by placing it in a vacuum desiccator overnight.  The 

next morning, an oven-dry 1-liter 2-neck round bottom flask (at least one neck was 29/42 to 

accommodate a large-sized stir bar) was equipped with a large stir bar, an interior thermometer 

through the side neck, and an oven-dry 500-milliliter addition funnel through the top neck.  The 

setup was evacuated and refilled with argon three times.  Separately, the malimide in its flask was 

removed from the desiccator and also setup under argon.  100 mL anhydrous THF was added to 

the malimide flask, swirling to dissolve, and 200 mL anhydrous THF was added to the 1-liter 

flask.  NaHMDS (48.75 mL, 1.0M, 48.8 mmol, 2.0 eq) was added to the 1-liter flask all at once, 

and both flasks were cooled to 0 °C.  The cooled malimide solution was transferred to the closed 

addition funnel by cannula, and was added dropwise to the cooled base solution, at such a rate 

to maintain the internal temperature at 0 °C throughout the addition, while stirring thoroughly.  

The solution went from clear to cloudy yellow or tan to pinkish as the addition progressed, and 

3.3
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became increasingly heterogeneous.  It is critical that it does not stop stirring.  Once the addition 

of the malimide to the base solution was complete, it was stirred for an additional 5 minutes at 0 

°C.  Meanwhile, the addition funnel was replaced by a septum, and the flask was cooled to -78 °C.  

Propanal (1.76 mL, 24.4 mmol, 1.0 eq), previously distilled from calcium hydride, was added in a 

slow stream to the base solution by syringe, maintaining the temperature at -78 °C.  There was no 

change in the appearance of the solution throughout the aldehyde addition.  Once the addition was 

complete, the solution was stirred at -78 °C for 90 minutes.  After 90 minutes at -78 °C the flask 

was removed from the dewar and poured into a 2-liter separatory funnel containing 300 milliliters 

of saturated aqueous ammonium chloride, using 600 mL of 25% dichloromethane in diethyl ether 

to aid the transfer.  After shaking, a minimum amount of distilled water was added and the funnel 

shaken again to break up any solids.  The organic layer was washed twice more with 100 mL 

of saturated aqueous ammonium chloride and finally with 100 mL of saturated brine solution, 

and dried over anhydrous sodium sulfate.  The volatiles were removed on a rotary evaporator, 

and the yellow to orange syrup was purified on a 100-gram silica column with 60-100% diethyl 

ether-hexanes, resulting in two separable diastereomers as yellow solids.  Often, leftover starting 

material coelutes with the more polar isomer, and some may be separated with another 100-gram 

silica column and 90-100% diethyl ether-hexanes, but in practice some starting material always 

contaminates the more polar sample. TLC: in 100% diethyl ether and permanganate stain, the 

less polar product isomer had an Rf of about 0.7, and the more polar product isomer had an Rf 

of about 0.6, and was usually mixed with starting material.  The nonpolar yellow oil with an Rf 

of about 0.9 was a mess by NMR that contained no phenyl group, and the brown solid with an 
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Rf of about 0.1 was a mess by NMR that was unidentifiable.  Product:  44% yield, yellow solid, 

mp 98-101 °C.  1H NMR (400 MHz, Chloroform-d) less polar isomer 1:  δ 7.35 – 7.21 (m, ArH, 

5H), 4.73 (d, COCHOH, J = 5.3 Hz, 1H), 4.64 (ABdd, NCHAHBPh, J = 19.0, 14.3 Hz, 2H), 4.26 

(td, CH(OH)CH2CH3, J = 6.7, 3.7 Hz, 1H), 3.76 (s, CH(OH)CH2CH3, 1H), 2.82 (dd, CHCH(OH)

CH2CH3, J = 5.4, 2.6 Hz, 1H), 2.39 (d, COCHOH, J = 4.0 Hz, 1H), 1.67 (dq, CH(OH)CH2CH3, J = 

14.7, 7.3 Hz, 2H), 0.99 (t, CH(OH)CH2CH3, J = 7.4 Hz, 3H).  more polar isomer 2:  δ 7.37 – 7.16 

(m, ArH, 5H), 4.61 (ABdd, NCHAHBPh, J = 20.6, 14.3 Hz, 2H), 4.47 (d, COCHOH, J = 5.6 Hz, 

1H), 3.88 (dt, CH(OH)CH2CH3, J = 11.7, 5.8 Hz, 1H), 2.82 (t, CHCH(OH)CH2CH3, J = 5.5 Hz, 

1H), 1.73 (p, CH(OH)CH2CH3, J = 7.3 Hz, 2H), 0.98 (t, CH(OH)CH2CH3, J = 7.4 Hz, 3H). 13C 

NMR (125.7 MHz, Chloroform-d) δ 177.93, 175.59, 135.16, 128.70, 128.34, 127.99, 69.82, 67.26, 

53.77, 42.54, 27.84, 10.16.  FTIR (neat, diamond ATR, cm-1) 3464, 3320, 1678.  HR-ESI-TOFMS:  

calcd for ([M+H]+, C14H18NO4
+) 264.1230, found 264.1234.

N

O

O
TBSO

OH

Ph

(3R)-1-benzyl-3-((tert-butyldimethylsilyl)oxy)-4-(1-hydroxypropyl)pyrrolidine-2,5-dione 

(3.4):59 Dry yellow solid (3R)-1-benzyl-3-hydroxy-4-(1-hydroxypropyl)pyrrolidine-2,5-dione 

(5.0 grams, 19 mmol) was placed under argon and dissolved in 20.0 mL anhydrous N,N-

3.4
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dimethylformamide.  tert-Butyldimethylsilyl chloride (8.6 grams, 57 mmol, 3 eq) and imidazole 

(3.9 grams, 57 mmol, 3 eq) were added by removing the septum briefly, and the mixture was 

stirred at room temperature for exactly one hour (exactly one equivalent of each reagent may be 

used, but yields will be reduced unless it is very fresh).  Any additional time will result in more 

of the di-protected product, any less time results in extra starting material.  After an hour passed, 

the argon was removed and water was added to quench the reaction.  The reaction mixture was 

poured into about 50 mL of water in a separatory funnel with the aid of about 50 mL of diethyl 

ether.  The organic layer was washed five times with water and once with brine, then dried over 

anhydrous sodium sulfate.  The yellow solution was rotovapped, and the yellow residue taken up 

in hexanes and injected onto a 100 gram silica column with 0-30% ethyl acetate-hexanes. TLC: 

in 30% ethyl acetate-hexanes with KMnO4 stain the product had an R¬f of about 0.3; the double-

protected product and extra TBS reagent came off early with an Rf near 0.9.  Starting material, 

when present, comes off with an Rf of about 0.6.  Product:  89% yield, light yellow oil. 1H NMR 

(400 MHz, Chloroform-d) δ 7.37 – 7.21 (m, ArH, 5H), 4.70 (d, CHOTBS, J = 4.7 Hz, 1H), 4.64 

(ABdd, CHAHBPh, J = 27.1, 14.3 Hz, 2H), 4.24 (tdd, CH(OH)CH2CH3, J = 7.1, 4.5, 2.4 Hz, 1H), 

2.81 (dd, CHCH(OH)CH2CH3, J = 4.7, 2.4 Hz, 1H), 1.96 (d, CH(OH)CH2CH3, J = 4.8 Hz, 1H), 

1.62 (pd, CH(OH)CH2CH3, J = 7.4, 1.9 Hz, 2H), 0.99 (t, CH(OH)CH2CH3 J = 7.4 Hz, 3H), 0.89 (s, 

OSitBu, 9H), 0.23 (s, OSiCH3, 3H), 0.19 (s, OSiCH3, 3H).  13C NMR (125.7 MHz, Chloroform-d) 

δ 175.58, 175.50, 135.37, 128.67, 128.60, 127.95, 72.20, 71.46, 54.20, 42.27, 27.96, 25.65, 18.13, 

9.92, -4.13, -5.19.  FTIR (neat, diamond ATR, cm-1) 3482, 2929, 1702.
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(R)-1-benzyl-3-((tert-butyldimethylsilyl)oxy)-4-propylidenepyrrolidine-2,5-dione (3.5):63  

(3R)-1-benzyl-3-((tert-butyldimethylsilyl)oxy)-4-(1-hydroxypropyl)pyrrolidine-2,5-dione (5.0 

grams, 13 mmol) was dissolved in dichloromethane and 28 mL (199 mmol, 15 eq) of triethylamine 

was added.  The solution was cooled to -45 °C under argon, and methanesulfonyl chloride (5.1 mL, 

66 mmol, 5 eq) was added via syringe.  The heterogeneous brown solution was stirred at -45 °C 

for one hour, then was allowed to warm to room temperature for one hour.  Saturated ammonium 

chloride was added to quench, and the solution was poured into about 50 mL of saturated 

ammonium chloride in a separatory funnel with the aid of about 50 mL of dichloromethane.  The 

aqueous layer was extracted with dichloromethane 3 times, and the combined organic layers were 

passed through a 2 to 3-inch silica plug with more dichloromethane.  The solvent was removed 

by evaporation, and purified in 1-gram portions on a 100 gram silica column with 0-20% ethyl 

acetate/hexanes (Rf about 0.5 in 10% ethyl acetate/hexanes, permanganate stain, two isomers).  

The product must be purified the same day it is prepared to preserve the yield.  Product: 88% 

yield, light yellow oil.  1H NMR (400 MHz, Chloroform-d) trans isomer:  δ 7.43 – 7.15 (m, ArH,  

5H), 6.89 (td, C=CHCH2CH3, J = 7.8, 2.0 Hz, 1H), 4.89 (dt, CHOTBS, J = 2.0, 1.0 Hz, 1H), 

4.67 (ABq, CHAHBPh, J = 14.0 Hz, 2H), 2.34 (ddq, CHC=CHCH2CH3, J = 7.8, 7.5, 1.0 Hz, 2H), 

3.5
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1.07 (t, CHCH2CH3, J = 7.5 Hz, 3H), 0.86 (s, OSitBu, 9H), 0.18 (d, OSi(CH3)2, J = 1.9 Hz, 6H)..

cis isomer:  δ 7.43 – 7.26 (m, ArH, 5H), 6.29 (td, C=CHCH2CH3, J = 7.8, 1.9 Hz, 1H), 4.78 (dt, 

CHC=CHCH2CH3, J = 1.9, 1.6 Hz, 1H), 4.67 (ABdd, NCHAHBPh, J = 21.6, 14.0 Hz, 2H), 2.81 (pt, 

C=CHCH2CH3, 7.5, 1.6 Hz, 2H), 1.09 (t, C=CHCH2CH3, J = 7.5 Hz, 3H), 0.94 (s, OSitBu, 9H), 

0.20 (d, OSi(CH3)2, J = 6.6 Hz, 6H).  13C NMR (125.7 MHz, Chloroform-d) δ 174.22, 168.17, 

144.84, 135.67, 128.79, 128.59, 127.87, 67.50, 42.09, 25.73, 25.39, 22.65, 18.24, 12.88, -3.82, 

-5.05.  FTIR (neat, diamond ATR, cm-1) 3034, 2930, 1711, 1677.  HR-ESI-TOFMS:  calcd for 

([M+H]+, C20H30NO3Si+) 360.1989, found 360.1988.
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(3R,4R)-1-benzyl-4-((tert-butyldimethylsilyl)oxy)-3-hydroxy-3-(1-hydroxypropyl)

pyrrolidine-2,5-dione (3.6):64  (R)-1-benzyl-3-((tert-butyldimethylsilyl)oxy)-4-

propylidenepyrrolidine-2,5-dione (5.0 grams, 14 mmol) was dissolved in 100 mL of 95% ethanol, 

and the solution was cooled to -15 °C.  Separately, potassium permanganate (11 g, 70 mmol, 5 eq) 

and magnesium sulfate (8.4 g, 70 mmol, 5 eq) were dissolved in 20 mL of water and added with 

rapid stirring to the ethanol solution dropwise with a large pipet.  It was important that the ratio 

of alcohol to water remained around 3:1 to avoid freezing.  Once the addition was complete, the 

3.6
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solution was stirred at -15 °C for 30 minutes, then allowed to warm to room temperature for at 

least one hour.  Sodium bisulfite (100 mL of 40% w/v) was added to quench the permanganate, 

and the solution was stirred overnight.  The purple to brown opaque solution became a white solid 

suspended in a clear solution by the morning.  The solution was filtered through celite with ethyl 

acetate, the volatiles were evaporated and the aqueous layer extracted 3 times with ethyl acetate.  

The combined organic layers were washed once with brine and dried over sodium sulfate.  The 

diastereomers were separated and purified in about 1 gram portions on a 100 gram silica column 

with 20-40% ethyl acetate hexanes.  Often, at least a quarter of the product yield is the over-

oxidized (3S,4R)-1-benzyl-4-((tert-butyldimethylsilyl)oxy)-3-hydroxy-3-propionylpyrrolidine-

2,5-dione.  Rf in 20% ethyl acetate/hexanes with permanganate stain is about 0.8 for the starting 

material, 0.4 for the over-oxidized product, and 0.3 for the product.  Product:  79% yield, white 

solid, mp 91 °C for the less polar diastereomer and 106-107 °C for the more polar diastereomer.  

1H NMR (400 MHz, Chloroform-d) syn diol:  δ 7.42 – 7.15 (m, ArH, 5H), 4.68 (s, NCH2Ph, 2H), 

4.54 (s, CHOSi, 1H), 3.77 (ddd, CH(OH)CH2CH3, J = 10.9, 5.2, 2.2 Hz, 1H), 3.22 (s, 3°OH, 1H), 

2.70 (dd, CH(OH)CH2CH3, J = 5.2, 1.6 Hz, 1H), 1.70 – 1.30 (m, CH(OH)CH2CH3 2H), 0.98 (t, J = 

7.3 Hz, 3H), 0.97 (s, 9H), 0.25 (s, 3H), 0.20 (s, 3H).  Anti diol:  1H NMR (400 MHz, Chloroform-d) 

δ 7.46 – 7.20 (m, ArH, 5H), 4.64 (ABq, NCHAHBPh, J = 14.0 Hz, 2H), 4.63 (s, CHOSi, 1H), 4.01 

(s, 3°OH, 1H), 3.66 (t, CH(OH)CH2CH3, J = 10.0 Hz, 1H), 2.01 (d, CH(OH)CH2CH3, J = 10.3 Hz, 

1H), 1.49 – 0.68 (m, CH(OH)CH2CH3, 2H), 0.94 (s, 9H), 0.90 (t, CH(OH)CH2CH3, J = 7.2 Hz, 

3H), 0.22 (s, 3H), 0.17 (s, 3H).  13C NMR (125.7 MHz, Chloroform-d) δ 175.03, 173.26, 134.93, 

128.63, 128.46, 127.94, 81.38, 77.55, 75.61, 42.64, 25.62, 22.72, 18.28, 10.91, -4.74, -5.27.  FTIR 
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(neat, diamond ATR, cm-1) 3551, 3472, 2930, 2857, 1703.  HR-ESI-TOFMS:  calcd for ([M+Na]+, 

C20H29NO5SiNa+) 416.1864, found 416.1868.
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(3S,4R)-1-benzyl-4-((tert-butyldimethylsilyl)oxy)-3-hydroxy-3-propionylpyrrolidine-2,5-

dione (key compound 3.7):  Method A:65  (3R,4R)-1-benzyl-4-((tert-butyldimethylsilyl)oxy)-

3-hydroxy-3-(1-hydroxypropyl)pyrrolidine-2,5-dione (5.0 grams, 13 mmol) was dissolved in 

dichloromethane at room temperature under argon and Dess-Martin periodinane (16.1 g, 38 mmol, 

3 eq) was added.  The argon inlet was removed from the tightly-sealed system and the reaction 

was stirred overnight.  The next morning 100 mL of a 1:1 saturated sodium thiosulfate and sodium 

bicarbonate solution was added and the solution was stirred until homogenous.  The solution 

was transferred to a separatory funnel, and the aqueous layer was extracted three times with 

dichloromethane.  The combined organic layers were washed once with saturated brine and dried 

over sodium sulfate.  The product was purified in 1 gram portions on a 100 gram silica column with 

15-20% ethyl acetate hexanes. Rf of about 0.5 in 20% ethyl acetate/hexanes with permanganate 

stain.  76% yield, white solid, mp 109-111 °C.  Often, one isomer of the starting material is very 

Key compound 3.7
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slow to oxidize with DMP, but is successfully oxidized with Jones reagent according to method B, 

which seems to be most successful on a smaller scale. 

Method B:  Jones reagent creation;66b oxidation procedure.66a  (3R,4R)-1-benzyl-4-((tert-

butyldimethylsilyl)oxy)-3-hydroxy-3-(1-hydroxypropyl)pyrrolidine-2,5-dione (100 mg, 0.254 

mmol) was dissolved in 5 mL of acetone in a 25 mL Erlenmeyer flask equipped with a stir bar.  

Separately, chromium trioxide (130 mg, 1.30 mmol, 5 eq) was dissolved in 2 mL of water in a 

small vial, and concentrated 18M sulfuric acid (0.10 mL, 1.9 mmol, 7.5 eq) was added slowly, and 

additional water was added dropwise to dissolve any resulting solid salts to form a translucent, 

homogenous orange Jones reagent solution.  Both solutions were cooled to 0 °C in an ice bath 

and, while stirring, the Jones reagent was added to the acetone solution dropwise with a Pasteur 

pipet.  The clear acetone solution turned green and then orange-green as the addition progressed, 

and a dark green goo precipitated.  Once the addition was complete the ice bath was removed, and 

the reaction was stirred to room temperature for 1-2 hours, while monitoring its progress via TLC 

(product Rf of about 0.5 in 20% ethyl acetate/hexanes with permanganate stain, starting material 

Rf of about 0.3).  Once the reaction was complete, added a solution of 10 mL diethyl ether and 

3 mL isopropanol to the reaction to quench the Jones reagent, then passed the mixture through a 

2-inch celite pad with about 250 mL more ether to separate most of the green precipitate from the 

product.  It’s important to break up the green goo as much as possible, and disperse it in the ether 

to maximize the product yield.  The greenish solution was transferred to 250 mL of water in a 

separatory funnel, and the organic layer was washed once and separated.  The aqueous layer was 

extracted with ether two more times.  The combined organics were washed with saturated sodium 
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bicarbonate once, then dried over sodium sulfate.  The volatiles were rotovapped away, and the 

crude yellow to light green solid was applied to a 50 g silica column, with a gradient of 15-20% 

ethyl acetate/hexanes.  The product has an R¬f of about 0.5 in 20% ethyl acetate/hexanes with a 

permanganate stain.  74% yield, white solid, mp 109-111 °C.  1H NMR (500 MHz, Chloroform-d) 

δ 7.47 – 7.28 (m, ArH, 5H), 4.75 (ABdd, NCHAHBPh, J = 31.9, 13.8 Hz, 2H), 4.74 (s, CHOSi, 1H), 

4.66 (s, 3°OH, 1H), 2.08 (ddq, COCH2CH3, J = 275.3, 18.5, 7.1 Hz, 2H), 0.90 (t, COCH2CH3, J 

= 7.1 Hz, 3H), 0.85 (s, 9H), 0.17 (s, 3H), 0.08 (s, 3H).  13C NMR (125.7 MHz, Chloroform-d) δ 

201.90, 172.78, 170.46, 134.39, 129.34, 128.84, 128.50, 86.54, 77.42, 43.21, 31.92, 25.41, 18.08, 

6.93, -4.92, -5.39.  FTIR (neat, diamond ATR, cm-1) 3434, 2930, 1714.  HR-ESI-TOFMS:  calcd 

for ([M+Na]+, C20H29NO5SiNa+) 414.1707, found 414.1709.

O

OEt
P

EtO

O

OEt
 Triethyl phosphonoacetate:67  Ethyl bromoacetate (11.0 mL, 99 mmol) and triethyl phosphite 

(18.0 mL, 105 mmol, 1.1 eq) were added a round bottom flask equipped with a large bump trap 

without drainage holes under argon.  The solution was heated at 140 °C overnight.  Ethyl bromide 

boiled off rapidly once the solution hit 140 °C, and collected in the bump trap.  The next morning 

the yellowish oil was cooled to 60 °C and placed under high vacuum to remove residual ethyl 

bromide.  The result is pure enough to use in the next step, but may be purified on a silica column 

3.8b
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with 0-10% ethyl acetate hexanes.  Product:  85% yield, clear to light yellow oil.  1H NMR (400 

MHz, Chloroform-d) δ 4.19 (dq, J = 14.6, 7.1 Hz, 6H), 2.96 (d, J = 21.6 Hz, 2H), 1.35 (t, J = 7.1 

Hz, 6H), 1.29 (t, J = 7.1 Hz, 3H).

O

OEt
 

Ethyl (2E,4E)-hepta-2,4-dienoate (3.8a):68  Sodium hydride (60% dispersion in mineral oil, 4.0 

grams, 100 mmol, 3 eq) were added to a 100 mL oven-dry round bottom flask under argon, and 

dry hexanes were added and withdrawn once to remove excess mineral oil.  The grey solid was 

suspended in 40 mL of anhydrous THF and cooled to -20 °C.  Triethyl phosphonoacetate (11.5 mL, 

58 mmol, 1.8 eq) was added dropwise, maintaining the temperature at -20 °C.  Once the addition 

was complete, 2-pentenal (3.2 mL, 33 mmol) was added in a slow stream, and the solution was 

stirred for 30 minutes at -20 °C.  The solution was warmed to room temperature and stirred for 

another 30 minutes.  Finally, it was quenched with a minimum amount of water, and transferred 

to a separatory funnel with about 300 mL of diethyl ether.  The organic layer was washed with 

saturated ammonium chloride once, then saturated sodium carbonate twice and saturated brine 

once, before being dried over anhydrous magnesium sulfate.  The bright yellow oil was purified 

on a 100 g silica column with 0-15% ethyl acetate/hexanes.  Rf of about 0.5 in 10% ethyl acetate/

hexanes with permanganate stain.  Product:  94% yield, light yellow oil.  1H NMR (400 MHz, 

3.8a
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Chloroform-d) δ 7.31 – 7.19 (m, 1H), 6.26 – 6.04 (m, 2H), 5.77 (d, J = 15.4 Hz, 1H), 4.18 (q, J = 

7.1 Hz, 2H), 2.27 – 2.11 (m, 2H), 1.28 (t, J = 7.1 Hz, 3H), 1.03 (t, J = 7.4 Hz, 3H).  13C NMR (101 

MHz, Chloroform-d) δ 167.19 , 145.82 , 145.01 , 127.37 , 119.20 , 60.06 , 25.96 , 14.25 , 12.83 .

O

OH
 

(2E,4E)-hepta-2,4-dienoic acid (3.8):68 Ethyl (2E,4E)-hepta-2,4-dienoate (3.9 grams, 25 mmol) 

was dissolved in 65 mL methanol, and sodium hydroxide (2M, 65 mL, 130 mmol, 5 eq) was added.  

The solution was heated at 40 °C for one hour, then the methanol was removed under reduced 

pressure and the resulting solution was washed once with diethyl ether, which was discarded.  The 

aqueous solution was acidified to pH 1 with concentrated HCl, then extracted three times with 

dichloromethane.  The solution was dried over anhydrous magnesium sulfate, then filtered and the 

solvent was evaporated, leaving pure white solid product.  The product can be further purified, if 

necessary, by silica column with 0-10% methanol dichloromethane.  Product:  97% yield, white 

solid, mp 38-39 °C.  1H NMR (400 MHz, Chloroform-d) δ 11.28 (s, 1H), 7.41 – 7.30 (m, 1H), 6.36 

– 6.09 (m, 2H), 5.80 (d, J = 15.3 Hz, 1H), 2.22 (qd, J = 7.4, 4.9 Hz, 2H), 1.06 (t, J = 7.4 Hz, 3H).  

13C NMR (126 MHz, Chloroform-d) δ 172.72, 147.57, 147.48, 127.30, 118.28, 26.10, 12.79.

3.8
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(3S,4R)-1-benzyl-4-((tert-butyldimethylsilyl)oxy)-2,5-dioxo-3-propionylpyrrolidin-3-yl 

(2E,4E)-hepta-2,4-dienoate (3.9):70  (2E,4E)-hepta-2,4-dienoic acid (335 mg, 2.66 mmol, 2 

eq) and 4-(dimethylamino)pyridine (DMAP, 740 mg, 6.11 mmol, 5 eq) were added to an oven-

dry 100 mL round bottom flask with a stir bar under argon.  20 mL anhydrous dichloromethane 

was added and the solution was cooled to 0 °C in an ice bath.  Separately, (3S,4R)-1-benzyl-

4-((tert-butyldimethylsilyl)oxy)-3-hydroxy-3-propionylpyrrolidine-2,5-dione (450 mg, 1.15 

mmol) was dissolved in 5 mL anhydrous dichloromethane, and added to the cooled solution 

slowly, while monitoring its temperature.  The solution was stirred 10 minutes at 0 °C, then solid 

dicyclohexylcarbodiimide (DCC, 720 mg, 3.49 mmol, 3 eq) was added by opening the system 

briefly.  Let the solution stir overnight to room temperature.  The next morning the brown solution 

was passed through a 1-inch celite plug with more dichloromethane to remove precipitated 

dicyclohexylurea, the volatiles were removed via rotovap, and the residue was again passed 

through a 1-inch celite plug with dichloromethane.  The brown solution was washed with 10% HCl 

twice, saturated bicarbonate solution twice, then saturated brine solution once.  Dried over sodium 

sulfate.   After removing volatiles again on a rotovap, the brown residue was purified on a 100 g 

silica column with a 0-20% ethylacetate/hexanes gradient (product Rf of about 0.5 in 10% ethyl 

3.9



164

acetate/hexanes with permanganate stain).  The main byproduct seems to be the substrate coupled 

with DCC.  Product:  76% yield, white solid, mp 64-65 °C. 1H NMR (400 MHz, Chloroform-d) 

δ 7.47 – 7.23 (m, ArH, CH=CHCH=CHCH2CH3, 6H), 6.36 – 6.17 (m, CH=CHCH=CHCH2CH3, 

2H), 5.92 (d, CH=CHCH=CHCH2CH3, J = 15.4 Hz, 1H), 5.12 (s, CHOSi, 1H), 4.77 (ABq, 

NCHAHBPh, J = 32.8, 14.7 Hz, 2H), 2.70 (ddq, COCH2CH3, J = 71.9, 19.3, 7.1 Hz, 2H), 2.25 (p, 

CH=CHCH2CH3, J = 7.1 Hz, 2H), 1.08 (t, COCH2CH3, J = 7.1 Hz, 3H), 1.05 (t, CH=CHCH2CH3, 

J = 7.1 Hz, 3H), 0.86 (s, 9H), 0.14 (s, 3H), 0.07 (s, 3H).  13C NMR (125.7 MHz, Chloroform-d) δ 

201.34, 171.90, 168.36, 165.72, 149.17, 148.87, 134.90, 128.75, 128.30, 127.96, 127.25, 116.60, 

89.62, 74.49, 43.12, 34.05, 26.35, 25.63, 18.30, 12.85, 6.79, -4.62, -5.12.  FTIR (neat, diamond 

ATR, cm-1) 3034, 2931, 2857, 1714, 1637.  HR-ESI-TOFMS:  calcd for ([M+H]+, C27H38NO6Si+) 

500.2463, found 500.2467.
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(5S,9R)-7-benzyl-9-((tert-butyldimethylsilyl)oxy)-2-((1E,3E)-hexa-1,3-dien-1-yl)-3-methyl-1-

oxa-7-azaspiro[4.4]non-2-ene-4,6,8-trione (3.10):  Sodium hexamethyldisilazane (1.0M, 0.50 

mL, 0.50 mmol) was added to 10 mL of anhydrous THF in a 50 mL oven-dry round bottom flask 

under argon, and cooled to 0 °C in an ice bath.  Separately, the yellow oil substrate (250 mg, 0.50 

Key compound 3.10
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mmol) was dissolved in 10 mL anhydrous THF, cooled to 0 °C, and the substrate solution was 

added dropwise to the base solution, maintaining the temperature at 0 °C.  The solution was stirred 

for 5 minutes after addition was complete, and then quenched with 10 mL of 1.0 M HCl.  About 

20 mL of ethyl acetate was added to the solution, and the aqueous layer was extracted 3 times 

with more ethyl acetate, the combined organic layers were washed once with saturated brine, then 

dried over anhydrous sodium sulfate.  The volatiles were removed, and the yellow oil was purified 

on a 50 g silica column with 0-20% ethyl acetate/hexanes.  The product has an Rf of about 0.3 

in 10% ethyl acetate/hexanes with permanganate stain.  Product:  72% yield, yellow syrup.  1H 

NMR (400 MHz, Chloroform-d) δ 7.49 – 7.23 (m, ArH, 5H), 7.18 (dd, CCH=CHCH=CHCH2CH3, 

J = 14.9, 10.0 Hz, 1H), 6.33 (d, CCH=CHCH=CHCH2CH3, J = 15.4 Hz, 1H), 6.29 – 6.14 (m, 

CCH=CHCH=CHCH2CH3, 2H), 4.84 (s, CHOSi, 1H), 4.74 (ABdd, NCHAHBPh, J = 20.9, 14.5 Hz, 

2H), 2.24 (p, CCH=CHCH=CHCH2CH3, J = 7.3 Hz, 2H), 1.74 (s, CH3C=CCH=CH, 3H), 1.07 (t, 

CCH=CHCH=CHCH2CH3, J = 7.4 Hz, 3H), 0.80 (s, 9H), 0.14 (s, 3H), 0.01 (s, 3H).  13C NMR 

(125.7 MHz, Chloroform-d) δ 193.68, 179.79, 171.41, 166.58, 146.95, 139.97, 134.78, 128.69, 

128.52, 128.44, 128.01, 114.71, 110.27, 90.99, 74.08, 42.99, 29.68, 26.22, 25.26, 18.03, 12.81, 

5.61, -4.83, -5.58.  FTIR (neat, diamond ATR, cm-1) 3034, 2929, 2857, 1728, 1620.  HR-ESI-

TOFMS:  calcd for ([M+H]+, C27H35NO5Si+) 482.2357, found 482.2357.
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(5S,9R)-2,7-dibenzyl-9-((tert-butyldimethylsilyl)oxy)-2-((1E,3E)-hexa-1,3-dien-1-yl)-

3-methyl-1-oxa-7-azaspiro[4.4]nonane-4,6,8-trione (3.11):72  (5S,9R)-7-benzyl-9-((tert-

butyldimethylsilyl)oxy)-2-((1E,3E)-hexa-1,3-dien-1-yl)-3-methyl-1-oxa-7-azaspiro[4.4]non-2-

ene-4,6,8-trione (3.1.G, 50 mg, 0.1038 mmol) was dissolved in 5 mL anhydrous diethyl ether in 

an oven-dry round bottom flask. under argon.  Separately, benzylmagnesium chloride (1.0M, 0.32 

mL, 3 eq) was added to an oven-dry round bottom flask under argon.  Both flasks were cooled to 

0 °C, and the substrate solution was transferred by syringe to the Grignard solution dropwise.  The 

mixture was stirred overnight to room temperature, then stirred for three days until the starting 

material spot was gone (silica gel TLC, 10% EtOAc/hexanes, UV light, Rf of starting material is 

about 0.3, Rf of product is about 0.5).  The reaction was quenched with 10 mL saturated ammonium 

chloride, extract with 10 mL ethyl acetate three times.  Dry over sodium sulfate.  Rotovap.  5 

gram silica column, 10% ethyl acetate hexanes.  Product Rf at about 0.5.  16 mg yellow oil.  

27% yield.  Only conjugate addition product isolated, no addition to any carbonyl.  1H NMR 

(400 MHz, Chloroform-d) δ 7.36 – 7.21 (m, 2 x ArH, 10H), 6.27 (dd, CH=CHCH=CHCH2CH3, 

J = 15.3, 10.4 Hz, 1H), 6.00 (dd, CH=CHCH=CHCH2CH3, J = 15.2, 10.4 Hz, 1H), 5.70 (dt, 

CH=CHCH=CHCH2CH3, J = 15.1, 6.4 Hz, 1H), 5.54 (d, CH=CHCH=CHCH2CH3, J = 15.4 Hz, 

3.11
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1H), 4.71 (ABd, NCHAHBPh, J = 10.5 Hz, 2H), 3.26 (ABdd, CHCCHAHBPh, J = 47.1, 13.4 Hz, 

2H), 2.70 (q, CH3CHCO, J = 7.5 Hz, 1H), 2.09 (p, CH=CHCH=CHCH2CH3, J = 6.8 Hz, 2H), 

1.00 (t, CH=CHCH=CHCH2CH3, J = 7.4 Hz, 3H), 0.98 (d, CH3CHCO, J = 7.5 Hz, 3H), 0.86 (s, 

9H), 0.20 (s, 3H), 0.10 (s, 3H).  13C NMR (125.7 MHz, Chloroform-d) δ 207.06, 171.89, 169.42, 

137.67, 135.76, 134.82, 131.44, 131.04, 129.55, 128.68, 128.26, 128.16, 127.96, 127.94, 126.70, 

90.04, 87.17, 75.58, 49.51, 47.45, 42.72, 29.69, 25.78, 25.65, 18.25, 13.31, 11.40, -4.14, -4.48.  

FTIR (neat, diamond ATR, cm-1) 3031, 2927, 2855, 1724.  HR-ESI-TOFMS:  calcd for ([M+H]+, 

C34H44NO5Si+) 574.2983, found 574.2984.

Part II:  Synthesis of oxazolidinones:

H2N
(S) OH

R
Reduction of an amino acid to an amino alcohol, general procedure.  Method A,98 NaBH4/I2 

reduction:  Amino acid (30 mmol) was added to a 500 mL 3-neck round bottom flask under argon 

with a stir bar; a thermometer equipped on one neck, a 200 mL addition funnel with a septum on the 

center neck, and a glass stopper on the third neck.  Around 100 mL of anhydrous THF was added, 

and the solution was cooled to between 0 and 4 °C (internal temperature).  Sodium borohydride 

(2.84 grams, 75 mmol, 2.5 eq) was added in one portion by removing the glass stopper briefly.  

Separately, 50 mL of anhydrous THF was added to a 100 mL oven-dry round bottom flask with a 
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stir bar under argon, and iodine (8.38 grams, 33 mmol, 1.1 eq) was added by removing the septum 

briefly.  The solution was stirred for a few minutes to dissolve the iodine.  The iodine solution was 

then transferred to the addition funnel via cannula, and the iodine solution was added to the amino 

acid solution at a slow drip, slowing the addition to keep the internal temperature below 10 °C (the 

addition takes about 40 min).  The brown heterogeneous solution turned white as the iodine reacted, 

with significant hydrogen gas emission.  Once the iodine addition was complete, the solution was 

stirred for 20 minutes more before removing the cooling bath, thermometer and addition funnel 

(replacing those with septa or glass stoppers, keeping the system under argon).  The solution was 

then heated in an oil bath to 85 °C (oil bath temperature) for 18 hours.  After 18 hours, the reaction 

was quenched by the slow addition of methanol, and the solution turns from heterogeneous white 

to homogenous tan.  The solution was transferred to a single-neck round bottom flask with more 

methanol, and stirred for 30 min to ensure a full quench.  The volatiles were removed on a rotovap, 

leaving a white slurry.  The slurry was dissolved in 200 mL 20% aqueous KOH, and the solution 

was stirred 5 hours at room temperature.  After 5 hours, the solution was transferred to a separatory 

funnel, and the aqueous layer was extracted 6 times with dichloromethane.  The combined organics 

were dried over anhydrous sodium sulfate, and rotovapped to leave a white solid.  The solid was 

further purified by vacuum distillation.  Product is a white solid.  70-90% yield.  

Method B,99 LAH reduction:  About 350 mL of anhydrous THF was added to a 1-liter 3-neck 

flask with a stir bar under argon (one neck covered with septum, one with a glass stopper, and 

one with a thermometer), and grey lithium aluminum hydride powder (4.5 grams, 118 mmol, ca 

4 eq) was added carefully (if the LAH is white, it’s gone bad).  The septum was removed and the 
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flask was equipped with a condenser with an argon inflow at the top.  The solution was cooled to 

0 to 4 °C internal temperature in an ice bath, and 30 mmol of amino acid was carefully added in 

small portions by removing the glass stopper, keeping the additions small enough to prevent the 

internal temperature from exceeding 10 °C.  Once the addition was complete, the solution was 

allowed to slowly increase to room temperature before the thermometer was removed and replaced 

with another glass stopper (let it stir for at least one hour).  It was checked that the stoppers and 

condenser were greased to form a tight seal, then the solution was heated to reflux for 16 hours.  

After 16 hours the solution was cooled to 0 °C, and the reaction was carefully quenched by the 

slow addition of 20 mL water, then 20 mL of 15% NaOH, then 60 mL of water.  There will be 

much gas emitted!  Go slow.  The reaction was stirred to room temperature (at least one hour), and 

turned from grey to white.  Then the solution was filtered through celite, and the cake washed with 

400 mL of ethyl acetate.  The combined organics were washed with brine, then dried over sodium 

sulfate.  Removal of the solvent by rotovap left a tan solid, which may be purified by vacuum 

distillation.  Product is a white solid.  70-90% yield.

H2N
(S) OH

(L)-tert-Leucinol.  Product:  white solid, 86 % yield.  1H NMR (500 MHz, DMSO-d6) δ 3.04 

(ABXdd, CHXCHAHBOH, J = 10.2, 9.3 Hz, 1H), 2.95 (ABXddd, CHXCHAHBOH J = 583.1, 9.7, 3.2 

Hz, 2H), 0.83 (s, 9H).

8.14
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HN

(S)

O

O

R2

Synthesis of an oxozolidinone from an amino alcohol, general procedure:100  The purified 

amino alcohol (30 mmol) was added to a 25 mL oven-dry round bottom flask with a stir bar 

and an oven-dry short-path distillation apparatus under argon.  0.83 grams (6 mmol, 0.2 eq) 

anhydrous potassium carbonate was added and 11 mL (90 mmol, 3 eq) of diethyl carbonate.  The 

heterogeneous solution was heated in an oil bath at 100 °C for 20 minutes then 120 °C for 5 

hours.  The amino alcohol melted and the potassium carbonate dispersed, making a homogenous 

cloudy white solution.  Additional insulation on the short-path distillation apparatus is advised 

to remove most of the ethanol byproduct.  After 5 hours, the solution was cooled briefly (to at 

least 80 °C), and placed under vacuum to remove more ethanol, then heated again at 100 °C for 

one hour.  Cooled to room temperature, transferred the pot solution to a separatory funnel with 

dichloromethane.  Washed the organic layer with brine, then dried over anhydrous sodium sulfate.  

Rotovapped.  White fluffy solid was contaminated with diethyl carbonate.  Stirred the crystals in 

diethyl ether for 30 min, then collected them by filtration.  Saved the ether washes.  Rotovapped 

again.  Continued the process to collect more product.  80-95% yield.  White solid.  Note that most 

oxazolidinones can be purchased relatively cheaply from Combi-Blocks.
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HN

(S)

O

O

(S)-4-(tert-butyl)oxazolidin-2-one.  Obtained following the general procedure using L-tert-

leucinol.  Product:  white solid.  85% yield.  1H NMR (400 MHz, Chloroform-d) δ 5.99 (s, NH, 

1H), 4.37 (ABXtd, CHXCHAHBO, J = 9.0, 0.4 Hz, 1H), 4.20 (ABXdd, CHXCHAHBO, J = 9.0, 5.8 

Hz, 1H), 3.59 (ABXddd, CHXCHAHBO, J = 9.0, 5.8, 1.1 Hz, 1H), 0.91 (s, 9H).  

R1

O

N O

O

R2
General Procedure for coupling α,β-unsaturated carbonyl compounds and oxazolidinones:101  

30 mmol of very pure oxazolidinone was thoroughly dried by adding toluene three times and 

rotovapping it off, then setup under argon in an oven-dry 100 mL round bottom flask.  The 

oxazolidinone was dissolved in ca 50 mL of anhydrous THF, and cooled to -78 °C in a dry ice-IPA 

bath.  15.6 mL (35 mmol, 1.3 eq) of n-butyllithium was added dropwise, let stir for 30 min at -78 

°C, then warmed to 0 °C.  39 mmol (1.3 eq) of very pure (often recently distilled) acid chloride was 

added in three portions by removing the septum briefly.  Let stir to room temperature overnight.  The 

next morning carefully poured the reaction into 50 mL of saturated sodium bicarbonate carefully to 

8.15
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quench, and rotovap off the THF.   Transferred the heterogeneous solution to a separatory funnel 

with ca 100 mL of diethyl ether, then washed the aqueous layer three times with more ether.  The 

combined organic layers were washed with saturated sodium bicarbonate three times, then dried 

over anhydrous sodium sulfate.  Dissolved the crude crystals in dichloromethane, and precipitated 

pure crystals by adding hexanes.  The final crop can be purified on a silica column.  White solid.  

60-95% yield.

O

N

(S)

O

O

 (S)-3-(crotonoyl)-4-isopropyloxazolidin-2-one (6.1 sm).  Used 4S-isopropyl-oxazolidin-2-one 

(0.30 g, 2.32 mmol) with (E)-crotonyl chloride in the general protocol.  The crude product was 

purified using flash chromatography (30% ether in pentane, Rƒ 0.14).  Product:  93%; 1H NMR 

(500 MHz, CDCl3) δ 7.28 (dq, CH3CH=CH, J = 15.5, 1.5 Hz, 1H), 7.15 (dq, CH3CH=CH, J = 

15.5, 7.0 Hz, 1H), 4.49 (m, OCH2CHN, 1H), 4.28 (dd, OCH2CHN, J = 9.0, 8.0 Hz, 1H), 4.22 (dd, 

OCH2CHN, J = 9.0, 3.5 Hz, 1H), 2.41 (m, CH(CH3)2, 1H), 1.96 (d, CH3CH=CH, J = 7.0 Hz, 3H), 

0.93, 0.88 (2d, CH(CH3)2, J = 7 Hz, 3H each);  13C NMR (125.7 MHz, CDCl3) δ 165.0, 154.0, 

146.6, 121.9, 63.3, 58.5, 28.5, 18.4, 18.0, 14.7.

6.1 sm
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O

N

(S)

O

O

 (S)-3-cinnamoyl-4-isopropyloxazolidin-2-one (6.2 sm):  Obtained from the acylation of S-4-

isopropyl-oxazolidin-2-one (0.30 g, 2.32 mmol) with (E)-cinnamoyl chloride according to the 

general protocol detailed above.  The crude product was purified using flash chromatography (50% 

Et2O in pentane, Rƒ 0.25) to give 85% (510 mg) of product; 1H NMR (500 MHz, CDCl3) δ 7.95 

(d, PhCH=CH, J = 15.6 Hz, 1H), 7.84 (d, PhCH=CH, J = 15.6 Hz, 1H), 7.63–7.60 (m, 2 H), 7.40–

7.37 (m, 3H), 4.55 (m, OCH2CHN, 1H), 4.30 (dd, OCH2CHN, J = 9.0, 8.0 Hz, 1H), 4.24 (dd, 

OCH2CHN, J = 8.0, 3.0 Hz, 1H), 2.46 (m, CH(CH3)2, 1H), 0.94, 0.91 (2d, J = 7.0 Hz, CH(CH3)2, 

3H each); 13C (125.7 MHz, CDCl3) δ 165.1, 154.1, 146.1, 134.6, 130.5, 128.8, 128.5, 117.1, 63.4, 

58.6, 28.5, 18.0, 14.7.

O

N

(S)

O

O

 (S,E)-3-(hex-2-enoyl)-4-isopropyloxazolidin-2-one (6.3 sm):  Obtained from the acylation of 

S-4-isopropyl-oxazolidin-2-one (1.29 g, 10.02 mmol) with 2(E)-hexenoyl chloride according to 

6.2 sm

6.3 sm
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the general protocol detailed above.  The crude product was purified using flash chromatography 

(0–30% EtOAc in hexanes) to give 27% (602 mg) of product as a clear gel, [ɑ]D20 +82.0º 

(c=1.0, CHCl3). {Lit.105 [ɑ]D25  +89.7º (c=1.0, CHCl3}. 1H NMR (400 MHz, CDCl3) δ 7.27 

(dt, CH2CH=CH, J = 15.3, 1.4 Hz, 1H), 7.14 (dt, CH2CH=CH, J = 15.3, 6.9 Hz, 1H), 4.49 (m, 

OCH2CHN, 1H), 4.27 (dd, OCH2CHN, J = 9.1, 9.1 Hz, 1H), 4.21 (dd, OCH2CHN, J = 9.1, 3.1 

Hz, 1H), 2.41 (m, CH(CH3)2, 1H), 2.26 (ddd, CH2CH2CH=CH, J = 7.4, 6.9, 1.4 Hz, 2H), 1.53 

(sext, CH3CH2CH2, J = 7.4 Hz, 2H), 0.95 (t, CH3CH2, J = 7.3 Hz, 3H), 0.96–0.88 (2d, CHCH3, 

J = 7.0 Hz, 3H each);  13C NMR (125.7 MHz, DMSO-d6) δ 164.6, 154.4, 150.2, 121.1, 63.9, 

58.5, 34.4, 28.7, 21.3, 18.0, 15.0, 13.9;  FTIR (cm-1) 1776, 1685, 1636, 1367, 1203, 712. LCMS 

[C12H20NO3]+ (MH+) 226.1, found 226.0.

O

N

(S)

O

O

 (S)-3-(crotonoyl)-4-(tert-butyl)oxazolidin-2-one (6.4 sm):  Obtained from the acylation of 

4S-tert-butyl-oxazolidin-2-one (0.30 g, 2.10 mmol) with (E)-crotonyl chloride according to the 

general protocol detailed above.  The crude product was purified using flash chromatography (30% 

Et2O in pentane, Rƒ 0.50) to give 70% (310 mg) of product as a clear oil; 1H NMR (500 MHz, 

CDCl3)  δ 7.28 (dq, COCH=CH, J = 15.5, 1.5 Hz, 1H), 7.15 (dq, COCH=CH, J = 15.5, 7.0 Hz, 

1H), 4.53 (dd, NCHCH2O, J = 7.4, 1.5 Hz, 1H), 4.28 (dd, NCHCH2O, J = 9.2, 1.5 Hz, 1H), 4.24 

6.4 sm
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(dd, NCHCH2O, J = 9.2, 7.4 Hz, 1H), 1.96 (dd, CH3CH, J = 7.0, 1.5 Hz, 3H), 0.94 (s, t-Bu, 9H); 

13C NMR (125.7 MHz, CDCl3) δ 165.0, 154.5, 146.4, 121.8, 65.0, 60.6, 35.7, 25.4, 18.2.

O

N

(S)

O

O

6.5 sm

 (S)-4-(tert-butyl)-3-cinnamoyloxazolidin-2-one (6.5 sm): Obtained from the acylation of S-4-

tert-butyl-oxazolidin-2-one (0.30 g, 2.10 mmol) with (E)-cinnamoyl chloride according to the  

general protocol detailed above.  The crude product was purified using flash chromatography (50% 

Et2O in pentane, Rƒ 0.50) to give 85% (480 mg) of product as a clear syrup; 1H NMR (500 

MHz, CDCl3) δ 7.95 (d, J = 15.6 Hz, 1H), 7.85 (d, J = 15.6 Hz, 1H), 7.62 (m, 2H), 7.39 (m, 3H), 

4.59 (dd, NCHOCH2, J = 7.4, 1.8 Hz, 1H), 4.33 (dd, NCHCH2O, J = 9.2, 1.8 Hz, 1H), 4.28 (dd, 

NCHCH2O, J = 9.2, 7.4 Hz, 1H), 0.98 (s, t-Bu, 9H); 13C NMR (125.7 MHz, CDCl3) δ 165.5, 

154.7, 146.4, 134.6, 130.6, 128.9, 128.6, 117.2, 65.3, 61.0, 36.0, 25.7. 
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O

N

(S)

O

O

 (S,E)-4-(tert-butyl)-3-(hex-2-enoyl)oxazolidin-2-one (6.6 sm):  Obtained from the acylation of 

S-4-tert-butyl-oxazolidin-2-one (1.254 g, 8.76 mmol) with 2(E)-hexenoyl chloride according to 

the general protocol detailed above.  The crude product was purified using flash chromatography 

(0–30% EtOAc in hexanes) to give 17% (359 mg) of product as a clear syrup, [ɑ]D20 +88.0º (c=1.0, 

CHCl3). 1H NMR (400 MHz, DMSO-d6) δ 7.17 (dt, CH2CH=CH, J = 15.2, 1.3 Hz, 1H), 6.98 (dt, 

CH2CH=CH, J = 15.2, 6.6 Hz, 1H), 4.41–4.37 (m, OCH2CHN and ½OCH2CHN, 2H), 4.33 (dd, 

½OCH2CHN, J = 9.1, 8.8 Hz, 1H), 2.22 (ddd, CH2CH2CH=CH, J = 7.1, 6.6, 1.3 Hz, 2H), 1.46 

(sext, CH3CH2CH2, J = 7.1 Hz, 2H), 0.91 (t, CH3CH2, J = 7.1 Hz, 3H), 0.85 (s, tert-Bu, 9H); 

13C NMR (125.7 MHz, DMSO-d6) δ 164.9, 155.1, 150.1, 121.2, 65.6, 60.9, 35.9, 34.4, 25.8, 21.3, 

14.0;  FTIR (cm-1) 1777, 1689, 1657, 1340, 1186, 715. LCMS [C13H22NO3]+ (MH+) 240.2, 

found 240.0.

6.6 sm
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O

N

(S)

O

O

 (S)-4-benzyl-3-(crotonoyl)oxazolidin-2-one (6.7 sm):  Obtained from the acylation of S-4-benzyl-

oxazolidin-2-one  with (E)-crotonyl chloride according to the general protocol detailed above.  The 

crude product was purified using flash chromatography (50% Et2O in pentane, Rƒ 0.50) to give 

91% of 3 as a white solid; 1H NMR (500 MHz, CDCl3) δ 7.35–7.31 (m, aromatic, 2H), 7.30–7.18 

(m, aromatic and olefinic, 5H), 4.73 (m, NCHCH2O, 1H), 4.21–4.17 (m, NCHCH2O, 2H), 3.33 

(dd, CH2Ph, J = 13.4, 3.2 Hz, 1H), 2.80 (dd, CH2Ph, J = 13.4, 9.5 Hz, 1H), 1.98 (d, CH3CH, J = 

6.0 Hz, 3H); 13C NMR (125.7 MHz, CDCl3) δ 165.0, 153.4, 146.9, 135.4, 129.5, 129.90, 127.3, 

122.0, 66.1, 55.3, 37.9, 18.5.

6.7 sm
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O

N

(S)

O

O

 (S)-4-benzyl-3-cinnamoyloxazolidin-2-one (6.8 sm):  Obtained from the acylation of S-4-

benzyl-oxazolidin-2-one (0.40 g, 2.16 mmol) with (E)-cinnamoyl chloride according to the general 

protocol detailed above.  The crude product was purified using flash chromatography (40% Et2O 

in pentane, Rƒ 0.30) to give 88% (580 mg) of product as a white solid; 1H NMR (500 MHz, 

CDCl3) δ 7.92 (2d, J = 15.0 Hz, 2H), 7.64 (4m, 2H), 7.42-7.23 (4m, 8H), 4.81 (m, NCHCH2O, 

1H), 4.26–4.21 (m, NCHCH2O, 2H), 3.38 (dd, CH2Ph, J = 12.4, 2.9 Hz, 1H), 2.86 (dd, CH2Ph, J 

= 12.4, 8.3 Hz, 1H); 13C NMR (125.7 MHz, CDCl3) δ 165.2, 153.6, 146.5, 135.4, 134.6, 130.7, 

129.5, 129.0, 128.9, 128.7, 127.4, 117.1, 66.2, 55.5, 38.0.

6.8 sm
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O

N

(S)

O

O

 (S,E)-4-benzyl-3-(hex-2-enoyl)oxazolidin-2-one (6.9 sm): Obtained from the acylation of S-4-

benzyl-oxazolidin-2-one (1.77 g, 10.01 mmol) with 2(E)-hexenoyl chloride according to the 

general protocol detailed above.  The crude product was purified using flash chromatography (0–

30% EtOAc in hexanes) to give 47% (1.294 mg) of product as a white solid, mp 52.0–53.1 ºC, 

[ɑ]D20 +64.6º (c=1.1, CHCl3). {Lit.106 [ɑ]D25 +65.5º (c=1.1, CHCl3)}.  1H NMR (400 MHz, 

DMSO-d6) δ 7.34–7.29 (m, PhH, 2H), 7.28–7.23 (m, PhH, 1H), 7.21–7.18 (m, PhH, 2H), 7.14 (d, 

olefinic, CH2CH=CH, J = 15.2 Hz, 1H), 7.06 (dt, CH2CH=CH, J = 15.2, 6.6 Hz, 1H), 4.74–4.68 

(m, NCH, 1H), 4.35 (dd, OCH2CHN, J = 8.6, 8.6 Hz, 1H), 4.19 (dd, OCH2CHN, J = 8.6, 3.0 

Hz, 1H), 3.05 (dd, PhCH2CH, J = 13.3, 3.2 Hz, 1H), 2.96 (dd, PhCH2CH, J = 13.3, 7.8 Hz, 1H), 

2.25 (bq, CH2CH2CH=CH, J = 6.9 Hz, 2H), 1.46 (sext, CH3CH2CH2, J = 7.0 Hz, 2H), 0.92 (t, 

CH3CH2, J = 7.0 Hz, 3H); 13C NMR (125.7 MHz, CDCl3) δ 165.1, 153.4, 151.7, 135.4, 129.4, 

128.9, 127.3, 120.5, 66.1, 55.3, 37.9, 34.7, 21.4, 13.7; FTIR (cm-1) 1781, 1678, 1635, 1352, 1200, 

705. LCMS [C16H20NO3]+ (MH+) 274.1, found 273.9. 

6.9 sm



180

O

N

(R)

O
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 (R)-3-(crotonoyl)-4-phenyloxazolidin-2-one (6.10 sm):  Obtained from the acylation of R-4-

phenyl-oxazolidin-2-one with (E)-crotonyl chloride according to the general protocol detailed 

above.  The crude product was purified using flash chromatography (30% Et2O in pentane, Rƒ 

0.40) to give 76%  of 4 as a white solid; 1H NMR (500 MHz, CDCl3) δ 7.40–7.29 (m, aromatic, 

5H), 7.28 (dq, COCH=CH, J = 15.3, 1.6 Hz, 1H), 7.09 (dq, COCH=CH, J = 15.3, 7.0 Hz, 1 H), 

5.48 (dd, NCHCH2O, J = 8.8, 3.9 Hz, 1H), 4.69 (dd, NCHOCH2, J = 8.8, 8.8 Hz, 1H), 4.27 (dd, 

NCHOCH2, J = 8.8, 3.9 Hz, 1H), 1.93 (dd, CH3CH=CH, J = 7.0, 1.7 Hz, 3H); 13C NMR (125.7 

MHz, CDCl3) δ 164.5, 153.7, 147.3, 139.1, 129.2, 128.6, 125.9, 121.7, 69.9, 57.7, 18.5.

O

N

(R)

O

O

 (R)-3-cinnamoyl-4-phenyloxazolidin-2-one (6.11 sm):  Obtained from the acylation of R-4-

phenyl-oxazolidin-2-one (0.30 g, 1.84 mmol) with (E)-cinnamoyl chloride according to the general 

6.10 sm

6.11 sm



181

protocol detailed above. The crude product was purified using flash chromatography (15% EtOAc 

in petroleum ether, Rƒ 0.40) to give 88% (470 mg) of product as a white solid; 1H NMR (500 

MHz, CDCl3) δ 7.96 (d, PhCH=CH, J = 15.5 Hz, 1 H), 7.80 (d, PhCH=CH, J = 15.5 Hz, 1H), 7.60 

(m, 2H), 7.42–7.32 (2m, 8H), 5.56 (dd, NCHOCH2, J = 8.7, 3.8 Hz, 1H), 4.71 (dd, NCHOCH2, J 

= 8.7, 8.7 Hz, 1H), 4.29 (dd, NCHOCH2, J = 8.7, 3.8 Hz, 1H);  13C NMR (125.7 MHz, CDCl3) 

δ 164.6, 153.7, 146.5, 139.0, 134.4, 130.6, 129.0, 128.8, 128.5, 128.5, 125.9, 116.8, 69.9, 57.7.

O

N

(R)

O

O

(R,E)-3-(hex-2-enoyl)-4-phenyloxazolidin-2-one (6.12 sm): Obtained from the acylation of 

R-4-phenyl-oxazolidin-2-one (1.63 g, 10.00 mmol) with 2(E)-hexenoyl chloride according to 

the general protocol detailed above.  The crude product was purified using flash chromatography 

(0–30% EtOAc in hexanes) to give 28% (721 mg) of product as a white solid, mp 76.0–77.2 ºC, 

[ɑ]D20 –101.1º (c=1.5, CHCl3). {Lit.107 [ɑ]D25 –95.0º (c=1.5, CHCl3)}. 1H NMR (400 MHz, 

DMSO-d6) δ 7.41–7.36 (m, PhH, 2H), 7.34–7.27 (m, PhH, 3H), 7.17 (d, CH2CH=CH, J = 15.0 

Hz, 1H), 6.92 (dt, CH2CH=CH, J = 15.0, 7.0 Hz, 1H), 5.50 (dd, NCH, J = 8.6, 3.3 Hz, 1H), 

4.76 (dd, OCH2CHN, J = 8.6, 8.6 Hz, 1H), 4.17 (dd, OCH2CHN, J = 8.6, 3.3 Hz, 1H), 2.21 (dq, 

CH2CH2CH=CH, J = 6.9 Hz, 2H), 1.44 (sext, CH3CH2CH2, J = 7.5 Hz, 2H), 0.92 (t, CH3CH2, J 

6.12 sm
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= 7.5 Hz, 3H); 13C NMR (125.7 MHz, CDCl3) δ 164.7, 153.7, 152.0, 139.2, 129.2, 128.6, 126.0, 

120.4, 69.9, 57.8, 34.7, 21.3, 13.7;  FTIR (cm-1) 1775, 1683, 1635, 1327, 1205, 707. LCMS 

[C15H18NO3]+ (MH+) 260.1, found 259.9. 

(S)

N O

R2

OO

R1

(PhMe2Si)2Zn·2LiCl
5 mol % CuI·DMS
THF
-78°C 2h 
-30°C 5h

(S)

N
O

R2

OO

(R)R1

Si

Ph
General procedure for adding phenyldimethylsilyl zinc reagents in conjugate addition 

reactions to enones.  PhMe2SiLi was first prepared by adding PhMe2SiCl (0.420 mL, 2.5 mmol, 

2.5 eq) to lithium metal (70 mg, 10 mmol, 10 eq) in 5 mL of anhydrous THF in a 10 mL oven-dry 

strawberry-shaped flask, under argon.  The solution was stirred at 0 °C for 5 hours, then a new, 

unpierced septum was switched in, and the solution was stored in the freezer at least overnight.  

The opaque red solution must be prepared fresh (within a few days of the main reaction) for 

consistent results.  (PhMe2Si)2Zn/LiCl was prepared by adding the entire red silyl anion solution, 

PhMe2SiLi/LiCl (2.50 mmol, 2.50 eq) to ZnCl2 (0.5 M in THF, 2.5 mL, 1.25 mmol, 1.25 eq) 

via syringe under argon to at -78 °C.  The resulting grey to yellow slurry was stirred for 10 min 

at -78 °C and then stirred for exactly 10 min at 0 °C.  It is often easier to leave the silyl anion 

syringe hanging in the zinc solution round bottom septum to reuse to withdraw the silyl zinc 

solution once it is done.  In a separate 25 mL oven-dry round bottom flask containing a stir-bar, the 

appropriate dry enone substrate (1.0 mmol, 1.0 eq) was added along with recently prepared and dry 
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CuI•0.75DMS (47 mg, 0.05 mmol, 0.05 eq, 5 mol%), under argon, and the substrate was dissolved 

in 5 mL anhydrous THF (the copper does not dissolve).  The temperature of the flask was then 

lowered to -78 °C and the silylzinc reagent was added slowly using a syringe while maintaining 

the temperature at -78 °C.  The reaction mixture should turn opaque black after a few minutes.  The 

reaction mixture was stirred for 2h at -78 °C.  After increasing the reaction temperature to -30 °C by 

switching the cooling bath, the reaction was stirred over the next 5h, maintaining the temperature 

at -30 °C by adding dry ice to the bath every once in awhile.  After 5h, the reaction was quenched 

by removing the argon and septum and adding a saturated solution of NH4Cl/NH3 (10 mL, pH = 

10).  The resulting mixture was stirred until a homogeneous deep blue solution was obtained.  The 

solution was then poured out into a mixture of Et2O (25 mL) and water (25 mL) and transferred to 

a separatory funnel.  After the aqueous phase was extracted with Et2O (3 x 25 mL), the combined 

organic layers were dried over anhydrous Na2SO4.  The organic solvent was then removed under 

reduced pressure and the diasteromeric ratio of the crude product was analyzed using 1H NMR 

spectroscopy.  The crude product was then purified using flash chromatography on silica gel twice:  

once with a gradient of ethyl acetate/hexanes, then again with dichloromethane.  The first column 

purification removed all of the impurities except for extra silyl byproduct.  The dichloromethane 

column separated the silyl byproduct from the product.  Note that the temperature required for 

selective addition is dependent on the reactivity of the enone substrate:  reactive enones can be 

run at -78 °C the whole time, while very unreactive enones may need to be warmed further.  For 

oxazolidinone substrates, the procedure as listed is optimum.  
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(R)

O

N

(S)

O

OSiMe2Ph

(S)-3-((R)-3-(dimethyl(phenyl)silyl)butanoyl)-4-isopropyloxazolidin-2-one (6.1 p): Created 

following the general procedure with (S)-3-(crotonoyl)-4-isopropyloxazolidin-2-one.  The crude 

product was purified using flash chromatography (0-20% EtOAc in hexane, Rf 0.4 in 10% EtOAc/

hexanes) and (100% DCM, Rf 0.9) to give 91% (91 mg, 87:13 d.r.) of product as a white solid. 

1H NMR (500 MHz, CDCl3) δ 7.53-7.50 (m, Ar-H, 2H), 7.38-7.33 (m, Ar-H, 3H), 4.39 (m, 

NCHCH2O 1H), 4.26 (dd, NCHCH2O, J = 9.2, 1.6 Hz, 1H), 4.20 (dd, NCHCH2O, J = 9.2, 7.6 

Hz, 1H), 3.10 (dd, COCH2, J = 15.5, 3.5 Hz, 1H), 2.63 (dd, COCH2, J = 15.5, 11.0 Hz, 1H), 2.33 

(m, (CH3)2CH, 1H), 1.56 (m, SiCH, 1H), 0.97 (d, CH3CH, J = 7.5, 3H), 0.90 (d, CH3CH, J = 7.5, 

3H), 0.85 (d, CH3CH, J = 7.0, 3H), 0.34, 0.33 (2s, Si(CH3)2, 3H each); 13C NMR (125.7 MHz, 

CDCl3) δ 173.33, 153.94, 137.42, 134.02, 129.00, 127.73, 63.16, 58.30, 37.87, 28.31, 17.96, 15.78, 

14.52, 14.28, −5.01, −5.09; FTIR (cm-1) 1782, 1698; HRMS (ESI) calcd for [C18H27NO3SiNa]+ 

(MNa+) 356.1657, found 356.1654.

6.1 p
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(S)

O

N

(S)

O

OSiMe2Ph

 (S)-3-(dimethylphenyl)silyl-(S)-3-phenylpropanoyl-4-isopropyloxazolidin-2-one (6.2 p):  

Obtained following the general procedure for the disilylzinc reaction, using (S)-3-cinnamoyl-4-

isopropyloxazolidin-2-one.  The product was purified using flash chromatography (0-20% EtOAc 

in hexanes, Rf 0.4 in 10% EtOAc/hexanes) and 100% DCM (Rf 0.9) to give 90% product as a clear 

oil.  1H NMR (500 MHz, CDCl3) δ 7.31-7.45 (2m, 5H), 7.19 (dd,  J = 7.5 Hz, 2H), 7.08 (dd,  J 

= 7.5 Hz, 1H), 6.97 (d,  J = 7.5 Hz, 2H), 4.18 (m, NCHOCH2, 1H), 4.12-4.05 (dd, NCHOCH2,  

2H), 3.58 (dd, SiCH, J = 17.0, 12.0 Hz, 1H), 3.16 (dd, COCH2, J = 17.0, 4.0 Hz, 1H), 3.01 (dd, 

COCH2, J = 12.0, 4.0 Hz, 1H), 2.09 (m, (CH3)2CH, 1H), 0.79, 0.73 (2d, (CH3)2CH, J = 7.5, 3H 

each), 0.31, 0.26 (2s, Si(CH3)2, 3H each); 13C NMR (125.7 MHz, CDCl3) δ 172.49, 154.10, 

141.59, 136.5, 134.18, 129.24, 128.01, 127.78, 127.68, 124.90, 63.31, 58.31, 35.67, 31.87, 28.26, 

17.84, 14.58, -4.15, -5.27; FTIR (cm-1) 1780, 1701; MS m/z 319 (M-C6H5, 23%), 135 (C8H10Si, 

100%). HRMS (ESI) calcd for [C23H29NO3SiNa]+ (MNa+) 418.1814, found 418.1811. 

6.2 p
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N

(S)
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 (S)-3-((R)-3-(dimethyl(phenyl)silyl)hexanoyl)-4-isopropyloxazolidin-2-one (6.3 p):  Created 

using the general procedure and (S,E)-3-(hex-2-enoyl)-4-isopropyloxazolidin-2-one.  The product 

was purified using flash chromatography (0-20% EtOAc in hexane, Rf 0.4 in 10% EtOAc/Hex) 

and (100% DCM, Rf 0.9) to give 80% (80 mg, 87:13 d.r.) of product as a clear oil. 1H NMR 

(500 MHz, CDCl3) δ 7.55-7.49 (m, 2H), 7.36-7.31 (m, 3H), 4.30 (ddd, NCH, J = 7.9, 3.5, 3.4 

Hz, 1H), 4.17 (dd, NCHCH2O, J = 9.1, 7.9 Hz, 1H), 4.14 (dd, NHCH2O, J = 9.1, 3.4 Hz 1H), 

3.00 (dd, COCH2, J = 17.2, 5.9 Hz, 1H), 2.86 (dd, COCH2, J = 17.2, 7.9 Hz, 1H), 2.33-2.20 (m, 

(CH3)2CH, 1H), 1.64-1.56 (m, SiCH, 1H), 1.49-1.39 (m, CH2, 1H), 1.34-1.16 (m, CH2, 3H), 0.87 

(d, CH3CH, J = 7.1 Hz, 3H), 0.81 (t, CH3CH2, J = 7.0 Hz, 3H), 0.80 (d, CH3CH, J = 7.1 Hz, 3H), 

0.31 (s, Si(CH3)2, 6H); 13C NMR (125.7 MHz, CDCl3) δ 173.68, 154.11, 138.42, 134.10, 128.99, 

127.79, 63.23, 58.55, 36.40, 32.78, 28.33, 22.29, 20.52, 18.12, 14.63, 14.39, -3.80, -4.00; FTIR 

1778, 1700 (cm-1)

6.3 p
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 (S)-4-(tert-butyl)-3-((R)-3-(dimethyl(phenyl)silyl)butanoyl)oxazolidin-2-one (6.4 p):  

Obtained from the general procedure using (S)-3-(crotonoyl)-4-(tert-butyl)oxazolidin-2-one.  The 

product was purified using flash chromatography (0-20% EtOAc in hexane, Rf 0.4 in 10% EtOAc/

Hex) and (100% DCM, Rf 0.9) to give 95% (95 mg, 95:5 d.r.) of product as a white solid. 1H 

NMR (500 MHz, CDCl3) δ 7.52 (m, Ar-H, 2H), 7.35 (m, Ar-H, 3H), 4.39 (dd, NCH, J = 7.6, 1.6 

Hz, 1H), 4.24 (dd, OCH2, J = 9.2, 1.6 Hz, 1H), 4.16 (dd, OCH2, J = 9.2, 7.6 Hz, 1H), 3.02 (dd, 

COCH2, J = 15.8, 3.2 Hz, 1H), 2.69 (dd, COCH2, J = 15.8, 11.3 Hz, 1H), 1.57 (m, SiCH, 1H), 

0.97 (d, CH3CH, J = 7.5 Hz, 3H), 0.90 (s, t-Bu, 9H), 0.33, 0.32 (2s, Si(CH3)2, 3H each); 13C 

NMR (125 MHz, CDCl3) δ 173.47, 154.70, 137.49, 134.04, 129.05, 127.76, 65.33, 61.01, 37.60, 

35.68, 25.71, 16.09, 14.41, −4.90, −5.08; FTIR (cm-1) 1782, 1703; HRMS (EI, DCI/NH3) calcd 

for [C19H30NO3Si]+ (MH+) 348.1995, found 348.1985.

6.4 p



188

(S)

O

N

(S)

O

OSiMe2Ph

 

(S)-4-(tert-butyl)-3-((S)-3-(dimethyl(phenyl)silyl)-3-phenylpropanoyl)oxazolidin-2-one (6.5 

p):  Created using the general procedure and (S)-4-(tert-butyl)-3-cinnamoyloxazolidin-2-one.  The 

product was purified using flash chromatography (0-20% EtOAc in hexane, Rf 0.4 in 10% EtOAc/

hexanes) and (100% DCM, Rf 0.90) to give 82% (82 mg, 96:4 d.r.) of product as a white solid. 1H 

NMR (500 MHz, CDCl3) δ 7.42-7.30 (m, 5H), 7.15 (m, 2H), 7.05 (m, 1H), 6.94 (m, 2H), 4.18 (dd, 

NCH, J = 7.8, 1.6 Hz, 1H), 4.14 (dd, OCH2, J = 9.2, 1.6 Hz, 1H), 3.97 (dd, OCH2, J = 9.2, 7.8 Hz, 

1H), 3.58 (dd, PhCH, J = 16.1, 12.2 Hz, 1H), 3.09 (dd, COCH2, J = 16.1, 3.6 Hz, 1H), 3.05 (dd, 

COCH2, J = 12.2, 3.6 Hz, 1H), 0.72 (s, t-Bu, 9H), 0.30, 0.24 (2s, Si(CH3)2, 3H each); 13C NMR 

(125.7 MHz, CDCl3) δ 173.00, 155.00, 141.62, 136.69, 134.42, 129.49, 128.29, 128.15, 127.92, 

125.19, 65.53, 61.20, 35.75, 35.70, 32.69, 25.63, −3.97, −5.01; FTIR (cm-1) 1774, 1701 

(R)

O

N

(S)

O

OSiMe2Ph

 (S)-4-(tert-butyl)-3-((R)-3-(dimethyl(phenyl)silyl)hexanoyl)oxazolidin-2-one (6.6 p):  Created 

using the general procedure and (S,E)-4-(tert-butyl)-3-(hex-2-enoyl)oxazolidin-2-one.  The 

6.5 p

6.6 p
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product was purified using flash chromatography (0-20% EtOAc in hexane, Rf 0.4 in 10% EtOAc/

Hex) and (100% DCM, Rf 0.9) to give 80% (80 mg, 97:3 d.r.) of product as a clear viscous oil. 

1H NMR (400 MHz, CDCl3) δ 7.56-7.49 (m, 2H), 7.37-7.32 (m, 3H), 4.35 (dd, NCH, J = 7.6, 1.6 

Hz, 1H), 4.22 (dd, NCHCH2O, J = 9.2, 1.6 Hz, 1H), 4.13 (NCHCH2O, J = 9.2, 7.6 Hz, 1H), 2.94 

(d, COCH2, J = 6.5 Hz, 2H), 1.62 (m, SiCH, 1H), 1.50-1.39 (m, CH2, 1H), 1.34-1.14 (m, CH2, 

3H), 0.87 (s, tert-Bu, 9H), 0.80 (t, CH3CH2, J = 7.1 Hz, 3H), 0.32 (2s, Si(CH3)2, 3H each); 13C 

NMR (125.7 MHz, CDCl3) δ 173.79, 154.80, 138.49, 134.07, 129.00, 127.82, 65.36, 61.20, 36.14, 

35.79, 32.90, 25.78, 22.34, 20.68, 14.38, -3.70, -3.90; FTIR (cm-1) 1779, 1701.  

(R)

O

N

(S)

O

OSiMe2Ph

 (S)-4-benzyl-3-((R)-3-(dimethyl(phenyl)silyl)butanoyl)oxazolidin-2-one (6.7 p):  Created 

using the general procedure and (S)-4-benzyl-3-(crotonoyl)oxazolidin-2-one.  The product was 

purified using flash chromatography (0-20% EtOAc in hexanes, Rf 0.4 in 10% EtOAc/hexanes) 

and (100% DCM, Rf 0.9) to give 91% (91 mg, 92:8 d.r.) of product as a white solid; mp 87-90 

°C. 1H NMR (500 MHz, CDCl3) δ 7.53-7.42 (m, Ar-H, 2H), 7.38-7.23 (m, Ar-H, 6H), 7.18 (m, 

Ar-H, 2H), 4.59 (m, NCH, 1H), 4.14-4.08 (m, NHCH2O, 2H), 3.25 (dd, PhCH2, J = 13.3, 3.4 

6.7 p
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Hz, 1H), 3.03 (dd, NHCH2O, J= 16.1, 3.8 Hz, 1H), 2.74 (dd, NHCH2O, J = 16.1, 10.8 Hz, 1H), 

2.66 (dd, PhCH2, J = 13.3, 9.8 Hz, 1H), 1.60 (m, SiCH, 1H), 1.00 (d, CH3CH, J = 7.3 Hz, 3H), 

0.34, 0.33 (2s, Si(CH3)2, 3H each); 13C NMR (125.7 MHz, CDCl3) δ 173.30, 153.35, 137.46, 

135.39, 134.03, 129.38, 129.06, 128.91, 127.76, 127.27, 66.13, 55.15, 37.97, 37.85, 15.50, 14.51, 

−4.96, −5.16; FTIR (cm-1) 1790, 1697; HRMS (EI) calcd for [C22H27NO3Si] 381.1760, found 

381.1756.

(S)

O

N

(S)

O

OSiMe2Ph

 (S)-4-benzyl-3-((S)-3-(dimethyl(phenyl)silyl)-3-phenylpropanoyl)oxazolidin-2-one (6.8 p):  

Created using the general procedure and (S)-4-benzyl-3-cinnamoyloxazolidin-2-one.  The product 

was purified using flash chromatography (0-20% EtOAc in hexanes, Rf 0.4 in 10% EtOAc/hexanes) 

and (100% DCM, Rf 0.9) to give 87% (87 mg, 84:16 d.r.) of product as a white solid. 1H NMR 

(500 MHz, CDCl3) δ 7.46-7.43 (m, Ar-H, 2H), 7.38-7.31 (m, Ar-H, 3H), 7.27-7.16 (m, Ar-H, 5H), 

7.09-7.04 (m, Ar-H, 3H), 7.01-6.98 (m, Ar-H, 2H), 4.41 (m, NCH, 1H), 4.02 (dd, OCH2, J = 3.0, 

9.0 Hz, 1H), 3.96 (dd, OCH2, J = 8.0, 9.0 Hz, 1H), 3.60 (dd, SiCH, J = 17.0, 11.5 Hz, 1H), 3.12 

(dd, COCH2, J = 17.0, 4.0 Hz, 1H), 3.02 (dd, COCH2, J = 11.5, 4.0 Hz, 1H), 3.02 (m, PhCH2,  

6.8 p
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1H), 2.48 (dd, PhCH2, J = 13.5, 10.0 Hz, 1H), 0.31, 0.24 (2s, Si(CH3)2, 3H each); 13C NMR 

(125.7 MHz, CDCl3) δ 172.54, 153.49, 141.79, 136.59, 135.36, 134.2, 134.2, 129.30, 129.29, 

128.84, 128.13, 127.76, 127.19, 125.00, 66.14, 55.08, 37.68, 35.82, 31.67, -4.04, -5.39; FTIR (cm-

1) 1778, 1701. HRMS (ESI) calcd for [C27H29NO3SiNa]+ (MNa+) 466.1814, found 466.1806.

(R)

O

N

(S)

O

OSiMe2Ph

 (S)-4-benzyl-3-((R)-3-(dimethyl(phenyl)silyl)hexanoyl)oxazolidin-2-one (6.9 p):  Created 

with the general procedure and (S,E)-4-benzyl-3-(hex-2-enoyl)oxazolidin-2-one.  The product was 

purified using flash chromatography (0-20% EtOAc in hexane, Rf 0.4 in 10% EtOAc/hexanes) and 

(100% DCM, Rf 0.9) to give 93% (93 mg, 91:9 d.r.) of product as a white solid. 1H NMR (400 

MHz, CDCl3) δ 7.57-7.50 (m, Ar-H, 2H), 7.36-7.23 (m, Ar-H, 6H), 7.17-7.13 (m, Ar-H, 2H), 4.50 

(m, NCH, 1H), 4.08 (d, NCHCH2O, J = 5.0 Hz, 2H), 3.17 (dd, PhCH2, J = 13.3, 3.3 Hz, 1H), 2.99 

(dd, COCH2, J = 17.3, 6.0 Hz, 1H), 2.90 (dd, COCH2, J = 17.3, 7.6 Hz, 1H), 2.58 (dd, PhCH2, J 

= 13.3, 9.9 Hz, 1H), 1.65 (m, SiCH, 1H), 1.53-1.44 (m, CH2, 1H), 1.38-1.18 (m, CH2, 3H), 0.84 

(t, CH3CH2, J = 6.9 Hz, 3H), 0.34, 0.33 (2s, Si(CH3)2, 3H each); 13C NMR (125.7 MHz, CDCl3) 

δ 173.70, 153.50, 138.41, 135.55, 134.16, 129.48, 129.06, 129.04, 127.83, 127.38, 66.20, 55.36, 

6.9 p
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37.95, 36.36, 32.91, 22.31, 20.43, 14.42, -3.65, 4.23; FTIR (cm-1) 1779, 1696.

(S)

O

N

(R)

O

OSiMe2Ph

 (R)-3-((S)-3-(dimethyl(phenyl)silyl)butanoyl)-4-phenyloxazolidin-2-one (6.10 p):  Created 

using the general procedure with (R)-3-(crotonoyl)-4-phenyloxazolidin-2-one.  The product was 

purified using flash chromatography (0-20% EtOAc in hexanes, Rf 0.4 in 10% EtOAc/hexanes) 

and (100% DCM, Rf 0.9) to give 95% (95 mg, 95:5 d.r.) of product as a white solid; mp 73-75 °C. 

1H NMR (500 MHz, CDCl3) δ 7.52 (m, Ar-H, 2H), 7.40-7.29 (m, Ar-H, 8H), 5.36 (dd, NCH, J 

= 8.7, 3.7 Hz, 1H), 4.64 (dd, OCH2, J = 8.9, 8.7 Hz, 1H), 4.25 (dd, OCH2, J = 8.9, 3.7 Hz, 1H), 

3.05 (dd, COCH2, J = 15.8, 3.7 Hz, 1H), 2.70 (dd, COCH2, J = 15.8, 11.2 Hz, 1H), 1.54 (m, SiCH, 

1H), 0.86 (d, CH3CH, J= 7.3 Hz, 3H), 0.31, 0.30 (2s, SiCH3, 3H each); 13C NMR (125.7 MHz, 

CDCl3) δ 172.81, 153.56, 139.24, 137.34, 133.98, 129.07, 129.01, 128.61, 127.70, 125.96, 69.83, 

57.51, 37.84, 15.59, 14.12, −5.11, −5.14; FTIR (cm-1) 1785, 1703.

6.10 p
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N

(R)

O
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 (R)-3-((R)-3-(dimethyl(phenyl)silyl)-3-phenylpropanoyl)-4-phenyloxazolidin-2-one (6.11 p):  

Created using the general procedure and (R)-3-cinnamoyl-4-phenyloxazolidin-2-one.  The crude 

product was purified using flash chromatography (0-20% EtOAc in hexane, Rf 0.4 in 10% EtOAc/

hexanes) and (100% DCM, Rf 0.9) to give 89% (89 mg, 97:3 d.r.) of product as a white solid. 1H 

NMR (500 MHz, CDCl3) δ 7.43-7.26 (m, Ar-H, 8H), 7.21-7.07 (m, Ar-H, 5H), 6.97 (d, Ar-H, J 

= 7.5 Hz, 2H), 5.16 (dd, NCH, J = 8.5, 4.0 Hz, 1H), 4.47 (dd, OCH2, J = 9.0, 8.5 Hz, 1H), 4.14 

(dd, OCH2, J = 9.0, 4.0 Hz, 1H), 3.73 (dd, PhCH, J = 17.0, 12.0 Hz, 1H), 3.09 (dd, COCH2, J = 

17.0, 4.0 Hz, 1H), 3.00 (dd, COCH2, J = 12.0, 4.0 Hz, 1H), 0.31, 0.24 (2s, SiCH3, 3H each); 13C 

NMR (125.7 MHz, CDCl3) δ 172.06, 153.79, 141.66, 138.84, 136.49, 134.16, 129.26, 129.03, 

128.48, 128.07, 127.73, 127.70, 125.83, 124.91, 69.90, 57.54, 35.71, 31.50, -4.14, -5.29; FTIR 

(cm-1) 1779, 1705; MS m/z 319 (35%), 265 (100%). HRMS (ESI) calcd for [C26H27NO3SiNa]+ 

(MNa+) 452.1657, found 452.1652.

6.11 p
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 (R)-3-((S)-3-(dimethyl(phenyl)silyl)hexanoyl)-4-phenyloxazolidin-2-one (6.12 p):  Created 

using the general procedure and (R,E)-3-(hex-2-enoyl)-4-phenyloxazolidin-2-one.  The product 

was purified using flash chromatography (0-20% EtOAc in hexanes, Rf 0.4 in 10% EtOAc/hexanes) 

and (100% DCM, Rf 0.9) to give 82% (82 mg, 98:2 d.r.) of product as a clear oil. 1H NMR (400 

MHz, CDCl3) δ 7.49-7.45 (m, Ar-H, 2H), 7.38-7.27 (m, Ar-H, 6H), 7.26-7.22 (m, Ar-H, 2H), 5.27 

(dd, NCH, J = 8.8, 3.7 Hz, 1H), 4.58 (dd, NCHCH2O, J = 8.8, 8.8 Hz, 1H), 4.22 (dd, NCHCH2O, 

J = 8.8, 3.7 Hz, 1H), 2.94 (dd, COCH2, J = 16.8, 5.8 Hz, 1H), 2.88 (dd, COCH2, J = 16.8, 8.2 Hz, 

1H), 1.54 (m, SiCH, 1H), 1.40-1.27 (m, CH2, 1H), 1.22-1.06 (m, CH2, 3H), 0.73 (t, CH3CH2, J = 

6.9 Hz, 3H), 0.23, 0.22 (2s, Si(CH3)2, 3H each); 13C NMR (125.7 MHz, CDCl3) δ 173.24, 153.72, 

139.25, 138.35, 134.06, 129.19, 128.99, 128.73, 127.80, 126.16, 69.97, 57.73, 36.59, 32.68, 22.25, 

20.60, 14.35, -3.90, -4.08; FTIR (cm-1) 1780, 1702

O

O

B SiMe2Ph

(Dimethylphenylsilyl)boronic acid pinacol ester (6.13):102  To a 25 mL oven-dry round bottom 

6.12 p

6.13
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flask was added lithium metal (0.21 grams, 30 mmol, 4 eq) under argon, then 10 mL of anhydrous 

THF.  The mixture was cooled to 0 °C, then 1.28 mL of dimethylphenylsilyl chloride was added 

by syringe.  The solution was stirred at 0 °C for 5 hours, then put in freezer overnight.  It should 

turn dark, opaque red within a few minutes of adding the silyl chloride.  The next morning, 2.21 

mL (15 mmol, 2 eq) of a clear liquid pinacolborane were added to 10 mL of hexanes in a 100 mL 

oven-dry round bottom flask under argon.  The solution was cooled to 0 °C, then the whole red 

liquid solution of dimethylphenylsilyllithium was added to the borane solution dropwise over 30 

min.  The solution was stirred an additional 30 min at 0 °C, then the ice bath was removed and 

the solution was stirred at room temperature overnight.  The next day the solution was cloudy 

white.  The volatiles were removed on a rotovap, 40 mL hexanes were added to the residue, and 

the solution was filtered under argon using a Schlenk filter to remove the solids.  The hexanes were 

removed in vacuo, leaving ca 2 grams of a clear yellow gel product.  >90% yield, product is used 

as is, with some borane contaminant.

O

O

B

trans-2-Phenylvinylboronic acid pinacol ester (6.14):103  2.5 mL (17 mmol, 2 eq) of pinacolborane 

were added to 2 mL of dichloromethane in a 25 mL oven-dry round bottom flask under argon, and 

cooled to 0 °C.  0.95 mL (8.65 mmol, 1 eq) of phenylacetylene was added by syringe slowly, 

and the solution was warmed to 25 °C and stirred for an hour.  After an hour, the solution was 

6.14
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cooled to 0 °C again, and 0.112 grams (0.434 mmol, 5 mol %) of Schwartz’s reagent was added 

by removing the septum briefly (the Schwartz’s reagent catalyzes the reaction, which is slow 

otherwise).  The solution was stirred at room temperature for 48h, then quenched the reaction 

by adding 10 mL diethyl ether and 10 mL water.   Transferred to a separatory funnel.  Extract the 

aqueous layer 3x with more ether, then washed the combined organics 5x with water.  Dry over 

anhydrous magnesium sulfate.  Rotovap.  Clear yellow syrup. >90% yield, used as is with some 

borane contaminant. 

N N
Ph Ph

BF4

1,3-diphenyl-4,5-dihydroimidazolium tetrafluoroborate (6.15):87  A 25 mL oven-dry round 

bottom flask with a condenser was setup under argon.  N,N-diphenylethylenediamine was added, 

then triethylorthoformate, then ammonium tetrafluoroborate.  The heterogeneous solution was 

heated at 115 °C for 3h. After 3h, the solution was cooled, the resulting solid was dissolved in 

a minimum amount of DMSO, and an equal volume of dichloromethane was added.  The pure 

product will precipitate as it stands.  30% yield.  1H NMR (400 MHz, DMSO-d6) δ 9.94 (s, 1H), 

7.68 – 7.34 (m, 10H), 4.60 (s, 4H).

6.15
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O

AcO

OAc

OAc

Tri-O-Acetyl-D-Glucal:104  30 grams of D-glucose pentaacetate (77 mmol) was cooled in an ice 

bath in a 250 mL Erlenmeyer flask equipped with a stir bar.  18 mL (308 mmol, 4 eq) of acetic 

acid and 15 mL (159 mmol, 2 eq) of acetic anhydride were added, and stirred until the solution 

had cooled to ice bath temperature, and the glucose was dissolved.  63 mL (360 mmol, 4.7 eq) of 

ice cold 33% wt HBr in acetic acid was added dropwise with an addition funnel over 30 minutes.  

Once the addition was complete, the solution was stirred at ice bath temperature for 10 minutes, 

then for 2 hours at room temperature.  Separately, 75 grams (550 mmol, 7 eq) of sodium acetate 

was dissolved in 250 mL of 50 % v/v acetic acid/water in a 1 liter Erlenmeyer flask, and cooled 

to -10 °C in a dry ice/isopropanol bath.  54 grams (833 mmol, 11 eq) of zinc powder were added 

carefully, maintaining the reaction temperature and keeping the solution stirring.  A solution of 

5.4 grams of copper sulfate (22 mmol, 0.28 eq) in 18 mL of water was added, and formation of 

hydrogen gas bubbles was observed and the solution was stirred until it turned clear.  Keeping the 

solution temperature around -10 °C, the HBr solution was added to the zinc solution dropwise.  

The HBr addition took about 30 minutes.  The solution was stirred at between -10 °C and 10 °C for 

two hours.  The solution was filtered through celite, and washed with a 50% v/v solution of acetic 

acid in water.  It is important that the filter cake does not dry out– it can start a fire.  The filtrate 

was diluted with about 200 grams of ice, 200 mL of dichloromethane were added, and the mixture 

8.16
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was transferred to a separatory funnel.  The layers were separated, and the aqueous layer extracted 

once with 200 mL more of dichloromethane.  The combined organics were washed with 200 mL 

of water once, then saturated sodium bicarbonate, then water again.  The organic layer was dried 

over anhydrous magnesium sulfate, and the volatiles removed.  The residue was purified on a silica 

column with isocratic 30% EtOAc/Hexanes gave 5.34 g (64%) of product as a white, crystalline 

solid. TLC (25% EtOAc/hexanes) Rf = 0.2. 1H NMR (400 MHz, CDCl3) δ 6.47 (dd, OCH=CH, J 

= 6.1, 1.4 Hz, 1H), 5.35 (ddd, OCH=CHCHOAc, J = 5.6, 3.3, 1.4 Hz, 1H), 5.23 (dd, OCHCHOAc, 

J = 7.6, 5.6 Hz, 1H), 4.85 (dd, OCH=CH, J = 6.1, 3.3 Hz, 1H), 4.40 (dd, CH2OAc, J = 12.0, 5.6 

Hz, 1H), 4.29 - 4.23 (m, CHCH2OAc, 1H), 4.20 (dd, CH2OAc, J = 12.0, 3.1 Hz, 1H), 2.10 (s, 

OCOCH3, 3H), 2.08 (s, OCOCH3, 3H), 2.05 (s, OCOCH3, 3H).

General Procedure for Copper-Conjugate Additions with Silyl-Boranes in Water:86  0.8 μL 

(8.3 μmol, 0.05 eq) of 4-picoline,  0.165 mmol of enone, and 0.198 mmol (1.2 eq) of borane 

reagent was added to a very small vial equipped with a stir bar, and 1.0 mL of 1.66 mM (1.66 μmol, 

0.01 eq) copper sulfate in degassed water was added.  With vigorous stirring, the heterogeneous 

solution turned opaque black after a few minutes.  Let stir overnight at room temperature.  The 

next morning, 1 mL of extractive solvent (ether or hexanes are common) was added along with 1 

mL of pH 10 ammonia/ammonium chloride buffer.  After stirring for 30 minutes to quench, the 

whole mixture was transferred to a separatory funnel with ca 5 mL more solvent and ca 5 mL more 

water.  The aqueous layer was extracted 3 times with more solvent, then the combined organics 

were washed 2 times with water.  Dried over sodium sulfate, rotovap.  Silica column.
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O

SiMe2Ph
 3-(dimethyl(phenyl)silyl)cyclohexan-1-one (6.16):  Prepared according to the general procedure.  

The enone used was 2-cyclohexenone, the borane reagent was (dimethylphenylsilyl)boronic acid 

pinacol ester, the workup solvent used was hexanes.  The column was run with 0-10% diethyl 

ether/hexanes.  89% yield, yellow oil.  1H NMR (500 MHz, CDCl3) δ 7.52–7.46 (m, Ar-H, 2H), 

7.40–7.33 (m, Ar-H, 3H), 2.40–2.23 (m, CH, 3H), 2.18–2.09 (m, CH, 2H), 1.86–1.80 (m, CH, 1H), 

1.76–1.65 (m, CH, 1H), 1.48–1.39 (m, CH, 1H), 1.35–1.28 (m, CH, 1H), 0.32, 0.32 (2s, Si(CH3)2, 

3H each); 13C NMR (500 MHz, CDCl3) δ 212.4, 136.6, 133.9, 129.2, 127.8, 42.3, 41.8, 29.7, 

27.6, 26.0, -5.3, -5.5. MS m/z 232 (M+, 3%), 156 (M – C6H5, 27%), 135(M – C6H9O, 100%). 

Anal. Calcd for C14H20OSi: C, 72.36; H, 8.67. Found: C, 72.28; H, 8.65

6.16
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APPENDIX

Spectra:  H-NMR, C-NMR, Mass Spec, HRMS, IR
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