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Chapter 1: Daphniphyllum Alkaloids 

 

1.1  Introduction 

Daphniphyllum comes from Greek, referring to “Daphne” and “leaf.”  Daphne 

was a Greek nymph who was Apollo’s first relentlessly pursued love.  Eros, the god of 

love drew from his quiver two arrows of a different workmanship, one to excite love, the 

other to repel it. The former was of gold and sharp pointed, the latter blunt and tipped 

with lead. With the leaden shaft he struck the nymph Daphne and with the golden one 

Apollo, through the heart. At once the god was seized with love for the maiden, and she 

abhorred the thought of loving.  As Apollo chased his love, Daphne’s strength began to 

fail and she called upon her father, Peneus the river god, to change her form such that 

Apollo would cease to pursue her.  Immediately she began transforming from a beautiful 

nymph into the laurel tree from which Apollo made his leafy crowns.1 

Although the laurel (or bay) tree and the plants of the genus Daphniphyllum are of 

two different orders, the plant structure and leaves are similar in appearance.  The plants 

of the genus Daphiphyllum are found mainly in the Pacific Rim including Japan, China, 

Taiwan, and New Guinea.  They have also been used in landscaping in more temperate 

zones including parts of the southern United States. 

“Yuzuri-ha” is the Japanese word describing the plants of genus Daphniphyllum.   

The literal translation of this name is “to transfer a leaf from hand to hand.”  This refers 

to the way in which the plant molts its leaves in early spring; the old leaf is not dropped 

until the new leaf begins to emerge.  It is not a surprise then that the Japanese have used 
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these plants in association with changing of the year and celebrating the relationship 

between the old and new generations. 

The leaves, bark and fruit of the genus Daphniphyllum have long been used as 

treatments in traditional Chinese medicine.  Although the plants and their extracts have 

effectively been used to treat a variety of ailments including asthma, cough, rheumatism, 

inflammation and fever, the plants do contain potent toxins.  This was realized in 1978 

when a disease characterized by jaundice, colic and photophobia broke out in herds of 

cattle in the Hokkaido region of Japan.  It was eventually determined that the cattle had 

eaten significant quantities of D. humile containing toxins which specifically targeted the 

liver.2 

With the exception of the usual and cursory screenings done in conjunction with 

the isolation of a new compound, there have been no comprehensive toxicological 

screenings of the extracts from the genus Daphniphyllum.  Scattered clinical reports do 

note direct effects on the central nervous system, depressing respiratory functions and 

voluntary movement.  Acute liver toxicity and a high mortality rate are also associated 

with these compounds.3, 4 

 

1.2 Structural Backbones 

For an organic chemist the compounds isolated from the genus Daphniphyllum 

are quite attractive due to their unusual and disparate structural backbones.5 Continued 

isolation and characterization of novel fused systems fuel the interest in these 

compounds.  Initially these alkaloids were classified into one of six structural backbone 

categories, but recent isolations have necessitated the addition of the seventh and eighth 



structural motifs.  More than 60 distinct compounds have been isolated and 

characterized.5-7 
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Figure 1.01: Structural backbones of the Daphniphyllum alkaloids 

 

 Significant differences are observed within the complex ring fusions.  Compounds 

in each class are seen to vary in oxidation level and substitution pattern at specific sites 

(highlighted in red). It must also be noted that in some cases there are a combination of 

skeletal structures, making it difficult to strictly classify a compound as one skeletal type 

or another. 

 

1.3 Biosynthetic Studies 

 A significant step towards understanding the biosynthesis of the Daphniphyllum 

alkaloids was made in 1973 when Yamamura and co-workers fed sprays of various 

Daphniphyllum species with labeled mevalonic acid.8-11 After extensive isolation and 

degradation studies of the active extracts from these plants, it was proposed that the 



alkaloidal components were biosynthesized from six equivalents of mevalonic acid 

through a squalene-like intermediate. 
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Scheme 1.01: Yamamura proposed biosynthesis 

 

 Shown in Scheme 1.01 is the proposed biosynthesis of daphnilactone B with 

labeled carbons indicated as asterisks.  The vastly disparate structures of the 

Daphnaphyllum alkaloids, which undoubtedly are all derived from oxidized squalene 

derivatives, are a testament to the amazing chemical diversity that can be assembled by 

Nature from a single starting material. 

 

1.4 Biomimetic Studies 

 While Yamamura outlined the biosynthetic route to the Daphniphyllum alkaloids 

and further studied the synthesis of the bicyclic spiroketal portion of daphniphylline and 
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similar compounds,12 no biosynthetic or synthetic work had been done on the more 

complex nitrogen containing polycyclic structures until the late 1980s.  Heathcock and 

co-workers began hypothesizing on the details of the synthesis by looking at the 

similarities in the pentacyclic domains of the Daphniphyllum alkaloids.13-15  The 

Daphniphyllum alkaloids fall into one of two main groups, those that contain thirty 

skeletal carbons and their twenty-two carbon counterparts.  For the purposes of this 

discussion two C-30 alkaloids, daphniphylline and secodaphniphylline, and two C-22 

alkaloids, daphnilactone and yuzurimine, will be considered.  The same analysis may be 

applied to all of the Daphniphyllum alkaloids. 
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Scheme 1.02: Squalene mapping and ring rearrangements 

 

In the skeleton of secodaphniphylline one can readily see the unbroken squalene 

molecule as it is traced into the pentacyclic domain (Scheme 1.02).  In the conversion of 

secodaphniphylline into daphniphylline, four C-C bonds must be constructed: C10-C14, 
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C6-C15, C3 to the C15 methyl group, and C7 to the C10 methyl group.  In addition to these 

bonds, the nitrogen is inserted between C10 and its methyl group. 

In terms of biosynthetic order it is reasonable to assume that formation of 

secodaphniphylline precedes the formation of daphniphylline.  The intermediate 

unsaturated amine 7 contains the bicyclo[4.4.1]undecane feature that is found in 

yuzurimine.  Daphnilactone is unique in that is has twenty-three skeletal carbons, one of 

which is not derived from squalene.  If one considers the possibility of an intramolecular 

Mannich type process, the ‘extra’ carbon between the nitrogen and C10 in daphnilactone 

may be accounted for. 

The remaining question addressed in their studies centers on how the nitrogen is 

introduced into squalene and how this derivative is further transformed into the 

pentacyclic secodaphniphylline.  It was eventually postulated that the oxidation of 

squalene results in dialdehyde 9 (Scheme 1.03).  A primary amine, which could be an 

amino acid or a pyridoxamine, condenses with one of the carbonyl groups giving rise to 

imine 10.  A prototropic shift induced by nucleophilic addition to the imine results in a 

nucleophilic enamine which subsequently cyclizes and rearranges to give 

dihydropyridine 17.  Two cyclizations, a formal intramolecular Diels-Alder and an ene-

type process, give rise to the secodaphniphylline skeleton 19. 

Having outlined a reasonable biomimetic route, Heathcock and co-workers set out 

to demonstrate the feasibility of these transformations in the laboratory setting (Scheme 

1.04).  The focus of the work was on the final polycyclization cascade.  A convergent 

conjugate addition/enolate alkylation process was developed to access ester amide 23 

which was further transformed under standard conditions into dialdehyde 27.  Treatment 



of dialdehyde 27 with ammonia, then buffered acetic acid gave rise to the unsaturated 

amine 30 in excellent yield. 
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Scheme 1.03: Sequence from squalene to secodaphniphylline 
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 The transformation of dialdehyde 27 into unsaturated amine 30 involves a cascade 

of reactions and two particular intermediates may be isolated (Scheme 1.04).  Treatment 

of dialdehyde 27 with ammonia results in the almost instantaneous formation of a 

mixture of polar products from which a dihydropyridine may be isolated.  Subsequent 

treatment of this derivative with buffered acetic acid results in a formal intramolecular 

inverse-electron demand aza-Diels-Alder reaction to give unsaturated amines 28 and 29, 

which also may be isolated.  Only when 28 and 29 are warmed in acetic acid does the 

ene-type process occur to yield pentacyclic derivative 30. 
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 Although the secodaphnane skeleton is most likely the first intermediate in the 

biosynthesis of all of the Daphniphyllum alkaloids, it is by far the least abundantly found.  

More commonly found is the daphnane skeleton, as embodied in daphniphylline.  

Heathcock proposed that the daphnane structure might arise from the intermediate 35 via 

a fragmentation that was unknown at the time (refer to Schemes 1.02 and 1.05).16 Further 

supporting the possibility of an intermediate 35 was the occurrence of minor quantities of 

daphnilactone A in the cyclization cascade reactions.  Daphnilactone A could arise from 

35 by a Mannich-type process with formaldehyde. 

 To investigate the possibility of this transformation Heathcock envisioned an 

angularly functionalized secodaphnane 31 which could undergo an Eschenmoser-Grob 

type fragmentation to give intermediate imine 34 (Scheme 1.05).  Reduction of the 

resultant imine would give amine 35 which is the putative intermediate between the two 

skeletal cores. 

 In order to induce the proposed fragmentation of synthesized secodaphnane 31, 

there is the need for both a Lewis acid to activate the alkoxide towards elimination, as 

well as a reducing agent to reduce the iminium ion.  Amazingly, treatment of 31 with di-

iso-butyl aluminum hydride in refluxing toluene for an extended period of time resulted 

in the isolation of unsaturated amino alcohol 35 in excellent yield. 

The pseudo-symmetric fragmentation pathway A was not observed even though 

this fragmentation would be preferred based on stereoelectronic grounds.  It was 

determined from molecular modeling that the product from fragmentation pathway B is 

much lower in energy than that of pathway A.  It is important to note that even if 



intermediate 33 is formed preferentially, it is in equilibrium with 34 via the Cope 

rearrangement and similar rearrangements have good precedence.17 

 

NH

Steps O

N
R2Al

O AlR2H

N

OAlR2H

N

OAlR2H

DIBAl-H
PhMe

31 32

33

34

NH

OH

35
71%

i. CrO3, H2SO4
ii. CH2O, pH 7

70%

Daphnilactone A

N

O

O

A

B

A

B

 

Scheme 1.05: Synthetic fragmentation 

 

Routes can now be envisioned that would transform the intermediate 35 into the 

daphnilactone, daphnane, and yuzurimine skeletons.  Heathcock did pursue this 

rearrangement culminating in the syntheses of methyl homodaphniphyllate,16, 18, 19 

daphnilactone A,16 codaphniphylline,20 methyl homosecodaphniphyllate,21, 22 proto-

daphniphylline,23 secodaphniphylline,24, 25 and bukittinggine.26 
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1.5 Daphnicyclidins 

 The stems of D. humile and D. teijsamani have been reported to yield alkaloids 

possessing novel fused hexa- and penta-cyclic daphnicyclidins A-K.27, 28 Shown in 

Figure 1.02 are eight of the closely related products - of particular interest is 

daphnicyclidin A. 
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Figure 1.02: Daphnicyclidins 

 

Isolated in 0.003% yield from the methanolic extracts of plant stems, the 

molecular formula of daphnicyclidin A was determined by HRFABMS [m/z 368.1862].  

Analysis by one dimensional 13C and 1H, two dimensional NMR methods (COSY, 

HOHAHA, HMQC, and HMBC), IR, UV, and CD spectroscopy, as well as the crystal 
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structure of the trifluoroacetic acid salt, revealed the novel pentacyclic structure to 

contain two each of five, six, and seven member rings.  The absolute stereochemistry was 

determined by X-ray crystallography and CD analysis.29 Toxicological screenings 

revealed that daphnicyclidin A is active against murine lymphoma L1210 (IC50 0.8 

μg/mL) and human epidermoid carcinoma KB (IC50 6.0 μg/mL) cell lines in vitro. 

 Based on the Heathcock biosynthetic model it is thought that the yuzurimine-type 

skeleton is the biogenetic origin for the daphnicyclidins (Scheme 1.06).  The two main 

structural transformations include the expansion of the six membered ketone ring and a 

nitrogen displacement of an appropriate leaving group to furnish rings B and C. 
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Scheme 1.06: Daphnicyclidin biosynthesis 

 

 There are several important structural features in all of the daphnicyclidins that 

must be called to attention.  Without exception, members of this class of Daphniphyllum 

alkaloids possess the reactive fulvene moiety, which may be responsible for the 

biological activity of these molecules.  The fused five, six, seven member core, labeled as 
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rings A, B, and C, are also common to all of the daphnicyclidins.  Diversity in this class 

of alkaloids is found in the eastern portion of the molecules where the site of 

lactonization may be the only distinguishing feature between two compounds. 

 Due to the fulvene moiety, the eastern portion of these molecules remains flat; all 

of the stereochemical information is found in the fused ABC ring system.  Of particular 

interest are both the quaternary methyl center at C5 and the remote tertiary methyl center 

at C20.  Our synthetic efforts focus on the stereoselective construction of the common 

fused ABC tricycle. 

 

1.6 Synthesis of Related Compounds 

 To the best of our knowledge there has been only one published strategy targeting 

a related class of Daphniphyllum alkaloids.  Bonjoch, et al. have proposed a synthesis of 

the core of calyciphylline A, another recent isolate from the Daphniphyllum genus.30 

Related to the daphiglaucins, the calyciphyllines have a unique hexacyclic ring structure 

featuring a 4-azatricyclo[5.2.2.04,8]-undecane subunit. 
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 Our interest in this approach stems from the resemblance between the core 4-

azatricyclo[5.2.2.04,8]-undecane of the calyciphylline and the fused five-six-seven tricycle 

of the daphnicyclidins.  The only structural differences are the size of the A ring and the 

nitrogen in calyciphylline A exists as its oxide. 

 The reported synthesis of the calyciphylline core is relatively straightforward, 

consisting of a series of alkylations to obtain the α,α-disubstituted ketone 41.  Ozonolysis 

of the terminal olefin, reductive amination, and functional group transformations yields 

amine 42.  Treatment of the vinyl bromide 42 with potassium phenolate and a palladium 

source yields the cyclized exo-olefin 43. 
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Stereospecific reduction of the exo-methylene was attempted under a variety of 

hydrogenation conditions, however all reagents hydrogenated from the convex face of the 

tricycle to yield the undesired tertiary methyl stereochemistry.  Eventually the 

stereoselective hydrogenation was accomplished by an alcohol directed reduction with a 

cationic rhodium catalyst.  The hydroxyl moiety directs the hydrogenation from the more 

hindered face of the tricycle.  Oxidation of the resultant alcohol furnishes the 

calyciphylline core 47 in short order. 
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Scheme 1.08: Sereoselective hydrogenation 

 

The following chapters detail the chemistry that was attempted in our efforts 

towards the synthesis of the fused tricyclic core of the daphnicyclidins.  Approaches 

utilizing a desymmetrization alkylation, α-keto amination, pyridine cycloaddition, and 

cyclopropyl ring expansion strategies are discussed. 
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Chapter 2: Studies Towards the Daphnicyclidin Core 

 

2.1 Introduction 

 When considering a synthesis of polycyclic natural products, one of two distinct 

approaches can be taken to arrive at the desired target.  One approach utilizes an existing 

ring structure and proceeds by rationally and carefully functionalizing until the required 

substitution patterns and correct stereochemistry, if applicable, are obtained.  In a second 

approach, the substrate is constructed from acyclic substrates.  Once again, judicious 

choice of starting material and reaction sequences are required to arrive at the desired 

target.  Both approaches have been used extensively in synthesis with the choice of 

approach depending heavily on the substrate and a certain degree of creativity by the 

scientist. 
In our studies towards the synthesis of the daphnicyclidin fused tricyclic core, we 

used both approaches.  The following work reflects briefly on several of the attempted 

approaches, their successes and their drawbacks.  We were concerned with three main 

facets of the molecule from the very beginning, all of them stereochemically based.  The 

first is the absolute stereochemistry about the quaternary methyl center.  Second is the 

relative stereochemistry at the A-C ring fusion; this must be cis-fused.  Thirdly, the 

stereochemistry of the methyl group on the B ring must be controlled. 

 

 

 

 



2.2 Ring B Elaboration 

2.2.1 Desymmetrization and Cyclization Strategy 

 One of the first approaches that we undertook focused on trying to set the 

stereochemistry of the methyl group in ring B.  We wished to build the B ring from an 

acyclic precursor.  We thought that we would be able to control the absolute 

stereochemistry of the methyl group in a very straight forward way using a 

desymmeterization technique.  The approach hinged on the cyclization of an 

appropriately substituted chloroacetyl amide 50 to form the six member ring.  We 

envisioned this compound to arise from the desymmeterization of the di-ester 52 or the 

anhydride 53. 
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Scheme 2.01: Synthetic plan 

 

 The use of hydrolytic enzymes in organic synthesis has gained considerable 

attention in recent years.1 Many enzymes are well understood in terms of their reaction 

profiles and the mechanism by which they work.  The enzyme creates a chiral pocket into 
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which a specific type of molecule fits.  Once in the pocket, the chiral environment allows 

for one type of reaction to occur, and in many cases with excellent enantio- and 

regioselectivity.  In our case, the enzyme pig liver esterase is known to selectively cleave 

the pro-S-methoxycarbonyl group in the symmetric di-ester 52.2, 3 
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Scheme 2.02: Enantioselective hydrolysis 

 

 Desymmetrization of the molecule in the first step immediately makes the 

synthesis enantioselective, at least in terms of this one stereocenter.  With this 

knowledge, we are able to access the enantio-enriched acid 54.  Further chemistry was 

undertaken on the racemic, and thus much cheaper materials.  Hydrolysis of anhydride 53 

yields the racemic acid 52. 
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Scheme 2.03: Racemic carbamate synthesis 
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 Installation of the nitrogen into the carbon backbone was accomplished by the 

Curtius rearrangement of acid 52.  Formation of the mixed anhydride and subsequent 

treatment with sodium azide yields the acyl azide 56 which was not isolated.  The crude 

azide was immediately heated to induce rearrangement.  The resultant isocyanates were 

quenched with a variety of alcohols and carbamates 55 were isolated in good yields. 

 The key cyclization step in this approach is that of chloroacetyl carbamate 50 to 

form the six member ring B (see Scheme 2.01).  This type of transformation has been 

used in several other instances with good results.4, 5 Varieties of ring sizes may be 

constructed in this manner. 
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Scheme 2.04: Acetyl chloride cyclizations 

 

The carbamates 63 and 64 were treated with chloroacetyl chloride then with a 

variety of bases in an effort to acylate the nitrogen under mild conditions.  Under these 

conditions the chloroacetyl carbamates 65 and 66 were isolated in very poor yields.  The 

reaction was also run in neat chloroacetyl chloride in a sealed tube with minimal 

improvement in yield.  Despite these difficulties, enough material was obtained to 

explore the cyclization strategy. 
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Scheme 2.05: Attempted cyclizations 

 

Following literature precedence,4, 5 the N-chloroacetyl compounds 65 and 66 were 

treated with a variety of bases, but no cyclization products were observed.  Prolonged 

reaction times and heating resulted in the decomposition of starting materials to 

extremely polar products.  Under the basic conditions employed to prepare the N-

chloroacetyl carbamates one may expect to observe the cyclized product directly from the 

carbamates 63 and 64, but this was not the case. 

It is important to note that in all of the literature examples the substitution pattern 

on the nitrogen is N,N-dialkylchloroacetyl.  By comparison with our example, it is 

apparent that the carbamate functionality is not compatible with these cyclization 

conditions.  Presumably, the decomposition products arise from the hydrolysis of either 

or both of the nitrogen substituents to yield polar amine products.  In order to more 

closely mimic reactions from the literature, attempts were made to cleave the carbamate 

and protect the resultant primary amine with an alkyl group.  There was no success 

towards this end and this was not a great surprise.  The primary amine can easily form the 

lactam 72 (see Scheme 2.06) under the reaction conditions. 
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In an attempt to circumvent the carbamate and protection group strategies 

altogether an unprotected derivative was sought.  The amide 71 is isolated in good yield 



when the isocyanate from the Curtius rearrangement is treated directly with chloroacetic 

acid.6, 7 It was postulated that formation of the dianion of 71 would serve as an internal 

protecting group and the cyclization would occur as desired. 
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Scheme 2.06: Unprotected amide cyclizations 

 

 The only products observed when amide 71 was treated with base were 

pyrrolidine 72 and the dimer 73.  Deprotonation of the amide most likely forces the 

chloroacetyl group and the N-alkyl group to be in an S-trans configuration, precluding the 

subsequent cyclization.  Despite the premise of this strategy to access an enantio-enriched 

ring B, the apparent sensitivity of the chloroacetyl amides and the difficulty in finding a 

suitable amide protection led us to abandon this strategy. 

 

2.2.2 Pyridine Rearrangements 

 A second approach to the ring B of the daphnicyclidins was based on pyridine 

chemistry.  The rearrangement of pyridine N-oxides is a very old and well studied area of 

chemistry.8  A significant amount of work has been done to ascertain the mechanism of 
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the pyridine N-oxide rearrangements.  The rearrangement is thought to proceed by attack 

of the 1-acetoxypyridinium ion 78 with acetate anion.  In symmetrically substituted 

pyridine rings the rearrangement is not selective, yielding a mixture of the two 

regioisomeric pyridones 79 and 80.  Even in the case where the ring is asymmetrically 

substituted the rearrangement is not particularly regioselective unless there is an electron 

withdrawing group at carbon three.  When this is the case, the reaction is observed to 

proceed regioselectively to pyrridone 80.9 
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Scheme 2.07: Pyridine N-oxide rearrangement mechanism 

 

We envisioned the rearrangement of either pyridine 83 or 84 to pyrridone 82 then 

enantioselective hydrogenation to yield the six member ring.  Rearrangement in either 

strategy necessitates driving the rearrangement to yield 6-substituted pyridone 82.  We 

thought that by influencing the steric bias around the pyridinium ion by judicious choice 

of a bulky anhydride we could influence the regiochemical alkylation. 
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Scheme 2.08: Synthetic plan 

 

 Reaction of the commercially available 3-methylpyridine N-oxide with readily 

available anhydrides led to rearranged products in low yields.  No reaction was observed 

with trihaloanhydrides even at temperatures as high as 150 oC. 
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Scheme 2.09: Pyridine rearrangements 

 

Increasing the steric bulk of the anhydride resulted in modest regioselectivity and 

can probably be considered to be negligible.  A variety of conditions were attempted to 

increase the yields of these reactions including the use of sealed tubes and the addition of 

the sodium or potassium salts of the anhydride acetates.  In no case were the reactions 

ever observed to go to completion.  This rearrangement is known to be low yielding and 

 26



the literature examples report conversions upwards of 50% with the majority of them 

being much lower.  Only in the cases where the pyridine nitrogen is alkyl substituted are 

modest yields observed. 

 It has been reported that the antimony chloride salts of pyridine N-oxides give 

clean regiospecific rearrangement to the corresponding 6-pyridones upon heating in 

nitrobenzene.10 The antimony N-oxide salt 87 was prepared and treated under the 

conditions as reported however, no rearrangement products were isolated.  In fact, the 

antimony salts were particularly resistant to a variety of conditions and this chemistry 

was quickly abandoned. 
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Scheme 2.10: Antimony catalyzed rearrangement 

 

 When the pyridine ring is substituted at carbon three with an electron withdrawing 

group it is known that the rearrangement proceeds regiospecifically to 6-pyridones.  We 

wished to explore the chemistry on a derivative oxidized at carbon four to see if this 

substitution would make any difference in either the yield or the regioselectivity of the 

rearrangement.  This functional handle would also need to be present in the final 

saturated ring system. 

Preparation of the pyridine N-oxide begins with oxidation of 3,4-dimethyl 

pyridine 88 with selenium dioxide.11 The reaction necessitated the use of several 
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equivalents of oxidizing agent for complete consumption of starting material.  Attempts 

were made to reduce exposure to the toxic selenium by incorporating it into a catalytic 

cycle or using other oxidants, but with no success.12-14 The oxidation was regioselective 

and only minor quantities of 3-carboxy-4-methylpyridine were observed in the large scale 

oxidations. 
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Scheme 2.11: Preparation of carboxypyridine derivative and rearrangement 

 

 Transformation of the pyridine acid 89 to the ester was best accomplished by 

formation of the mixed carbonate.  Elimination of carbon dioxide with heating yields the 

ethyl ester 90 in good yield.  Subsequent oxidation to the N-oxide 91 proceeded 

uneventfully. 

 Treatment of the carboxy pyridine N-oxide 91 with selected anhydrides did not 

produce any increase in yield or regioselectivity.  In fact, the reactions were even more 

sluggish.  As opposed to the previous rearrangements, no starting material was ever 

recovered and the reactions proceeded with considerable degradation at the temperatures 

required for any reaction to occur. 
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 We had approached the pyridine N-oxide rearrangement route thinking that we 

would be able to bias the regioselectivity of the rearrangement through the use of a bulky 

anhydride.  All of the N-oxide derivatives explored failed to yield substantial quantities of 

the rearranged pyridine and no regiochemical bias was observed.  We quickly abandoned 

this route for a more promising synthesis. 

 

2.3 Ring A Elaboration 

2.3.1 Electrophilic Amination 

Encountering difficulties in both the desymmetrization cyclization and pyridine 

rearrangement strategies we turned our attention away from the synthesis of ring B and 

towards functionalization of an existing seven membered ring that would eventually 

become ring A.  Starting with an intact seven membered ring allows for the option to first 

elaborate ring B and then ring C or vice versa. 
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Scheme 2.12: Synthetic strategy 
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 For either of these two strategies to be feasible a stereospecific amination of 

enedione 98 is required.  Furthermore, the nitrogen stereochemistry will dictate the 

relative stereochemistry at the AC ring fusion.  Also critical to this strategy is the 

stereospecific incorporation of the quaternary methyl group. 

 In order to study this approach, large quantities of enedione 98 were required.  We 

envisioned a step-wise oxidation, first to the protected enone 102, then subsequent allylic 

oxidation to the mono-protected enedione 107.  Several methods are known to transform 

a ketone into its corresponding α,β-unsaturated ketone.15-22 In particular, these include the 

addition and elimination of selenoxides and halides, and the oxidative reaction of 

palladium on enol carbonates.23-25 

For the purposes of our synthesis, the ethylene ketal protected enone 102 was 

obtained in high yields by treatment of cycloheptanone in ethylene glycol with bromine.26 

Elimination of the bromide by treatment with base yields the protected enone in excellent 

yield. 
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Scheme 2.13: Oxidation of cycloheptanone 

 

 Corey recently reported a high yielding allylic oxidation of olefins with palladium 

(II) complexes and tert-butyl peroxide as the stoichiometric oxidant.25 As opposed to 

other allylic oxidation conditions employing selenium,16, 22 chromium,15, 21 or hypervalent 

 30



iodine reagents,17-20 this method uses a catalytic amount of the metal oxidant and seemed 

to be a relatively straightforward procedure.  The oxidation of enol carbonates to the α,β-

unsaturated enones by action of a palladium catalyst is also known.23, 24 In the Corey 

report, a series of α,β-unsaturated ketones were shown to undergo oxidation in excellent 

yield. 

 

O

O103 104
79%

O OO

O O

O105 106

Pd(OH)2/C (5 mol%)
tBuOOH (5 equiv.)
K2CO3 (0.5 equiv.)

DCM

82%  

Scheme 2.14: Corey’s palladium oxidation 

 

The ethylene ketal protected cyclohexanone 103 was also subjected to these 

oxidative conditions and the expected product isolated in good yield.  Although not 

reported, we thought that the oxidation of the cycloheptanone ethylene ketal 102 would 

proceed in a similar fashion under these conditions.  No allylic oxidation products could 

be obtained in our hands.  The experimental procedure was repeated on the reported 

substrates to verify the process and inconsistent results were obtained at best. 

Variations on the Corey oxidation procedure were explored, including the use of 

different stoichiometric oxidants and changing the identity of the palladium catalyst.  

Unfortunately, no combination of reagents or conditions yielded the allylic oxidized 
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product 107 in greater than 30%.  Hydrolysis of the ethylene ketal was the major by-

product of these reactions. 
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Scheme 2.15: Allylic oxidations 

 

In an interesting case, activated carbon with a stoichiometric peroxide oxidant 

yielded the desired protected enedione 107 in comparable yields.  Oxidation with 

catalytic selenium dioxide or chromium reagents also gave low yields of the allylic 

oxidation product 107 and cyclohepteneone 105.  Treatment of 102 with N-

bromosuccinimide to arrive at the allylic bromide and then Kornblum-type oxidation also 

met with similar lack of success although these conditions previously had been reported 

to work well.27 
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Scheme 2.16: Alternative oxidations 

 

 Cyclohepteneone is known to exist both as the conjugated enone 105 and as the 

deconjugated keto olefin 109.28 This equilibrium exists due to trans-annular strain 

imparted by eclipsing hydrogen atoms.  We thought that we could perhaps exploit this 

equilibrium and oxidize the deconjugated olefin selectively to yield epoxide 110.  

Elimination of the epoxide and oxidation would result in the enedione 106. 
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Scheme 2.17: Cyclohepteneone equilibration 

 

 One would predict that the relatively electron rich isolated olefin in 109 would 

react under different conditions than the electron deficient eneone 105.  Even though we 

were able to observe this equilibration by NMR, no suitable oxidation conditions were 

found to selectively functionalize the isolated olefin.  In general the reactions were 
 33



sluggish and upon forcing the conditions, Baeyer-Villiger product 111 was sometimes 

observed. 

Since we were having difficulty in obtaining reasonable quantities of oxidized 

product 106 or 107 we began to look at installation of the nitrogen functionality to 

determine if this route was feasible.  Carbon-nitrogen bonds are generally obtained by 

attack of nucleophilic nitrogen on an electrophilic carbon center via SN2 displacement of 

a leaving group.  The reverse process where the nitrogen is electropositive and the carbon 

center is the nucleophile has increasingly been of interest.  Recent reviews highlight some 

of the advances in this area.29, 30 

Electrophilic α-amination is known to proceed well with ketones and ketone 

derivatives as nucleophilic partners.  In terms of good electrophilic nitrogen sources, 

diazodicarboxylates have been used extensively.  In addition to their ready availability, 

asymmetric α-amination with these substrates has been explored and reported to give 

high enantiomeric excess.  The one drawback of these nitrogen sources is that it installs 

an imide enantioselectively and not an amine.  Reduction of the imide is still considered 

to be a general problem if the unprotected amine is needed for further manipulations. 
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Scheme 2.18: Electrophilic amines in synthesis 
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 Alternatively, N-haloamines, O-substituted hydroxylamines, and oxaziridines, 

amongst others have been used for the introduction of an electrophilic amine.29-33 Each 

method possesses different advantages in terms of the degree to which the nitrogen is 

protected and also disadvantages, namely the degree to which the amination reagents can 

be used in enantioselective reactions. 

 The α-amination of our eneone substrate 107 was briefly explored with 

diazodicarboxylates.  In terms of enantioselectivity, proline34 has been used most often in 

enantioselective aminations with diazodicarboxylates.  The caveat to this is that most 

reports use simple five and six member ketones.  It was of interest to us to see if this 

chemistry could successfully be applied to a modestly more complex system, and if the 

enantioselectivity would be commensurate on the larger ring systems where there is less 

rigidity. 
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Scheme 2.19: Attempted diazodicarboxylate chemistry 

 

Treatment of enedione 107 with ethyldiazodicarboxylate 114 and proline catalyst 

at a variety of temperatures and in different solvents gave inconsistent yields of the 

amination product 115.  Normally only trace amounts of the amination product 115 were 

recovered along with starting material, even at elevated temperatures.  Pyrrolidine was 
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also used as a catalyst to see if any conditions would yield the amination product in 

reasonable yield, but appropriate conditions were not found. 

One of the more traditional approaches towards installing an α-keto amine is the 

Neber rearrangement.35 Transformation of a ketone into its N-tosyl oxime and treatment 

with base yields the α-amination product 119 via the aziridine intermediate 118.  This 

reaction is not readily amenable to asymmetric synthesis.  Additionally, the 

rearrangement only occurs when the O-tosyl leaving group is anti- to the formed enolate. 
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Scheme 2.20: Neber rearrangement 

 

The enedione 107 was treated with hydroxylamine hydrochloride and then tosyl 

chloride and base to form the Neber precursor 116.  Treatment of this compound with a 

variety of bases failed to yield the α-amination product 119 in appreciable yield and 

significant decomposition was observed.  The intractable mixtures did not leave any clues 

discerning the decomposition pathways. 

 At this point we concluded that neither the allylic oxidation nor the 

enantioselective α-amination procedures were going to give us significant quantities of 

product for further studies.  We also realized that stereoselective incorporation of the 

quaternary methyl center would be problematic if we were to continue with these 

strategies.  We noted the deficiencies in this route and abandoned it. 
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2.3.2 Pyridine Cycloadditions 

 We briefly returned to pyridine chemistry, but for a different reason.  When 

taking a closer look at the product that would arise from the α-amination of enedione 107, 

we noticed the similarity between it and the tropane alkaloids.  Hydrolysis of the ethylene 

ketal to enedione 123 and trans-annular condensation of the α-keto amine results in the 

tropane-like skeleton 122. 
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Scheme 2.21: Tropane alkaloid comparison 

 

 Our intention was to install the amino group via cycloaddition of an olefin to an 

appropriately substituted pyridinium ring.  The tropane alkaloid chemistry is quite 

extensive and we believed that if we could get the cycloaddition to proceed in good yield 

and with good regioselectivly that we could open the tropane ring structure and further 

functionalize rings B or C.  Several literature examples led us to believe that the route 

was feasible.36-38 
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Scheme 2.22: Cycloaddition examples 

 

 We were concerned about the regiochemistry of the proposed cycloaddition 

reaction as there are several possibilities.  For our strategy to work the cycloaddition must 

occur over C1-C5.  In addition to the regiochemical requirement, it was necessary for one 

of these carbons to be oxidized such that elimination of the amine and ring expansion 

would occur.  A survey of the literature showed us that the regiochemical requirement 

could be achieved.  One example in particular shows the cycloaddition of a 

dicarboxyacetylene 131 across a 2,5-dioxygenated pyridine ring 130, exactly the 

substitution pattern that we would require. 

 The 2,5-disubstituted pyridinium salt 133 was synthesized by known protocols in 

excellent yield.11 The salt was treated with base to liberate the 3-oxidopyridinium betaine 

and reacted with several olefins.  Despite having literature precedence pointing towards 

the successful cycloaddition, we were not able to obtain the correct regiochemistry in our 

system. 
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Scheme 2.23: 3-Oxidopyridinium betaine cycloaddition 

 

 Reaction with dimethyldicarboxylacetylene 134 yielded two products in very 

good yield.  The product 135 is the result of partial addition across the pyridinium C1-C5 

carbons.  This result highlights that the reaction is non-concerted and that the O-methyl 

group is not stable enough under the reaction conditions.  Premature hydrolysis of the O-

arylmethyl ether effectively stops the cycloaddition from completing.  The second 

product 136 is the result of pyridinium conjugate O-alkylation.  Treatment of the 
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oxidopyridinium betaine with olefins with differing electronic characteristics did not 

yield the desired cycloaddition products.  In another example, ethyl vinyl carboxylate 137 

underwent cycloaddition, but across the C1-C4 carbons of the betaine.  The ethyl vinyl 

enolate conjugatively adds into the enone and closes to the bicycle 139. 

 No further experiments were run in conjunction with this chemistry as a new and 

more promising strategy had begun to develop in concurrent studies.  This chemistry is 

the topic of the remainder of this dissertation and revolves around the chemistry of 

cyclopropanes. 
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Chapter 3: Cyclopropane Ring Expansions 

 

3.1 Cyclopropanes 

 Activated cyclopropanes undergo a number of ring opening reactions when 

treated with a variety of chemical reagents (nucleophiles, electrophiles, radicals) or when 

subjected to external forces (light, heat). The chemistry of these highly strained 

carbocycles is rich and diverse, resembling the chemistry of the carbon-carbon double 

bond in many ways.  Their reactivity can be attributed to the thermodynamic driving 

force of releasing ring strain. 

 

3.1.1 Cyclopropane Bonding 

 Two models have been traditionally used to explain the anomalous features of the 

cyclopropane ring.  The Walsh model of the cyclopropane describes the bonding orbitals 

in terms of three overlapping trigonal sp2 CH2 hybridized orbitals, each having a radial 

and a tangential component.1, 2 Angular strain in this model is attributed to poor orbital 

overlap.  For example, the orbitals comprising the lowest energy ψ1 are pointed inwards 

from the carbon center lines and the orbitals in ψ2 appear as a distorted π bond. 

Alternatively, the Coulson and Moffit model, which is popularly accepted as the 

model to explain cyclopropane orbital considerations, describes the bonding by using 

locally hybridized orbitals.3 Formation of the cyclopropyl ring requires that three sp3 

hybridized CH2 groups be situated at 60o to each other, a considerable contraction from 

the idealized 109.5o bond angle.  The orbitals point 22o off the center line connecting the 

carbon atoms and result in a bent or ‘banana’ bond.4, 5 It was realized that the strongly 



bent bonds would lead to poor orbital overlap and subsequently a weak C-C bond.  It is 

this diminished overlap that is thought to be the source of angular strain.  Variations on 

this model use mixed hybridizations for the C-C and C-H orbitals.6 By increasing the p-

character in the C-C bonding orbitals a better overlap and stronger bond formation is 

achieved.  There is, however, a limit to which the s-character of the C-C orbital may be 

decreased.  As the p orbital hybridization allows for better overlap and better orbital 

geometry, it also implies a weaker bonding interaction. 

 

a) 

E

              b)    

22o

 

Figure 3.01: a) Walsh orbital model and b) Moffit orbital model 

 

The increased s character of the C-H bonds helps to explain the similarities in 

reactivity between cyclopropanes and olefins.  Table 3.01 compares the bond properties 

of cyclopropane with ethylene and propane.  All of the bond characteristics more closely 

mimic ethylene than propane.  This is due to the s electrons having a higher probability 

(per unit volume) of being closer to the nucleus and therefore leading to shorter and 

stronger bonds.  Because of these properties, the cyclopropane is sometimes thought of 

akin to an olefin. 
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Characteristic Cyclopropane Ethylene Propane 
C-H Bond Length 1.083 1.085 1.092 

C-H Bond Diss. Energy 106 109 99 
pKa 46 44 51 

    
Table 3.01: Cyclopropane comparison7 

 

An interesting phenomenon arises when considering the thermodynamics of the 

cyclopropane ring.  The conventional strain energy of cyclopropane, as experimentally 

determined from the enthalpy of formation, is 27.5 kcal/mol.8 The calculated strain 

energy of cyclopropane, as estimated from the bending force constants of acyclic 

paraffin, is 104 kcal/mol.  One would not a priori predict such a dramatic stabilization to 

be observed in a simple three member carbocycle, considering the geometry and 

perceived ring strain.  Moreover, this phenomenon is only observed in molecules 

containing a three member carbon ring.  In the case of cyclobutane, the conventional 

strain energy is 26.5 kcal/mol and the calculated strain value is 26.1 kcal/mol.9 This is a 

negligible difference and comparable in magnitude to that of the conventional strain 

energy for cyclopropane.  Furthermore, the homolytic cleavage to a di-radical species for 

a cyclopropane (61 kcal/mol) and a cyclobutane (62.5 kcal/mol) are similar.10 If both the 

experimentally derived strain energies and the homolytic cleavage energies are 

comparable, this must mean that either the cyclopropane is being stabilized or the 

cyclobutane is being destabilized in some way. 

 Dewar proposed that the relative stability of the cyclopropane can be explained by 

σ-aromaticity; the 6 electrons found in the cyclic array of C-C bonds define it as aromatic 

by the 4n + 2 rule (Figure 3.02).8 The conventional strain energy of the cyclopropane is 



the difference between the real strain energy and the energy gained back due to 

aromaticity.  Estimated to be 55.1 kcal/mol, the energy of aromaticity of the 

cyclopropane is much greater than the resonance stabilization of benzene (20 kcal/mol).  

This is expected due to the larger resonance integrals between atomic orbitals in paraffin 

as compared to those in adjacent 2p orbitals in a conjugated hydrocarbon.  Recent high 

level calculations confirm the existence of a ring current and σ-aromaticity in the 

cyclopropane.11  Invoking the σ-aromaticity argument explains a lot of the interesting 

characteristics and reactivity attributed to the cyclopropane ring. 

 

a)            b)  

Figure 3.02: Magnetic force lines in a) cyclopropane and b) benzene 

 

3.1.2 Cyclopropane Reactivity 

 The reactivity of the cyclopropane ring towards electrophilic attack is frequently 

attributed to the release of ring strain.  In the electrophilic attack of a cyclopropane a 

‘non-classical’ ion is formed: a π-complex in the case of an olefin and the CH2, or 

alternatively, an edge protonated species (Scheme 3.01).12 
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Scheme 3.01: Transition states 

 

In either intermediate a large part of the ring aromaticity is retained, accounting 

for its high reactivity.  A perturbation in the inter-nuclear C-C distance significantly 

decreases the real strain energy, and since the aromatic stabilization depends upon this C-

C bonding character, the stabilizing effect of aromaticty is also lost.  The overall effect is 

a substantial loss in energy and is the driving force behind the reactivity of 

cyclopropanes. 

 

3.1.3 Synthetic Uses 

 The unique characteristics of the cyclopropane moiety, and the comparisons that 

can be drawn between it and carbon-carbon double bonds makes it an extremely useful 

tool in modern synthetic chemistry.  Cyclopropanes and their derivatives have been used 

in almost every synthetic sense that one can imagine as a way to introduce a single 

carbon into an existing structural framework.12 Their wide application has also cultured 

the research leading to their formation.13, 14 

 The fission of a cyclopropane ring by the affect of an electrophile or a nucleophile 

becomes possible when a substituent on the cyclopropyl ring provides the stimulus for 

the uni-directional flow of electrons.  Dependent upon if the substituent is an electron 

donor or acceptor, any of the three cyclopropane carbon-carbon bonds may be cleaved.  
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The cyclopropane bond which is preferentially cleaved is the one in which the electrons 

are most easily absorbed into an activated π system.  Cyclopropane addition chemistry is 

directly analogous to the addition chemistry of olefins (Scheme 3.02).  All reactions 

concerning cyclopropanes can be related back to this simple mechanistic depiction. 
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Scheme 3.02: a) Michael reaction and b) homologous Michael reaction 

 

Only in the case when the cycloproane is electronically deficient is it susceptible 

to nucleophilic attack.  There has been wide application of this transformation and it has 

been considered the homologous Michael, or a 1,5-addition.  A wide variety of carbon 

and heteroatom nucleophiles have been utilized for this transformation.  The nucleophilic 

partner may react in an intermolecular or intramolecular fashion to form new rings.  The 

more activated the cyclopropane, the more reactive it is.  Two electronic sinks at one 

terminus of the ring help to distort the polarity of specific C-C bonds allowing for a more 

facile cleavage.  The choice of activating substituents and the nucleophiles play 

significant roles in the ring fission. 
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Scheme 3.03: First homo-Michael reaction 

 

The first report of a cyclopropyl ring expansion dates back to 1895.15 Since then 

the reaction has been studied in detail.16, 17 Danishefsky, amongst others, spent a lot of 

time looking at the characteristics of this reaction.  In one particular case, the relative 

preponderance of spiro versus fused ring-expansion was explored.  Spiro opening refers 

to nucleophilic attack at the more substituted carbon of the cyclopropane and fused 

opening refers to nucleophilic attack at the least substituted cyclopropane carbon. 
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Scheme 3.04: Intramolecular ring expansions 

 

Further considerations as to the length of the tether and the type of nucleophile 

were investigated.  The results of these studies determined that the intramolecular 

reaction allows for more mild reaction conditions and that the spiro mode is favored.  The 

spiro mode results in five and six member rings while the fused mode gives rise to six 

and seven member rings. 
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Scheme 3.05: Types of nucleophiles 

 

 Most cyclopropane ring expansions occur with two geminally activating 

substituents.  The reaction conditions are still quite vigorous and the nucleophiles used 

have been limited to softer nucleophiles such as malonate,15 amines,18 thiols,19 

enamines,20 nitriles,21 and cuprates.22, 23 In the case where only one activating substituent 

is present, ring expansion has only been observed with soft nucleophiles such as thiols19 

or selenols.24 

 

3.1.4 Stereoselective Ring Fission 

 The stereochemical course of a nucleophilic cyclopropane ring opening was first 

reported by Cram.25 The communication claimed that the solvolysis of an optically pure 

and di-activated cyclopropane was stereoselective.  Shortly thereafter, the authors 

expanded upon and verified the claims stated in the communication with a detailed 

stereochemical and kinetic study of the opening.26 
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Scheme 3.06: Cram stereoselective ring opening 

 

 The methyl-1-cyano-2-phenylcyclopropanecarboxylate 160 was synthesized and 

recrystallized to a constant melting point and optical rotation.  Upon heating in methanol 

the methyl ether 161 was isolated in excellent yield.  Derivatization of this compound and 

comparison to a derivative of mandelic acid confirmed that the ring expansion was 

seterospecific with inversion at the carbon center.  The kinetics of the solvolysis and 

epimerization were also studied on this and similar systems confirming the results. 

 In addition to solvolysis reactions, the stereochemical inversion at carbon has 

been used extensively in synthesis.  The chemistry has been applied in different ways in 

the synthesis of prostoglandins,23, 27-29 sesquiterpenes,30 and in controlling the C-20 side 

chain stereochemistry in steroids.31 One particular example is by Danishefsky in work 

targeting the necine bases and senecio alkaloids.32 
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Scheme 3.07: Synthesis of necine bases via cyclopropane ring expansion 
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 Hydrazine cleavage of the phthalimide releases the primary amine which opens 

the di-activated cyclopropane with inversion of stereochemistry.  The resultant trans-6,6-

fused product is not isolated, but rather the six-membered ring is hydrolyzed.  Cyclization 

onto the secondary amine results in the isolation of 166 in excellent yield. 

 These two examples highlight the stereospecificity in the nucleophilic ring 

opening of activated cyclopropanes.  Our synthetic plan also includes a stereospecific 

cyclopropane ring expansion. 

 

3.2 Ring Expansion Studies 

3.2.1 Synthetic Strategy 

Our strategy towards the fused ABC tricycle of the daphnicyclidins examines the 

efficacy of the cyclopropyl ring expansion of bicyclo[4.1.0] ring structure 170 to the five-

seven member ring system 169.  Further elaboration of this ring system using an 

alkylation strategy gives rise to the core fused tricycle that is found in all of the recently 

isolated and structurally novel daphnicyclidins. 
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Scheme 3.08: Retrosynthetic analysis 

 

 Crucial to this approach are three stereochemical relationships.  Firstly, the 

quaternary center, which is ultimately found at the five-seven ring fusion, must be set in a 

stereospecific manner.  Secondly, it is well known that the nucleophilic opening of 

activated cyclopropanes occurs with inversion of stereochemistry at carbon.17, 26 With this 

in mind, a diasteroselective cyclopropanation of the proposed intermediate 171 must be 

considered.  Thirdly, the remote secondary methyl stereocenter on the ring A of the core 

tricycle must be set with control.  Only when these three conditions are met will the 

synthesis of the daphnicyclidin core be successful. 

 

3.2.2 Preliminary Results and Efficacy of Route 

 Our first synthetic goal was to determine the efficacy of the cyclopropane ring 

expansion.  Based on extensive literature precedence in cyclopropyl ring cleavage we 

were confident that the transformation would meet with success.  The conditions under 

which such a reaction would occur were not known at the outset, including the type of 
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nucleophile and requisite temperature.  Although there have been reports of 

intramolecular ring expansions, the use of an amide as a nucleophile was unprecedented 

as was the formation of the five-seven fused ring structure via this strategy. 

 We began our studies with the synthesis of the racemic enone 176.  Following 

known protocols, 1,3-cyclohexanedione was converted into the ethyl vinylogous ether 

174 by acid catalyzed azeotropic distillation of water.33 Standard Stork-Danheiser kinetic 

alkylation conditions introduced the methyl and then the allyl substituents, forming the 

quaternary center in a racemic fashion.34 1,2-Reduction of the vinylogous ketone and acid 

catalyzed elimination yielded the racemic enone 176 in excellent yield. 
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Scheme 3.09: Synthesis of racemic enone 

 

 Several conditions exist for the synthesis of cyclopropyl ketones from the 

corresponding enone.13 At this point we were not concerned with the diastereoselectivity 

of the cyclopropanation reaction and elected to treat the enone 176 with 

trimethylsulfoxonium methylide.35 The reaction with the methylide occurred at room 

temperature, however it was necessary to warm the reaction to speed the extrusion of 

dimethylsulfoxide and close the cycloproane.  We were not expecting to see any facial 

selectivity in the cyclopropanation reaction, however, an inseparable 60:40 mixture of 

diastereomers was observed by NMR. 
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Scheme 3.10: Cyclopropanation and amide formation 

 

Oxidative cleavage of the allyl group to the carboxcylic acid proceeded smoothly 

under Rudolph-Lemuix conditions.36-39 Formation of the acid chloride under a variety of 

conditions and subsequent treatment with ammonia proved to be inconsistent and low 

yielding.  The cyclopropyl amide 179 was eventually isolated in good yield by treating 

the iso-butyl mixed anhydride with ammonia. 

 With the mixture of diastereomeric amides in hand we were ready to explore the 

ring expansion methodology.  Our first attempts to effect this change were purely from a 

thermal standpoint.  We wanted to determine the temperature at which the cyclopropane 

would open.  Based on literature examples for the cleavage of mono-activated 

cyclopropanes we expected the reaction temperature to be in excess of 130 oC; there are 

wide variations in cyclopropyl reactivity based on specific molecular configurations.  

Furthermore, the possibility that ring fission could occur without concurrent nucleophilic 

addition allowing for the formation of carbocationic intermediate 180 intrigued us.  The 

secondary carbocation could then be trapped by the pendant amide nucleophile giving 

rise to the cis-fused five-seven ring lactam 182, alleviating the need for a 

diastereoselective cyclopropanation.  This possibility was kept in mind even though the 

ring expansions had been demonstrated to be stereospecific. 
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Scheme 3.11: Cyclopropyl ring expansion 

 

 One of the first solvents chosen for the ring expansion was trichloroethanol.  The 

rationale for the choice in solvent was twofold: it has a high boiling point and is a protic 

solvent (pKa = 12.0).  We were convinced that the ring fission would not occur unless 

there was some activation of the ring carbonyl by an acid or Lewis acid.  Treatment of 

amide 179 in trichloroethanol at reflux yielded trace amounts of what appeared to be both 

the lactone 181 and lactam 182 products, as judged by the IR and mass spectroscopic 

data.  In addition, the NMR analysis led us to believe that there was a mixture of both the 

cis- and trans-fused products. 

The low yield was troublesome and it was speculated that perhaps the reaction 

temperature was not high enough for significant amounts of ring fission to occur.  A 

search for a higher boiling protic solvent that was also relatively easy to remove was 

fruitless.  To allow for an increased temperature, the reaction was run in a sealed tube at 

temperatures up to 250 oC, however there was no increase in yield.  In all cases the 

starting material could be recovered, but to a lesser extent with an increase in reaction 

temperature. 

It was thought that perhaps a stronger acid would help to protonate the ring 

carbonyl and allow for more facile ring fission.  Although only nominally a better acid, 
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trifluoroethanol (pKa = 12.4) was used as solvent to try to increase the acidity of the 

reaction mixture.  The slight increase in solvent acidity was accompanied by a dramatic 

decrease in the boiling point.  Treatment of amide 179 in trifluoroethanol at reflux (78 

oC) led to complete recovery of starting material.  Amide 179 also was treated with a 

variety of Lewis acids, both catalytically and stoichiometrically, at elevated temperatures 

in hydrocarbon solvents.  However, none of the conditions led to lactone 181 and lactam 

182 products in greater than 5% combined yield. 
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Scheme 3.12: Thermal and Lewis acid catalyzed ring expansion 

 

 Although the reaction was not high yielding and no optimized conditions were 

found at the time, we did learn that the ring expansion was feasible.  Furthermore, we 

concluded that a diastereoselective cyclopropanation would be necessary to ensure a cis-

ring fusion of the opened product.  A surprising result was the apparent isolation of both 

the lactam and lactone products. 
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Scheme 3.13: Amide nucleophilicity 

 

This result indicated to us that both the amide oxygen and nitrogen are 

nucleophilic.  The lactone product must be derived from the O-alkylation of the amide 

and then hydrolysis of the formed iminolactone 183.  Once the cyclopropane is open, 

there is no driving force to reform the cyclopropyl ring and regenerate the amide.  Hence, 

there is no way to equilibrate to the more thermodynamically stable N-alkylation product, 

lactam 182.40 

 

3.2.3 Di-activated System 

 In an effort to cleave the cyclopropyl ring under more mild conditions and to 

increase the yield of the ring expanded products a di-activated cyclopropane derivative 

was synthesized.  Enone 176 was methoxy carbonylated and immediately oxidized to the 

cross conjugated dienone 185.  Interestingly, phenol 188 was observed when the 

oxidations were performed at higher temperatures and for extended periods of time.  The 

phenol 188 results from two successive [3,3]-sigmatropic Claisen rearrangements of the 

allyl group. 
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Scheme 3.14: Cross conjugated dieneone formation 

 

 Cyclopropanation of dienone 186 with a single equivalent of trimethyl 

sulfoxonium methilide results in mono-cyclopropanation of the more activated and 

electron deficient olefin.  Previously, the Rudolph-Lemuix conditions were used to 

oxidatively cleave the allyl olefin to the carboxylic acid.  In this case, a step-wise 

oxidative cleavage is necessary to avoid oxidation of the enone.  Treatment of allyl enone 

189 with sodium periodate and a catalytic amount of potassium osmate yields the 

aldehyde 190.  Subsequent oxidation with sodium chlorite in a phosphate buffer solution 

containing a chlorine scavenger yields acid 191 in good yield.  The amide 192 was 

arrived at by the mixed anhydride method. 
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Scheme 3.15: Oxidative cleavage 

 

 With the di-activated cyclopropane in hand, the ring expansion was again 

investigated.  To our dismay, the reaction proceeded as poorly as in the mono-activated 

case under both thermal and Lewis acidic conditions. 
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Scheme 3.16: Di-activated cyclopropyl cleavage 

 

Considering that di-activated cyclopropanes undergo ring fissure relatively easily 

as compared to their mono-activated analogues, and that there was essentially no increase 

in the yield of the transformation, the lack of reactivity was attributed to the character of 

the nucleophile.  The isolation of both the cis- and trans-fused ring products bore 
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testimony to the fact that a five carbon tether nucleophile could indeed achieve ring 

opening. 

We thought that the lack of reactivity was due to the electronics of the amide.  

From extensive literature searching no examples of an amide opening a cyclopropane 

ring were found.  The only nitrogen containing nucleophiles that have been reported to 

undergo similar transformations are amines,41 nitriles,21, 42 and imides.43 
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Scheme 3.17: Nitrogen and cyclopropane ring fissures 

 

In the cases where amines were used as nucleophiles, the cylcopropanes were di-

activated.  Moreover, the structure of the amine has great importance in the efficacy of 

the transformation.  Secondary amines, especially cyclic ones such as piperidine, 

morpholine, and imidazole, undergo the transformation in reasonable yield at 

temperatures greater than 150 oC.  Primary amines react at higher temperatures with 

decreased yields and considerable decomposition.  The sterically hindered secondary 
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amines such as di-iso-propylamine yield the ring opened products in poor yield while 

dicyclohexylamine does not react at all.  The nitrile addition to a cyclopropane ring was 

performed under strongly acidic conditions and yields the amide via a Ritter reaction.  

The imide ring opening was performed under basic conditions with a di-activated system. 

The nucleophiles in these reactions are softer than the amide nucleophile in our 

case.  It was thought, based on the Hard-Soft Acid-Base theory, the soft cyclopropane 

electrophile should react better with a softer amine nucleophile, and not as well with a 

harder amide moiety.  Also, having determined that the ring fission was regioselective we 

turned our attention to the stereoselective variant of the synthesis.  We were confident 

that we would be able to work out the necessary details concerning the electronics of the 

amide nucleophile at a later date. 

 

3.3 Stereoselective Quaternary Center Formation 

 We approached the issue of setting the quaternary methyl stereocenter in several 

different ways.  One strategy utilizes limonene oxide and derives the stereocenter from 

the chiral pool.  The second strategy is based on the previous racemic synthesis and 

utilizes the enantioselective Tsuji-Trost allylation. 

 

3.3.1 Intramolecular Cyclopropanation and Ring Expansion 

 Deriving a stereocenter from the chiral pool has been widely exploited in the 

synthesis of natural products.44, 45 One of the most attractive features of using the chiral 

pool is that nature has already set the absolute configuration and, in many cases, with 

excellent selectivity.  Specifically for our purposes, limonene may be purchased from 



Aldrich in both the (R)-(+) and (S)-(-) forms in greater than 99% enantiomeric excess.  

The chirality derived from limonene can be mapped directly onto the quaternary center in 

our system. 

 

O
N2O

O

O

R2N O 205 206204
203  

Scheme 3.18: Chirality transfer strategy 

 

Our strategy relies upon a 1,4-transferrence of chirality by a trans-annular 

cyclopropanation.  Starting with a single enantiomer, the trans-annular cyclopropanation 

creates the quaternary methyl center enantioselectively.  Bayer-Villiger oxidation and 

oxidative elimination of the cyclopropane yields the enantio-enriched quaternary enone 

203. 

Our synthesis commences with (+)-limonene oxide 207 as a mixture of epoxides.  

Ozonolysis of the terminal olefin by known procedures yields ketone 208 

quantitatively.46 Treatment of ketone 209 under reductive conditions removes the oxide 

protective group in excellent yield.47, 48 The olefin oxide is a unique protection strategy 

that works well in this case, however, the reductive conditions used to liberate the olefin 

likely would not be applicable to molecules containing sensitive functionality. 
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Scheme 3.19: Diazoketone formation 

 

Formation of the diazo ketone 205 proceeded well by kinetic deprotonation of 

ketone 209 and treatment with trifluoroethyl carbonate to yield the 1,3-dione 

intermediate.  This is further treated with a base and tosyl azide, eliminating the 

trifluoroacetate to yield diazo ketone 205 in good yield. 

 With all of the requisite functionality installed, a variety of conditions were 

attempted to affect the trans-annular cyclopropantion.  The transformation is known to 

proceed well with stoichiometric amounts of copper bronze, presumably through 

formation of a copper carbenoid species which inserts into the olefin.49 
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Scheme 3.20: Diazo insertion chemistry 

 

Modern organic chemistry has been stressing the use of catalytic methods as a 

way to reduce metal contaminant waste.  Ruthenium catalysts are known to insert into 

diazo compounds to form metal carbenoids which subsequently undergo C-H insertion or 

cyclopropanation reactions.13 Attempts were made to make our transformation catalytic 
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in metal under a variety of conditions, however only the stoichiometric use of copper 

bronze yielded the trans-annular cyclopropanation product in reasonable yield.  Large 

quantities of racemic diazo ketone 215 were also synthesized by known methods for use 

in exploratory chemistry.50 
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Scheme 3.21: Racemic synthesis 

 

 The tricyclic ketone 211 was treated under Baeyer-Villiger conditions to yield 

lactone 204.  Classically, the Baeyer-Villiger regioselectivity is based on the comparison 

of the carbon migrating on either side of the intermediate peroxyhemiketal 216.  The 

migratory aptitude of each carbon is based on the relative ability to stabilize a 

carbocation; the carbon having the more stable cationic character is the carbon that 

generally migrates.  The relatively higher energy cyclopropyl cation dictates that the 

rearrangement occurs as observed. 
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Scheme 3.22: Baeyer-Villiger rearrangement 
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 In an early effort to optimize the conditions leading to tricyclic lactone 204, chiral 

acetate 218 was synthesized by a sequence of known transformations.51 The acetate was 

transformed into the diazoester 219 by previously described methods.  Surprisingly, 

treatment of this compound to the optimized copper bronze cyclopropanation conditions 

did not yield the expected tricyclic lactone product 204. 
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Scheme 3.23: Tricyclic ester synthesis via diazoester 219 

 

The difference in reactivity may be due to the extra atom length in the tether.  

Trans-annular cyclopropanation of diazoketone 219 results in the formation of five and 

six member rings while the cyclopropanation of diazoester 205 results in ring closure to 

six and seven member rings.  The ring closure to the larger ring system must not be as 

kinetically favored as in the previous case.  There have been examples of the larger ring 

systems being formed under similar conditions, however the reaction times are prolonged 

and the yields poor.52, 53 
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 We briefly attempted to form the cyclopropane in an intermolecular fashion.  

Strategies are known for the diastereoselective cyclopropanation of prochiral olefins 

using chiral transition metal catalysts.13 Examples are also known in which the 

conformation of the molecule dictates a facial preference for cyclopropanation.  Although 

we did not explore the former situation, two brief attempts were made to see if there was 

any merit in pursuing the latter scenario. 

In the first instance, we imagined that having a chiral substituent on the 

cyclohexane ring would bias the conformation of the ring, dictating the facial selectivity 

of an external cyclopropanation reagent.  To this end, chiral acetate 218 was treated with 

rhodium tetraacetate dimer and ethyl diazoacetate.  Not surprisingly, the isolated 

cyclopropanted products were a 1:1 mixture of diastereomers.  As the molecule is 

relatively flat and there is little steric bias, use of a chiral ligand on the metal catalyst may 

improve the diastereoselectivity, however no chiral ligands were employed in this regard. 
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Scheme 3.24: Intermolecular cyclopropanation 
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 In an alternative strategy, a chiral substrate can become a ligand on the metal 

carbenoid center.  The effect would be that the substrate itself directs an intramolecular 

cyclopropanation via the coordinated metal intermediate.  Chiral alcohol 221, obtained 

from the reduction of acetate 218, was treated with rhodium tetraacetate dimer and then 

with ethyl diazocarboxylate.  Once again, the isolated products were determined to be a 

mixture of cyclopropane diastereomers.  Additionally, the alcohol was alkylated under 

these conditions.  These strategies were abandoned for the more successful 

intramolecular strategy. 

 The key to the intramolecular strategy is converting the lactone 204 into the 

enantiomerically enriched enone 203.  To do this the lactone must first be opened to the 

secondary alcohol 224 and then this alcohol oxidized to the ketone 226.  Enolization of 

this ketone eliminates the cyclopropane to yield enone 203.  Conceptually this seems like 

an easy sequence of events, however in practice the steps are particularly capricious.  

Lactone 204 was opened in basic alcoholic solvents to the corresponding esters and 

treated directly to a variety of oxidation conditions.  All esters were found to be unstable 

to oxidative conditions and re-lactonized to 204. 
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Scheme 3.25: Lactone opening and oxidation 
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Others have reported the base catalyzed oxidation of lactones to lactols with 

ruthenium tetroxide.54-56 We hoped to isolate enone acid 226 or the cyclopropane 

elimination product directly as the exogenous base would promote the ring cleavage.  

Unfortunately, treatment of lactone 204 under similar catalytic conditions returned 

starting material and the use of stoichiometric amounts of ruthenium oxidant gave rise to 

intractable decomposition products. 
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Scheme 3.26: Basic ruthenium oxidations 

 

Only when the lithium salt of the Weinreb amine was used to open the lactone 

followed by direct oxidation under carefully controlled conditions57 was the ketoamide 

228 isolated in reasonable yield.  Exposure of alcohol 227 to even mildly acidic 

conditions gave rise to reduced yields and recovery of 204.  It is postulated that any 

activation of the ring opened carbonyl in conjunction with the proximity of the secondary 

alcohol give rise to the sterically less compressed starting material.  Elimination of 

cyclopropyl amide 228 proceeded as expected to the enantio-enriched quaternary enone 

229. 
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Scheme 3.27: Optimized conditions 

 

3.3.2 Tsuji-Trost Asymmetric Allylation  

The acetoacetic acid and malonic ester syntheses were the first examples that 

utilized decarboxylation as a synthetic tool in organic synthesis.  In these examples, β-

keto esters become the synthetic equivalents to ketones.  Unlike ketones these substrates 

had particular value in that they could be alkylated in a completely regioselective manner 

and the carboxylate functionality became a traceless regioselective directing group for the 

enolization of ketones.  The release of CO2 also provides a thermodynamic driving force 

for the generation of these reactive intermediates.  In particular, the rearrangement of 

allyl β-keto esters is known as the Carroll rearrangement and occurs at temperatures in 

excess of 170 oC, resulting in the decarboxylative allylation of ketones.58-60 
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Scheme 3.28: Carroll rearrangement 

 

 Saegusa61-63 and Tsuji64-66 first recognized the utility of transition metals, 

palladium in particular, to catalyze this reaction.  Since the initial discovery, much work 

has been done to elucidate the reaction mechanism.  Significant progress in this area was 

made when Trost developed the catalytic palladium version of this transformation.67 The 

first example of an enantioselective version of this reaction appeared in 197767 but it has 

been only in recent years that the reaction has been explored sufficiently such that a wide 

range of substrates may be accessed in a predictable fashion.68, 69 

The basis for choosing the enantioselective Tsuji-Trost allylation in our research 

stems from the previously described racemic synthesis (Scheme 3.09).  At the time that 

we started to look at this reaction only the enantioselective allylation of aryl ketones70, 71 

and simple cyclic ketones72-75 had been explored.  The enantioselective Tsuji-Trost 

reaction on β-alkoxy α,β-unsaturated ketones had not been explored. 

β-Alkoxy α,β-unsaturated ketones are unique and versatile substrates in that they 

are protected 1,3-diones in which the ketones may be functionalized individually.  The 

utility of an enantioselective alkylation of β-alkoxy α,β-unsaturated ketones to form 

carbon stereocenters in natural products synthesis is self evident.76-79 Trost first published 

the enantioselective allylation of β-alkoxy α,β-unsaturated allyl carbonates at the same 

 73



time that we were developing this reaction for the use in the synthesis of the 

daphnicyclidins.  Our results directly corresponded to those published.80 

Our synthesis began by targeting allyl carbonate 235.  The ethyl vinylogous ether 

234 was synthesized and alkylated under a typical Stork-Danheiser kinetic alkylation 

protocol.34 Subsequent acylation to the key allyl carbonate 235 proved to be difficult and 

low yielding.  The reaction produced a mixture of the C- and O-acylated products.  

Additives such as HMPA did not help in regards to either the yield or the selectivity. 
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Scheme 3.29: Tsuji-Trost oxygen analogue 

 

 The acylation products may be separated and individually subjected to the Tsuji-

Trost conditions to yield the allylated products.  In contrast to the enol carbonate 235, the 

β-keto ester was observed to undergo conversion to the same product only when the 

temperature was increased above room temperature.  The increased activation energy of 

this transformation is due to the increase in energy required to break the C-C bond of the 

β-keto ester.  More energy is required to break the C-C bond than the C-O bond of the 
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carbonate.  The π-donating ability of the oxygen of the vinylogous ester also retards the 

cleavage process. 

 In an effort to improve the yields in this transformation, the sulfur analogue was 

studied.  By substituting the oxygen in the vinylogous ester with sulfur it was thought that 

the π-donating ability would decrease and allow for more control in the allyl carbonate 

synthesis.  This would also provide for a more facile decarboxylative allylation.  The 

synthesis of the sulfur analogue was accomplished by a two step procedure commencing 

with 1,3-cyclohexane dione 173; the mesylate was formed in situ and then eliminated 

with thiophenol to yield 237.81 
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Scheme 3.30: Tsuji-Trost sulfur analogue 

 

Kinetic alkylation of thio vinylogous ester 237 proceeded well to yield methyl 

ketone 238.  Kinetic acylation with allyl chloroformate exclusively produced allyl 

carbonate 239 in excellent yield.  The optimized acylation conditions called for the 

inverse addition of the enolate to allyl chloroformate. 
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No C-acylation product was ever observed and the product is a white crystalline 

solid as opposed to reports of it being a yellow oil.  Recrystallization of the crude 

material ultimately was deemed to be of great importance as any residual thiophenol 

seemed to stall the decarboxylation, presumably due to catalyst poisoning.  An X-ray 

structure of thioenol carbonate 239 was obtained.  Preliminary decarboxylative alkylation 

studies with the sulfur allyl carbonate 239 did result in increased yields of the alkylated 

product 240. 

 

3.3.3 Tsuji-Trost Allylation Optimization 

Knowing that we had a reasonable and high yielding route to the alkylation 

precursor, significant time was devoted to optimizing the reaction conditions in order to 

gain the greatest enantiomeric excess.  The transformation was known to be significantly 

affected by the nature of the substrate itself, solvent, temperature, and the choice of chiral 

catalyst.  We thought that narrowing the catalyst choices first and then optimizing the 

reaction conditions would be the most sensible approach. 

Selection of a suitable catalyst for this transformation was not an easy task, and in 

some respects required a great deal of luck.  Several catalysts have been developed in 

conjunction with the enantioselective allylation of aryl ketones and simple cyclic ketones, 

but none were reported on vinylogous esters such as ours at the time.  Three candidates 

were selected based on their success in the asymmetric alkylations.  The Stoltz PHOX 

catalyst 24382, 83 and Trost catalyst 24484, 85 were independently synthesized according to 

literature procedures.  The synthesis of Trost catalyst 24584, 86 follows an unpublished 

procedure obtained from a graduate student of the Trost group. 
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Scheme 3.31: Catalyst selection 

 

 With these three catalysts in hand, the Tsuji-Trost allylation was examined in a 

variety of solvents at room temperature.  Palladium dibenzilidineacetone was used as the 

palladium source throughout the studies.  It was quickly found that the oxygenated 

solvents like tetrahydrofuran and dioxane were inferior to both the chlorinated solvents 

and toluene.  The reactions in tetrahydrofuran, dioxane, or chlorinated solvents were 

never observed to go to completion even at increased temperatures. 

Catalyst Solvent Temperature Yield e.e. 
Stoltz 243 THF 25 oC 52% 80% 
Stoltz 243 Dioxane 25 oC 43% 76% 
Stoltz 243 Toluene 25 oC 84% 86% 
Trost 244 THF 25 oC 47% 84% 
Trost 244 Dioxane 25 oC 36% 82% 
Trost 244 Toluene 25 oC 68% 86% 
Trost 245 THF 25 oC 57% 92% 
Trost 245 Dioxane 25 oC 82% 89% 
Trost 245 Toluene 25 oC 91% 88% 
Trost 245 Toluene -10 oC 94% 94% 
Trost 245 Toluene -20 oC 99% 98% 

* All reactions were carried out in degassed solvents at indicated temperature for 24h. 

Table 3.02: Catalyst and solvent screening 
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Furthermore, it was discovered that the Stoltz PHOX catalyst 243 did not perform 

as well as either of the Trost ligands 244 or 245 with our substrate.  Of the two Trost 

ligands, phosphine 245 was deemed superior due to its increased enantioselectivity.  This 

is presumably to be due to the more rigid phosphine pocket in which the palladium 

catalyst resides.59, 87 

Further optimization included a temperature study and it was determined that a 

temperature of -20 oC and a reaction time of 24 h with the Trost catalyst 245 led to 

excellent yields and enantioselectivities.  Decreasing the temperature much past -20 oC 

made the reaction prohibitively slow.  The optimized reaction conditions were scaled to 

2.00 g of carbonate 239 with no observed deterioration in the yield or enantioselectivity. 
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Scheme 3.32: Optimized conditions 

 

 We wanted to independently determine the stereochemistry around the newly 

created quaternary center.  Trost had determined the stereochemistry of this substrate 

through comparison of its optical rotation with known compound 247. 
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Scheme 3.33: Previous determination of absolute stereochemistry 

 

The stereochemistry of enone 247 had previously been determined through 

degradation studies and comparison to known quaternary acids.88 Only the sign of optical 

rotation was used as a comparison, and the signs did match.  A comparison was also 

made to compounds synthesized previously using the Trost catalyst 245, but having little 

structural relation to the current series.73 However, the comparison of the optical rotations 

were in agreement with their previous results and the degradation studies.  Despite this 

evidence, we wished to unambiguously determine the stereochemistry of 246 by X-ray 

crystallographic analysis. 

Thiovinylogous ester 246 was not amenable to crystallization.  It was determined 

that a crystalline derivative would be easily accessible from enone 249.  As in the 

racemic route, reduction of the vinylogous ester and hydrolysis to enone 249 was 

attempted on 246.  Direct reduction of this compound with di-iso-butylaluminium 

hydride gave an intractable mixture of products. 
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Scheme 3.34: Reduction of 246 

 

Reduction of 246 is presumed to occur, however, the hydrolysis of thioenol 248 

and subsequent reactions with the liberated thiophenol may have caused product 

deterioration.  Transformation of the thiovinylogous ester 246 into the ethylvinylogous 

ester 250 is high yielding and now the chemistry from the racemic route can directly be 

applied. 
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Scheme 3.35: Quaternary center stereochemistry 
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Enantioenriched enone 249 was isolated in excellent yield and the camphoramine 

semi-carbizide 254 was synthesized.  A crystal suitable for X-ray crystallographic 

analysis was obtained from this material and it confirmed the stereochemistry about the 

quaternary center. 

 

3.4 Diastereoselective Cyclopropanation 

3.4.1 Chiral Alcohols 

We have successfully applied two different methodologies for the synthesis of the 

quaternary center in enantioenriched form: the trans-annular cyclopropanation ring 

elimination and the enantioselective Tsuji-Trost allylation.  Based on the preliminary 

studies using material of mixed stereochemistry we understood that the cyclopropane ring 

expansion was stereoselective, necessitating a diastereoslective cyclopropanation of 

either of the enones 229 or 249.  

A variety of methods are known to insert a CH2 group across an enone.13 In the 

previous racemic route, we used dimethylsulfoxonium methilide35 as the CH2 donator.  

We also knew from this chemistry that the quaternary center does not provide sufficient 

steric bias to afford a reasonable level of diatereoselectivity.  An alternative strategy was 

needed to access the cyclopropyl ketones in sufficient purity for a stereoselective 

approach to be feasible. 

It was discovered early in the development of zinc carbenoid chemistry that there 

is a directing effect of oxygen substituents and that the zinc reagents could tolerate a wide 

range of functional groups.  These characteristics have been widely utilized in synthesis 



and the directing ability of oxygen has been extended to include chiral acetals,89 ketals,90, 

91 enol ethers,92 and alcohols.13 

Directed cyclopropanation is known to occur with optically active allylic 

alcohols.  We attempted to access the diasteromerically enriched allylic alcohol by 

reduction of the enone 229.  Unfortunately, under a variety of conditions little to no 

selectivity could be obtained.  Reduction of the enone 229 under classical Luche 

conditions quantitatively yields an inseparable mixture of allylic alcohols. The alcoholic 

mixture was then derivatized to a mixture of the 3,5-dinitrobenzoates 256  and 257 which 

were amenable to separation via silica gel chromatography. 
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Scheme 3.36: Reduction and derivatization 

 

The dinitrobenzoates could be cleaved to yield the diasteromerically pure alcohols 

in good yield.  In principle, this approach could be used to separate the alcohol 

diastereomers.  However, the unwanted diastereomer would have to be recycled through 
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the same procedure in order to convert all of the material to the desired 

diastereomerically enriched alcohol. 

Johnson has reported the use of chiral sulfoximines as reagents for use in 

preparing diasteromerically pure allylic alcohols which then undergo directed 

cyclopropanation reactions.93 The advantage of this method over working with the 

previously described allylic alcohols is that there would be no need for a subsequent 

oxidation to recover the ketone moiety.  The sulfoximine derivative and the parent ketone 

can be recovered after cyclopropanation by elimination of the sulfoximine. 
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Scheme 3.37: Johnson sulfoximine cyclopropanation 

 

The chiral sulfoximine 262 was synthesized by known methods93 and its lithium 

salt reacted with enone 229.  The resultant allylic alcohols were then directly subjected to 

cyclopropanation conditions however, the cyclopropanation products were not recovered.  

Alternatively, attempts were made to isolate and characterize the chiral allylic alcohols 

and then subject them to cyclopropanation conditions, but this also failed to yield any 

identifiable products.  The failure of this reaction is most likely due to the 
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cyclopropanation conditions.  As we soon discovered, the reliable preparation of the 

active zinc carbenoid species is a capricious and tedious task. 

 

3.4.2 Mash Ketals 

Not knowing at the time that the failure of the Johnson sulfoximine approach was 

most likely due to the preparation of the zinc carbenoid, we turned our attention to a 

methodology developed by Mash.  The use of C2 symmetric ketals to direct 

cyclopropanation of enones is well documented.90, 91 A variety of substituted ketals have 

been used with varying degrees of success.  The methodology is based on the premise 

that the cyclopropanation occurs by chelation of the zinc carbenoid to the ketal oxygen on 

the least hindered face of the molecule.  Judicious choice of the ketal chirality gives rise 

to the desired cyclopropane diastereomer.  Although charged species of the type 270 are 

not generally associated with the Simmons-Smith reaction, it is possible that the chelated 

zinc alkoxide could transfer the activated methylene. 
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Scheme 3.38: Mash ketal diastereoselection 
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 Synthesis of Mash ketal 271 proceeded well under Dean-Stark conditions.  Our 

attempts to treat this compound with the zinc carbenoid were met with varying degrees of 

success.  On a variety of scales the reaction either did not work at all or worked 

quantitatively.  It was unclear as to why, using the same procedure, that the reaction was 

capricious. 
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Scheme 3.39: Mash ketal formation and cyclopropanation 

 

 A quick search of the literature told us that we were not alone in 

misunderstanding the nature of the active carbenoid species.  There are several different 

procedures for the preparation of an active zinc carbenoid.  All of these preparations may 

be classified into one of three preparative methods based on the starting materials. 

The first method is an oxidative addition of a dihaloalkane to an activated zinc 

species forming what is considered a ‘ICH2ZnI’ species.  This is the method of the 

original Simmons-Smith reports and is generally used first due to the ease of reagent 

handling.  Preparation of the zinc-copper couple has been reported as being unreliable, 

but more recent procedures have helped in this regard.94 Generally the zinc-copper couple 

is refluxed in an ether solution with a 1,1-dihaloalkane.  Significant variations in this 
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reagent preparation have been reported including the use of a zinc-silver couple95 

amongst many other different metal combinations.96 

The second method of zinc carbenoid formation is the reaction of a zinc (II) salt 

with a diazoalkane.  This method was first reported by Wittig97 and has the advantage 

that the active zinc species can be formed at ambient or sub-ambient temperatures.  Two 

active methylenes are formed by this method and the formed species is considered to be 

(ICH2)2Zn. 

The third method of formation was first reported by Furukawa98 and is the result 

of an alkyl cleavage between an alkyl zinc and a 1,1-dihaloalkane.  The reagent is rapidly 

formed in this case but the reagents, especially the dialkyl zinc, may be difficult or 

dangerous to handle.  Again this method is considered to generate a (ICH2)2Zn species. 

 Despite the uncertainty as to the actual structure of the formed zinc reagent, the 

Simmons-Smith reagent continues to be one of the most general and versatile reagents in 

organic synthesis.  NMR studies by Fabisch and Mitchell99 and later by Denmark94 were 

undertaken in an effort to obtain a more thorough understanding of the actual zinc species 

formed and methods for their reproducible preparation.  The Denmark study utilized the 

Furukawa preparation method.  Simmons had initially claimed that the active species in 

cyclopropanation reactions is the ion pair (ICH2)2Zn/ZnI2 which is in Schlenk 

equilibrium with ICH2ZnI (Scheme 3.40).100 

 

2   "ICH2ZnI" "(ICH2)2Zn / ZnI2"
273 274  

Scheme 3.40: Schlenk equilibrium 
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Evidence from the NMR studies concludes that the Simmons-Smith reagents as 

described by the empirical formula ‘ICH2ZnI’ exist primarily as the tight ion pair of 

(ICH2)2Zn/ZnI2 in an anhydrous stabilizing acetone solution.  For the synthetic chemist 

this means that if one can form anhydrous zinc iodide (ZnI2) in the presence of an alkyl 

zinc and a 1,1-dihaloalkane, the ion couple will form the active cyclopropanation reagent.  

From this information a reliable and reproducible two-pot procedure was developed for 

the cyclopropanation of Mash ketal 271. 

 

271

OO

Ph Ph

272

OO

Ph Ph

ZnEt2, I2,
CH2I2, DCM,
15 oC, 24 h

100%,
91% e.e.

 

Scheme 3.41: Optimized Mash ketal cyclopropanation 

 

In the first pot, one equivalent of molecular iodine and the Mash ketal dissolved 

in anhydrous dichloromethane were treated drop-wise with one equivalent of diethyl zinc.  

As the iodine is consumed one equivalent of anhydrous zinc iodide precipitates.  In a 

second pot, a second equivalent of diethyl zinc is treated with four equivalents of 

diiodomethane.  The suspension of Mash ketal 271 and anhydrous zinc iodide is slowly 

added to the solution containing the diethyl zinc and diiodomethane mixture.  The 

reaction is maintained at a temperature of 15 oC for 24 hours and the cyclopropanated 

ketal 272 is isolated in excellent yield after careful work-up. 
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Interestingly, the reaction does not go to completion if the Mash ketal is added to 

one equivalent of diethylzinc and diiodomethane, or if the reaction is run with half an 



equivalent of diethyl zinc in each pot, one full equivalent in total.  These results lead to 

the conclusion that the (ICH2)2Zn/ZnI2 ion pair only donates one active methylene, or that 

the donation of the second methylene from an ICH2ZnI species is prohibitively slow 

under these reaction conditions.  It is also important to note that if the solution is cooled 

below 15 oC the reaction is prohibitively slow and that as the temperature increases much 

above 20 oC the diastereoselectivity begins to erode. 

 Removal of the Mash ketal from 272 under typical acidic hydrolysis conditions 

gave rise to a complex mixture of products along with the cyclopropyl ketone 278.  

Analysis of the crude reaction mixtures led us to believe that the side products arose from 

the benzilic rearrangement of the ketal and other allylic rearrangements. 
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Scheme 3.42: Ketal cleavage and decomposition 
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 In the mechanism of ketal hydrolysis, one of the key intermediates is an oxonium 

ion 275.  Formation of an oxonium ion, or any electron sink, adjacent to a cyclopropane 

has an activating effect towards ring cleavage.  It is not unreasonable to think that the 



pendant allyl group or an exogenous nucleophile (solvent) could cleave the cyclopropane 

as the ketal is removed.  The side products of this hydrolysis were not perused further as 

a mild ketal cleavage procedure was found which limited these contaminants.  The ketal 

was selectively removed by a trans-ketalization procedure which involved stirring the 

substrate in acetone with silica for an extended period of time. 

 Seeing degradation products that pointed towards cyclopropyl ring cleavage 

prompted us to explore functionalization of the Mash cyclopropyl ketal 272 directly.  We 

envisioned using the ketal removal as activation for the amide nucleophilic addition into 

the cyclopropane. 
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Scheme 3.43: Allyl oxidative cleavage 

 

Attempts oxidatively cleave the allyl group selectively and mildly to either an 

aldehyde or an acid using sodium periodate and potassium osmate, Rudolph-Lemuix, or 

purple benzene (organic soluble potassium permanganate) conditions resulted in either no 

reaction or severe decomposition when the reaction conditions were stressed.  It is a 

reasonable hypothesis that oxidation of the benzylic ketal positions could also occur 

under these conditions. 
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 The ease of degradation of the cyclopropane Mash ketal 272, the difficulty in 

obtaining an analytically pure sample by silica or alumina chromatography, and the 

complexity in the proton NMR made it difficult, if not impossible, to determine the 

diastereoselectivity of the cyclopropanation directly.  A diastereomeric mixture could be 

observed in the 1H NMR, but determination of the ratio by integration was not possible 

due to overlapping signals and the difficulty in specific assignments of the protons.  The 

diastereomeric ratio was determined from the quantitative carbon integration of 

cyclopropyl ketone 278.  Each carbon was assigned by DEPT and integrated against the 

corresponding carbon signal of the minor diastereomer.  The diasteromeric mixture was 

determined to be 90.4% pure based on this method. 

 Having a route to the diasteromerically enriched cyclopropyl ketone 278, the acid 

279 was synthesized using Rudolph-Lemuix conditions.  Transformation into the amide 

280 via the mixed anhydride method proceeded in good yield. 
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Scheme 3.44: Diasteromerically enriched amide synthesis 

 

3.5 Ring Expansion Studies Revisited 

3.5.1 Enantioselective Ring Expansion 
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 We were now in a position to reconsider the ring expansion reaction.  From the 

racemic series only a small amount of the ring expanded products 181 and 182 were 



isolated.  We had originally thought, based on IR data, that the reaction was yielding a 

mixture of both the lactam and the lactone products.  Spectral evidence pointed towards 

the ring opening being stereospecific, giving both the cis- and trans-fused products.  

Having addressed the stereoselective synthesis of amide 280 we began to look at 

optimization of the ring expansion both in terms of yield and addressing the nucleophilic 

nature of the amide. 

 Amide 280 was treated under thermal and Lewis acidic conditions analogous to 

those in the racemic series.  Once again the reactions returned minimal amounts of 

product.  Interestingly, only the lactone product 281 was observed in these cases.  The 

low yields did not come as a surprise to us considering the previous results.  However, 

the lack of the lactam resonance in the IR of the crude material was a concern. 
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Scheme 3.45: Ring expansion revisited 

 

 Observation of only the lactone cyclization product led to us to believe that the 

amide was cyclizing in an intramolecular fashion and that the oxygen alkylation was the 

kinetic process.  To circumvent the ability of oxygen to open the cyclopropyl ring we 

decided to synthesize the amidine derivative 288.  Containing no oxygen, the amidine 
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would have no choice but to cyclize on the nitrogen and yield the desired lactam after 

hydrolysis. 
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Scheme 3.46: Amidine chemistry 

 

 Several methods are known for transforming amides into the corresponding 

amidines including through the intermediate formation of an imidate101-103 or by reaction 

with triphenylphosphine oxide anhydride104 and subsequent reaction with an amine.  

Treatment of amide 283 under either of these conditions failed to yield the desired 

amidine 288.  Both of these reactions resulted mainly in decomposition products.  The 

tricyclic dione 285 was isolated in minor quantities by treatment of either the amide or 

the acid with triphenylphosphine oxide anhydride.  The product arises from the activation 
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of the amide and trapping by the trans-annular enol.  This indicated that the 

decomposition was at least partially the result of neighboring group effects. 

In an effort to suppress this side reaction we decided to oxidize the ketone to the 

enone 294.  We thought that this transformation would serve several purposes.  Firstly, 

the intramolecular trapping of any activated amide derivative would be suppressed by 

removing the opportunity for the ketone to enolize.  Secondly, the unsaturation was 

thought to impart additional strain into the cyclohexene ring, allowing for a more facile 

cyclopropyl ring cleavage.  Thirdly, the unsaturation is a necessary component in the 

targeted fused tricycle. 

Treatment of the acid, ester, or amide 292 under classical ketone oxidative 

conditions did not yield the desired enone products 294.  Formation of the silyl enol ether 

293 and subsequent oxidation yielded starting material.  α-Keto bromination of the acid 

or ester under basic conditions followed by elimination did not yield the enone. 
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Scheme 3.47: Attempted ketone oxidation 

 

Treatment of the amide 280 under similar halogenation and elimination conditions 

produced two separate products.  When excess base and N-bromosuccinimide were used 

the α,α-dibromo ketone 295 was observed in low yields.  When the reaction was 
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performed with fewer equivalents of base and N-bromosuccinimde the intramolecular 

amidation product 297 was isolated in low yields.  This product arises from the initial α-

keto bromination and then SN2 displacement by the pendant amide nitrogen. 
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Scheme 3.48: Ketone oxidation by-products 

 

 It was eventually found that treatment of the allyl cyclopropyl ketone 177 with 

IBX in DMSO resulted in clean conversion to enone 298.  Enone 298 was subject to a 

step-wise oxidative procedure to yield aldehyde 299, and then the acid 300 in good yield.  

Formation of the amide enone 302 proceeded with no surprises.  Several amide 

derivatives were synthesized in an effort to determine if the electronic nature of the amide 

nitrogen plays a crucial role in the ring expansion. 
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Scheme 3.49: Oxidation and functionalization 

 

 Interestingly, the acid 300 is found to equilibrate to the lactone 301 on stirring 

with silica gel, but the amide 302 and its corresponding lactam 303 equilibrium was not 

observed except when exploratory ring cleavage reactions were run at temperatures in 

excess of 200 oC. 

 

3.5.2 Nucleophile Identity 

 The purpose of enriching the quaternary stereocenter was based on the premise 

that the cyclopropane ring opening occurred stereospecifically in an intramolecular sense.  

Having developed a route to the diasteromerically enriched material, the ring expansion 

was revisited.  It has been found in a variety of cases that running a reaction under 

microwave irradiation enhances the reaction.105 At first we were hesitant to explore this 

chemistry believing that the ring cleavage could be done thermally, but soon relented. 
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 Based on our experience with the thermal rearrangement we initially subjected 

both the saturated and unsaturated cyclopropyl amide derivatives 304 to microwave 

conditions with catalytic Lewis acids in non-polar aprotic solvents.  Once again we were 

met with disappointment and only trace amounts of ring expanded product 305 was 

observed. 
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Scheme 3.50: Initial microwave studies 

 

 Knowing that we had better success when using polar protic solvents we 

attempted to run the reaction in both trichloroethanol and trifluoroethanol.  Neither 

solvent has a very good microwave profile as defined by a fast heating rate and large 

temperature range.  The reaction temperatures were not observed to be high enough for 

significant conversion to product.  Methanol does have a reasonably good microwave 

profile, it heats quickly and has a reasonable temperature range.  Subjection of 

cyclopropyl amide 304 in methanol to a catalytic amount of methane sulfonic acid, under 

microwave conditions, led to the isolation of ester product 307 in good yield.  Only in the 

case of the saturated amide derivatives were cyclopropane solvolysis products isolated in 
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good yields; the unsaturated compounds returned the methyl ester 308 and complex 

mixtures of products. 
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Scheme 3.51: Cyclopropane methanolysis 

 

 The experiment was repeated on several of the amide derivatives and the 

procedure appears to be general.  In all cases the solvent opens the cyclopropane ring 

and, under the acidic conditions at the increased temperatures, none of the amide 

derivatives are resistant towards hydrolysis to the methyl esters.  Isolation and 

characterization of the solvolysis product was a major break through in our research.  It 

was one of the first concrete pieces of evidence suggesting that the ring expansion was 

not occurring intramolecularly as we desired.   
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Scheme 3.52: Ring expansion on derivatives 

 

 In the light of this observation, the explanation for our previous results can now 

be rationalized.  All other conditions used non-nucleophilic or weakly nucleophilic 

solvents.  The alcoholic solvents used were not nucleophilic enough to open the 

cyclopropane ring to give rise to the ether products.  In the event that there was no 

nucleophile able to open the cyclopropyl ring, the starting material was recovered.  More 

than likely, any isolated ring expanded products were derived from intramolecular ring 

expansion with traces of water that were present in the solvent. 

In order to isolate the fused lactone 181 in good yield, either the acid or the amide 

314 was treated with a catalytic amount of methane sulfonic acid in water under 

microwave conditions at 165 oC for several hours.  As expected, the lactone 181 was 

formed in excellent yield. 
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Scheme 3.53: Hydrolysis of cyclopropane derivatives 

 

 Exploration of the reaction conditions revealed that the reaction is generally 

catalyzed by acids in water.  Methane sulfonic, benzoic, p-toluene sulfonic, and mineral 

acids all catalyze the reaction and give good yields of the lactone ring expansion product.  

Methane sulfonic acid was used in all of the following studies due to its ease of handing. 

 We were still interested in finding a nitrogen nucleophile to open the 

cyclopropane ring.  In one of the only examples of a nitrogen opening an activated 

cyclopropane ring, a nitrile undergoes a Ritter-like reaction to form an amide.21, 42 Under 

typical Ritter reaction conditions, cyclopropyl derivative 314 was treated with sulfuric 

acid in acetonitrile. 
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Scheme 3.54: Ritter-like reaction 

 

Both the thermal and the microwave versions of this reaction were attempted with 

catalytic and stoichiometric acid.  Under no conditions were ring expanded products 
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observed.  Knowing that the expansion occurs with sulfuric acid in water from previous 

results, we knew that the problem with this reaction was not the acid catalysis but rather 

the nucleophile.  Benzonitrile was also used and similar results were obtained. 

Cyclopropane ring expansions with other nitrogen nucleophiles were attempted.  

In a particularly interesting example, ammonia in methanol with a catalytic amount of 

methane sulfonic acid was heated under microwave conditions.  Surprisingly, no reaction 

occurred.  We had thought that perhaps we would observe methanolysis of the 

cyclopropane, if nothing else.  The only justification for the lack of reactivity in this case 

is that the ammonium methane sulfonate salt that is undoubtedly formed in situ is not a 

strong enough acid to catalyze the ring opening. 
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Scheme 3.55: Ammonia and catalytic acid 

 

The reason why the ring expansion works so well in the case where methanol or 

water is used as solvent is because the pKa of the protonated solvent is low enough to 

promote ring fission; protonated methanol is estimated to have a pKa of the order of -2.0 
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and protonated water of the order of -1.7.  In comparison, the ammonium ion has a pKa 

of 9.3.  Apparently a very strong acid is required to catalyze the reaction and the 

conjugate acid of an amine is not strong enough. 

In an effort to optimize the microwave conditions of ring expansion to the five-

seven fused lactone 181 a number of temperature studies were completed.  Also a factor 

in this optimization was the duration of the reaction.  Since the amide moiety was deemed 

to be unimportant by this point, all optimization reactions were carried out on the racemic 

acid 178. 
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* All reactions were run at indicated temperature at 0.1M for 30 minutes. 

Scheme 3.56: Optimization of conditions 

 

 The reactions were run in a microwave at a constant temperature over ten degree 

intervals with catalytic methane sulfonic acid.  Careful examination of the reaction 

products indicated a second ring expansion product was being formed.  This product was 
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eventually determined to be the six-six fused lactone 319.  Nucleophilic attack may occur 

at one of two different sites on the cyclopropane ring.  The major lactone product 181 is 

derived from attack at the CH methine carbon and the minor lactone product 319 is the 

result of attack at the CH2 methylene carbon. 

The temperature study indicated that at higher temperatures the reaction 

consumed starting material in a shorter amount of time, but the increase in temperature 

also caused an increase in the production of lactone 319.  Analysis and determination of 

the optimal conditions for the transformation were also complicated by the fact that one 

of the cyclopropyl diastereomers 178 reacted faster, but the product lactone diastereomer 

also decomposed faster at higher temperatures.  The conditions chosen based on this 

information were 165 oC for nine hours. 

If only an effort to complete the study, the di-activated cyclopropane derivatives 

320 were treated under the optimized acid catalyzed microwave conditions.  All 

compounds were found to undergo the ring expansion as expected.  The only surprise 

with these systems was the decrease in yield as compared to the mono-activated 

compounds.  We had initially thought that installing the enone would increase the ring 

strain in the cyclopropane and allow for a more facile ring opening.  If the isolated yields 

are any indication of the ability of the unsaturation to dictate the reactivity of the 

cyclopropane, then it appears as if it actually decreases the cyclopropane reactivity 

towards ring expansion.  These results were not explored further. 
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Scheme 3.57: Di-activated ring expansion 

 

3.5.3 Conformational Analysis 

In all attempts to introduce the nitrogen via the ring expansion, both the amine 

functionality was not nucleophilic enough and the acid catalysis was not sufficient, or the 

orbital alignment was not conducive for an intramolecular transformation to occur.  It is 

difficult to imagine the case where the cyclopropane is activated in such a way that there 

is carbocationic character on the cyclopropyl ring and that no nitrogen source is 

nucleophilic enough to trap this and subsequently form the lactam.  Closer inspection of 

molecular models of the cyclopropyl amide 280 reveals that neither the amide nitrogen 

nor oxygen lone pairs are sufficiently aligned for a favorable SN2-like attack on the 

cyclopropane ring as we envisioned. 
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a)          b) 

Figure 3.03: a) Calculated LUMO and b) 5,7-trans transition state 

 

 The cyclopropyl ketone LUMO orbital isosurfaces and its optimized geometry 

were calculated using the DFT method with the B3LYP/6-31G(d) basis set and several 

interesting and pertinent features become apparent that were neglected before.  In a 

successful ring expansion one would expect that the nucleophile’s HOMO would have 

significant overlap with the electrophile’s LUMO.  The LUMO of the electrophilic 

cyclopropyl carbon is observed to be oriented away from the pendent amide 

functionality; observe the red shaded lobe on the cyclopropane carbon. 

 There are two possibilities that would result in the successful intramolecular ring 

expansion.  In the first case, the amide would adopt a conformation such that the orbitals 

have significant overlap.  This results in a 5,7-trans-ring fusion in the transition state and 

final product.  In the second case the transition state is predominantly open as the 

secondary carbocation and the amide subsequently cyclizes to form the lactam.  Noting 
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that the cyclopropyl ring cleavage has been shown to be stereospecific, the cationic 

option would imply that significant stereochemical information is retained in a tight 

transition state. 

 The intermolecular ring expansion under all attempted conditions were not 

suitable to yield the desired lactam product and only the intermolecular ring expansion 

successfully yielded the lactone products 181 and 319.  These results, in conjunction with 

the calculations, offer an interesting prospect.  Reactions in which a mixture of 

cyclopropyl ketone diastereomers were used resulted in the isolation of a mixture of two 

diastereomeric lactones, generally in the same ratio which was observed in the starting 

material mixture.  It is possible that the solvent opens the cyclopropane in a traditional 

SN2 sense with proper orbital overlap between the HOMO of the nucleophile (water) and 

the LUMO of the cyclopropane carbon. 
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Scheme 3.58: Ring expansion mechanism 
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 This reaction mechanism would imply that the anti-cyclopropane amide 322 

would give rise to the trans-5,7-ring fused lactone 325 and that the syn-cyclopropane 

amide 326 would yield the cis-5,7-ring fusion lactone 329.  Since neither 

diastereomerically pure lactone product was fully characterized to determine the relative 

ring fusion stereochemistry, nor were the diastereomerically pure cyclopropane starting 

materials individually subjected to the optimized ring expansion conditions, it is difficult 

to tell how the reaction actually proceeds.  However, this proposed reaction manifold 

results in the inversion of stereochemistry at carbon and is consistent with previous work 

regarding the stereoselectivity of cyclopropane ring expansions (See Section 3.1.4). 

It is educational (and frustrating) to revisit the Danishefsky work at this time 

(Scheme 3.59).  In particular, note the stereochemical relationship at the ring fusion in 

165 immediately after the ring expansion occurs.  The LUMO of the di-activated system 

is situated much like in our mono-activated system, anti- to the pendant nucleophile.  The 

HOMO of the amine nucleophile in 164 is interacting with the LUMO of the di-activated 

cyclopropane resulting in a trans ring fusion.  This is the only way in which the orbitals 

are aligned for ring fission to occur with inversion of stereochemistry. 
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Scheme 3.59: Synthesis of necine bases via cyclopropane ring expansion, revisited 
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 The observed intermolecular ring expansion of 326 with water must be occurring 

via the mechanism proposed in Scheme 3.60.  This is the only rationale that remains 

consistent with the facts that a classical SN2-type reaction occurs with inversion of 

stereochemistry and that cyclopropane ring expansions are stereospecific.  Throughout 

this synthesis the LUMO conformation was neglected and it was assumed that the 

cyclopropane must be situated anti- to the pendant amide nucleophile.  This stems from 

thinking that the leaving group must be on a face opposite to the nucleophile in an SN2 

reaction mechanism.  We did not properly consider the location of the leaving group.  

The cyclopropane should be syn- to the amide for proper orbital overlap and ring 

expansion to occur in the desired manner. 
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Scheme 3.60: Stereochemical requirements 

 

In any case, this argument may be a moot point in terms of the original proposal.  

No nitrogen nucleophile was observed to open the ring intramolecularly or 

intermolecularly, and it may still be necessary to complete the synthesis via the lactones 

325 and 329.  However, it does shed light on the requirements for the stereoselective 

synthesis of the cis-fused lactone 329. 
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3.6 The Nitrogen Issue 

 Although we had solved several issues in the proposed approach to the 

daphnicyclidin fused ring system, including the stereoselective synthesis of the 

quaternary center, a diastereoselective cyclopropanation, and opening of the cyclopropyl 

ketone to a fused five-seven ring system, one problem remains.  We could not, under any 

circumstances, open the cyclopropane with a nitrogen nucleophile.  The reasons for our 

inability to effect this transformation are based in the acid-base and the orbital alignment 

arguments previously presented.  We did, however, have a very simple and high yielding 

sequence of reactions leading to the oxygen analogue, lactone 329.  The last portions of 

this study look at exchanging the oxygen of the lactone for a nitrogen to form the lactam 

333.  From the lactam, the synthesis of the daphnicyclidin core is well within grasp. 
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Scheme 3.61: Atom exchange and further strategy 

 

 The only strategy that appeals to us, and has a reasonable chance for success is to 

open the lactone 329 and oxidize the resultant secondary alcohol to the ketone 337.56, 106-

108  Formation of the amide 337 and reduction of the resultant hydroxy lactam 338 would 

arrive at lactam 333.  Both steps have literature precedence and we were confident that 

this approach would facilitate the desired transformation. 
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Scheme 3.62: Proposed oxidation-reduction sequence 

 

What is particularly appealing about this strategy is that the stereochemistry 

derived from the Mash ketal cyclopropanation, and hence the stereospecificity of the 

cycloproane solvolysis, would be irrelevant.  Oxidation of the secondary alcohol 336 to 

the ketone 337 erases all stereochemistry at this position.  It is not unreasonable to think 

that the reduction of the imine or enamine species of 338 would occur from the same face 

as the quaternary methyl group to furnish the cis-fused lactam 333 selectively. 

 Previously we had experienced difficulty in the oxidation of a lactone to a lactol 

(Scheme 3.27) and we hoped that the transformation of lactone 329 would not be as 

complicated. 
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Scheme 3.63: Oxidation of lactone 181 

 

Treatment of lactone 181 with sodium methoxide in methanol at reflux resulted in 

the quantitative isolation of methyl ester 339.  Under all attempted oxidation conditions, 

including Jones,109 chromium trioxide pyridine,110 chromium trioxide sulfur trioxide 

complex, sodium hypochlorite,106 superoxide,107 alkaline potassium permanganate, or 

Swern conditions57 the starting lactone 181 was recovered.  The ethyl ester was also 

synthesized with the thought that it may be a little more stable towards mild oxidative 

procedures.  The subsequent oxidations of the ethyl ester met with similar failure. 

Treatment of lactone 181 with the dimethyl aluminum chloride,111 sodium, or 

lithium salts of Weinreb’s amine and direct oxidation with chromium trioxide pyridine, 

chromium trioxide-sulfur trioxide complex, or Swern conditions resulted in the recovery 
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of lactone 181.  The failure of the Wienreb amide approach was surprising as it was this 

procedure that had worked, albeit variably, in the previous example from our work. 

 Basic ruthenium tetroxide is known to oxidize lactones to lactols in good yield.54, 

56, 108 Lactone 181 was treated with stoichiometric ruthenium tetroxide in aqueous 

hydroxide solution with little success.  Only in one instance was oxidized product 

observed, but the reaction conditions could not be reproduced.  Generation of catalytic 

ruthenium tetroxide with sodium periodate or potassium permanganate as the 

stoichiometric oxidants in both aqueous and alcoholic systems are known procedures.  

Treatment of lactone 181 under either of these conditions resulted in decomposition 

products.  Ruthenium tetroxide is known as a powerful oxidizing agent and could very 

well be converting the lactone to the lactol, and then further oxidizing the lactol. 
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Scheme 3.64: Oxidation with ruthenium tetroxide 
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 It is unlikely that competitive enolization of the ketone in 181 is inhibiting the 

desired oxidation however it was thought that protection of the ketone as its ethylene 

ketal would further limit the reactive sites in the molecule.  The ethylene ketal 348 was 

synthesized using standard Dean-Stark conditions and treated to all of the previously 

discussed oxidative conditions.  Again, no conditions were discovered in which the lactol 

350 was isolated, let alone observed. 
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Scheme 3.65: Oxidation of ethylene ketal 

 

3.7 End Game Strategy 

 At this point in time there has been no successful synthesis of lactam 333 by this 

or any other method.  A more classical, and probably the most reasonable of solutions to 

the nitrogen problem is outlined in Scheme 3.66. 
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Scheme 3.66: Proposed steps 

 

 The lactone 353 is to be completely reduced to the primary and secondary alcohol 

354.  The secondary alcohol is selectively oxidized over the primary alcohol to yield keto 

alcohol 355.  Oxidation of the primary alcohol to the acid oxidation state and subsequent 

transformation to the primary amide would undoubtedly result in the formation of the key 

hydroxyl lactam 359.  Reduction of 360 or 361 would give rise to the desired lactam 362. 

 To complete the core fused tricycle of the daphnicyclidins, Bonjoch has proposed 

a series of reactions which can directly be applied to our strategy.112 Installation of the 

carbons which comprise the A ring in our system may be done in a similar fashion. 

 113



O

OO

41

i.  O3, DCM
ii. NH2R, NaBH3CN

NBr59%

O

R = Bn
R = H (88%)
R = CH2CBr=CH2 (36%)

H2, Pd(OH)2

RX

42

PhOK,
Pd(PPh3)4,

THF

43

O

N

HN

O
362

OO

Br
Br+

363 N

O
334

Br

N

O
364

i.  Base
ii. Acid

PhOK,
Pd(PPh3)4,

THF

O O
H

Bonjoch System:

Our System:

 

Scheme 3.67: Application of Bonjoch strategy 

 

 Alkylation of the amide 362 with bromo-allyl bromide 363 attaches all of the 

requisite carbons.  Treatment of this compound with base and a catalytic amount of 

palladium tetrakis furnishes the cyclized product 364.  All that is required at this point is 

the stereoselective hydrogenation of the exo-methylene at C18. 

 In the Bonjoch case, the stereoselective hydrogenation was observed to occur 

from the convex face of the molecule resulting in the undesired stereochemistry.  To 

circumvent this problem the ketone 43 was reduced to the alcohol 45 and was then 

treated with a cationic ruthenium complex under hydrogenation conditions.  Coordination 

of this metal catalyst allowed for the reduction to occur primarily from the convex face of 

the ring system. 
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Scheme 3.68: Bonjoch exo-methylene hydrogenation 

 

 Besides the sterics of the ring system directing the hydrogenation from the convex 

face, the tertiary nitrogen may be playing a larger role.  Since the lone pair on the 

nitrogen is pyramidal it is possible that it is also coordinating to the metal surface and 

directing the hydrogenation from the convex face. 
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Scheme 3.69: Proposed hydrogenation 

 

 In our case, the nitrogen lone pair is much less basic due to its resonance into the 

amide and may not play such a role in the hydrogenation.  It is possible to think that the 
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hydrogenation of the amide 364 may occur from the desired convex face.  If however, the 

same sort of reactivity is observed in our amide series as in the Bonjoch amine series, 

reduction to the alcohol, directed hydrogenation and oxidation back to the ketone 335 is 

possible. 

 In addition to having a reasonable and high yielding approach to the 

daphnicyclidin core, we have carefully constructed the molecule such that all of the 

known derivatives may be synthesized from lactam 335.  The seven member ketone may 

easily be oxidized to the enone providing the necessary functional handles for further 

alkylation and cyclization reactions.  Also, the lactam carbonyl serves as a functional 

handle for alkylation and further elaboration of the eastern portions of these molecules.  

In short order, the final three rings of daphnicyclidin A may be synthesized.  One 

potential synthetic strategy for the completion of daphnicyclidin A is pictured. 
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Scheme 3.70: Further derivitization and completion of Dapnicyclidin A synthesis 

 

3.8 Conclusions 

 The synthesis of the daphnicyclidin fused tricyclic core has been approached from 

a cyclopropane ring expansion strategy.  Keys to this approach are the stereoselective 

synthesis of the quaternary methyl center and control over the tertiary methyl stereocenter 

at C18.  We approached the cyclopropyl ring expansion expecting it to be stereoselective, 

and this was proven to be the case.  Unfortunately, in our hands no nitrogen nucleophile 

was observed to open the ring and furnish the desired lactam ring expansion products. 
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 Current and future work revolves around exchanging the lactone oxygen for 

nitrogen to form the lactam.  This may occur through an oxidation reduction strategy and 

would alleviate the need for a diastereoselective cyclopropanation.  Further elaboration of 

ring A has precedence in the work of Bonjoch and this work can be directly applied to 

our system.  Even further elaboration of this core fused tricycle may result in the first 

synthesis of members of the structurally novel Daphniphyllum alkaloids, the 

daphnicyclidins. 
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Chapter 4: Experimentals 

 

4.1 General Information 

Melting points were taken on a Thomas-Hoover capillary tube apparatus and are 

uncorrected. Infrared spectra were recorded on a Nicolet FT-IR spectrophotometer neat 

unless otherwise indicated. 1H NMR spectra were recorded on either a General Electric 

QE-300 spectrometer at 300 MHz or a Varian spectrometer at 500 MHz in the indicated 

solvent and are reported in ppm relative to tetramethylsilane and referenced internally to 

the residually protonated solvent. 13C NMR spectra were recorded on a General Electric 

QE-300 at 75 MHz or a Varian spectrometer at 125 MHz in the solvent indicated and are 

reported in ppm relative to tetramethylsilane and referenced internally to the residually 

protonated solvent. Mass spectra were obtained on a VG ZAB2E or a Finnigan TSQ70. 

Routine monitoring of reactions was performed using Merck 60 F254 silica gel, 

aluminum-backed TLC plates. Flash column chromatography was performed using EMD 

silica gel (particle size 0.040-0.063 μm).  Optical purities were determined by chiral 

HPLC analysis using an analytical chiral column (Chiralcel AS column; eluent, 

hexane/isopropyl alcohol; UV detector, 254 nm) with an Agilent 1100 Series 

Autosample, Agilent 1100 Series isocratic pump and quaternary pump, Agilent 1100 

Series diode array detector and multiple wavelength detector.  Microwave reactions were 

performed in a Discover® CEM Microwave Reactor operating at 2450 MHz at a 

maximum of 300 W. 
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 Solvents and commercial reagents were purified in accordance with Perrin and 

Armarego or used without further purification. All reactions were setup under an 

atmosphere of argon and only degassed when specified. 



4.2 Experimental Conditions and Characterization 

 

3-Methyl-pentanedioic acid monomethyl ester 52a 

O

O MeO

O

OH

O

O

 

3-Methylglutaric anhydride 53 (4.00 mL, 24.16 mmol, 1.0 equiv.) was dissolved in 

methanol (120 mL) and heated to reflux for 3 h.  Excess methanol was removed en vacuo 

yielding methyl ester 52a (3.87 g, 100%) as a colorless oil. 

1H NMR (300 MHz, CDCl3): δ = 10.2 (br s, 1H), 3.68 (s, 3H), 2.49-2.39 (m, 3H), 2.34-

2.26 (m, 2H), 1.05 (d, 3H, J = 6.3 Hz); 13C NMR (75 MHz, CDCl3): δ = 177.2, 172.5, 

51.4, 40.3, 40.2, 27.0, 19.6; IR (thin film): νmax = 3203, 1736, 1712 cm-1; MS (C.I.): m/z 

calc. for C7H12O4: 160, found: 161 (M + H+). 
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3-Methyl-pentanedioic acid monoethyl ester 52b 

O

O EtO

O

OH

O

O

 

3-Methylglutaric anhydride 53 (4.00 mL, 24.16 mmol, 1.0 equiv.) was dissolved in 

ethanol (120 mL) and heated to reflux for 3 h.  Excess ethanol was removed en vacuo 

yielding the ethyl ester 52b (4.20 g, 100%) as a colorless oil. 

1H NMR (300 MHz, CDCl3): δ = 10.2 (br s, 1H), 4.14 (q, 2H, J = 7.12 Hz), 2.47-2.23 (m, 

5H), 1.25 (t, 3H, J = 7.12 Hz), 1.04 (d, 3H, J = 6.5 Hz); 13C NMR (75 MHz, CDCl3): δ = 

178.4, 172.2, 60.2, 40.6, 40.3, 27.0, 19.6, 14.0; IR (thin film): νmax = 3192, 1734, 1712 

cm-1; MS (C.I.): m/z calc. for C8H14O4: 174, found: 175 (M + H+). 
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entanedioic acid monomethyl ester 541 

o a solution of dimethyl 3-methyl glutarate 52 (3.30 mL, 19.9 mmol, 1.0 equiv.) in pH 7 

hosphate buffer solution was added pig liver esterase (348.5 U @ 41 U/mg).  0.5N 

l3): δ = 177.2, 

3-(R)-Methyl-p

 

 

MeO

O

OMe

O MeO

O

OH

O

T

p

sodium hydroxide (20 mmol) was added drop-wise over 4.5 h and the resulting solution 

was stirred at room temperature for an additional 12 h.  The pH was adjusted to pH 9 

with 0.5N sodium hydroxide then the mixture was extracted with portions of diethyl 

ether.  The organics were combined and washed with portions of water, dried over 

magnesium sulfate, filtered and concentrated en vacuo yielding methyl ester acid 54 (2.55 

g, 80%).  The crude, colorless liquid was determined to be pure by NMR. 

1H NMR (300 MHz, CDCl3): δ = 10.2 (br s, 1H), 3.68 (s, 3H), 2.49-2.39 (m, 3H, m), 

2.34-2.26 (m, 2H), 1.05 (d, 3H, J = 6.3 Hz); 13C NMR (75 MHz, CDC

172.5, 51.4, 40.3, 40.2, 27.0, 19.6; IR (thin film): νmax = 3203, 1736, 1712 cm-1; MS 

(C.I.): m/z calc. for C7H12O4: 160, found: 161 (M + H+). 



4-Methoxycarbonylamino-3-methyl-butyric acid methyl ester 55a 

MeO

O

OH

O MeO

O

H
N OMe

O  

Methyl ester 52a (2.02 g, 12.6 mmol, 1.0 equiv.) in water (10.0 mL) and acetone (10.0 

mL) was cooled to 0 oC and triethylamine (1.92 mL, 13.8 mmol, 1.1 equiv.) was added 

drop-wise over 5 minutes.  The solution was stirred at 0 oC for 0.5 h then 

ethylchloroformate (1.32 mL, 13.8 mmol, 1.1 equiv.) was added drop-wise over 5 

minutes.  The reaction stirred at 0 oC for an additional 1 h.  Sodium azide (0.90 g, 13.8 

mmol, 1.1 equiv.) was added in one portion and the solution stirred for 1 h while 

warming to room temperature.  The reaction mixture was extracted with portions of 

toluene and the organics dried over magnesium sulfate.  The dried azide (IR 2938 cm-1) 

solution was placed in an inert atmosphere and slowly warmed to 75 oC over 2 h.  The 

solution was heated until gas evolution ceased, at which point excess anhydrous methanol 

was added and stirred at 75 oC until formed isocyanate (IR 2267 cm-1) had been 

consumed.  Excess solvent was removed en vacuo yielding carbamate 55a as an oil (1.69 

g, 71%) and was used without further purification. 

1H NMR (300 MHz, CDCl3): δ = 5.04 (br s, 1H), 3.63 (s, 3H), 3.62 (s, 3H), 3.08-3.05 (m, 

2H), 2.37-2.34 (m, 1H), 2.32-2.09 (m, 2H), 0.93 (d, 3H, J = 6.4 Hz); 13C NMR (75 MHz, 

CDCl3): δ = 157.0, 129.6, 51.8, 51.3, 46.2, 38.6, 30.9, 17.4; IR (thin film): νmax = 3346, 

1733, 1717 cm-1; MS (C.I.): m/z calc. for C8H15NO4: 189, found: 190 (M + H+). 
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4-iso-Butoxycarbonylamino-3-methyl-butyric acid methyl ester 55b 

MeO

O

OH

O MeO

O

H
N OiBu

O  

Methyl ester 52a (11.97 g, 74.8 mmol, 1.0 equiv.) in water (15 mL) and acetone (15 mL) 

was cooled to 0 oC and triethylamine (12.5 mL, 89.7 mmol, 1.2 equiv.) was added drop-

wise over 5 minutes.  The solution was stirred at 0 oC for 0.5 h then ethylchloroformate 

(9.30 mL, 97.3 mmol, 1.3 equiv.) was added drop-wise over 5 minutes and continued to 

stir at 0 oC for 0.5 h.  Sodium azide (7.38 g, 113.5 mmol, 1.5 equiv.) was added in one 

portion and the solution warmed to room temperature over 1 h.  The reaction mixture was 

extracted with portions of toluene and the organics dried over magnesium sulfate.  The 

dried azide (IR 2938 cm-1) solution was placed in an inert atmosphere and slowly warmed 

to 75 oC over 2 h.  The solution was heated until gas evolution ceased, at which point 

excess anhydrous iso-butanol was added and stirred at 75 oC until formed isocyanate (IR 

2269 cm-1) had been consumed.  Excess solvent was removed en vacuo to yield an oil 

which was amenable to silica gel chromatography (20% EtOAc/C6; Rf = 0.27) yielding 

carbamate 55b (11.40 g, 66%) as an oil. 

1H NMR (300 MHz, DMSO-d6): δ = 7.18 (t, 1H), 3.65 (d, 2H), 3.55 (s, 3H), 2.85 (t, 2H), 

2.35 (dd, 1H), 2.10-1.90 (m, 2H), 1.88-1.73 (m, 1H), 0.85-0.80 (m, 9H); 13C NMR (75 

MHz, DMSO-d6): δ = 172.7, 156.8, 69.8, 51.1, 45.9, 38.3, 30.9, 27.9, 18.9, 17.3; IR (thin 

film): νmax = 3346, 1724, 1701 (br) cm-1; MS (C.I.): m/z calc. for C11H21NO4: 231, found: 

463 (2M + H+) 
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4-iso-Butoxycarbonylamino-3-methyl-butyric acid ethyl ester 55c 

EtO

O

OH

O EtO

O

H
N OiBu

O  

Ethyl ester 52b (1.29 g, 7.40 mmol, 1.0 equiv.) in water (5 mL) and acetone (5 mL) 

cooled to 0 oC then treated with triethylamine (1.08 mL, 7.75 mmol, 1.05 equiv.) drop-

wise over 5 minutes.  The resultant solution was stirred at 0 oC for 0.5 h then 

ethylchloroformate (0.75 mL, 7.8 mmol, 1.05 equiv.) was added drop-wise over 5 

minutes and the solution was stirred at 0 oC for an additional 0.5 h.  Sodium azide (0.54 

g, 8.3 mmol, 1.1 equiv.) was added in one portion and the solution was stirred with 

warming to room temperature over 1 h.  The reaction mixture was extracted with portions 

of toluene and the organics dried over magnesium sulfate.  The dried organic azide 

solution was placed in an inert atmosphere and slowly warmed to 75 oC over 2 h.  The 

solution was heated until gas evolution ceased, at which point excess anhydrous iso-

butanol was added and stirred at 75 oC until all isocyanate (IR 2267 cm-1) had been 

consumed.  Excess solvent was removed en vacuo to yield an oil which was amenable to 

silica gel chromatography (20% EtOAc/C6; Rf = 0.3) yielding carbamate 55c (0.54 g, 

30%). 

1H NMR (300 MHz, CDCl3): δ = 4.92 (s, 1H), 4.08 (q, 2H, J = 7.11 Hz), 3.79 (d, 2H, J = 

6.6 Hz), 3.28-3.20 (m, 2H), 2.34-2.28 (m, 1H), 2.18-2.10 (m, 2H), 1.90-1.84 (m, 1H), 

1.22 (t, 3H, J = 7.11 Hz), 0.94 (d, 3H J = 6.3 Hz), 0.88 (d, 6H, J = 6.7 Hz); 13C NMR (75 

MHz, CDCl3): δ = 172.6, 156.7, 70.8, 60.2, 46.2, 38.9, 30.9, 27.8, 18.8, 17.4, 14.0; IR 

(thin film): νmax = 3356, 1733, 1717 cm-1; MS (C.I.): m/z calc. for C12H23NO4: 245, 

found: 246 (M + H+). 
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4-[(2-Chloro-acetyl)-methoxycarbonyl-amino]-3-methyl-butyric acid methyl ester 65 

MeO

O

H
N OMe

O

MeO

O

N OMe

O

O
Cl

 

55a (0.51 g, 2.72 mmol, 1.0 equiv.) and chloroacetyl chloride (2.20 mL, 27.62 mmol, 10 

equiv.) were combined in a sealed tube and heated at 70 oC for 15 h.  After cooling to 

room temperature the solution was washed with sodium bicarbonate solution.  The 

separated organics were dried over magnesium sulfate, filtered and concentrated en 

vacuo.  The resulting oil was amenable to silica gel chromatography (20% EtOAc/C6) to 

yield 65 (0.28 g, 39%) as an oil. 

1H NMR (300 MHz, DMSO-d6): δ = 4.77 (s, 2H), 3.81 (s, 3H), 3.59 (s, 3H), 2.75-2.15 

(m, 5H), 0.88 (d, 3H); IR (thin film): νmax = 1733, 1717, 1701 cm-1; MS (C.I.): m/z calc. 

for C10H16ClNO5: 265, found: 266 (M + H+). 
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4-[(2-Chloro-acetyl)-iso-butoxycarbonyl-amino]-3-methyl-butyric acid methyl ester 

66a 

MeO

O

H
N OiBu

O

MeO

O

N OiBu

O

O
Cl

 

55b (0.21 g, 0.92 mmol, 1.0 equiv.) and chloroacetyl chloride (0.73 mL, 9.12 mmol, 10 

equiv.) were combined in a sealed tube and heated at 70 oC for 15 h.  After cooling to 

room temperature the solution was washed with sodium bicarbonate solution.  The 

separated organics were dried over magnesium sulfate, filtered and concentrated en 

vacuo.  The resulting oil was amenable to silica gel chromatography (20% EtOAc/C6; Rf 

= 0.18) yielding 66a (0.0480 g, 17%) as an oil. 

1H NMR (300 MHz, CDCl3): δ = 4.73 (s, 2H), 4.04 (d, 2H, J = 1.2 Hz), 3.66 (s, 3H), 

2.35-2.32 (m, 2H), 2.30-2.15 (m, 1H), 2.08-2.00 (m, 1H), 1.01-0.97 (m, 11H); 13C NMR 

(75 MHz, CDCl3): δ = 172.6, 169.2, 154.1, 73.4, 51.4, 49.6, 46.5, 38.9, 29.6, 27.5, 18.9, 

17.6; IR (thin film): νmax = 1736 (br) cm-1; MS (C.I.): m/z calc. for C13H22ClNO5: 307, 

found: 308 (M + H+). 

 138



4-[(2-Chloro-acetyl)-iso-butoxycarbonyl-amino]-3-methyl-butyric acid ethyl ester 

66b 

EtO

O

H
N OiBu

O

EtO

O

N OiBu

O

O
Cl

 

55c (4.97 g, 20.3 mmol, 1.0 equiv.) and chloroacetyl chloride (15.9 mL, 200 mmol, 10 

equiv.) were combined in a sealed tube and heated at 70 oC for 15 h.  After cooling to 

room temperature the solution was washed with sodium bicarbonate solution.  The 

separated organics were dried over magnesium sulfate, filtered and concentrated en 

vacuo.  The resultant oil was amenable to silica gel chromatography (20% EtOAc/C6) to 

yield 66b (3.39 g, 52%) as an oil. 

1H NMR (300 MHz, CDCl3): δ = 4.75 (s, 2H), 4.13 (q, 2H, J = 7.12 Hz), 4.04 (d, 2H, J = 

6.7 Hz), 3.80-3.70 (m, 2H), 2.30-2.22 (m, 1H), 2.43-2.33 (m, 2H), 2.20-2.03 (m, 1H), 

1.27 (t, 3H, J = 7.12 Hz), 1.02-0.97 (m, 9H); 13C NMR (75 MHz, CDCl3): δ = 193.1, 

172.2, 169.1, 73.4, 60.2, 49.6, 46.5, 39.2, 29.6, 27.4, 18.8, 17.6, 14.0; IR (thin film): νmax 

= 1733 (br) cm-1; MS (C.I.): m/z calc. for C14H24ClNO5: 321, found: 322 (M + H+). 
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4-(2-Chloro-acetylamino)-3-methyl-butyric acid ethyl ester 71 

EtO

O

EtO

O

NH

O
Cl

OH

O

 

Ethyl ester 52b (10.0 g, 57.6 mmol, 1.0 equiv.) in water (40 mL) and acetone (20 mL) at 

0 oC was treated with triethylamine (8.91 mL, 63.9 mmol, 1.1 equiv.) drop-wise over 5 

minutes.  The resultant solution was stirred at 0 oC for 0.5 h then ethylchloroformate 

(6.10 mL, 63.8 mmol, 1.1 equiv.) was added drop-wise over 5 minutes and continued to 

stir at 0 oC for an additional 0.5 h.  Sodium azide (4.50 g, 69.2 mmol, 1.2 equiv.) was 

added in one portion and the solution was warmed to room temperature over 1 h.  The 

reaction mixture was extracted with portions of toluene and the organics dried over 

magnesium sulfate.  The dried organic azide (IR 2138 cm-1) solution was placed in an 

inert atmosphere and slowly warmed to 75 oC over 2 h.  The solution was heated until gas 

evolution ceased, at which point the solution was cooled to room temperature and 

chloroacetic acid (5.53 mL, 69.4 mmol, 1.2 equiv.) was added and stirred at room 

temperature until the formed isocyanate (IR 2268 cm-1) had been consumed.  Excess 

solvent was removed en vacuo and the crude oil was taken up in ethyl acetate and washed 

with portions of saturated sodium carbonate solution.  The separated organics were dried 

over magnesium sulfate, filtered and concentrated.  The resultant oil was amenable to 

silica gel chromatography (10% EtOAc/C6, Rf = 0.15) yielding 71 (8.27 g, 65%) as an 

oil. 

1H NMR (300 MHz, CDCl3): δ = 7.27 (br s, 1H), 4.15 (q, 2H, J = 7.11 Hz), 4.09 (s, 2H), 

3.30-3.22 (m, 2H), 2.36-2.19 (m, 3H), 1.25 (t, 3H, J = 7.11 Hz), 1.00 (d, 3H, J  = 6.3 Hz); 

13C NMR (75 MHz, CDCl3): δ = 172.6, 166.3, 60.5, 45.0, 42.4, 39.0, 30.2, 17.7, 14.0; IR 
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 141

(thin film): νmax = 3336 (br), 1734 (br), 1669 (br), 1558, 1184 cm-1; MS (C.I.): m/z calc. 

for C9H16ClNO3: 221, found: 222 (M + H+). 



4-Methyl-pyrrolidin-2-one 72 

NH

O

O

O

NH

O
Cl

 

Sodium ethoxide (0.78 g, 11.50 mmol, 5.0 equiv.) in anhydrous tetrahydrofuran (4.0 mL) 

was treated drop-wise over 5 minutes with ethyl ester 71 (0.50 g, 2.26 mmol, 1.0 equiv.) 

in anhydrous tetrahydrofuran (0.5 mL).  The reaction stirred at room temperature for 2 h 

then was quenched with 10% acetic acid solution.  The reaction was extracted into ethyl 

acetate, dried over sodium sulfate, filtered and concentrated en vacuo.  The resultant 

crude mixture was amenable to silica gel chromatography (100% EtOAc) yielding 

starting material (Rf = 0.68) and pyrrolidinone 72 (Rf = 0.07, 0.0310 g, 14%).  No other 

identifiable products were isolated. 

1H NMR (300 MHz, CDCl3): δ = 7.00 (br s, 1H), 3.48 (t, 1H, J = 8.4 Hz), 2.93 (dd, 1H, 

J1 = 9.5 Hz, J2 = 6.0 Hz), 2.54-2.36 (m, 2H), 1.89 (dd, 1H, J1 = 16.1 Hz, J2 = 6.8 Hz), 

1.09 (d, 3H, J = 6.6 Hz); 13C NMR (75 MHz, CDCl3): δ = 179.3, 49.5, 38.9, 29.2, 19.4; 

IR (thin film): νmax = 3244, 1695 cm-1; MS (C.I.): m/z calc. for C5H9NO: 221, found: 100 

(M + H+), 199 (2M + H+). 
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4-[4-(3-Ethoxycarbonyl-2-methyl-propyl)-2,5-dioxo-piperazin-1-yl]-3-methyl-

butyric acid ethyl ester 73 

O

O

NH

O
Cl

N
N

O

O

O

O

O

O

 

Ethyl ester 71 (0.25 g, 1.13 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran (2.0 mL) was 

treated with sodium hydride (0.0507 g, 1.27 mmol, 1.1 equiv.) and stirred at room 

temperature for 15 minutes.  Iodomethane was added drop-wise over 5 minutes and the 

reaction continued to stir at room temperature for 0.5 h.  The reaction was quenched with 

ammonium chloride solution and extracted into ethyl acetate.  The organics were dried 

over sodium sulfate, filtered and concentrated en vacuo.  The resultant oil was amenable 

to silica gel chromatography yielding dimer 73 (0.20 g, 48%) as a pale yellow oil. 

1H NMR (300 MHz, CDCl3): δ = 4.13 (approx. q, 4H, J = 7.2 Hz), 3.99 (q, 4H, J = 15.8 

Hz), 3.52 (dd, 2H, J1 = 8.6 Hz, J2 = 7.7 Hz), 3.03 (dd, 2H, J1 = 9.2 Hz, J2 = 5.7 Hz), 2.57-

2.39 (m, 4H), 2.00 (dd, 2H, J1 = 15.8 Hz, J2 = 5.7 Hz), 1.22 (t, 6H, J = 7.1 Hz), 1.10 (d, 

6H, J = 6.6 Hz); 13C NMR (75 MHz, CDCl3): δ = 174.9, 168.4, 61.0, 54.7, 43.7, 38.5, 

26.3, 19.5, 13.9; IR (thin film): νmax = 1748, 1695 cm-1; MS (C.I.): m/z calc. for 

C18H30N2O6: 370, found: 371 (M + H+). 
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Acetic acid 3-methyl-pyridin-2-yl ester 85a; 

Acetic acid 5-methyl-pyridin-2-yl ester 86a 

N
O NO

O

N O

O

 

3-Picoline N-oxide ( 1.12 g, 10.2 mmol, 1.0 equiv.) in acetic anhydride (10.0 mL, 106.0 

mmol, 10.4 equiv.) was heated to reflux for 3 h.  The reaction solution was cooled to 

room temperature, diluted with water and extracted with portions of dichloromethane.  

The combined organics were washed with sodium carbonate solution, dried over 

magnesium sulfate, filtered and concentrated en vacuo.  The crude product was amenable 

to silica gel chromatography (30% EtOAc/C6, Rf = 0.34) and yielded an inseparable 

mixture of regioisomers 85 and 86 (0.34 g, 22%). 

1H NMR (300 MHz, CDCl3): δ = 8.24-8.20 (m, 2H), 7.62-7.60 (m, 2H), 7.18-7.13 (m, 

1H), 6.96 (d, 1H, J = 8.2 Hz); 13C (75 MHz, CDCl3): δ = 15.7, 17.5, 20.7, 21.0, 115.5, 

122.3, 125.3, 131.5, 139.9, 140.4, 145.8, 148.2, 155.6, 169.1; IR (thin film): νmax = 1764, 

1480, 1370, 1195, 1167 cm-1; MS (C.I.): m/z calc. for C8H9NO2: 151, found: 152 (M + 

H+). 
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2,2-Dimethyl-propionic acid 3-methyl-pyridin-2-yl ester 85b; 

2,2-Dimethyl-propionic acid 5-methyl-pyridin-2-yl ester 86b 

N
O NO

O

N O

O

 

3-Picoline N-oxide (0.57 g, 5.24 mmol, 1.0 equiv.) in trimethyl acetic (pivalic) anhydride 

(5.31 mL, 26.2 mmol, 5.0 equiv.) was heated to 170 oC for 3 h.  The reaction was cooled 

to room temperature diluted with water, and extracted with portions of 

dichloromethanere.  The combined organics were washed with sodium carbonate 

solution, dried over magnesium sulfate, filtered and concentrated en vacuo.  The crude 

material was amenable to silica gel chromatography (10% EtOAc/C6, Rf = 0.23).  The 

regioisomeric products 85b and 86b were isolated as oils in poor yield (0.0220 g, 5%). 

Compound 85b: 

1H NMR (300 MHz, CDCl3): δ = 8.23 (d, 1H, J = 3.6 Hz), 7.60-7.55 (m, 1H), 7.15-7.11 

(m, 1H), 2.19 (s, 3H), 1.41 (s, 9H); IR (thin film): νmax = 1752, 1477, 1212, 1112 cm-1. 

MS (C.I.): m/z calc. for C11H15NO2: 193, found: 194 (M + H+). 

Compound 86b: 

1H NMR (300 MHz, CDCl3): δ = 8.22 (s, 1H), 7.58 (dd, 1H, J1 = 8.2 Hz, J2 = 2.3 Hz), 

6.92 (d, 1H, J = 8.2 Hz), 2.34 (s, 3H), 1.38 (s, 9H); 13C (75 MHz, CDCl3): δ = 17.5, 26.8, 

38.9, 115.4, 131.2, 139.8, 148.2, 156.2, 176.7; IR (thin film): νmax = 1752, 1477, 1212, 

1112 cm-1; MS (C.I.): m/z calc. for C11H15NO2: 193, found: 194 (M + H+). 
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1-(Pentachloroantiminoxy)-3-methyl-pyridinium 87 

N
O

N
O

SbCl4

Cl

 

3-Picoline N-oxide (1.49 g, 13.7 mmol, 1.0 equiv.) was dissolved in methylene chloride 

(15 mL) at room temperature and antimony (V) chloride (2.08 mL, 16.4 mmol, 1.2 

equiv.) was added drop-wise over 15 minutes.  The resultant solution was stirred at room 

temperature for 18 h.  All solvent was removed en vacuo yielding the N-oxide antimony 

salt 87 (5.49 g, 99%) as a white solid.  The solid was deemed pure by NMR and used 

without further purification. 

M.p. = 162-167 oC; 1H NMR (300 MHz, DMSO-d6): δ = 8.39 (s, 1H), 8.30 (d, 1H, J = 

3.4 Hz), 7.51 (d, 2H, J = 5.2 Hz), 2.29 (s, 3H). 
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3-Methyl-iso-nicotinic acid 892 

N N

O OH

 

 

3,4-Dimethyl lutidine (4.76 g, 44.5 mmol, 1.0 equiv.) was dissolved in diphenylether (45 

mL) and taken to a temperature of 150 oC.  The hot solution was treated with selenium 

dioxide (15.0 g, 134 mmol, 3.0 equiv.) in portions over 0.5 h.  The temperature was 

increased to 180 oC and held at this temperature for 1 h.  The solution was cooled to room 

temperature and the solids filtered.  The filter cake was washed with boiling water (150 

mL) and the aqueous layers were subsequently extracted with portions of chloroform.  

The resulting aqueous phase was evaporated en vacuo to dryness yielding nicotinic acid 

89 (4.63 g, 76%) as a pale yellow solid.  The crude material was used without further 

purification. 

M.p. = 232-234 oC (Lit. 232 oC); 1H NMR (300 MHz, DMSO-d6): δ = 8.54 (s, 1H), 8.50 

(d, 1H, J = 5.0 Hz), 7.61 (d, 1H, J = 5.0 Hz), 3.33 (br s, 1H), 2.44 (s, 3H); 13C NMR (75 

MHz, DMSO-d6): δ = 67.7, 152.6, 148.0, 137.9, 132.6, 123.0, 17.7. 
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3-Methyl-isonicotinic acid ethyl ester 902 

N

OEtO

N

OHO

 

3-Methyl-iso-nicotinic acid 89 (1.00 g, 7.3 mmol, 1.0 equiv.), DMAP (0.46 g, 3.8 mmol, 

0.52 equiv.), and ethyl chloroformate (0.77 mL, 8.1 mmol, 1.1 equiv.) were dissolved in 

anhydrous methylene chloride (7.5 mL) and chilled to 0 oC.  Triethylamine (1.12 mL, 8.0 

mmol, 1.1 equiv.) was added drop-wise over 5 minutes to the cooled solution.  After the 

addition was complete the solution was maintained at a temperature of 0 oC for 1 h.  The 

reaction was quenched with ammonium chloride solution and the aqueous layers washed 

with portions of methylene chloride.  The combined organic fractions were dried over 

magnesium sulfate, filtered and concentrated en vacuo to yield ethyl ester 90 (0.79 g, 

66%) as an oil.  The crude material was determined to be pure by NMR and used without 

further purification. 

1H NMR (300 MHz, CDCl3): δ = 8.56 (d, 2H, J = 5.8 Hz), 7.71 (d, 1H, J = 5.1 Hz), 4.40 

(q, 2H, J = 7.12 Hz), 2.58 (s, 3H), 1.41 (t, 3H, J = 7.12 Hz); 13C NMR (75 MHz, CDCl3): 

δ = 165.9, 152.2, 147.2, 136.9, 133.3, 123.1, 61.4, 18.0, 14.0; IR (thin film): νmax = 1727, 

1308, 1274, 1229, 1104 cm-1; MS (C.I.): m/z calc. for C9H11NO2: 165, found: 166 (M + 

H+), 331 (2M + H+). 
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3-Methyl-1-oxy-iso-nicotinic acid ethyl ester 91 

N

OEtO

N

OEtO

O
 

Ethyl ester 90 (0.79 g, 4.8 mmol, 1.0 equiv.) was dissolved in methylene chloride (5 mL) 

and treated with portions of m-chloroperbenzoic acid (1.66 g, 9.62 mmol, 2.0 equiv.) at 

room temperature.  Additional portions of m-CPBA were added until starting material 

was consumed by TLC.  The reaction solution was quenched with sodium carbonate 

solution and the organics separated, dried over magnesium sulfate, filtered and 

concentrated en vacuo.  Pyridine N-oxide 91 was isolated as a white crystalline solid 

(0.65 g, 75%).  The crude material was determined to be pure by NMR and was used 

without further purification. 

M.p. = 124-127 oC; 1H NMR (300 MHz, CDCl3): δ = 8.15 (d, 1H), 7.86 (d, 2H, J = 6.6 

Hz), 3.38 (q, 2H, J = Hz), 2.57 (s, 3H), 1.41 (t, 3H); IR (thin film): νmax = 1712, 1277, 

1091 cm-1; MS (C.I.): m/z calc. for C9H11NO3: 181, found: 182 (M + H+). 
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2-Bromo-cycloheptanone ethyl acetal 1013 

O OO Br

 

 

Cycloheptanone (20.0 mL, 169.6 mmol, 1.0 equiv.) in excess ethylene glycol at 35 oC 

was treated with several drops of bromine and stirred until all the color disappeared.  The 

remainder of the bromine (8.86 mL, 172.9 mmol, 1.02 equiv.) was added drop-wise to the 

stirred solution at 35 oC over 1 h.  The resulting solution was allowed to stir for an 

additional 1 h then was poured into 50 mL water and treated with sodium sulfite solution.  

The aqueous layer was extracted with diethyl ether and the resultant organic layer washed 

with portions of saturated sodium bicarbonate solution, dried over magnesium sulfate, 

filtered and concentrated en vacuo to yield bromo ketal 101 as a pale yellow oil (39.3 g, 

99%).  The crude product was used without further purification. 

1H NMR (300 MHz, CDCl3): δ = 4.36 (dd, 1H, J1 = 2.5 Hz, J2 = 8.6 Hz), 4.20-4.05 (m, 

4H), 2.35-1.65 (m, 10H); 13C NMR (75 MHz, CDCl3): δ = 110.9, 65.4, 65.0, 60.6, 34.9, 

32.7, 26.0, 24.7, 20.4; IR (thin film): νmax = 2933, 2863, 1701, 1455, 1151, 1101 cm-1. 
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Cyclohept-2-ene-one ethyl acetal 1023 

 

OO Br OO

 

 

Bromo ketal 101 (17.74 g, 75.77 mmol, 1.0 equiv.) was added drop-wise to a solution of 

1,8-diazabicyclo[5.4.0]undec-7-ene (13.5 mL, 90.08 mmol, 1.2 equiv.) in toluene at 50 

oC.  The solution was stirred at 50 oC for 7 h then quenched with saturated ammonium 

chloride solution and extracted with hexanes.  The organic layer was dried over 

magnesium sulfate, filtered and concentrated en vacuo to yield eneketal 102 (10.16 g, 

87%) as a pale yellow oil.  The crude product was used without further purification. 

1H NMR (300 MHz, CDCl3): δ = 5.89-5.83 (m, 1H), 5.63 (d, 1H, J = 11.7 Hz), 3.97-3.87 

(m, 4H), 2.22-2.16 (m, 2H), 1.80-1.51 (m, 6H); 13C NMR (75 MHz, CDCl3): δ = 133.5, 

64.1, 63.8, 38.3, 35.7, 29.1, 27.4, 26.5, 23.4, 22.3; IR (thin film): νmax = 2930, 2878, 1653 

(w), 1456, 1218, 1108, 1067 cm-1; MS (C.I.): m/z calc. for C9H14O2: 154, found: 155 (M 

+ H+). 
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1,4-Dioxa-spiro[4.6]undec-6-en-8-one 107 

OO OO

O 

Chromium trioxide (2.91 g, 29.10 mmol, 18 equiv.) in dichloromethane at -20 oC was 

treated in one portion with 3,5-dimethylpyrrole (2.82 g, 29.37 mmol, 18 equiv.).  The 

solution stirred at -20 oC for 0.5 h then cycloheptene ketal 102 (0.25 g, 1.65 mmol, 1.0 

equiv.) in dichloromethane (5.0 mL) was added drop-wise over 5 minutes to the 

chromium solution.  The solution stirred between -5 oC and -10 oC for 4 h, then the 

solution was warmed to room temperature over 1 h.  The reaction stirred at room 

temperature for an additional 12 h then was cooled to 0 oC and carefully quenched with 

5N sodium hydroxide solution.  The organics were separated, dried over sodium sulfate, 

filtered and concentrated en vacuo.  The resultant oil was amenable to silica gel 

chromatography (30% EtOAc/C6, Rf = 0.22) yielding cyclohepteneone ketal 107 (0.0746 

g, 27%) as an oil. 

1H NMR (300 MHz, CDCl3): δ = 6.28 (d, 1H, J = 12.5 Hz), 6.00 (d, 1H, J = 12.5 Hz), 

4.05 (s, 4H), 2.76-2.71 (m, 2H), 2.15-2.72 (m, 2H), 1.99-1.95 (m, 2H); 13C NMR (75 

MHz, CDCl3): δ = 203.3, 142.5, 130.5, 107.8, 64.6, 42.5, 36.2, 17.8; IR (thin film): νmax = 

1668 cm-1; MS (C.I.): m/z calc. for C9H12O3: 168, found: 169 (M + H+). 
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6-Benzenesulfonyl-8-benzyl-8-aza-bicyclo[3.2.1]oct-3-en-2-one 126 

N

OH

N

O

PhO2S
Br

 

Benzyl pyridinium salt 124b (4.50 g, 16.94 mmol, 1.0 equiv.) and phenylvinyl sulfone 

(3.00 g, 17.83 mmol, 1.05 equiv.) in acetonitrile (17.0 mL) was heated to reflux then 

treated with triethylamine (2.50 mL, 17.94 mmol, 1.06 equiv.) drop-wise over 5 minutes.  

The solution continued to reflux for an additional 6 h then was cooled to room 

temperature.  The reaction mixture was evaporated to dryness and the crude mixture 

recrystallized from toluene to yield bicyclic sulfone 126 (2.91 g, 49%). 

1H NMR (300 MHz, CDCl3): δ = 7.90-7.86 (m, 2H), 7.72-7.69 (m, 1H), 7.68-7.53 (m, 

2H), 7.33-7.21 (m, 4H), 7.19-6.89 (m, 3H), 6.13 (d, 0.5H, J = 9.8 Hz), 5.98 (d, 0.5H, J = 

10.0 Hz), 3.91-3.47 (m, 4H), 2.85-2.67 (m, 1H), 2.17 (dd, 0.5H, J1 = 12.0 Hz, J2 = 8.9 

Hz), 2.01 (dd, 0.5H, J1 = 14.4 Hz, J2 = 9.2 Hz); 13C NMR (75 MHz, CDCl3): δ = 197.4, 

145.4, 137.8, 136.8, 134.4, 133.7, 129.5, 129.2, 128.7, 128.4, 128.2, 127.8, 127.3, 67.7, 

67.2, 60.2, 57.9, 51.3, 49.3, 27.0; IR (thin film): νmax =1684 cm-1; MS (C.I.): m/z calc. for 

C20H19NO2S: 353, found: 354 (M + H+). 
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5-Bromo-2-methoxy-pyridine4 

NO

NH2

NO

Br

 

Copper (I) bromide (9.0 g, 62.74 mmol, 2.5 equiv.) was dissolved in hydrobromic acid 

(12.5 mL) forming a deep purple colored solution.  5-Amino-2-methoxy pyridine (3.13 g, 

25.21 mmol, 1.0 equiv.) was added drop-wise over 20 minutes to the acidic solution.  The 

solution was cooled to 0 oC and a solution of sodium nitrite (2.26 g, 32.75 mmol, 1.3 

equiv.) in water (15 mL) was added drop-wise over 1 h.  The solution was kept below 10 

oC throughout the addition.  The reaction continued to stir with warming to room 

temperature over 1 h, then was taken to 80 oC for an additional 15 minutes.  The solution 

was cooled to room temperature and was carefully quenched with 5 M sodium hydroxide 

solution (20 mL).  The reaction solution was filtered through a pad of Celite and 

extracted with portions of ethyl acetate.  The combined organics were dried over sodium 

sulfate, filtered and concentrated en vacuo.  The resultant oil was amenable to silica gel 

chromatography (5% EtOAc/C6, Rf = 0.47) yielding 5-bromo-2-methoxy pyridine (10.45 

g, 89%) as an oil. 

1H NMR (300 MHz, CDCl3): δ = 8.20 (d, 1H, J = 2.5 Hz), 7.64 (dd, 1H, J1 = 8.8 Hz, J2 = 

2.5 Hz), 6.67 (d, 1H, J = 8.8 Hz), 3.91 (s, 3H); IR (thin film): νmax = 1583, 1479, 1367, 

1282 cm-1. 
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6-Methoxy-pyridin-3-ol4 

NO

Br

NO

OH

 

5-Bromo-2-methoxy pyridine (2.00 mL, 15.46 mmol, 1.0 equiv.) in anhydrous 

tetrahydrofuran at -78 oC was treated with n-butyl lithium (1.24M, 13.1 mL, 16.24 mmol, 

1.05 equiv.) and stirred for 0.5 h.  Triethylborane (3.16 mL, 18.57 mmol, 1.2 equiv.) was 

added drop-wise over 5 minutes and the resultant solution warmed to 0 oC over 2 h.  

Excess hydrogen peroxide (30% in water) was added and the resultant solution was 

stirred at 0 oC for an additional 0.5 h then quenched with 1M hydrogen chloride solution 

and extracted with portions of ethyl acetate.  The combined organics were dried over 

sodium sulfate, filtered and concentrated en vacuo.  The resultant yellow solid was 

amenable to silica gel chromatography (40% EtOAc/C6; Rf = 0.28) to yield 6-methoxy-

pyridin-3-ol as a yellow solid (1.90 g, 98%). 

M.p. = 76-78 oC; 1H NMR (300 MHz, CDCl3): δ = 7.79 (d, 1H, J = 3.0 Hz), 7.77 (dd, 1H, 

J1 = 8.8 Hz, J2 = 3.0 Hz), 6.68 (d, 1H, J = 8.8 Hz), 3.89 (s, 3H); 13C NMR (75 MHz, 

CDCl3): δ = 158.4, 147.2, 132.3, 127.7, 110.9, 95.1, 53.6; IR (thin film): νmax = 1495, 

1421, 1256 cm-1; MS (C.I.): m/z calc. for C6H7NO2: 125, found: 126 (M + H+). 
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1-Benzyl-5-hydroxy-2-methoxy-pyridinium bromide 133 

NO

OH
NO

OH

Br

 

6-Methoxy-pyridin-3-ol (1.50 g, 12.0 mmol, 1.0 equiv.) in toluene (12.0 mL) was treated 

with benzyl bromide (1.43 mL, 12.0 mmol, 1.0 equiv.) and taken to reflux for 2 h.  The 

solution was cooled to room temperature and the solvent remved en vacuo.  The resultant 

solids were recrystallized from acetonitrile to yield the pyridinium bromide salt 133 (1.63 

g, 51%) as a white solid. 

1H NMR (300 MHz, DMSO-d6): δ = 7.33-7.24 (m, 6H), 7.21-7.09 (m, 2H), 6.31 (d, 1H, J 

= 9.6 Hz), 4.99 (s, 2H), 3.30 (s, 3H). 
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2-(1-Benzyl-3,6-dioxo-1,2,3,6-tetrahydro-pyridin-2-yl)-but-2-enedioic acid dimethyl 

ester 135; 

2-(1-Benzyl-6-oxo-1,6-dihydro-pyridin-3-yloxy)-but-2-enedioic acid dimethyl ester 

136 

NO

OH

Br NO

O O

O
OO NO

O

O

O
O

O

+

 

 

Pyridinium bromide 133 (0.2528 g, 0.9393 mmol, 1.0 equiv.) and dimethylacetylene 

dicarboxylate (0.12 mL, 0.9761 mmol, 1.04 equiv.) in acetonitrile (9.80 mL) were taken 

to 80 oC then treated with triethylamine (0.15 mL, 1.0762 mmol, 1.15 equiv.).  The 

solution is immediately cooled to room temperature and stirred for an additional 1 h.  The 

resultant solution was quenched with ammonium chloride solution and extracted with 

portions of ethyl acetate.  The organics were combined, dried over sodium sulfate, 

filtered and concentrated en vacuo.  The resultant mixture was amenable to silica gel 

chromatography (60% EtOAc/C6) yielding enedione 135 (Rf = 0.39, 0.1618 g, 50%) and 

vinyl ether 136 (Rf = 0.26, 0.0998 g, 31%). 

Enedione 135: 

1H NMR (300 MHz, CDCl3): δ = 7.38-7.19 (m, 7H), 6.66 (d, 1H, J = 9.6 Hz), 5.24 (s, 

1H), 5.11 (s, 2H), 3.87 (s, 3H), 3.71 (s, 3H), 2.36 (s, 1H); 13C (75 MHz, CDCl3): δ = 

159.9, 135.2, 134.7, 134.6, 128.9, 128.8, 128.3, 128.2, 128.0, 125.1, 122.0, 99.2, 53.0, 

52.0, 51.8; IR (thin film): νmax = 1750, 1718, 1675, 1636, 1602 cm-1; MS (C.I.): m/z calc. 

for C18H17NO6: 343, found: 344 (M + H+). 
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Vinyl ether 136: 

Recrystallized from toluene 

1H NMR (300 MHz, CDCl3): δ = 7.34-7.25 (m, 5H), 7.05 (s, 1H), 6.58 (d, 1H, J = 9.9 

Hz), 6.50 (s, 1H), 5.09 (s, 2H), 3.70 (s, 6H); 13C (75 MHz, CDCl3): δ = 163.4, 161.7, 

160.6, 149.6, 139.4, 135.7, 133.6, 128.7, 127.9, 127.8, 125.0, 121.2, 114.3, 52.9, 51.9; IR 

(thin film): νmax = 1728, 1674, 1597, 1268 cm-1; MS (C.I.): m/z calc. for C18H17NO6: 343, 

found: 344 (M + H+). 



2-Benzyl-3,7-dioxo-2-aza-bicyclo[2.2.2]octane-5-carboxylic acid ethyl ester 139 

NO

OH

Br N

O

O
O

O

 

Pyridinium bromide 133 (0.10 g, 0.37 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran 

(1.60 mL) was treated with excess sodium hydride and stirred at room temperature for 1 

h.  The solution turned blue.  Ethyl acrylate (0.05 mL, 0.46 mmol, 1.2 equiv.) was added 

drop-wise over 5 minutes and the solution taken to reflux for 0.5 h.  After cooling to 

room temperature the reaction was quenched with water and extracted with portions of 

dichloromethane.  The combined organics were dried over sodium sulfate, filtered and 

concentrated en vacuo.  The resultant mixture was amenable to silica gel chromatography 

(40% EtOAc/C6) yielding tricycle 139 (0.0131 g, 12%) as a white solid.  No other 

identifiable products were isolated.  The crude material was recrystallized from toluene 

1H NMR (300 MHz, CDCl3): δ = 7.37-7.21 (m, 5H), 4.85 (d, 1H, J = 14.7 Hz), 4.30 (d, 

1H, J = 14.7 Hz), 4.17 (q, 2H, J = 6.5 Hz), 3.72-3.70 (m, 1H), 3.32-3.29 (m, 1H), 3.10-

3.04 (m, 1H), 2.52 (s, 1H), 2.51 (s, 1H), 2.31-2.24 (approx. dd, 1H), 2.10-2.00 (approx. 

dd, 1H), 1.26 (t, 3H, J = 7.1 Hz); 13C (75 MHz, CDCl3): δ = 203.4, 171.6, 136.0, 128.8, 

128.0, 127.9, 62.5, 61.5, 48.2, 42.2, 38.3, 34.9, 27.4, 13.9; IR (thin film): νmax = 1732, 

1683 cm-1; MS (C.I.): m/z = 302 (M + H+); HRMS (C.I.): m/z calc. for C17H19NO4: 

301.1314, found: 302.1328 (M + H+). 
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1-Benzyl-5-hydroxy-6-(3-oxo-but-1-enyl)-1H-pyridin-2-one 141 

NO

OH

Br NO

OH

O  

Pyridinium bromide 133 (0.1026 g, 0.3812 mmol, 1.0 equiv.) and ethyl propiolate (0.04 

mL, 0.3947 mmol, 1.04 equiv.) were dissolved in acetonitrile (3.90 mL) and taken to 80 

oC.  The resultant solution was treated with triethylamine (0.06 mL, 0.4305 mmol, 1.13 

equiv.).  The reaction mixture was immediately cooled to room temperature, stirred for an 

additional 1 h then quenched with ammonium chloride solution and extracted with 

portions of ethyl acetate.  The combined organics were dried over sodium sulfate, filtered 

and concentrated en vacuo.  The resultant oil was amenable to silica gel chromatography 

(60% EtOAc/C6; Rf = 0.33) to yield 141 as a yellow oil (0.1140 g, 100%). 

1H NMR (300 MHz, CDCl3): δ = 7.53 (d, 1H, J = 12.4 Hz), 7.38-7.20 (m, 4H), 7.12 (d, 

1H, J = 3.1 Hz), 6.65 (d, 1H, J = 9.8 Hz), 5.40 (d, 1H, J = 12.4 Hz), 5.12 (s, 2H), 4.17 (q, 

2H, J = 7.1 Hz), 1.27 (t, 3H, J = 7.1 Hz); IR (thin film): νmax = 1707, 1675, 1594, 1122 

cm-1; MS (C.I.): m/z calc. for C16H15NO3: 299, found: 300 (M + H+). 
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3-Ethoxy-cyclohex-2-enone 1745 

O

O

OEt

O  

Freshly recrystallized 1,3-cyclohexane dione (53.0 g, 473 mmol, 1.0 equiv.) and p-

toluene sulfonic acid (2.3 g, 12.1 mmol, 0.03 equiv.) were dissolved in ethanol (250 mL) 

and benzene (900 mL) and distilled until a head temperature of 78 oC was obtained (ca. 8 

h).  The solution was cooled to room temperature, washed with four portions 10% 

aqueous sodium hydroxide saturated with sodium chloride and one portion brine.  The 

organics were washed with portions of water until the aqueous extracts became pH 

neutral, dried over sodium sulfate, filtered and concentrated en vacuo.  The resultant oil 

was distilled to yield 174 (51.9 g, 78%) as a colorless oil. 

B.p. = 90-93 oC at 0.1 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 5.54 (s, 1H), 3.91 (q, 

2H, J = 7.0), 2.43-2.33 (m, 4H), 2.02-1.96 (m, 2H), 1.37 (t, 3H, J = 7.0 Hz); 13C NMR 

(75 MHz, CDCl3): δ = 198.7, 176.8, 101.6, 63.1, 35.6, 28.0, 20.1, 13.0; IR (thin film): 

νmax = 2945, 1667, 1651, 1603, 1378, 1221, 1184 cm-1; MS (C.I.): m/z = 141 (M + H+); 

HRMS (C.I.): m/z calc. for C8H12O2: 140.0837, found: 141.0915 (M + H+). 
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3-Ethoxy-6-methyl-cyclohex-2-enone6 

OEt

O

OEt

O
 

Vinylogous ether 174 (51.86 g, 336 mmol, 1.0 equiv.) was added to lithium di-iso-

propylamine (1.05 equiv.) in tetrahydrofuran (670 mL) at -78 oC via cannula over 10 

minutes.  The solution was stirred at -78 oC for 1 h and then the resultant solution was 

treated with iodomethane (25.0 mL, 402 mmol, 1.2 eq.) drop-wise over 15 minutes.  The 

reaction mixture was warmed to room temperature over 3 h, quenched with aqueous 

ammonium chloride and extracted with three portions of ethyl acetate.  All of the organic 

fractions were combined and dried over sodium sulfate, filtered and concentrated en 

vacuo.  The resultant crude oil may be purified by silica gel chromatography (30% 

EtOAc/C6, Rf = 0.27) or by distillation under vacuum to yield the methylated product as a 

colorless oil (49.1 g, 95%). 

B.p. = 62-65 oC @ 0.1 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 5.31 (s, 1H), 3.89 (dq, 

2H, J = 7.0 Hz), 2.47-2.40 (m, 2H), 2.37-2.25 (m, 1H), 2.08-2.01 (m, 1H), 1.85-1.65 (m, 

1H), 1.35 (t, 3H, J = 7.0 Hz), 1.14 (d, 3H, J = 6.8 Hz); 13C NMR (75 MHz, CDCl3): δ = 

202.0, 176.9, 102.0, 64.1, 40.1, 29.2, 28.4, 15.3, 14.1; IR (thin film): νmax = 1662, 1609, 

1377, 1192 cm-1; MS (C.I.): m/z = 155 (M + H+); HRMS (C.I.): m/z calc. for C9H14O2: 

154.0994, found:  155.1072 (M + H+). 
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6-Allyl-3-ethoxy-6-methyl-cyclohex-2-enone 1757 

OEt

O

OEt

O
 

The vinylogous ether (49.2 g, 319 mmol, 1.0 equiv.) was added to lithium di-iso-

propylamine (1.05 equiv.) in tetrahydrofuran (640 mL) at -78 oC via cannula over 10 

minutes and the resultant solution was stirred at -78 oC for 1 h.  Allyl bromide (32.0 mL, 

378 mmol, 1.2 equiv.) was added drop-wise over 15 minutes.  The solution was warmed 

to room temperature over 3 h, quenched with saturated aqueous ammonium chloride and 

extracted with three portions of ethyl acetate.  All organic fractions were combined and 

dried over sodium sulfate, filtered and concentrated en vacuo.  175 was isolated as a 

yellow oil and was typically used without further purification (61.9 g, 100%).  The pale 

yellow oil may be purified by silica gel chromatography (20% EtOAc/C6, Rf = 0.28) or 

by distillation under vacuum. 

B.p. = 124-128 oC @ 0.3 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 5.79-5.7 (m, 1H), 

5.26 (s, 1H), 5.08 (s, 1H), 5.05-5.03 (dd, 1H, J1 = 5.7 Hz, J2 = 1.4 Hz), 3.93-3.86 (q, 2H, 

J = 7.0 Hz), 2.42 (t, 2H, J = 6.3 Hz), 2.40-2.33 (dd, 1H, J1 = 13.8 Hz, J2 = 7.1 Hz), 2.22-

2.14 (dd, 1H, J1 = 13.4 Hz, J2 = 7.8 Hz), 1.97-1.87 (m, 1H), 1.74-1.65 (m, 1H), 1.36 (t, 

3H, J = 7.0 Hz), 1.08 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 203.6, 175.8, 134.3, 

117.9, 101.3, 65.2, 43.2, 41.5, 31.7, 26.0, 22.2, 14.2; IR (thin film): νmax = 1653, 1609, 

1190 cm-1; MS (C.I.): m/z = 195 (M + H+); HRMS (C.I.): m/z calc. for C12H18O2: 

194.1307, found: 195.1374 (M + H+). 
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4-Allyl-4-methyl-cyclohex-2-enone 1767 

OEt

O

O

 

Vinylogous ether 175 (6.41 g, 33.0 mmol, 1.0 equiv.) was dissolved in anhydrous toluene 

(165 mL) and cooled to -78 oC.  The resultant solution was treated with di-iso-

butylaluminum hydride (26.5 mL of 1.5 M solution in toluene, 39.8 mmol, 1.2 equiv.) 

over 5 minutes.  The solution was warmed to room temperature over 16 h and was 

quenched with ethyl acetate.  Methanol (ca. 20 mL) was added followed by careful 

addition of concentrated hydrochloric acid (ca. 20 mL).  The resultant solution was 

stirred at room temperature for 1 h and then partitioned between water and ethyl acetate.  

The aqueous portions were extracted with two portions of ethyl acetate.  The organic 

fractions were combined and washed with two portions of 1 M HCl, one portion brine, 

dried over sodium sulfate, filtered and concentrated en vacuo.  Enone 176 was isolated as 

a pale yellow oil (5.03 g, 100%).  Enone 176 may be purified by silica gel 

chromatography (20% EtOAc/C6, Rf = 0.41), but was generally used without further 

purification. 

1H NMR (300 MHz, CDCl3): δ = 6.69 (d, 1H, J = 10.2 Hz), 5.90 (d, 1H, J = 10.2 Hz), 

5.85-5.76 (m, 1H), 5.16-5.09 (m, 2H), 2.47 (m, 2H), 2.22 (d, 2H, J = 7.3 Hz), 2.03-1.94 

(m, 1H), 1.82-1.76 (m, 1H), 1.16 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 199.4, 158.9, 

133.4, 127.6, 118.7, 45.2, 35.8, 34.1, 33.6, 24.7; IR (thin film): νmax = 1684 cm-1; MS 

(C.I.): m/z = 151 (M + H+); HRMS (C.I.): m/z calc. for C10H14O: 150.1045, found: 

151.1123 (M + H+). 
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5-Allyl-5-methyl-bicyclo[4.1.0]heptan-2-one 177 

O O

 

Freshly recrystallized and dried trimethylsulfoxomium iodide (11.03 g, 50.12 mmol, 1.5 

equiv.) in anhydrous dimethylsulfoxide (80.0 mL) was treated with sodium hydride in 

portions (2.00 g, 60% dispersion in oil, ca. 50.00 mmol, 1.5 equiv.).  The resultant 

solution was stirred with gentle warming until all hydrogen evolution ceased (ca. 1 h).  

The sides of the reaction flask were washed with anhydrous dimethylsulfoxide (10.0 mL).  

Enone 176 (5.00 g, 33.28 mmol, 1.0 equiv.) was dissolved in anhydrous 

dimethylsulfoxide (20.0 mL) and added to the sulfoxonium methylide solution over 15 

minutes.  The resulting solution was stirred at room temperature for 16 h and heated to 50 

oC for an additional 2 h.  After cooling to room temperature the solution was quenched 

with water and extracted with three portions of ethyl acetate.  All of the organics were 

combined, washed with five portions of water, dried over sodium sulfate, filtered and 

concentrated en vacuo.  The resultant oil may be purified by silica gel chromatography 

(20% EtOAc/C6, Rf = 0.33) or distillation under vacuum to yield cyclopropyl ketone 177 

as a colorless oil (8.06 g, 98%). 

B.p. = 83-88 oC @ 0.3 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 5.89-5.81 (m, 1H), 5.12 

(s, 1H), 5.07 (dd, 1H, J1 = 8.4 Hz, J2 = 1.6 Hz), 2.24-2.15 (m, 4H), 1.84-1.79 (m, 1H), 

1.60-1.37 (m, 3H), 1.31-1.22 (m, 1H), 1.16-1.07 (m, 1H), 1.09 (s, 3H); 13C NMR (75 

MHz, CDCl3): δ = 209.5, 134.2, 133.9, 118.0, 117.8, 47.4, 43.8, 32.8, 32.6, 31.7, 29.5, 

28.8, 28.5, 28.0, 26.6, 26.1, 24.6, 10.5, 10.0; IR (thin film): νmax = 1684 cm-1; MS (C.I.): 
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m/z = 165 (M + H+); HRMS (C.I.): m/z calc. for C11H16O: 164.1201, found: 165.1279 (M 

+ H+). 



(2-Methyl-5-oxo-bicyclo[4.1.0]hept-2-yl)-acetic acid 178 

O O

O

OH 

Cyclopropyl ketone 177 (0.69 g, 4.18 mmol, 1.0 equiv.) was suspended in 42.0 mL water 

and treated with potassium permanganate (0.10g, 0.65 mmol, 0.16 equiv.), sodium 

periodate (7.15 g, 33.43 mmol, 8.0 equiv.), and potassium carbonate (1.73 g, 12.52 mmol, 

3.0 equiv.).  The resultant suspension was stirred for 16 h at room temperature then 

quenched with 50% sulfuric acid until the solution became acidic.  The aqueous solution 

was extracted with three portions of ethyl acetate.  The combined organics were dried 

over sodium sulfate, filtered and concentrated en vacuo yielding cyclopropyl acid 178 

(0.76 g, 100%) as a pale yellow oil that eventually solidifies to a white waxy solid.  The 

acid is amenable to purification by silica gel chromatography (5% MeOH/DCM, Rf = 

0.15). 

1H NMR (300 MHz, CDCl3): δ = 2.47 (s, 1H), 2.45 (d, 1H, J = 9.2 Hz), 2.29-2.23 (m, 

2H), 1.91-1.83 (m, 1H), 1.77-1.68 (m, 2H), 1.60-1.52 (m, 1H), 1.34-1.25 (m, 2H), 1.28 

(s, 3H), 1.20-1.11 (m, 1H); 13C NMR (75 MHz, CDCl3): δ = 208.8, 177.0, 46.7, 43.6, 

32.6, 31.5, 31.4, 29.1, 28.6, 28.5, 28.2, 26.7, 26.6, 26.4, 24.5, 10.4, 9.9; IR (thin film): 

νmax = 3100, 1726, 1684, 1653 cm-1; MS (C.I.): m/z = 183 (100%, M + H+), 365 (78%, 

2M + H+); HRMS (C.I.): m/z calc. for C10H14O3: 182.0943, found: 183.1023 (M + H+). 
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(2-Methyl-5-oxo-bicyclo[4.1.0]hept-2-yl)-acetic acid methyl ester; 

(2-Methyl-5-oxo-bicyclo[4.1.0]hept-2-yl)-acetic acid trimethylsilanylmethyl ester 

O O

O

OH

O

O

O

O

O
TMS

+

 

Cyclopropyl acid 178 (0.75 g, 4.12 mmol, 1.0 equiv.) was dissolved in toluene (32.0 mL) 

and methanol (8.0 mL) then treated with trimethylsilyl diazomethane (3.00 mL, 6.00 

mmol, 1.5 equiv., 2.0 M in diethyl ether) at room temperature over 5 minutes.  The 

resultant yellow solution was stirred at room temperature for an additional 0.5 h, then 

carefully acidified to pH = 2 with 1 M hydrochloric acid solution.  The resultant solution 

was extracted with three portions of ethyl acetate.  The organics were combined and dried 

over sodium sulfate, filtered and concentrated en vacuo.  The resultant yellow oil was 

purified by silica gel chromatography (35% EtOAc/C6, Rf = 0.23) to yield a colorless oil 

as a mixture of methyl ester diastereomers (0.63 g, 79%) and minor quantities of 

trimethylsilyl methyl ester. 

(2-Methyl-5-oxo-bicyclo[4.1.0]hept-2-yl)-acetic acid trimethylsilanylmethyl ester: 

1H NMR (300 MHz, CDCl3): δ = 3.76 (s, 1.5H), 3.75 (s, 1.5H), 2.42 (m, 2H), 2.28-2.20 

(m, 2H), 1.89-1.81 (m, 1H), 1.71-1.48 (m, 3H), 1.22 (s, 3H), 1.16-1.08 (m, 1H), 0.08 (s, 

3H). 

(2-Methyl-5-oxo-bicyclo[4.1.0]hept-2-yl)-acetic acid methyl ester: 

1H NMR (300 MHz, CDCl3): δ = 3.62/3.61 (s, 3H), 2.38/2.35 (s, 2H), 2.20-2.13 (m, 2H), 

1.81-1.72 (m, 1H), 1.67-1.40 (m, 3H), 1.26-1.19 (m, 1H), 1.16 (s, 3H), 1.10-1.05 (m, 

1H); 13C NMR (75 MHz, CDCl3): δ = 208.23, 208.20, 171.61, 171.58, 51.3, 51.2, 46.6, 
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43.5, 32.51, 32.45, 31.4, 31.3, 28.9, 28.4, 28.3, 28.2, 26.7, 26.5, 26.2, 24.5, 10.1, 9.6; IR 

(thin film): νmax = 1734, 1684 cm-1; MS (C.I.): m/z = 197 (100%, M + H+); HRMS (C.I.): 

m/z calc. for C11H16O3: 196.1099, found: 197.1178 (M + H+). 



2-(2-Methyl-5-oxo-bicyclo[4.1.0]hept-2-yl)-acetamide 179 

O

O

OH

O

O

NH2 

Acid 178 (1.28 g, 7.00 mmol, 1.0 equiv.) was dissolved in anhydrous THF (50.0 mL) and 

treated with triethylamine (1.30 mL, 9.33 mmol, 1.3 equiv.).  The resultant solution was 

cooled in an ice bath and iso-butyl chloroformate (1.20 mL, 9.25 mmol, 1.3 equiv.) was 

added drop-wise.  The resultant solution was stirred with warming to room temperature 

over 4 h then diluted with dichloromethane and washed with water.  The aqueous 

portions were extracted with two portions dichloromethane and all organics were 

combined, washed with brine, dried over sodium sulfate and filtered.  Ammonia gas was 

bubbled through the dry dichloromethane solution for 5 minutes and stirred for an 

additional 16 h at room temperature.  The solution was then concentrated to dryness.  

Amide 179 was isolated by silica gel chromatography (10% MeOH/DCM, Rf = 0.22) as a 

mixture of diastereomers (0.96 g, 76%).  The resultant viscous yellow oil eventually 

solidifies to a pale yellow waxy solid. 

1H NMR (300 MHz, CDCl3): δ = 5.60 (br s, 2 H), 2.31-2.23 (m, 4H), 1.88-1.83 (m, 1H), 

1.77-1.69 (m, 2H), 1.60-1.54 (m, 1H), 1.34-1.25 (m, 1H), 1.30 (s, 1.5H), 1.28 (s, 1.5H), 

1.19-1.13 (m, 1H); 13C NMR (75 MHz, CDCl3): δ = 209.2, 208.7, 173.4, 173.3, 48.6, 

45.0, 32.7, 32.6, 31.5, 31.4, 29.3, 28.7, 28.6, 28.4, 27.0, 26.9, 26.8, 26.5, 10.4, 10.0; IR 

(thin film): νmax =  3349, 3198, 1662 (br) cm-1; MS (C.I.): m/z = 182 (M + H+); HRMS 

(C.I.): m/z calc. for C10H15NO2: 181.1103, found: 182.1182 (M + H+). 
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[2-(2-Methyl-5-oxo-bicyclo[4.1.0]hept-2-yl)-acetyl]-carbamic acid benzyl ester 

O

N
H

O O

O

O

NH2O

 

Cyclopropyl amide 179 (0.0497 g, 0.2744 mmol, 1.0 equiv.) in anhydrous 

tetrahydrofuran (2.75 mL) at room temperature was treated with sodium hydride (0.035 g 

of 60% dispersion in oil, 0.8750 mmol, 3.2 equiv.) and the resultant solution was stirred 

for 1 h.  The reaction was treated with benzoylchloroformate (0.04 mL, 0.2814 mmol, 

1.03 equiv.) and stirred for an additional 1 h at room temperature.  The reaction was 

quenched with saturated ammonium chloride solution and extracted with portions of 

ethyl acetate.  The combined organics were dried over sodium sulfate, filtered and 

concentrated en vacuo.  The carbamic acid was subjected to silica gel chromatography 

and the cis- and trans- diastereomers were isolated. 

Diastereomer 1 was isolated as a colorless oil (40-50% EtOAc/C6 gradient, Rf = 0.15, 

0.0207 g, 24%): 

1H NMR (300 MHz, CDCl3): δ = 7.84 (br s, 1H), 7.37 (br s, 5H), 5.17 (s, 2H), 3.01 (d, 

1H, J = 15.4 Hz), 2.76 (d, 1H, J = 15.4 Hz), 2.26-2.20 (m, 2H), 1.83-1.71 (m, 4H), 1.56-

1.45 (m, 1H), 1.28 (s, 3H), 1.14-1.06 (m, 1H); 13C NMR (75 MHz, CDCl3): δ = 208.8, 

171.8, 151.4, 134.8, 128.7, 128.4, 128.3, 67.9, 43.5, 32.6, 31.9, 28.8, 28.7, 26.8, 26.4, 

9.8; IR (thin film): νmax = 3277, 2959, 1769, 1689, 1517, 1202 cm-1; MS (C.I.): m/z = 316 

(100%, M + H+); HRMS (C.I.): m/z calc. for C18H21NO4: 315.3636, found: 316.1548 (M 

+ H+). 
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Diastereomer 2 was isolated as a colorless oil (40-50% EtOAc/C6 gradient, Rf = 0.12, 

0.0090 g, 10%): 

1H NMR (300 MHz, CDCl3): δ = 7.54 (br s, 1H), 7.38 (br s, 5H), 5.18 (s, 2H), 3.01 (d, 

1H, J = 15.5 Hz), 2.80 (d, 1H, J = 15.5 Hz), 2.25-2.2 (m, 2H), 1.85-1.54 (m, 5H), 1.27 (s, 

3H), 1.11-1.03 (m, 1H); 13C NMR (75 MHz, CDCl3): δ = 208.7, 171.9, 151.5, 134.8, 

128.8, 128.7, 128.5, 67.9, 46.7, 32.6, 32.0, 28.5, 28.3, 26.4, 24.5, 10.5; IR (thin film): 

νmax = 3278, 2954, 1766, 1684, 1504, 1200 cm-1; MS (C.I.): m/z = 316 (100%, M + H+); 

HRMS (C.I.): m/z calc. for C18H21NO4: 315.3636,found: 316.1544 (M + H+). 



4-Methyl-N-[2-(2-methyl-5-oxo-bicyclo[4.1.0]hept-2-yl)-acetyl]-benzenesulfonamide 

O

N
H

O

O2
S

O

OHO

 

Cyclopropyl acid 178 (0.5050 g, 2.7714 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran 

(28.0 mL) was treated with triethylamine (0.50 mL, 3.5873 mmol, 1.3 equiv.) and stirred 

at room temperature for 0.5 h.  The solution was then cooled to 0 oC and treated with iso-

butylchloroformate (0.47 mL, 3.5926 mmol, 1.3 equiv.).  The resultant solution stirred 

with warming to room temperature over 1 h.  The reaction was diluted with 

dichloromethane and washed with water.  The aqueous layer was extracted with two 

portions of dichloromethane and all of the organic fractions were combined, dried over 

sodium sulfate, filtered and concentrated en vacuo.  The resultant oil was taken up in 

dichloromethane (28.0 mL) and treated with para-toluenesulfonamide (0.5710 g, 3.3351 

mmol, 1.2 equiv.).  After 15 minutes the solution was treated with triethylamine (0.46 

mL, 3.3003 mmol, 1.2 equiv.) and a catalytic amount of N,N-dimethylamino pyridine.  

The resultant solution was stirred at room temperature for 18 h then quenched with 

ammonium chloride solution and extracted with portions of dichloromethane.  The 

organics were dried over sodium sulfate, filtered and concentrated en vacuo.  The 

resultant oil was amenable to silica gel chromatography (10% MeOH/DCM, Rf = 0.26) to 

yield sulfonamide as a mixture of diastereomers (0.5980 g, 64%). 

1H NMR (300 MHz, CDCl3): δ = 7.96-7.82 (m, 2H), 7.37-7.31 (m, 2H), 5.06 (br s, 1H), 

2.45 (s, 1.5 H), 2.44 (s, 1.5H), 2.32-2.15 (m, 2H), 1.89-1.84 (m, 1H), 1.67-1.49 (m, 2H), 
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1.36-1.26 (m, 1H), 1.24-1.19 (m, 2H), 1.23 (s, 1.5 H), 1.14 (s, 1.5 H), 1.19-1.10 (m, 2H); 

13C NMR (75 MHz, CDCl3): δ = 210.5, 208.8, 169.2, 168.9, 145.2, 144.9, 143.6, 139.0, 

135.6, 135.4, 129.7, 129.5, 129.4, 128.4, 128.3, 126.3, 48.5, 44.8, 32.5, 32.4, 32.3, 32.2, 

29.1, 28.4, 27.0, 26.8, 26.4, 24.9, 21.7, 21.6, 10.5, 10.3; MS (C.I.): m/z = 336 (100%, M + 

H+); HRMS (C.I.): m/z calc. for C17H21NO4S: 335.1191,found: 336.1271 (M + H+). 



N-Methoxy-N-methyl-2-(2-methyl-5-oxo-bicyclo[4.1.0]hept-2-yl)-acetamide 

O

HO O

O

N
H

O
O

 

Cyclopropyl acid 178 (0.35 g, 1.92 mmol, 1.0 equiv.) was dissolved in tetrahydrofuran 

and cooled to 0 oC.  The reaction solution was treated with triethylamine (0.32 mL, 2.30 

mmol, 1.2 equiv.) and stirred for 0.5 h.  Ethyl chloroformate (0.22 mL, 2.30 mmol, 1.2 

equiv.) was added drop-wise over 5 minutes and the resultant solution was warmed to 

room temperature over 1 h.  Methoxyamine hydrochloride (0.20 g, 2.40 mmol, 1.25 

equiv.) was added followed by the drop-wise addition of triethylamine (0.35 mL, 2.51 

mmol, 1.3 equiv.) over 5 minutes.  The resultant solution was stirred at room temperature 

for an additional 1 h then quenched with ammonium chloride solution and extracted with 

portions of ethyl acetate.  The combined organics were dried over sodium sulfate, filtered 

and concentrated en vacuo.  The resultant oil was amenable to silica gel chromatography 

(5% MeOH/DCM, Rf = 0.05) yielding amide as a pale white oil (0.25 g, 61%). 

1H NMR (300 MHz, CDCl3): δ = 10.24/10.01 (br s, 1H), 3.70 (s, 3H), 2.32-2.12 (m, 4H), 

1.81-1.76 (m, 2H), 1.53-1.42 (m, 2H), 1.30-1.19 (m, 1H), 1.24 (s, 3H), 1.15-1.09 (m, 

1H); 13C NMR (75 MHz, CDCl3): δ = 209.6, 209.2, 168.3, 168.2, 63.9, 53.4, 45.1, 41.7, 

32.6, 32.5, 31.6, 29.3, 28.8, 28.3, 26.9, 26.7, 26.4, 24.7, 10.6, 10.0; IR (thin film): νmax = 

3481, 3202, 2962, 1662 cm-1; MS (C.I.): m/z = 212 (M + H+); HRMS (C.I.): m/z calc. for 

C11H17NO3: 211.1208, found: 212.1287 (M + H+). 
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3α-Methyl-hexahydro-cyclohepta[β]furan-2,6-dione 181 

O

O

NH2

O

O

O  

Amide 179 (0.0225g, 0.1242 mmol, 1.0 equiv.) in trichloroethanol (1.25 mL) was heated 

to 145 oC for 6 hours then all solvent was removed en vacuo.  The resultant oil was 

purified by silica gel chromatography (1% MeOH/DCM; Rf = 0.15/0.08; 60% EtOAc/C6, 

Rf = 0.27/0.21) to yield ring expanded lactone 181 in trace quantities.  No other 

identifiable compounds were isolated. 

1H NMR (500 MHz, CDCl3): δ = 4.07 (dd, 1H, J1 = 12.0 Hz, J2 = 3.5 Hz), 2.65-2.50 (m, 

5H), 2.27-2.19 (m, 1H), 2.00-1.80 (m, 4H), 1.06 (s, 3H); 13C NMR (125 MHz, CDCl3): δ 

= 211.3, 174.9, 87.6, 46.0, 43.5, 40.5, 39.2, 31.6, 21.9, 16.5; IR (thin film): νmax = 1781, 

1696 cm-1; MS (C.I.): m/z = 183 (M + H+); HRMS (C.I.): m/z calc. for C10H14O3: 

182.0943, found: 183.1026 (M + H+). 
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5-Allyl-5-methyl-2-oxo-cyclohex-3-enecarboxylic acid methyl ester 184 

O O

O

O

 

Enone 176 (0.5049 g, 3.3611 mmol, 1.0 equiv.) was added to a solution of lithium di-iso-

propyl amine (1.2 equiv.) in anhydrous tetrahydrofuran at -78 oC.  The resultant solution 

was stirred at -78 oC for 1 h.  Methyl cyanoformate (0.29 mL, 3.6548 mmol, 1.1 equiv.) 

was added drop-wise over 5 minutes and the resultant solution was warmed to room 

temperature over 1 h.  The reaction was quenched with saturated sodium carbonate 

solution and extracted with portions of ethyl acetate.  The organic fractions were 

combined, dried over sodium sulfate, filtered and concentrated en vacuo to yield a yellow 

oil (0.6795 g, 97%).  The resultant oil was generally used without further purification, but 

was 184 amenable to silica gel chromatography (20% EtOAc/C6, Rf = 0.35) yielding a 

yellow oil (0.4656 g, 67%). 

1H NMR (300 MHz, CDCl3): δ = 6.74-6.6 (m 1H), 6.08-5.72 (m, 2H), 5.18-5.00 (m, 2H), 

3.77 (s, 3H), 3.62-3.56 (m, 1H), 2.47-1.87 (m, 4H), 1.20 (s, 1.5H), 1.16 (s, 1.5H); 13C 

NMR (75 MHz, CDCl3): δ = 170.6, 158.5, 158.0, 133.9, 132.7, 126.5, 126.4, 119.2, 

119.0, 115.7, 112.6, 52.1, 50.3, 50.0, 46.7, 44.6, 43.0, 36.4, 36.1, 35.9, 35.7, 26.8, 23.2; 

IR (thin film): νmax = 1745, 1683 cm-1; MS (C.I.): m/z = 209 (M + H+); HRMS (C.I.): m/z 

calc. for C12H16O3: 208.1099, found: 209.0884 (M + H+). 
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3-Allyl-3-methyl-6-oxo-cyclohexa-1,4-dienecarboxylic acid methyl ester 185; 

3-Allyl-2-hydroxy-5-methyl-benzoic acid methyl ester 188 

O

O

O O

O

O OH

O

O

+

 

Methyl ester 184 (6.7571 g, 32.45 mmol, 1.0 equiv.) was taken up in carbon tetrachloride 

(32.00 mL) and kept in the dark.  Freshly recrystallized N-bromosuccinimide (14.4331 g, 

81.09 mmol, 2.5 equiv.) was added and the reaction stirred at room temperature for 18 h.  

The reaction solution was washed with water then sodium carbonate solution.  The 

organics were dried over sodium sulfate, filtered and concentrated en vacuo.  The 

resultant crude oil was taken up in toluene (9.00 mL) and treated with 1,8-

diazabicyclo[5.4.0]undec-7-ene (12.20 mL, 81.58 mmol, 2.5 equiv.) drop-wise over 5 

minutes.  The reaction was stirred at room temperature for 2 h then cooled to room 

temperature and diluted with ethyl acetate.  The organics were washed with ammonium 

chloride solution, dried over sodium sulfate, filtered and concentrated en vacuo.  The 

resultant oil was purified by silica gel chromatography to yield dienone 185 (5.3236, 

80%) and phenol 188 (0.33 g, 5%). 

3-Allyl-3-methyl-6-oxo-cyclohexa-1,4-dienecarboxylic acid methyl ester 185: 

1H NMR (300 MHz, CDCl3): δ = 7.50 (d, 1H, J = 3.2 Hz), 6.76 (dd, 1H, J1 = 10.0 Hz, J2 

= 3.0 Hz), 6.29 (d, 1H, J = 10.0 Hz), 5.63-5.54 (m 1H), 5.11-5.05 (m, 2H), 3.85 (s, 3H), 

2.39 (d, 2H, J = 7.4 Hz), 1.32 (s, 3H); MS (C.I.): m/z = 207 (M + H+); HRMS (C.I.): m/z 

calc. for C12H14O3: 206.0943, found: 207.1021 (M + H+). 

3-Allyl-2-hydroxy-5-methyl-benzoic acid methyl ester 188: 
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1H NMR (300 MHz, CDCl3): δ = 7.53 (s, 1H), 7.16 (s, 1H), 6.09-5.95 (m, 1H), 5.12-5.07 

(m, 2H), 3.94 (s, 3H), 3.41 (d, 2H, J = 6.6 Hz), 2.27 (s, 3H); 13C NMR (75 MHz, CDCl3): 

δ = 192.9, 171.0, 157.5, 136.9, 136.4, 128.2, 127.8, 127.6, 115.8, 52.2, 33.7, 20.4; IR 

(thin film): νmax = 3178, 1675 cm-1MS (C.I.): m/z = 207 (M + H+); HRMS (C.I.): m/z calc. 

for C12H14O3: 206.0943, found: 207.1021 (M + H+). 



5-Allyl-5-methyl-2-oxo-bicyclo[4.1.0]hept-3-ene-1-carboxylic acid methyl ester 189 

O

O

O O

O

O

 

Freshly recrystallized and dried trimethyl sulfoxonium iodide (0.1885 g, 0.8565 mmol 

1.06 equiv.) in anhydrous dimethyl sulfoxide (0.80 mL) was treated with sodium hydride 

(0.0347 g, 0.8675 mmol, 1.07 equiv.) and stirred at room temperature for 0.5 h.  Dienone 

186 (0.1662 g, 0.8078 mmol, 1.0 equiv.) in anhydrous dimethyl sulfoxide (0.80 mL) was 

added drop-wise over 5 minutes and stirred for an additional 1 h at room temperature.  

The resultant solution was quenched with ammonium chloride solution and extracted 

with portions of ethyl acetate.  The organics were combined, dried over sodium sulfate, 

filtered and concentrated en vacuo.  The resultant oil was amenable to silica gel 

chromatography (30% EtOAc/C6, Rf = 0.33) and yielded cyclopropyl enone 189 (0.1359 

g, 76%). 

1H NMR (300 MHz, CDCl3): δ = 6.30 (dd, 0.2H, J1 = 11.0 Hz, J2 = 2.2 Hz), 6.13 (dd, 

0.8H, J1 = 10.3 Hz, J2 = 2.2 Hz), 5.84-5.61 (m, 2H), 5.16-4.97 (m, 2H), 3.73 (s, 0.6H), 

3.72 (s, 2.4H), 2.33-2.18 (m, 2H), 1.98-1.82 (m, 2H), 1.24 (s, 0.6H), 1.21 (s, 2.4H), 1.15-

1.22 (m, 1H); 13C NMR (75 MHz, CDCl3): δ = 191.2, 191.1, 170.0, 151.7, 151.2, 132.6, 

132.3, 125.5, 124.7, 119.3, 119.2, 52.5, 52.4, 47.5, 44.2, 36.8, 36.1, 34.6, 34.3, 28.4, 25.6, 

19.3, 18.3; IR (thin film): νmax = 1731, 1673 cm-1; MS (C.I.): m/z = 221 (M + H+); HRMS 

(C.I.): m/z calc. for C13H16O3: 220.1099, found: 221.1174 (M + H+). 
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5-Methyl-2-oxo-5-(2-oxo-ethyl)-bicyclo[4.1.0]hept-3-ene-1-carboxylic acid methyl 

ester 190 

O

O

O O

O

O

OH  

Allyl methyl ester 189 (0.4164 g, 1.8905 mmol, 1.0 equiv.) in dioxane (15.0 mL) and 

water (4.0 mL) was treated with 2,6-lutidine (0.44 mL, 3.7779 mmol, 2.0 equiv.) and 

sodium periodate (1.62 g, 7.5740 mmol, 4.0 equiv.).  The resultant suspension was 

treated with a catalytic amount of potassium osmate.  The white suspension was stirred at 

room temperature until starting material was consumed (ca. 2 h).  The reaction mixture 

was diluted with water and extracted with portions of dichloromethane.  The combined 

organic extracts were dried over sodium sulfate, filtered and concentrate en vacuo.  The 

resultant aldehyde 190 was isolated as an oil and was amenable to silica gel 

chromatography (50% EtOAc/C6, Rf = 0.20) and yielded a pale yellow oil (0.2830 g, 

67%). 

1H NMR (300 MHz, CDCl3): δ = 9.87/9.75 (s, 1H), 6.41 (approx. dd, 1H, J1 = 10.3 Hz, J2 

= 2.1 Hz), 5.89 (d, 1H, J = 10.3 Hz), 3.79 (s, 3H), 2.70-2.66 (m, 2H), 2.10-1.98 (m, 2H), 

1.45/1.38 (s, 3H), 1.29-1.25 (m, 1H); 13C NMR (75 MHz, CDCl3): δ = 199.3, 199.2, 

190.1, 169.3, 149.6, 149.3, 125.6, 124.9, 55.6, 52.6, 52.5, 52.4, 35.1, 34.9, 33.9, 33.7, 

29.0, 25.3, 19.0, 18.4; IR (thin film): νmax = 1719 (br), 1670 cm-1; MS (C.I.): m/z = 223 

(M + H+); HRMS (C.I.): m/z calc. for C12H14O4: 222.0892, found: 223.0973 (M + H+). 
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5-Carboxymethyl-5-methyl-2-oxo-bicyclo[4.1.0]hept-3-ene-1-carboxylic acid methyl 

ester 191 

O

O

O O

O

O

OHOOH  

Aldehyde 190 (0.2406 g, 1.0833 mmol, 1.0 equiv.) was suspended in phosphate buffer 

solution (10.8 mL, pH = 4.00) and acetonitrile (5.4 mL) then cooled to 0 oC.  The 

resultant solution was treated with hydrogen peroxide solution (30% in water, 0.61 mL, 

ca. 5.0 equiv.).  A solution of sodium chlorite (0.1959 g, 2.1667 mmol, 2.0 equiv.) in 

water (2.0 mL) was added drop-wise via syringe pump over 1 h.  The resultant solution 

was stirred with warming to room temperature over 3 h then quenched with sodium 

sulfite solution and acidified with 1M hydrochloric acid solution.  The aqueous layer was 

extracted with six portions of chloroform with salting of the aqueous layer.  All organic 

fractions were combined, dried over sodium sulfate, filtered and concentrated en vacuo to 

yield 191 as a crude oil which was clean and used without further purification (0.1865 g, 

72%). 

1H NMR (300 MHz, CDCl3): δ = 9.13 (br s, 1H), 6.52 (dd, 0.2H, J1 = 11.0 Hz, J2 = 2.2 

Hz), 6.28 (dd, 0.8H, J1 = 10.3 Hz, J2 = 2.2 Hz), 6.26 (d, 1H, J = 10.3 Hz), 4.38 (s, 0.6H), 

4.14 (s, 2.4H), 2.55-2.48 (m, 2H), 2.15-2.02 (m, 1H), 1.96-1.91 (m, 1H), 1.39-1.21 (m, 

1H), 1.36 (s, 0.6H), 1.30 (s, 2.4H), 1.19-1.08 (m, 1H); 13C NMR (75 MHz, CDCl3): δ = 

190.9, 174.8, 174.3, 169.6, 169.6, 150.7, 149.5, 125.7, 124.5, 91.0, 86.5, 83.9, 82.3, 52.4, 

47.0, 35.1, 35.0, 34.8, 34.2, 33.8, 28.9, 25.4, 19.3, 18.7; IR (thin film): νmax = 3238, 1788, 
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1732, 1674, 1439, 1392, 1280, 1220 cm-1; MS (C.I.): m/z = 240 (M + 2H+); HRMS (C.I.): 

m/z calc. for C12H14O5: 238.0841, found: 239.0921 (M + H+). 



3α-Methyl-2,6-dioxo-3,3α,6,7,8,8α-hexahydro-2H-cyclohepta[β]furan-7-carboxylic 

acid methyl ester 193 

O

O

O O
O

O

O

O

O

O

O

+

OHO  

Cyclopropyl acid 191 (0.0266 g, 0.1117 mmol, 1.0 equiv.) was taken up in water (1.10 

mL) and treated with methane sulfonic acid (0.0007 mL, 0.01 mmol, 0.10 equiv.).  The 

solution was taken to 165 oC in a microwave for 8 h.  After the solution had cooled to 

room temperature it was diluted with ethyl acetate and washed with sodium carbonate 

solution.  The aqueous layer was extracted with portions of ethyl acetate and the organic 

fractions combined, dried over sodium sulfate, filtered and concentrated to yield the ring 

expanded methyl ester 193 and de-carbonylated product 321 both as mixtures of 

diastereomers (0.0025 g, 9%). 

3a-Methyl-2,6-dioxo-3,3a,6,7,8,8a-hexahydro-2H-cyclohepta[b]furan-7-carboxylic acid 

methyl ester 193: 

1H NMR (300 MHz, CDCl3): δ = 6.76 (d, 0.8H, J = 12.8 Hz), 6.61 (d, 0.2H, J = 13.1 Hz), 

6.17-5.93 (m, 1H), 4.55-4.45 (m, 1H), 2.68-2.45 (m, 6H), 2.35-2.20 (m, 2H), 1.56-1.40 

(m, 3H); MS (C.I.): m/z calc. for C12H14O5: 238, found: 239 (100%, M + H+), 181 (22%, 

M – C2O2H2 = decaboxylation). 
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8-Methyl-4-oxa-tricyclo[3.3.1.02,8]nonan-3-one 204 

O
O

O

 

Cyclopropyl ketone 211 (0.25 g, 1.83 mmol, 1.0 equiv.) was dissolved in chloroform 

(18.0 mL) and was treated with meta-chloroperbenzoic acid (0.51 g, ca. 2.00 mmol, 1.1 

equiv.).  The resultant solution was taken to reflux for 3 h.  Additional portions of meta-

chloroperbenzoic acid (0.51 g) were added until the starting material had been consumed.  

Typically two additional portions (3.3 equiv. total) were required for the transformation.  

After the last addition the resultant solution was taken to reflux for an additional 2 h.  The 

reaction solution was cooled to room temperature and diluted with dichloromethane.  The 

organics were washed with saturated aqueous sodium bicarbonate solution, brine, dried 

over sodium sulfate, filtered and concentrated en vacuo.  Cyclopropyl ester 204 was 

amenable to silica gel chromatography (40% EtOAC/C6, Rf = 0.18) and was isolated as a 

colorless oil (0.24 g, 88%). 

1H NMR (300 MHz, CDCl3): δ = 4.55 (br s, 1H), 2.18-2.08 (m, 2H), 2.04-1.92 (m, 3H), 

1.76 (br s, 2H), 1.61-1.51 (m, 1H), 1.15 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 172.0, 

73.0, 30.2, 26.5, 26.0, 25.9, 25.1, 24.2, 24.0; IR (thin film): νmax = 2949, 1722, 1062 cm-1; 

MS (C.I.): m/z = 153 (M + H+); HRMS (C.I.): m/z calc. for C9H12O2: 152.0837, found: 

153.0915 (M + H+). 
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8-Methyl-4-oxa-tricyclo[3.3.1.02,8]nonan-3-one 204-rac 

O
O

O

 

Cyclopropyl ketone 211-rac (0.25 g, 1.83 mmol, 1.0 equiv.) was dissolved in chloroform 

(18.0 mL), treated with m-chloroperbenzoic acid (0.51 g, ca. 2.00 mmol, 1.1 equiv.).  The 

resultant solution was taken to reflux for 3 h.  Additional portions of meta-

chloroperbenzoic acid (0.51 g) were added until the starting material had been consumed.  

Typically two additional portions (3.3 equiv. total) were required for the transformation.  

After the last addition the resultant solution was taken to reflux for an additional 2 h.  The 

reaction solution was cooled to room temperature and diluted with dichloromethane.  The 

organics were washed with saturated aqueous sodium bicarbonate solution, brine, dried 

over sodium sulfate, filtered and concentrated en vacuo.  Cyclopropyl ester 204-rac was 

amenable to silica gel chromatography (40% EtOAC/C6, Rf  = 0.18) and was isolated as a 

colorless oil (0.24 g, 88%). 

B.p. = 90-96 oC @ 0.15 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 4.48 (br s, 1H), 2.11-

1.86 (m, 5H), 1.74-1.66 (m, 2H), 1.56-1.44 (m, 1H), 1.09 (s, 3H); 13C NMR (75 MHz, 

CDCl3): δ = 172.0, 74.1, 73.0, 30.6, 30.2, 26.7, 26.6, 26.0, 25.5, 25.1, 25.0, 24.3, 24.0, 

23.6, 17.7; IR (thin film): νmax = 2949, 2866, 1717, 1062 cm-1; MS (C.I.): m/z = 153 (M + 

H+); HRMS (C.I.): m/z calc. for C9H12O2: 152.0837, found: 153.0919 (M + H+). 
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2-Diazo-1-(4-methyl-cyclohex-3-enyl)-ethanone 205 

O O
N2

 

Ketone 209 (1.43 g, 10.4 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran (5.0 mL) was 

added drop-wise over 10 minutes to a solution of lithium di-iso-propylamine (1.1 equiv.) 

in anhydrous tetrahydrofuran (5.0 mL) at -78 oC.  The resultant solution was stirred at -78 

oC for 1 h.  The reaction mixture was treated with 2,2,2-trifluoroethyl-trifluoro acetate 

(1.67 mL, 12.5 mmol, 1.2 equiv.) and warmed to room temperature over 1 h.  The 

solution was then diluted with ethyl acetate and washed with water. The organics were 

dried over sodium sulfate, filtered and concentrated en vacuo.  The crude diketone was 

immediately taken up in acetonitrile (15 mL) and 4-acetamidobenzenesulfonyl azide 

(2.74 g, 11.4 mmol, 1.1 equiv.) was added.  The resultant solution was cooled to 0 oC and 

triethylamine (1.74 mL, 12.5 mmol, 1.2 equiv.) was added drop-wise over 5 minutes.  

The resultant solution was warmed to room temperature and stirred for an additional 1 h.  

The reaction was quenched with saturated ammonium chloride solution and extracted 

with portions of ethyl acetate.  The combined organics were dried over sodium sulfate, 

filtered and concentrated en vacuo.  Diazoketone 205 was amenable to silica gel 

chromatography (10% EtOAc/C6, Rf = 0.16) and was isolated as a colorless oil (1.36 g, 

80%). 

1H NMR (300 MHz, CDCl3): δ = 5.39 (br s, 1H), 5.30 (s, 1H), 2.42-2.20 (m, 1H), 2.19-

2.15 (m, 2H), 2.11-2.07 (m, 2H), 2.01-1.99 (m, 2H), 1.65 (s, 3H); 13C NMR (75 MHz, 

CDCl3): δ = 198.2, 133.9, 119.2, 53.4, 45.1, 29.4, 27.7, 25.6, 23.4; IR (thin film): νmax = 
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2103, 1635, 1381, 1343 cm-1; MS (C.I.): m/z = 165 (M + H+); HRMS (C.I.): m/z calc. for 

C9H12N2O: 164.0950, found: 165.1023 (M + H+). 



4-Methyl-cyclohex-3-enecarbonyl chloride 21410 

Cl

O
+

OCl

 

Freshly distilled 2-methylbutadiene (14.8 mL, 148 mmol, 2.0 equiv.) was treated with 

four drops of propylene oxide.  The resultant solution was treated drop-wise with freshly 

distilled acryloyl chloride (6.0 mL, 74 mmol, 1.0 equiv.) in the dark over 0.5 h.  The 

resultant solution was stirred in the dark for an additional 18 h.  The reaction solution was 

immediately vacuum distilled through a fractionating column to isolate acid chloride 214 

as a colorless oil (11.6 g, 99%). 

B.p. = 60-63 oC @ 1.6 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 5.39 (br s, 1H), 2.57-

2.51 (m, 1H), 2.27-2.24 (m, 2H), 2.09-2.01 (m, 3H), 1.78-1.70 (m, 1H), 1.66 (s, 3H); 13C 

NMR (75 MHz, CDCl3): δ = 181.8, 133.8, 119.0, 38.9, 29.1, 27.4, 25.2, 23.5; IR (thin 

film): νmax =  1815 cm-1; MS (C.I.): m/z = 158 (M + H+); HRMS (C.I.): m/z calc. for 

C8H11ClO: 158.0498, found: 159.0501 (M + H+). 
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2-Diazo-1-(4-methyl-cyclohex-3-enyl)-ethanone 205-rac9 

OCl O
N2

 

Acid chloride 214 (11.6 g, 73 mmol, 1.0 equiv.) was added to a solution of diazomethane 

(ca. 4.0 equiv., prepared from Diazald) in diethyl ether at 0 oC over 0.25 h.  The resultant 

solution was slowly brought to room temperature over 1 h then was taken to reflux for an 

additional 1 h.  After cooling to room temperature the reaction mixture was concentrated 

en vacuo.  The diazoketone 215 was amenable to silica gel chromatography (30% 

EtOAc/C6, Rf = 0.4) and was isolated as a yellow oil (10.8 g, 90%). 

1H NMR (300 MHz, CDCl3): δ = 5.39 (br s, 1H), 5.30 (s, 1H), 2.42-2.20 (m, 1H), 2.19-

2.15 (m, 2H), 2.11-2.07 (m, 2H), 2.01-1.99 (m, 2H), 1.65 (s, 3H); 13C NMR (75 MHz, 

CDCl3): δ = 198.2, 133.9, 119.2, 53.4, 45.1, 29.4, 27.7, 25.6, 23.4; IR (thin film): νmax = 

2103, 1635, 1381, 1343 cm-1; MS (C.I.): m/z = 165 (M + H+); HRMS (C.I.): m/z calc. for 

C9H12N2O: 164.0950, found: 165.1023 (M + H+). 
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1-(6-Methyl-7-oxa-bicyclo[4.1.0]hept-3-yl)-ethanone 2088 

O

O

O  

A solution of (+)-limonene oxide (10.0 mL, 61.6 mmol, 1.0 equiv.) dissolved in methanol 

(12 mL) and dichloromethane (310 mL) was cooled to -78 oC.  A stream of ozone was 

bubbled through the solution until a blue color persisted.  Dimethyl sulfide (15.0 mL, 204 

mmol, 3.3 equiv.) was added to the solution at -78 oC and the solution was warmed to 

room temperature over 2 h.  The epoxyketone 208 was isolated as a mixture of epoxy 

diastereomers by vacuum distillation (9.49 g, 100%). 

B.p. = 75-85 oC @ 1.0 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 3.08 (br s, 0.5H), 3.01 

(d, 0.5H, J = 4.0 Hz), 2.56-2.60 (m, 0.5H), 2.24-2.17 (m, 0.5H), 2.14 (s, 1.5H), 2.12 (s, 

1.5H), 2.10-2.03 (m, 2H), 1.98-1.89 (m, 1H), 1.80-1.65 (m, 2H), 1.59-1.45 (m, 1H), 1.33 

(s, 1.5H), 1.30 (s, 1.5H); 13C NMR (75 MHz, CDCl3): δ = 211.2, 210.2, 59.5, 58.1, 57.3, 

462, 43.3, 42.6, 41.0, 29.6, 28.2, 278, 26.6, 25.9, 23.9, 22.9, 22.8, 21.7; IR (thin film): 

νmax = 1707 cm-1; MS (C.I.): m/z = 155 (M + H+); HRMS (C.I.): m/z calc. for C9H14O2: 

154.0994, found: 155.1076 (M + H+). 
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1-(4-Methyl-cyclohex-3-enyl)-ethanone 209 

O

O

O

 

Epoxy ketone 208 (16.8 g, 109 mmol, 1.0 equiv.) in dichloromethane (180 mL) was 

added via addition funnel over 1 h to a suspension of sodium acetate (44.6 g, 544 mmol, 

5.0 equiv.), sodium iodide (131 g, 871 mmol, 8.0 equiv.), zinc powder (21.4 g, 328 

mmol, 3.0 equiv.), and acetic acid (112 mL, 1.96 mol, 18.0 equiv.) in dichloromethane 

(545 mL).  After the addition was complete the suspension was stirred at room 

temperature for 18 h.  Water (300 mL) was added to dissolve the salts.  The suspension 

was filtered through a pad of Celite and the filter cake was washed with potions of water 

and dichloromethane.  The organics were separated and the aqueous portions extracted 

with portions of dichloromethane.  The combined organic fractions were washed with 

water then two portions of saturated sodium bicarbonate, dried over sodium sulfate, 

filtered and concentrated en vacuo.  The resultant colorless oil was distilled to give 209 as 

an oil (13.22 g, 88%). 

B.p. = 50-53 oC @ 0.4 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 5.40 (br s, 1H), 2.56-

2.49 (m, 1H), 2.18 (s, 3H), 2.15-2.12 (m, 1H), 2.00 (br s, 2H), 1.97-1.94 (m, 1H), 1.66 (s, 

3H), 1.62-1.27 (m, 2H); 13C NMR (75 MHz, CDCl3): δ = 211.9, 133.8, 119.2, 47.2, 29.5, 

28.0, 27.0, 24.9, 23.4; IR (thin film): νmax = 1710 cm-1; MS (C.I.): m/z = 137 (53%, M + 

H+), 155 (100%, M + H2O); HRMS (C.I.): m/z calc. for C9H14O: 138.1045, found: 

139.1128 (M + H+). 
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2-Methyl-tricyclo[3.2.1.02,7]octan-6-one 2119 

O
N2 O

 

Diazoketone 205 (1.00 g, 6.14 mmol, 1.0 equiv.) in anhydrous cyclohexane (30.0 mL) 

was added drop-wise via syringe pump over 3 h to a refluxing solution of copper bronze 

(0.43 g, 6.83 mmol, 1.1 equiv.) in anhydrous cyclohexane (60.0 mL).  The resultant 

suspension was kept at reflux for an additional 1 h.  After the solution cooled to room 

temperature it was filtered through a pad of Celite and the filter cake was washed with 

ethyl acetate.  The filtrate was concentrated en vacuo.  Cycopropyl ketone 211 was 

amenable to silica gel chromatography (30% Et2O/C6, Rf = 0.21) and was isolated as a 

yellow oil (0.60 g, 70%). 

B.p. = 55-61 oC @ 0.25 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 2.21-2.16 (m, 1H), 

2.08-1.82 (m, 7H), 1.61-1.57 (m, 1H), 1.10 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 

215.9, 40.9, 36.5, 35.9, 32.9, 29.0, 28.0, 24.0, 23.2; IR (thin film): νmax = 2939, 2869, 

1724 cm-1; MS (C.I.): m/z = 137 (M + H+); HRMS (C.I.): m/z calc. for C9H12O: 136.0888, 

found: 137.0969 (M + H+). 
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2-Methyl-tricyclo[3.2.1.02,7]octan-6-one 211-rac9 

O
N2 O

 

Diazoketone 215 (1.00 g, 6.12 mmol, 1.0 equiv.) was dissolved in anhydrous 

cyclohexane (10 mL) and added to a refluxing suspension of copper bronze (2.52 g, 

13.83 mmol, 2.3 equiv.) in cyclohexane (60 mL) via syringe pump over 3 h.  After the 

addition was complete the suspension was refluxed for an additional 1 h.  The suspension 

was cooled to room temperature and filtered through a plug of Celite.  The filter cake 

washed with ethyl acetate and the filtrate concentrated en vacuo.  Vacuum distillation 

afforded the tricyclic ketone as a clear oil (0.69 g, 83%).  The tricyclic ketone 211-rac 

was also amenable to silica gel chromatography (20% EtOAc/C6, Rf = 0.28). 

B.p. = 55-58 oC @ 0.5 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 2.21-2.16 (m, 1H), 

2.08-1.82 (m, 7H), 1.63-1.59 (m, 1H), 1.11 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 

215.7, 43.5, 40.8, 36.7, 36.4, 36.3, 35.7, 33.5, 33.3, 32.8, 29.9, 28.9, 27.8, 23.9, 23.0, 

20.9, 16.5; IR (thin film): νmax = 2940, 869, 1727 cm-1; MS (C.I.): m/z = 137 (M + H+); 

HRMS (C.I.): m/z calc. for C9H12O: 136.0888, found:  137.0966 (M + H+). 
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Acetic acid 6-methyl-7-oxa-bicyclo[4.1.0]hept-3-yl ester 21711 

O

O

O

O

O  

Epoxy ketone 207 (2.96 g, 19.19 mmol, 1.0 equiv.) was dissolved in chloroform (100 

mL) and treated with m-chloroperbenzoic acid (5.00 g, 22.30 mmol, 1.1 equiv.).  The 

resultant solution was stirred at room temperature for 3 days then quenched with 

saturated aqueous sodium sulfite solution.  The organics were separated and washed with 

two portions of saturated aqueous sodium bicarbonate solution, dried over sodium 

sulfate, filtered and concentrated en vacuo.  The resultant oil was amenable to silica gel 

chromatography (30% EtOAc/C6, Rf  = 0.44) and 217 was isolated as a colorless oil (1.45 

g, 49%). 

1H NMR (300 MHz, CDCl3): δ = 4.90-4.60 (m, 0.5H), 4.17-4.10 (m, 0.5H), 2.97 (d, 

0.5H, J = 4.2 Hz), 2.93 (d, 0.5H, J = 5.2 Hz), 2.41-2.33 (m, 0.5H), 2.22-2.15 (m, 0.5H), 

2.04 (s, 1.5H), 2.03 (s, 1.5H), 1.98-1.77 (m, 3H), 1.65-1.56 (m, 2H), 1.36 (s, 1.5H), 1.32 

(s, 1.5H); 13C NMR (75 MHz, CDCl3): δ = 170.8, 133.9, 117.6, 69.8, 30.7, 27.9, 27.4, 

23.3, 21.5; IR (thin film): νmax = 1738. 
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Acetic acid 4-methyl-cyclohex-3-enyl ester 21811 

O

O

O

O

O

 

Epoxy ester 217 (1.45 g, 9.40 mmol, 1.0 equiv.) in dichloromethane (47.0 mL) was added 

drop-wise over 1 h to a solution of sodium acetate (3.90 g, 47.54 mmol, 5.0 equiv.), 

sodium iodide (11.30 g, 75.39 mmol, 8.0 equiv.), and zinc powder (1.97 g, 30.14 mmol, 

3.2 equiv.) in acetic acid (9.70 mL) at room temperature.  The slurry was stirred at room 

temperature for an additional 3 h.  The reaction mixture was diluted with water (100 mL) 

and filtered through a pad of Celite.  The organics were separated and the aqueous layer 

was extracted with portions of dichloromethane.  The combined organics were dried over 

sodium sulfate, filtered and concentrated en vacuo.  The resultant acetate 218 was 

isolated as a colorless oil (1.10 g, 85 %), was determined to be clean by NMR and was 

not purified further. 

1H NMR (300 MHz, CDCl3): δ = 5.28 (br s, 1H), 5.02-4.94 (m, 1H), 2.11 (br s, 0.5H), 

2.10 (br s, 0.5H), 2.08-2.05 (br s, 6H), 1.91-1.71 (m, 2H), 1.67 (s, 3H); 13C NMR (75 

MHz, CDCl3): δ = 170.8, 133.9, 117.6, 69.8, 30.7, 27.9, 27.4, 23.3, 21.5; IR (thin film): 

νmax = 1738. 
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Diazo-acetic acid 4-methyl-cyclohex-3-enyl ester 219 

O

O

O

O

N2

 

Ester 218 (0.52 g, 3.79 mmol, 1.0 equiv.) was dissolved in anhydrous tetrahydrofuran and 

added to a solution of lithium di-iso-propylamine (1.1 equiv.) in anhydrous 

tetrahydrofuran at -78 oC.  The resultant enolate solution was stirred at -78 oC for 0.5 h.  

The reaction was treated with 2,2,2-trifluoroethyl trifluoroacetate (0.60 mL, 4.48 mmol, 

1.2 equiv.) and warmed to room temperature where the solution stirred for an additional 

0.5 h.  The reaction was quenched with saturated aqueous ammonium chloride solution 

and extracted with portions of ethyl acetate, dried over sodium sulfate, filtered and 

concentrated en vacuo.  The resultant yellow oil was immediately taken up in anhydrous 

acetonitrile and treated with 4-acetamidobenzenesulfonyl azide (1.10 g, 4.58 mmol, 1.2 

equiv.).  Triethylamine (0.63 mL, 4.52 mmol, 1.2 equiv.) was added drop-wise over 5 

minutes and the solution was stirred for an additional 2 h at room temperature.  The 

reaction was quenched with saturated aqueous ammonium chloride solution and extracted 

with portions of ethyl acetate.  The combined organics were dried over sodium sulfate, 

filtered and concentrated en vacuo.  The resultant oil was amenable to silica gel 

chromatography (10% EtOAc/C6, Rf  = 0.27) and 219 was isolated as a yellow oil (0.50 

g, 71%). 

1H NMR (300 MHz, CDCl3): δ = 5.25 (br s, 1H), 5.09-5.01 (m, 1H), 4.73 (br s, 1H), 2.37 

(br s, 0.5H), 2.31 (br s, 0.5H), 2.11-2.03 (m, 3H), 1.92-1.81 (1H), 1.79-1.69 (m, 1H), 1.65 

(s, 3H); 13C NMR (75 MHz, CDCl3): δ = 166.5, 133.8, 117.5, 70.3, 46.3, 30.8, 27.8, 27.6, 
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23.2; IR (thin film): νmax = 2110, 1690, 1389, 1189 cm-1; MS (C.I.): m/z = 180 (M + H+); 

HRMS (C.I.): m/z calc. for C9H12N2O2: 180.0899, found:  180.0899 (M + H+). 



4-Acetoxy-1-methyl-bicyclo[4.1.0]heptane-7-carboxylic acid ethyl ester 220 

O

O

O

O

EtO2C  

Acetate 218 (0.1074 g, 0.6970 mmol, 1.0 equiv.) and rhodium tetraacetate dimmer 

(0.0160g, 0.0362 mmol, 0.05 equiv.) in anhydrous dichloromethane at room temperature 

was treated with ethyl diazoacetate (0.36 mL, 3.47 mmol, 5.0 equiv.) via syringe pump 

over 3 h.  The resultant solution was cooled to 0 oC and carefully quenched with 1M 

hydrochloric acid solution.  The reaction solution was extracted with three portions of 

dichloromethane.  The organics were combined, dried over sodium sulfate, filtered and 

concentrated en vacuo.  The resultant mixture of products was amenable to silica gel 

chromatography (10% Et2O/C6, Rf = 0.27, 0.24) and the product 220 was isolated as a 

mixture of cyclopropyl diastereomers (0.17 g, 100%). 

1H NMR (300 MHz, CDCl3): δ = 5.12-5.05 (m, 0.5H), 4.79-4.60 (m, 0.5H), 4.20-4.0 (m, 

2H), 2.05-2.00 (m, 2H), 1.95-1.83 (m, 3H), 1.75-1.62 (m, 1H), 1.60-1.43 (m, 4H), 1.37-

1.20 (m, 7H); IR (thin film): νmax = 1728 cm-1; MS (C.I.): m/z = 241 (M + H+); HRMS 

(C.I.): m/z calc. for C13H20O4: 240.1362, found: 241.1440 (M + H+). 
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4-Methyl-cyclohex-3-enol 22111 

O

O
OH

 

Acetate 218 (1.11 g, 8.02 mmol, 1.0 equiv.) in anhydrous diethyl ether was added drop-

wise over 0.5 h to lithium aluminum hydride (ca. 3 equiv.) in anhydrous diethyl ether at 0 

oC.  The resultant slurry was warmed to room temperature over 1 h and continued to stir 

for an additional 3 h.  The reaction was quenched with ethyl acetate then treated with 

saturated sodium sulfate solution.  The solution was stirred at room temperature for 1.0 h 

then filtered through a pad of Celite.  The filter cake was washed with ethyl acetate and 

the organics separated.  The aqueous layer was extracted with portions of ethyl acetate.  

The combined organics were dried over sodium sulfate, filtered and concentrated en 

vacuo to yield a pale yellow oil.  The alcohol was amenable to silica gel chromatography 

(30 % EtOAc/C6, Rf = 0.28) and yielded 221 as a pale yellow oil (0.60 g, 66%). 

1H NMR (300 MHz, CDCl3): δ = 5.30 (br s, 1H), 3.98-3.92 (m, 1H), 2.36 (br s, 0.5H), 

2.31 (br s, 0.5H), 2.07-1.95 (m, 3H), 1.89-1.81 (m, 1H), 1.73-1.61 (m, 1H), 1.66 (s, 3H); 

IR (thin film): νmax = 3328 cm-1; MS (C.I.): m/z = 95 (M – H2O); HRMS (C.I.): m/z calc. 

for C7H12O: 112.0888, found: 111.0811 (M - H+). 
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4-Ethoxycarbonylmethoxy-1-methyl-bicyclo[4.1.0]heptane-7-carboxylic acid ethyl 

ester 223 

OH OEtO2C

EtO2C  

Alcohol 221 (0.0279 g, 0.2489 mmol, 1.0 equiv.) and rhodium tetraacetate dimer (0.0061 

g, 0.0138 mmol, 0.05 equiv.) in dichloromethane at room temperature was treated drop-

wise with ethyl diazoacetate (0.13 mL, 1.2362mmol, 5.0 equiv.) over 3 h via syringe 

pump.  After the addition was complete the solution was cooled to 0 oC and carefully 

quenched with 1M hydrochloric acid solution and stirred with warming to room 

temperature over 1 h.  The reaction solution was extracted with portions of 

dichloromethane.  The combined organics were dried over sodium sulfate, filtered and 

concentrated en vacuo to yield the crude bis-ethylacetate 223 as a mixture of cyclopropyl 

diastereomers (0.0615 g, 87%). 

1H NMR (300 MHz, CDCl3): δ = 4.3-4.2 (m, 2H), 4.2-4.1 (m, 2H), 3.80-3.75 (m, 1H), 

3.43-3.35 (m, 1H), 2.40-1.60 (m, 8H), 1.35-1.20 (m, 10H); IR (thin film): νmax = 1755, 

1726 cm-1; MS (C.I.): m/z = m/z calc. for C15H24O5: 284, found: 285 (M + H+). 
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4-Hydroxy-1-methyl-bicyclo[4.1.0]heptane-7-carboxylic acid methoxy-methyl-amide 

227; 1-Methyl-4-oxo-bicyclo[4.1.0]heptane-7-carboxylic acid methoxy-methyl-amide 

228 

O
O

OH

O
N

O

O

O
N

O

 

N,O-dimethyl-hydroxylamine hydrochloride (0.1818 g, 2.18 mmol, 3.3 equiv.) was 

vacuum purged with argon then dissolved in anhydrous tetrahydrofuran.  The solution 

was cooled to 0 oC and treated with n-butyl lithium (2.4 M, 1.33 mL, 3.19 mmol, 4.8 

equiv.) over 5 minutes.  The resultant solution was stirred at 0 oC for an additional 0.5 h 

then lactone 204-rac (0.1009 g, 0.6635 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran 

was added.  The solution was warmed to room temperature and stirred for 1 h.  The 

reaction mixture was quenched with 1M hydrochloric acid solution and extracted with 

three portions of dichloromethane.  The organics were dried over sodium sulfate, filtered 

and concentrated en vacuo to yield crude amide alcohol 227 quantitatively.  The crude 

material was immediately taken up in dichloromethane (8.0 mL) and treated with sodium 

carbonate (0.56 g, 6.60 mmol, 10.0 equiv.).  The suspension was treated with Dess-

Martin periodinane (0.56 g, 1.32 mmol, 2.0 equiv.) and stirred at room temperature for 12 

h.  The reaction mixture was quenched with 1M hydrochloric acid solution and extracted 

with three portions of dichloromethane.  The organics were dried over sodium sulfate, 

filtered and concentrated en vacuo to yield crude amide ketone (0.070 g, 50%) and 

lactone starting material (0.20 g, 20%).  The products were amenable to silica gel 
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chromatography (70 % EtOAc/C6, amide ketone: Rf = 0.22) yielding the ketone 228 as a 

pale yellow oil. 

Amide alcohol 227: 

1H NMR (300 MHz, CDCl3): δ = 3.85 (br s, 1H), 3.71 (s, 3H), 3.21 (s, 3H), 2.35-2.24 (m, 

1H), 1.99-1.80 (m 4H), 1.61-1.43 (m, 3H), 1.23 (s, 3H); IR (thin film): νmax = 3396, 1722, 

1652, 1635 cm-1. 

Amide ketone 228: 

1H NMR (300 MHz, CDCl3): δ = 3.72 (s, 3H), 3.19 (s, 3H), 2.89-2.80 (m, 1H), 2.49 (d, 

0.5H, J = 8.0 Hz), 2.43 (d, 0.5H, J = 8.0 Hz), 2.37-2.20 (m, 3H), 2.09-2.05 (m, 1H), 1.93-

1.84 (m, 1H), 1.64-1.55 (m, 1H), 1.34 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 211.6, 

210.6, 173.8, 172.1, 61.5, 41.1, 37.4, 36.9, 34.1, 32.2, 30.5, 28.0, 27.1, 26.8, 26.7, 26.4, 

26.3, 25.6, 25.1, 23.4, 19.0, 13.6; IR (thin film): νmax = 1712, 1647 cm-1. 



N-Methoxy-N-methyl-2-(1-methyl-4-oxo-cyclohex-2-enyl)-acetamide 229 

O

O
N

O

O

N O
O

 

Cyclopropyl amide 228 (0.2965 g, 1.40 mmol, 1.0 equiv.) in toluene (14.0 mL) was 

treated with diazabicycloundecene (0.32 mL, 2.14 mmol, 1.5 equiv.) and taken to reflux 

for 8 h.  The reaction was monitored by IR and when starting material had been 

consumed the reaction mixture was cooled to room temperature and diluted with 

dichloromethane (50 mL).  The organics were washed with ammonium chloride solution 

then brine.  The organics were dried over sodium sulfate, filtered and concentrated en 

vacuo.  Enone 229 was amenable to silica gel chromatography (60 % EtOAc/C6, Rf = 

0.23) to yield enone 229 as a pale yellow oil (0.2467 g, 83%). 

1H NMR (300 MHz, CDCl3): δ = 7.00 (d, 1H, J = 10.2 Hz), 5.90 (d, 1H, J = 10.2 Hz), 

3.69 (s, 3H), 3.19 (s, 3H), 2.60 (q, 2H, J = 14.9 Hz), 2.53-2.46 (m, 2H), 2.19-2.11 (m, 

1H), 1.93-1.86 (m, 1H), 1.29 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 199.1, 173.0, 

158.1, 127.1, 61.1, 41.2, 35.4, 34.5, 34.1, 31.9, 25.2; IR (thin film): νmax = 1684, 1653 

cm-1; MS (C.I.): m/z = 212 (M + H+); HRMS (C.I.): m/z calc. for C11H17NO3: 211.1208, 

found: 212.1289 (M + H+). 
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3-Phenylsulfanyl-cyclohex-2-enone 23712 

SPh

O

O

O  

1,3-Cyclohexanedione (10.02 g, 89.4 mmol, 1.0 equiv.) in acetonitrile (80 mL) was 

cooled to 0 oC and treated with triethylamine (13.7 mL, 98.3 mmol, 1.1 equiv.).  Methane 

sulfonyl chloride (7.26 mL, 93.8 mmol, 1.05 equiv.) was added drop-wise over 5 minutes 

and stirred at 0 oC for an additional 1 h.  A second portion of triethylamine (13.7 mL, 

98.3 mmol, 1.1 equiv.) was added followed by addition of thiophenol (9.36 mL, 91.2 

mmol, 1.02 equiv.) drop-wise over 5 minutes.  The resultant solution was slowly warmed 

to room temperature over 2 h and stirred for an additional 16 h.  The solution was 

quenched with saturated aqueous ammonium chloride solution and extracted with three 

portions of dichloromethane.  All organic fractions was combined and dried over sodium 

sulfate, filtered and concentrated en vacuo.  The resultant oil was purified by vacuum 

distillation to yield thio vinylogous ether 237 (12.02 g, 66%) as a yellow oil.  The crude 

material may also be purified by silica gel chromatography (20% EtOAc/C6, Rf = 0.19). 

B.p. = 150-155 oC @ 0.3 mm Hg; 1H NMR (300 MHz, CDCl3): δ = 7.50-7.41 (m, 5H), 

5.48 (s, 1H), 2.54 (t, 2H, J = 6.1 Hz), 2.38 (t, 2H, J = 6.6 Hz), 2.10-2.04 (m, 2H); 13C 

NMR (75 MHz, CDCl3): δ = 196.1, 166.8, 135.4, 130.1, 129.8, 127.9, 120.8, 37.2, 30.2, 

22.9; IR (thin film): νmax = 1654, 1577 cm-1; MS (C.I.): m/z = 129 (12%, M – C6H4), 205 

(100%, M + H+); HRMS (C.I.): m/z calc. for C12H12OS: 204.0609, found: 205.0685 (M + 

H+). 
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6-Methyl-3-phenylsulfanyl-cyclohex-2-enone 2387 

SPh

O

SPh

O
 

Thio vinylogous ether 237 (20.0 g, 98.1 mmol, 1.0 equiv.) was added via cannula over 10 

minutes to lithium di-iso-propylamine (1.05 equiv.) in anhydrous tetrahydrofuran (500 

mL) at -78 oC and the resultant solution was stirred at -78 oC for 1 h.  Iodomethane (6.80 

mL, 109.2 mmol, 1.1 equiv.) was added drop-wise over 5 minutes and the resultant 

solution was warmed to room temperature and stirred for an additional 16 h.  The 

reaction was quenched with saturated ammonium chloride solution and extracted with 

three portions of ethyl acetate.  All organic fractions were combined, dried over sodium 

sulfate, filtered and concentrated en vacuo to yield a pale yellow solid.  Purification of 

238 may be accomplished by triturating with hexanes or by silica gel chromatography 

(20% EtOAc/C6, Rf = 0.58; 20% Et2O/C6, Rf = 0.33) to yield a pale yellow oil (19.3 g, 

90%). 

1H NMR (300 MHz, CDCl3): δ = 7.50-7.42 (m, 5H), 5.46 (s, 1H), 2.62-2.50 (m, 2H), 

2.40-2.32 (m, 1H), 2.16-2.0 (m, 1H), 185-1.76 (m, 1H), 1.15 (s, 1.5H), 1.13 (s, 1.5H); 13C 

NMR (75 MHz, CDCl3): δ = 198.7, 165.6, 135.5, 130.1, 129.8, 128.2, 120.5, 40.8, 30.9, 

29.6, 15.2; IR (thin film): νmax = 1661, 1587 cm-1; MS (C.I.): m/z = 219 (M + H+); HRMS 

(C.I.): m/z calc. for C13H14OS: 218.0764, found: 219.0842 (M + H+). 
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Carbonic acid allyl ester 2-methyl-5-phenylsulfanyl-cyclohexa-1,5-dienyl ester 2397 

SPh

O

SPh

OO

O

 

Thio vinylogous ether 238 (0.15 g, 0.68 mmol, 1.0 equiv.) was added via cannula over 10 

minutes to a solution of LDA (1.05 equiv.) in THF at -78 oC and the resultant solution 

was stirred at -78 oC for 0.5 h.  The resultant enolate solution was added via cannula to a 

solution of allyl chloroformate (0.09 mL, 0.85 mmol, 1.2 equiv.) in THF at -78 oC over 

0.5 h.  The resultant solution was stirred with warming to room temperature over 3 h then 

poured into half saturated aqueous ammonium chloride solution and extracted with three 

portions of dichloromethane.  The combined organic fractions were dried over sodium 

sulfate, filtered and concentrated en vacuo to yield allyl carbonate 239 (0.21 g, 100%) as 

a pale yellow solid.  Purification may be accomplished by recrystallization in diethyl 

ether or by silica gel chromatography (10% EtOAc/C6, Rf = 0.52; 10% Et2O/C6, Rf = 

0.26) to yield a white solid.  The recrystallized material was suitable for X-ray analysis. 

M.p. = 76-78 oC; 1H NMR (300 MHz, CDCl3): δ = 7.46-7.42 (m, 2H), 7.36-7.27 (m, 3H), 

6.00-5.89 (ddd, 1H, J1= 16.0 Hz, J2= 10.0 Hz, J3= 6.0 Hz), 5.76 (s, 1H), 5.38 (d, 1H, J = 

16.0 Hz), 5.30 (d, 1H, J = 10.0 Hz), 4.65 (d, 2H, J = 6.0 Hz), 2.36-2.32 (m, 4H), 1.71 (s, 

3H); 13C NMR (75 MHz, CDCl3): δ = 153.0, 140.5, 133.5, 133.1, 132.0, 131.2, 129.1, 

127.6, 121.7, 119.2, 68.8, 29.3, 28.1, 15.6; IR (thin film): νmax = 1760, 1253 cm-1; MS 

(C.I.): m/z = 303 (M + H+); HRMS (C.I.): m/z calc. for C17H18O3S: 302.0977, found: 

303.1051 (M + H+). 
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6-Allyl-6-methyl-3-phenylsulfanyl-cyclohex-2-enone 2467 

SPh

OO

O

SPh

O

 

It is crucial that the starting material is freshly recrystallized for this reaction to 

proceed well.  Thioallyl carbonate 239 (0.50 g, 1.66 mmol, 1.0 equiv.) was weighed into 

a flame dried flask, vacuum purged with argon and then dissolved in anhydrous and 

degassed toluene (10.0 mL).  In a separate flame dried flask tris-

(dibenzylideneacetone)dipalladium (0.0387 g, 0.0423 mmol, 0.025 equiv.) and (S,S)-

anthracene catalyst 245 (0.0811 g, 0.0998 mmol, 0.060 equiv.) were vacuum purged with 

argon and dissolved in anhydrous and degassed toluene (6.60 mL).  The palladium 

catalyst solution was stirred as a suspension at room temperature for 0.5 h then added via 

cannula to the solution of thioallyl carbonate at -20 oC.  The resultant solution was stirred 

at -20 oC until starting material was consumed (ca. 8 h).  All solvent was then removed en 

vacuo and the thiovinylogous ether 246 was isolated by silica gel chromatography (10% 

EtOAc/C6, Rf = 0.25) as a yellow oil (0.39 g, 91%).  HPLC conditions: CHIRACEL AS 

column, 5% iso-propyl alcohol/hexanes, flow rate = 1 mL/min, retention time = 11.7 min 

(98% e.e.). 

[α]D
28 = -48.9o (c = 4.0 mg/mL); 1H NMR (300 MHz, CDCl3): δ = 7.50-7.40 (m, 5H), 

5.76-5.67 (m, 1H), 5.40 (s, 1H), 5.09 (s, 1H), 5.04 (d, 1H, J = 6.0 Hz), 2.55 (t, 2H, J = 6.0 

Hz), 2.36 (dd, 1H, J1= 13.8 Hz, J2 = 7.2 Hz), 2.16 (dd, 1H, J1= 13.8 Hz, J2 = 7.5 Hz), 

2.04-1.95 (m, 1H), 1.83-1.74 (m, 1H), 1.08 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 

200.1, 164.5, 135.5, 133.9, 130.1, 129.8, 128.1, 119.7, 118.1, 43.6, 41.2, 33.2, 27.1, 21.9; 
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IR (thin film): νmax = 1653, 1580, 1196 cm-1; MS (C.I.): m/z = 259 (M + H+); HRMS 

(C.I.): m/z calc. for C16H18OS: 258.1078, found: 259.1156 (M + H+). 



6-Allyl-6-methyl-3-phenylsulfanyl-cyclohex-2-enone ent-2467 

SPh

OO

O

SPh

O

 

It is crucial that the starting material is freshly recrystallized for this reaction to 

proceed well.  Thioallyl carbonate 239 (0.50 g, 1.67 mmol, 1.0 equiv.) was weighed into 

a flame dried flask, vacuum purged with argon and then dissolved in anhydrous and 

degassed toluene (10.0 mL).  In a separate flame dried flask tris-

(dibenzylideneacetone)dipalladium (0.0387 g, 0.0423 mmol, 0.025 equiv.) and (R,R)-

anthracene catalyst 245 (0.0814 g, 0.1002 mmol, 0.060 equiv.) were vacuum purged with 

argon and dissolved in anhydrous and degassed toluene (6.60 mL).  The palladium 

catalyst solution was stirred as a suspension at room temperature for 0.5 h then added via 

cannula to the solution of thioallyl carbonate at -20 oC.  The resultant solution was stirred 

at -20 oC until starting material was consumed by TLC (ca. 8 h).  All solvent was 

removed en vacuo.  Thiovinylogous ether ent-246 was isolated by silica gel 

chromatography (10% EtOAc/C6, Rf = 0.25) to yield a yellow oil (0.40 g, 93%).  HPLC 

conditions: CHIRACEL AS column, 5% iso-propyl alcohol/hexanes, flow rate = 1 

mL/min, retention time = 10.3 min (98% e.e.).  The Tsuji allylation was attempted on 

scales up to and including 2.00 g and the e.e. was consistently 98+%. 

[α]D
28 = +49.5o (c = 4.0 mg/mL); 1H NMR (300 MHz, CDCl3): δ = 7.50-7.40 (m, 5H), 

5.76-5.67 (m, 1H), 5.40 (s, 1H), 5.09 (s, 1H), 5.04 (d, 1H, J = 6.0 Hz), 2.55 (t, 2H, J = 6.0 

Hz), 2.36 (dd, 1H, J1= 13.8 Hz, J2 = 7.2 Hz), 2.16 (dd, 1H, J1= 13.8 Hz, J2 = 7.5 Hz), 

2.04-1.95 (m, 1H), 1.83-1.74 (m, 1H), 1.08 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 
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200.1, 164.5, 135.5, 133.9, 130.1, 129.8, 128.1, 119.7, 118.1, 43.6, 41.2, 33.2, 27.1, 21.9; 

IR (thin film): νmax = 1653, 1580, 1196 cm-1; MS (C.I.): m/z = 259 (M + H+); HRMS 

(C.I.): m/z calc. for C16H18OS: 258.1078, found: 259.1156 (M + H+). 



6-Allyl-3-methoxy-6-methyl-cyclohex-2-enone7 

SPh

O

OMe

O

 

Sodium metal (0.17 g, 7.39 mmol, 5.7 equiv.) was washed with hexanes, dried under a 

stream of argon and cooled in an ice bath.  Anhydrous methanol (6.50 mL) was added 

slowly with stirring and the resultant solution warmed to room temperature.  After all of 

the sodium had been consumed the solution was added via cannula to thiovinylogous 

ether 246 (0.8359 g, 1.30 mmol, 1.0 equiv.) and taken to reflux for 2 h.  The resultant 

solution was concentrated and treated with saturated aqueous sodium carbonate and 

extracted with three portions of dichloromethane.  The organics were dried over sodium 

sulfate, filtered and concentrated.  Methyl vinylogous ether was purified by silica gel 

chromatography (20% EtOAc/C6, Rf = 0.24) to yield a yellow oil (0.1564 g, 67%). 

1H NMR (300 MHz, CDCl3): δ = 5.80-5.66 (m, 1H), 5.27 (s, 1H), 5.07 (s, 1H), 5.03 (m, 

1H), 3.69 (s, 3H), 2.43 (t, 2H, J = 6.6 Hz), 2.36 (dd, 1H, J1 = 14.3 Hz, J2 = 7.9 Hz), 2.19 

(dd, 1H, J1 = 13.6 Hz, J2 = 7.7 Hz), 1.98-1.89 (m, 1H), 1.75-1.59 (m, 1H), 1.10 (s, 3H); 

13C NMR (75 MHz, CDCl3): δ = 203.5, 176.6, 134.2, 117.9, 100.9, 55.6, 43.2, 41.4, 31.6, 

25.7, 22.1; IR (thin film): νmax = 1653, 1613 cm-1; MS (C.I.): m/z = 181 (M + H+); HRMS 

(C.I.): m/z calc. for C11H16O2: 180.1150, found: 181.1231 (M + H+). 
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6-Allyl-3-ethoxy-6-methyl-cyclohex-2-enone 250 

SPh

O

OEt

O

 

Sodium metal (0.172 g, 7.48 mmol, 5.0 equiv.) was washed with hexanes and added in 

portions to anhydrous ethanol (7.80 mL) at 0 oC.  After the addition was complete the 

solution warmed to room temperature.  After all of the sodium had been consumed the 

solution was added via cannula to thio vinylogous ether 246 (0.3860 g, 1.50 mmol, 1.0 

equiv.) and taken to reflux for 2 h.  The resultant solution was concentrated and treated 

with saturated aqueous sodium carbonate and extracted with three portions of 

dichloromethane.  The resultant organics were dried over sodium sulfate, filtered and 

concentrated.  Ethyl vinylogous ether 250 was purified by silica gel chromatography 

(20% EtOAc/C6, Rf = 0.24) to yield a yellow oil (0.2174 g, 75%). 

B.p. = 124-128 oC @ 0.3 mm Hg; [α]D
28 = -7.7o (c = 4.0 mg/mL); 1H NMR (300 MHz, 

CDCl3): δ = 5.79-5.7 (m, 1H), 5.26 (s, 1H), 5.08 (s, 1H), 5.05-5.03 (dd, 1H, J1 = 5.7 Hz, 

J2 = 1.4 Hz), 3.93-3.86 (q, 2H, J = 7.0 Hz), 2.42 (t, 2H, J = 6.3 Hz), 2.40-2.33 (dd, 1H, J1 

= 13.8 Hz, J2 = 7.1 Hz), 2.22-2.14 (dd, 1H, J1 = 13.4 Hz, J2 = 7.8 Hz), 1.97-1.87 (m, 1H), 

1.74-1.65 (m, 1H), 1.36 (t, 3H, J = 7.0 Hz), 1.08 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 

203.6, 175.8, 134.3, 117.9, 101.3, 65.2, 43.2, 41.5, 31.7, 26.0, 22.2, 14.2; IR (thin film): 

νmax = 1653, 1609, 1190 cm-1; MS (C.I.): m/z = 195 (M + H+); HRMS (C.I.): m/z calc. for 

C12H18O2: 194.1307, found: 195.1374 (M + H+). 
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4-Allyl-3-ethoxy-4-methyl-cyclohex-2-enone 

O

O

O

EtO

OEt

O
+

 

4-Allyl-4-methyl-cyclohexane-1,3-dione (0.56 g, 3.37 mmol, 1.0 equiv.) was dissolved in 

ethanol (33.0 mL) and benzene (165.0 mL) then treated with a catalytic amount of p-

toluenesulfonic acid.  The solution was distilled until a head temperature of 78 oC was 

reached (ca. 3 h).  Additional ethanol (33.0 mL) and benzene (165.0 mL) were added and 

the procedure repeated.  Once the dione had been consumed, the solution was cooled to 

room temperature, washed with four portions of 10% aqueous sodium hydroxide 

saturated with sodium chloride and one portion brine.  The organics were washed with 

portions of water until the aqueous extracts became pH neutral.  The organics were dried 

over sodium sulfate and concentrated en vacuo.  The reaction yields a quantitative 

mixture of the two regioisomeric vinylogous esters in a 2:3 ratio favoring 6-Allyl-3-

ethoxy-6-methyl-cyclohex-2-enone.  The two isomers may be separated by silica gel 

chromatography. 

4-allyl-3-ethoxy-4-methyl-cyclohex-2-enone: 

1H NMR (300 MHz, CDCl3): δ = 5.79-5.65 (m, 1H), 5.29 (s, 1H), 5.10 (s, 1H), 5.05 (d, 

1H, J = Hz), 3.87 (q, 2H, J = Hz), 2.49-2.37 (m, 3H), 2.24-2.17 (m, 1H), 2.05-1.95 (m, 

1H), 1.72-1.63 (m, 1H), 1.37 (t, 3H, J = Hz), 1.20 (s, 3H); 13C NMR (75 MHz, CDCl3): δ 

= 199.6, 182.1, 133.9, 118.3, 102.2, 64.2, 42.9, 38.7, 33.4, 32.5, 23.6, 14.0; IR (thin 

film): νmax = 1659, 1595, 1214 cm-1; MS (C.I.): m/z = 195 (M + H+); HRMS (C.I.): m/z 

calc. for C12H18O2: 194.1307, found: 195.1388 (M + H+). 
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4-Allyl-4-methyl-cyclohex-2-enone 2497 

OEt

O

O

 

Vinylogous ether 250 (6.41 g, 33.0 mmol, 1.0 equiv.) was taken up in anhydrous toluene 

(165 mL) and cooled to -78 oC.  The resultant solution was treated with di-iso-

butylaluminum hydride (26.5 mL of 1.5 M solution in toluene, 39.8 mmol, 1.2 equiv.) 

over 5 minutes then warmed to room temperature and stirred for an additional 16 h.  The 

reaction was quenched with ethyl acetate and methanol (ca. 20 mL) was added followed 

by careful addition of concentrated hydrochloric acid (ca. 20 mL).  The resultant solution 

was stirred at room temperature for 1 h then partitioned between water and ethyl acetate.  

The aqueous portions were extracted with additional portions of ethyl acetate.  The 

organic fractions were combined and washed with two portions of 1 M hydrochloric acid 

solution, one portion brine, dried over sodium sulfate, filtered and concentrated en vacuo.  

Enone 249 was isolated as a pale yellow oil (5.03 g, 100%).  Enone 249 may be purified 

by silica gel chromatography (20% EtOAc/C6, Rf = 0.41), but was generally used without 

further purification. 

1H NMR (300 MHz, CDCl3): δ = 6.69 (d, 1H, J = 10.2 Hz), 5.90 (d, 1H, J = 10.2 Hz), 

5.85-5.76 (m, 1H), 5.16-5.09 (m, 2H), 2.47 (m, 2H), 2.22 (d, 2H, J = 7.3 Hz), 2.03-1.94 

(m, 1H), 1.82-1.76 (m, 1H), 1.16 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 158.9, 133.4, 

127.6, 118.7, 45.2, 35.8, 34.1, 33.6, 24.7; IR (thin film): νmax = 1684 cm-1; MS (C.I.): m/z 

= 151 (M + H+); HRMS (C.I.): m/z calc. for C10H14O: 150.1045, found: 151.1123 (M + 

H+).
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4-Allyl-4-methyl-cyclohex-2-enone semicarbizide 252 

O N
H
N NH2

O

 

Enone 249 (0.1157 g, 0.77 mmol, 1.0 equiv.) was dissolved in methanol (4.0 mL) and 

treated with sodium acetate (0.1440 g, 1.76 mmol, 2.3 equiv.) followed by semicarbazide 

hydrochloride (0.0961 g, 0.8617 mmol, 1.1 equiv.).  The resultant solution was stirred at 

room temperature for 24 h then diluted with diethyl ether and washed with 2 portions of 

saturated aqueous sodium carbonate solution.  The organics were dried over sodium 

sulfate, filtered and concentrated to yield semicarbazide 252 as a white solid as a mixture 

of geometrical isomers (0.1246 g, 78%).  Variable temperature NMR does not resolve the 

geometrical isomers in the spectra. 

M.p. = 128-130 oC; 1H NMR (300 MHz, CDCl3): δ = 6.10-5.97 (m, 2H), 5.83-5.71 (m, 

1H), 4.26-4.19 (m, 1H), 2.67-2.59 (m, 1H), 2.45-2.30 (2H), 2.13-2.10 (m, 2H), 2.00-1.55 

(m, 3H), 1.24 (s, 2H), 1.07 (s, 1.5H), 1.05 (s, 1.5H); 13C NMR (75 MHz, CDCl3): δ = 

144.0, 134.1, 125.5, 118.0, 48.2, 47.8, 46.4, 45.6, 41.7, 38.4, 37.6, 35.3, 35.0, 32.3, 28.1, 

25.5, 23.4, 20.7; IR (thin film): νmax =  3459, 3190, 2957, 2925 cm-1; MS (C.I.): m/z = 

208 (M + H+); HRMS (C.I.): m/z calc. for C11H17N3O: 207.1372, found: 208.1450 (M + 

H+). 

 216



4-Allyl-4-methyl-cyclohex-2-enone [(1R,2R,3R,5S)-(-)-iso-pinocamphenyl] 

semicarbizide 254 

N
H
N NH2

O
N

H
N

H
N

O

 

Semicarbazide 252 (0.0620 g, 0.30 mmol, 1.0 equiv.) was dissolved in xylenes (2.50 mL) 

and treated with (1R,2R,3R,5S)-(-)-iso-pinocamphenylamine (0.06 mL, 0.36 mmol, 1.2 

equiv.) and taken to reflux for 4 h.  All solvent was removed en vacuo and the residue 

was purified by silica gel chromatography (10% EtOAc/C6, Rf = 0.11) to yield chiral 

semicarbazide 254 (0.0970 g, 94%) as a white solid.  The resultant solid was 

recrystallized from an ethanol and water mixture to give crystals suitable for X-ray 

analysis.  Variable temperature NMR does not resolve geometrical isomers in the spectra. 

M.p. = 145-146 oC; 1H NMR (500 MHz, C6D6, 70 oC): δ = 6.28-6.21 (m, 1H), 6.11 (d, 

1H, J = 10.0 Hz), 5.65 (d, 1H, J = 10.0 Hz), 5.72-5.57 (m, 1H), 4.98 (d, 1H, J = 9.3 Hz), 

4.93 (d, 1H, J = 14.9 Hz), 4.53-4.46 (m, 1H), 2.66 (approx. t, 1H, J = 11.9 Hz), 2.35-2.23 

(m, 2H), 2.00-1.80 (m, 5H), 1.72-1.66 (m, 2H), 1.54-1.25 (m, 2H), 1.23 (d, 3H, J = 7.3 

Hz), 1.13 (s, 3H), 1.01 (s, 3H), 0.79 (s, 3H); 13C NMR (125 MHz, CDCl3): δ = 155.7, 

149.0, 146.0, 144.6, 144.0, 134.1, 133.9, 125.5, 118.2, 118.0, 114.4, 48.22, 48.17, 46.4, 

45.8, 45.7, 41.7, 38.5, 37.7, 37.6, 36.3, 35.3, 35.0, 33.9, 32.4, 28.1, 27.8, 25.5, 25.4, 23.4, 

20.7, 20.4; IR (thin film): νmax =  3374, 3184, 3094, 2922, 1668, 1531 cm-1; MS (C.I.): 

m/z = 344 (M + H+); HRMS (C.I.): m/z calc. for C21H33N3O: 343.2624, found: 344.2702 

(M + H+). 
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2-(4-Hydroxy-1-methyl-cyclohex-2-enyl)-N-methoxy-N-methyl-acetamide 255 

O

N O
O

OH

N O
O

 

Amide enone 229 (0.2535 g, 1.20 mmol, 1.0 equiv.) in methanol (12.0 mL) was treated 

with cerium trichloride heptahydrate (1.32 g, 3.54 mmol, 3.0 equiv.) and stirred at room 

temperature for 0.5 h.  The resultant solution was added drop-wise over 20 minutes to a 

solution of sodium borohydride (0.0500 g, 1.32 mmol, 1.1 equiv.) in methanol at 0 oC.  

The resultant solution was stirred at 0 oC for an additional 0.5 h then quenched with 

ammonium chloride solution and extracted with portions of dichloromethane.  The 

organics were combined, dried over sodium sulfate, filtered and concentrated en vacuo to 

yield a quantitative and inseparable 1:1 mixture of syn- and anti- alcohols 255 (0.2549 g, 

100%). 

1H NMR (300 MHz, CDCl3): δ = 5.79-5.60 (m, 2H), 4.19-4.18 (m, 0.5H), 4.12-4.08 (m, 

0.5H), 3.67 (s, 1.5H), 3.65 (s, 1.5H), 3.16 (s, 1.5H), 3.15 (s, 1.5H), 2.45 (d, 1H, J = 4.0 

Hz), 2.38 (d, 1H, J = 5.6 Hz), 2.34-1.58 (m, 4H), 1.15 (s, 1.5H), 1.08 (s, 1.5H); 13C NMR 

(75 MHz, CDCl3): δ = 172.4, 137.8, 137.7, 128.765.7, 60.9, 60.3, 41.9, 34.8, 34.3, 32.1, 

31.7, 31.6, 28.7, 28.6, 26.7, 20.9, 14.0; IR (thin film): νmax = 3414, 2936, 2868, 1653, 

1457, 1383 cm-1; MS (C.I.): m/z = 214 (M + H+); HRMS (C.I.): m/z calc. for C11H19NO3: 

213.1365, found: 214.1442 (M + H+). 
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Anti-3,5-Dinitro-benzoic acid 4-[(methoxy-methyl-carbamoyl)-methyl]-4-methyl-

cyclohex-2-enyl ester 256; 

Syn-3,5-Dinitro-benzoic acid 4-[(methoxy-methyl-carbamoyl)-methyl]-4-methyl-

cyclohex-2-enyl ester 257 

OH

N O
O

O

N O
O

O

N O
O

O O

NO2

NO2 NO2

NO2
+

 

The mixture of diastereomeric alcohols 255 (0.2549 g, 1.19 mmol, 1.0 equiv.) and 3,5-

dinitrobenzoyl chloride (0.3124 g, 1.45 mmol, 1.2 equiv.) were dissolved in 

dichloromethane (12.0 mL) at room temperature.  The resultant solution was treated with 

pyridine (0.11 mL, 1.36 mmol, 1.14 equiv.) then was taken to reflux for 2 h.  The 

resultant solution was cooled to room temperature and quenched with ammonium 

chloride solution and extracted with portions of dichloromethane.  The combined 

organics were washed with 10% copper sulfate solution, dried over sodium sulfate, 

filtered and concentrated en vacuo to yield a mixture of di-nitrobenzoates which were 

amenable to silica gel chromatography. 

Syn-dinitro benzoate 257 was recrystallized by slow evaporation from ethyl acetate and 

the resultant crystals were suitable for X-ray crystallographic analysis (40 % EtOAc/C6, 

Rf = 0.42, 0.2199 g, 45%): 

M.p. = 101-103oC; 1H NMR (300 MHz, CDCl3): δ = 9.23 (s, 1H), 9.17 (s, 2H), 6.00 (d, 

1H, J = 10.1 Hz), 5.75 (dd, 1H, J1 = 10.1 Hz, J2 = 3.1 Hz), 5.61 (br s, 1H), 3.70 (s, 3H), 

3.20 (s, 3H), 2.50-2.47 (m, 2H), 2.14-2.13 (m, 1H), 1.98-1.92 (m, 2H), 1.79-1.76 (m, 
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1H), 1.26 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 148.6, 141.7, 134.4, 129.5, 123.0, 

122.3, 71.6, 61.1, 41.5, 34.8, 31.9, 26.6, 25.1; IR (thin film): νmax = 1724, 1657, 1544, 

1345, 1275 cm-1; MS (C.I.): m/z = 407 (M + H+); HRMS (C.I.): m/z calc. for C18H21N3O8: 

407.1329, found: 408.1407 (M + H+). 

Anti-dinitrobenzoate 256 (40 % EtOAc/C6, Rf = 0.56, 0.1312 g, 27%): 

1H NMR (300 MHz, CDCl3): δ = 9.18 (s, 1H), 9.14 (s, 2H), 6.00 (d, 1H, J = 10.1 Hz), 

5.74 (dd, 1H, J1 = 10.1 Hz, J2 = 3.9 Hz), 5.52 (br s, 1H), 3.69 (s, 3H), 3.18 (s, 3H), 2.58-

2.52 (m, 2H), 2.13-2.03 (m, 2H), 1.97-1.88 (m, 1H), 1.61-1.55 (m, 1H), 1.15 (s, 3H); 13C 

NMR (75 MHz, CDCl3): δ = 171.9, 162.1, 148.5, 142.4, 134.4, 129.4, 122.1, 70.5, 61.0, 

41.7, 34.7, 31.7, 30.9, 25.9, 24.9; IR (thin film): νmax = 1725, 1661, 1628, 1548, 1345, 

1277 cm-1; MS (C.I.): m/z = 407 (M + H+); HRMS (C.I.): m/z calc. for C18H21N3O8: 

407.1329, found: 408.1407 (M + H+). 

 

 

 



 

8-Allyl-8-methyl-2,3-diphenyl-1,4-dioxa-spiro[4.5]dec-6-ene 271 

O

OO

 

Allyl enone 251 (5.03 g, 33.5 mmol, 1.0 equiv.) was dissolved in benzene (335 mL) and 

treated with (S,S)-(-)-hydrobenzoin (7.54 g, 35.2 mmol, 1.05 equiv.) and pyridinium 

para-toluene sulfonate (0.42 g, 1.67 mmol, 0.05 equiv.).  The resultant solution was taken 

to reflux under Dean-Stark conditions for 24 h then cooled to room temperature.  The 

solution was diluted with ethyl acetate and washed with two portions of 1M sodium 

hydroxide solution, one portion saturated ammonium chloride solution, and brine.  The 

organics were dried over sodium sulfate, filtered and concentrated en vacuo.  The 

resultant yellow oil was purified by silica gel chromatography (20% Et2O/C6, Rf = 0.63) 

to yield a clear oil (10.6 g, 91%). 

[α]D
25 = -17.5o (c = 69 mg/mL); 1H NMR (300 MHz, CDCl3): δ = 7.34-7.21 (m, 10H), 

5.89-5.76 (m, 3H), 5.11-5.05 (m, 2H), 4.78 (dd, 2H, J1 = 19.6 Hz, J2 = 8.5 Hz), 2.27-2.09 

(m, 4H), 1.89-1.81 (m, 1H), 1.75-1.67 (m, 1H), 1.05 (s, 3H); 13C NMR (75 MHz, CDCl3): 

δ = 141.7, 136.8, 136.6, 134.6, 128.5, 128.4, 128.3, 128.2, 126.9, 126.6, 126.4, 117.6, 

85.5, 85.1, 45.1, 42.2, 34.9, 32.3, 31.7, 26.0; IR (thin film): νmax = 3065, 3031, 2955, 

2929, 2883, 1497, 1455, 1160, 1113, 1024, 698; MS (C.I.): m/z = 347 (M + H+); HRMS 

(C.I.): m/z calc. for C24H26O2: 346.1933, found: 347.2011 (M + H+). 
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8-Allyl-8-methyl-bicyclo[4.1.0]-(2,3-diphenyl-1,4-dioxa-spiro[4.5]dec-6-ene)-heptane 

272 

OO OO

 

Mash ketal 271 (1.0377 g, 2.9975 mmol, 1.0 equiv.) was weighed into a flame dried and 

argon purged round bottom flask.  Iodine crystals (0.7684 g, 3.0275 mmol, 1.0 equiv.) 

and anhydrous dichloromethane (30.0 mL) were added and the solution was stirred at 

room temperature.  Diethyl zinc (0.61 mL, 5.9513 mmol, 1.0 equiv.) was added to this 

solution under the surface of the solvent.  The solution stirred at room temperature until 

all of the iodine had been consumed (ca. 1h).  In a second flame dried and argon purged 

round bottom flask containing anhydrous dichloromethane (30.0 mL) was added diethyl 

zinc (0.61 mL, 5.9513 mmol, 1.0 equiv.) under the surface of the solvent.  To this second 

solution was added diiodomethane (0.97 mL, 12.0417 mmol, 4.0 equiv.) drop-wise over 5 

minutes and the resultant solution was stirred at room temperature for 1 h.  After 1 h, 

both solutions were cooled to 15 oC.  The solution of Mash ketal and anhydrous 

diiodozinc was then added drop-wise via cannula to the solution of Simmons-Smith 

reagent over 0.5 h.  The resultant solution was stirred at 15 oC for an additional 18 h.  At 

temperatures below 15 oC the reaction is prohibitively slow and as the temperature 

increases the diastereoselectivity begins to erode.  After all of the starting material had 

been consumed the reaction was carefully quenched with ammonium chloride solution 

and extracted with portions of dichloromethane.  The organics were combined, dried over 
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sodium sulfate, filtered and concentrated en vacuo to yield a yellow oil (1.07 g, 100%, 

90% e.e based on NMR studies of 278).  The resultant oil was generally used without 

further purification due to its instability.  An analytically pure sample was obtained by 

silica gel chromatography. 

1H NMR (300 MHz, CDCl3): δ = 7.30-7.18 (m, 10H), 5.96-5.82 (m, 1H), 5.08 (br s, 1H), 

5.04 (br s, 1H), 4.80 (dd, 2H, J1 = 36.8 Hz, J2 = 8.8 Hz), 2.32-2.15 (m, 2H), 1.86-1.68 (m, 

2H), 1.61-1.50 (m, 2H), 1.24-1.03 (m, 2H), 0.96 (s, 3H), 0.68-0.62 (m, 1H), 0.60-0.48 

(m, 1H); 13C NMR (75 MHz, CDCl3): δ = 137.1, 137.0, 135.3, 128.4, 128.2, 126.8, 

117.3, 109.9, 85.4, 85.1, 47.6, 31.6, 30.2, 29.9, 26.1, 23.9, 21.2, 6.1; IR (thin film): νmax = 

3063, 3028, 2956, 2926, 1495, 1452; MS (C.I.): m/z = 361 (M + H+); HRMS (C.I.): m/z 

calc. for C25H28O2: 360.2089, found: 361.2168 (M + H+). 



5-Allyl-5-methyl-bicyclo[4.1.0]heptan-2-one 278; 

5-Cyclopropylmethyl-5-methyl-bicyclo[4.1.0]heptan-2-one 

OO

O O

+

 

The Mash ketal cyclopropane 272 (1.07 g, 2.9975 mmol, 1.0 equiv.) was dissolved in 

methanol (6.00 mL) and treated with 1M hydrochloric acid solution (3.00 mL).  The 

resultant solution was stirred at room temperature for 18 h, then acrefully quenched with 

sodium carbonate solution and extracted with portions of ethyl acetate.  The combined 

organics were dried over sodium sulfate, filtered and concentrated en vacuo.  The crude 

material was amenable to silica gel chromatography and yielded a mixture of mono 

cyclopropyl ketone 278 (0.4280 g, 87%) and bis-cyclopropyl ketone (0.0481 g, 9%). 

5-Allyl-5-methyl-bicyclo[4.1.0]heptan-2-one 278: 

[α]D
25 = +10.3o (c = 33 mg/mL); 1H NMR (300 MHz, CDCl3): δ = 5.90-5.81 (m, 1H), 

5.11 (s, 1H), 5.07 (d, 1H, J = 7.4 Hz), 2.20-2.15 (m, 4H), 1.86-1.79 (m, 1H), 1.56-1.37 

(m, 3H), 1.30-1.25 (m, 1H), 1.17-1.06 (m, 1H), 1.09 (s, 3H); 13C NMR (75 MHz, CDCl3): 

δ = 209.4, 133.9, 117.9, 43.8, 32.6, 29.4, 28.0, 26.6, 9.9, 4.4; IR (thin film): νmax = 1689 

cm-1; MS (C.I.): m/z = 165 (M + H+); HRMS (C.I.): m/z calc. for C11H16O: 164.1201, 

found: 165.1279 (M + H+). 

5-Cyclopropylmethyl-5-methyl-bicyclo[4.1.0]heptan-2-one: 

1H NMR (300 MHz, CDCl3): δ = 2.16-2.10 (m, 2H), 1.78-1.71 (m, 1H), 1.62-1.51 (m, 

2H), 1.49-1.37 (m, 2H), 1.30-1.21 (m, 2H), 1.14 (s, 3H), 1.08-1.11 (m, 1H), 0.74-0.61 
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(m, 1H), 0.43 (d, 2H), 0.02 (t, 2H); 13C NMR (75 MHz, CDCl3): δ = 209.7, 44.3, 32.7, 

32.3, 29.7, 28.5, 27.1, 26.7, 9.8, 6.0, 4.8, 4.3; IR (thin film): νmax = 1687; MS (C.I.): m/z = 

179 (M + H+); HRMS (C.I.): m/z calc. for C12H18O: 178.1358, found: 179.1440 (M + H+). 



1-Methyl-tricyclo[4.2.1.02,4]nonane-5,7-dione 285 

O

O

O

O

OH  

Triphenylphosphine oxide (0.6133 g, 2.2038 mmol, 4.0 equiv.) in anhydrous 

dichloromethane at 0 oC was treated with triflic anhydride (0.19 mL, 1.1293 mmol, 2.05 

equiv.) and stirred for 15 minutes.  Cyclopropyl acid 279 (0.1003 g, 0.5504 mmol, 1.0 

equiv.) in dichloromethane (2.0 mL) was added drop-wise over 5 minutes and the 

resultant solution stirred for an additional 15 minutes.  Benzylamine (0.12 mL, 1.0997 

mmol, 2.0 equiv.) was added and the solution was stirred an additional 2 h.  

Triethylamine (0.31 mL, 2.22 mmol, 4.0 equiv.) was added to the reaction mixture and 

the reaction continued to stir for an additional 4 h.  The solution was quenched with 

sodium carbonate solution and extracted with portions of dichloromethane.  The organics 

were combined, dried over sodium sulfate, filtered and concentrated en vacuo.  The crude 

mixture was amenable to silica gel chromatography (20% EtOAc/C6, Rf = 0.39) yielding 

tricyclic dione 285 (0.0147 g, 89%) as an oil.  A second minor diastereomer was also 

observed in the NMR spectrum (d @ 3.21 ppm). 

1H NMR (300 MHz, CDCl3): δ = 3.13 (d, 1H, J = 5.03 Hz), 2.40 (approx. dd, 2H, J1 = 

18.2 Hz, J2 = 3.5 Hz), 1.91 (dd, 1H, J1 = 13.2 Hz, J2 = 3.5 Hz), 1.78-1.66 (m, 2H), 1.42 

(s, 3H), 1.29-1.20 (m, 2H), 1.16-1.08 (m, 1H); IR (thin film): νmax = 1748, 1695 cm-1. 
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(2-Methyl-5-oxo-bicyclo[4.1.0]hept-3-en-2-yl)-acetonitrile 286 

O

O

O

NH2

N
 

Amide 179 (0.0468 g, 0.2613 mmol, 1.0 equiv.) was dissolved in 1,2-dichloroethane (2.6 

mL) and treated with oxalyl chloride (0.04 mL, 0.4727 mmol, 1.8 equiv.) and taken to 

reflux for 3 h.  After cooling to room temperature the reaction was diluted with water and 

extracted with three portions of chloroform.  The combined organic extracts were dried 

over sodium sulfate, filtered and concentrated en vacuo.  The nitrile 286 may be purified 

by silica gel chromatography (40% EtOAc/C6, Rf = 0.14) to yield a yellow oil (0.0161 g, 

38%). 

1H NMR (300 MHz, CDCl3): δ = 6.30 (dd, 0.5H, J1 =  10.3 Hz, J2 =  2.2 Hz), 6.21 (0.5H, 

J1 =  10.3 Hz, J2 =  2.2 Hz), 5.88 (d, 10.1 Hz), 5.83 (d, 10.3 Hz), 2.56 (s, 2H), 2.07-2.01 

(m, 1H), 1.78-1.71 (m, 1H), 1.46 (s, 1.5H), 1.43 (s, 1.5H), 1.40-1.31 (m, 1H), 1.03-0.99 

(m, 0.5H), 0.99-0.93 (m, 0.5H); 13C NMR (75 MHz, CDCl3): δ =196.1, 196.0, 147.5, 

147.3, 127.0, 126.0, 116.9, 116.3, 35.5, 35.3, 32.1, 29.7, 29.0, 25.1, 24.8, 24.7, 24.5, 24.3, 

12.6, 12.4; IR (thin film): νmax = 1665 cm-1; MS (C.I.): m/z =  162 (100%, M + H+); 

HRMS (C.I.): m/z calc. for C10H11NO: 161.0841, found: 162.0920 (M + H+). 
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1-Methyl-7-aza-tricyclo[4.3.1.02,4]decane-5,8-dione 297 

O

O

NH2

O

NH

O
 

Cyclopropyl amide 280 (0.0503 g, 0.2777 mmol, 1.0 equiv.) in anhydrous 

tetrahydrofuran (1.40 mL) was added via cannula to a solution of lithium di-iso-

propylamine (2.2 equiv.) in anhydrous tetrahydrofuran (2.80 mL) at -78 oC.  The resultant 

solution was stirred at -78 oC for 1 h then freshly recrystallized N-bromosuccinimide 

(0.0605 g, 0.3399 mmol, 1.2 equiv.) was added in one portion.  The solution was warmed 

to room temperature over 1 h and stirred at room temperature for an additional 18 h.  The 

reaction was quenched with ammonium chloride solution and extracted with portions of 

ethyl acetate.  The combined organics were dried over sodium sulfate, filtered and 

concentrated en vacuo to yield lactam 297 (0.0060 g, 12%) and recovered starting 

material (0.0413 g, 82%).  The resultant semi-solid was recrystallized from methanol to 

yield a crystal suitable for X-ray analysis.  The lactam was also amenable to silica gel 

chromatography (100% EtOAc, Rf = 0.31). 

IR (thin film): νmax = 2958, 2929, 2903, 2361, 2340, 1706, 1685, 1662, 1633, 1456, 1374 
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5-Allyl-3,3-dibromo-5-methyl-bicyclo[4.1.0]heptan-2-one 

O O
Br

Br

 

Cyclopropyl ketone 177 (0.0501 g, 0.3053 mmol, 1.0 equiv.) in anhydrous 

tetrahydrofuran (0.10 mL) was added to a solution of lithium di-iso-propylamine (1.20 

equiv.) in anhydrous tetrahydrofuran at -78 oC.  The solution was stirred at -78 oC for 1 h 

then recrystallized N-bromosuccinimide (0.0610 g, 0.3427 mmol, 1.12 equiv.) was added 

and stirred with warming to room temperature over 3 h.  The reaction mixture was 

quenched with ammonium chloride solution and extracted with portions of ethyl acetate.  

The organics were combined, dried over sodium sulfate, filtered and concentrated en 

vacuo.  The crude mixture was amenable to silica gel chromatography (20% EtOAc/C6, 

Rf = 0.49) yielding dibromo compound (0.0283 g, 29%) and starting material. 

1H NMR (300 MHz, CDCl3): δ = 5.96-5.85 (m, 1H), 5.19 (s, 1H), 5.14 (d, 1H, J = 5.9 

Hz), 3.07 (dd, 2H, J1 = 57.0 Hz, J2 = 16.9 Hz), 2.41 (ddd, 1H, J1 = 55.7, J2 = 13.9 Hz, J3 

= 7.4 Hz), 2.16-2.05 (m, 2H), 1.83-1.71 (m, 1H), 1.62-1.55 (m, 1H), 1.46-1.37 (m, 1H), 

1.03 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 196.5, 132.9, 132.7, 119.2, 119.1, 59.3, 

59.1, 55.1, 54.7, 47.2, 43.7, 35.6, 35.2, 32.7, 32.5, 26.2, 25.8, 23.6, 23.1, 14.0, 13.4; IR 

(thin film): νmax = 1714, 1695, 1639 cm-1; MS (C.I.): m/z calc. for C11H14OBr2: 322, 

found: 323 (100%, M + H+). 
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5-Allyl-5-methyl-bicyclo[4.1.0]hept-3-en-2-one 298 

O O

 

Cyclopropyl ketone 177 (2.00 g, 12.19 mmol, 1.0 equiv.) was dissolved in 

dimethylsulfoxide (24.5 mL) and treated with o-iodoxybenzoic acid (6.83 g, 24.39 mmol, 

2.0 equiv.).  The resultant solution was taken to 80 oC for 24 h.  The reaction was 

monitored by NMR and IR; the starting material and products elute at the same Rf.  When 

the reaction completed the solution was cooled to room temperature then diluted with 100 

mL dichloromethane and 100 mL saturated aqueous sodium bicarbonate solution.  The 

resultant biphasic solution was stirred for 0.5 h then filtered through a pad of Celite and 

the organics were separated.  The aqueous layer was extracted with two additional 

portions of dichloromethane.  The combined organics were washed with four portions of 

water and one portion of saturated sodium bicarbonate solution, dried over sodium 

sulfate, filtered and concentrated en vacuo.  The resultant pale yellow oil (1.93 g, 98%) 

was generally used without further purification.  Pure cyclopropyl enone 298 may be 

obtained by silica gel chromatography to yield a pale yellow oil (10% EtOAc/C6, Rf = 

0.16). 

1H NMR (300 MHz, CDCl3): δ = 6.27 (dd, 0.5H, J1 = 2.2 Hz, J2 = 10.3 Hz), 6.09 (dd, 

0.5H, J1 = 2.2 Hz, J2 = 10.3 Hz), 5.95-5.67 (m, 2H), 5.15-5.01 (m, 2H), 2.34-2.15 (m, 

2H), 1.93-1.84 (m, 1H), 1.59-1.49 (m, 1H)1.20 (s, 3H), 1.28-1.07 (m, 1H), 0.89-0.78 (m, 

1H); (75 MHz, CDCl3): δ = 198.1, 152.1, 151.7, 133.4, 132.7, 125.0, 124.3, 118.8, 118.7, 

48.0, 44.5, 36.8, 36.3, 28.5, 25.6, 25.5, 25.1, 25.0, 24.3, 12.9, 11.9; IR (thin film): νmax = 
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1666 cm-1; MS (C.I.): m/z = 163 (100%, M + H+); HRMS (C.I.): m/z calc. for C11H14O: 

162.1045, found: 163.1122 (M + H+). 



(2-Methyl-5-oxo-bicyclo[4.1.0]hept-3-en-2-yl)-acetaldehyde 299 

O O

O

H 

Cyclopropyl enone 298 (0.505 g, 3.11 mmol, 1.0 equiv.) was dissolved in a solution of 

dioxane (24.8 mL) and water (6.2 mL) and treated with sodium periodate (2.67 g, 12.46 

mmol, 4.0 equiv.) then potassium osmate (0.0288 g, 0.0782 mmol, 0.025 equiv.).  The 

resultant solution was stirred at room temperature until the starting material was 

consumed (ca. 4 h).  The solution was partitioned between water and chloroform and the 

aqueous layer was extracted with three portions of chloroform.  The combined organics 

were dried over sodium sulfate, filtered and concentrated en vacuo.  The crude aldehyde 

299 was purified by silica gel chromatography (80% EtOAc/C6, Rf = 0.48) and was 

isolated as a clear colorless oil (0.407 g, 80%). 

1H NMR (300 MHz, CDCl3): δ = 9.89 (t, 0.5H, J = 2.2 Hz), 9.76 (t, 0.5H, J = 2.2 Hz), 

6.39 (dd, 0.5H, J1 = 10.3 Hz, J2 = 2.9 Hz), 6.33 (dd, 0.5H, J1 = 10.3 Hz, J2 = 2.9 Hz), 

5.81 (d, 0.5H, J = 10.3 Hz), 5.77 (d, 0.5H, J = 10.2 Hz), 2.64 (s, 2H), 2.05-1.96 (m, 1H), 

1.76-1.71 (m, 1H), 1.40 (s, 1.5H), 1.38 (s, 1.5H), 1.34-1.24 (m, 1H), 0.95-0.88 (m, 1H); 

13C NMR (75 MHz, CDCl3): δ = 200.3, 200.0, 196.7, 150.0, 149.6, 125.1, 124.4, 55.7, 

52.8, 35.5, 35.1, 29.0, 25.4, 25.0, 24.9, 24.7, 24.3, 12.7, 12.0; IR (thin film): νmax = 1720, 

1662 cm-1; MS (C.I.): m/z =165 (100%, M + H+); HRMS (C.I.): m/z calc. for C10H12O2: 

164.0837, found: 165.0915 (M + H+). 
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(2-Methyl-5-oxo-bicyclo[4.1.0]hept-3-en-2-yl)-acetic acid 300; 

6α-Methyl-hexahydro-4-oxa-cyclopropa[e]indene-2,5-dione 301 

O

O

O

O

O

O

O

OHH

+

 

Aldehyde 299 (0.73 g, 4.44 mmol, 1.0 equiv.) in phosphate buffer (44.0 mL, pH = 4.00) 

and acetonitrile (22.0 mL) was cooled to 0 oC.  The solution was treated with 30% 

hydrogen peroxide in water (2.47 mL, 22.19 mmol, 5.0 equiv.).  This solution was then 

treated with sodium chlorite (0.82 g, 9.02 mmol, 2.0 equiv.) in water (8.0 mL) over 1 h 

via syringe pump.  The solution was slowly warmed to room temperature over 3 h and 

quenched with saturated sodium sulfite solution.  The reaction mixture was made acidic 

(pH = 2) with 1M hydrochloric acid solution and the aqueous layer was extracted with six 

portions of chloroform with salting out of the aqueous layer.  All organics were 

combined, dried over sodium sulfate, filtered and concentrated en vacuo.  Analysis of the 

crude reaction mixture by NMR reveals the presence of both the acid and lactone.  The 

resultant mixture may be purified by silica gel chromatography yielding the lactone 301 

(5% MeOH/DCM, Rf = 0.53/0.61 or 80% EtOAc/C6, Rf = 0.30; 0.14 g, 18%) and the acid 

300 (5% MeOH/DCM, Rf = 0.18; 0.64 g, 80 %) both as a pale yellow oils.  The structure 

of the lactone was determined by slow evaporation from chloroform and its structure 

verified by X-ray crystallographic analysis. 

(2-Methyl-5-oxo-bicyclo[4.1.0]hept-3-en-2-yl)-acetic acid 300: 

1H NMR (300 MHz, CDCl3): δ = 6.50 (dd, 0.5H, J1 =  10.3 Hz, J2 =  2.2 Hz), 6.29 (dd, 

0.5H, J1 = 10.3 Hz, J2 = 2.9 Hz), 5.80 (d, 0.5H, J = 10.3 Hz), 5.76 (d, 0.5H, J = 10.3 Hz), 
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4.47-4.42 (m, 1H), 2.63-2.56 (m, 2H), 2.04-1.95 (m, 1H), 1.87-1.51 (m, 1H), 1.39 (s, 

1.5H), 1.38 (s, 1.5H), 1.35-1.22 (m, 0.5H), 0.96-0.86 (m, 0.5H); 13C NMR (75 MHz, 

CDCl3): δ = 205.1, 203.8, 174.9, 174.3, 149.9, 125.4, 85.4, 83.1, 44.8, 42.8, 37.7, 37.0, 

36.8, 36.5, 29.3, 28.6, 26.2, 25.6, 25.4, 25.3, 24.8, 24.6, 13.6, 12.8; IR (thin film): νmax = 

3460, 1727, 1660 cm-1; MS (C.I.): m/z = 181 (100%, M + H+); HRMS (C.I.): m/z calc. for 

C10H12O3: 180.0786, found: 181.0864 (M + H+). 

6a-Methyl-hexahydro-4-oxa-cyclopropa[e]indene-2,5-dione 301: 

M.p. = 131-134 oC; 1H NMR (300 MHz, CDCl3): δ = 4.43 (dd, 1H, J1 = 3.0 Hz, J2 = 4.4 

Hz), 2.67 (s, 2H), 2.56 (ddd, 2H, J1 = 3.9 Hz, J2 = 16.8 Hz, J3 = 34.6 Hz), 2.05-1.98 (m, 

1H), 1.65-1.57 (m, 1H), 1.43 (s, 3H), 1.39-1.22 (m, 1H), 1.07-1.02 (m, 1H); (75 MHz, 

CDCl3): δ = 203.8, 174.3, 85.4, 44.7, 36.5, 28.6, 26.1, 24.6, 13.6; IR (thin film): νmax = 

1785, 1695 cm-1; MS (C.I.): m/z = 181 (100%, M + H+); HRMS (C.I.): m/z calc. for 

C10H12O3: 180.0786, found: 181.0866 (M + H+). 



(2-Methyl-5-oxo-bicyclo[4.1.0]hept-3-en-2-yl)-acetic acid methyl ester 

O

OH

O

O

O

O

 

Cyclopropyl acid 300 (0.1950 g, 1.0829 mmol, 1.0 equiv.) in methanol (5.00 mL) was 

treated with trimethylsilyl diazomethane until a yellow color persisted.  The solution was 

carefully quenched with 1M hydrochloric acid solution and extracted with portions of 

dichloromethane.  The combined organics were dried over sodium sulfate, filtered and 

concentrated en vacuo.  The crude pale yellow oil was amenable to silica gel 

chromatography (100% EtOAc) yielding the methyl ester (0.210 g, 100%). 

1H NMR (300 MHz, CDCl3): δ = 6.48 (0.5H, J1 = 10.3 Hz, J2 =  2.2 Hz), 6.23 (0.5H, J1 =  

10.3 Hz, J2 =  2.2 Hz), 5.75 (0.5H, d, J = 10.3 Hz), 5.73 (0.5H, d, J = 10.3 Hz), 3.69 (s, 

1.5H), 3.63 (s, 1.5H), 2.57-2.47 (m, 2H), 1.96-1.89 (m, 1H), 1.81-1.66 (m, 1H), 1.33 (s, 

1.5H), 1.32 (s, 1.5H), 1.28-1.20 (m, 1H), 0.88-0.82 (m, 1H); 13C NMR (75 MHz, CDCl3): 

δ = 197.3, 171.2, 170.6, 150.7, 150.0, 125.3, 124.4, 51.64, 51.57, 47.7, 44.3, 36.8, 35.7, 

29.3, 25.5, 25.2, 25.0, 24.2, 12.8, 12.5; IR (thin film): νmax = 1734, 1665 cm-1; MS (C.I.): 

m/z = 195 (100%, M + H+); HRMS (C.I.): m/z calc. for C11H14O3: 194.0943, found: 

195.1028 (M + H+). 
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2-(2-Methyl-5-oxo-bicyclo[4.1.0]hept-3-en-2-yl)-acetamide 302 

O

O

O

O

NH2OH  

Cyclopropyl acid 300 (0.2588 g, 1.4371 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran 

(14.5 mL) at room temperature was treated with anhydrous triethylamine (0.30 mL, 2.15 

mmol, 1.5 equiv.).  The resultant solution was stirred at room temperature for 0.5 h, then 

iso-butyl chloroformate (0.28 mL, 2.14 mmol, 1.5 equiv.) was added drop-wise over 5 

minutes.  Immediately a white precipitate formed and the resultant suspension was stirred 

at room temperature for 1 h, then diluted in water and extracted with three portions of 

dichloromethane.  The combined organics were washed with brine, dried over sodium 

sulfate and filtered.  The solution was bubbled with a stream of dry ammonia gas.  After 

saturating the dichlormethane solution with ammonia it was stirred an additional 1 h, then 

concentrated en vacuo.  The resultant primary amide 302 was purified by silica gel 

chromatography (5% MeOH/DCM, Rf = 0.07) to yield a clear oil (0.2573 g, 100 %) 

which may solidify into a white waxy solid upon standing. 

1H NMR (300 MHz, CDCl3): δ = 6.56 (0.5H, J1 =  10.3 Hz, J2 =  2.2 Hz), 6.31 (0.5H, J1 

=  10.3 Hz, J2 =  2.2 Hz), 5.80 (d, 0.5H, J = 10.3 Hz), 5.76 (d, 0.5H, J = 10.3 Hz), 5.60-

5.30 (br s, 2H), 2.42 (s, 2H), 1.99-1.93 (m, 1H), 1.87-1.74 (m, 0.5H), 1.73-1.71 (m, 

0.5H), 1.40 (s, 1.5H), 1.39 (s, 1.5H), 1.36-1.25 (m, 1H), 0.99-0.87 (m, 1H); 13C NMR (75 

MHz, CDCl3): δ = 197.8, 197.5, 172.6, 172.0, 151.3, 150.7, 125.2, 124.1, 49.4, 45.8, 

35.8, 35.7, 29.3, 25.4, 25.3, 25.2, 24.3, 12.9, 12.8; IR (thin film): νmax = 3397, 3349, 
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3195, 1653 (br) cm-1; MS (C.I.): m/z = 180 (100%, M + H+); HRMS (C.I.): m/z calc. for 

C10H13NO2: 179.0946, found: 180.1026 (M + H+). 



N-(4-Methoxy-benzyl)-2-(2-methyl-5-oxo-bicyclo[4.1.0]hept-3-en-2-yl)-acetamide 

O

O

OH

O

O

HN

O

 

Cyclopropyl acid 300 (0.1023 g, 0.5680 mmol, 1.0 equiv.) in anhydrous tetrahydrofuran 

(5.70 mL) was treated with triethylamine (0.10 mL, 0.7175 mmol, 1.3 equiv.) and stirred 

at room temperature for 0.5 h.  The solution was then cooled to 0 oC and treated with iso-

butylchloroformate (0.10 mL, 0.7710 mmol, 1.4 equiv.).  The resultant solution stirred 

with warming to room temperature over 1 h.  The reaction was diluted with 

dichloromethane and washed with water.  The aqueous layer was extracted with two 

portions of dichloromethane and all of the organic fractions combined, dried over sodium 

sulfate, filtered and concentrated en vacuo.  The resultant oil was taken up in 

dichloromethane (5.70 mL) and treated with para-methoxybenzylamine (0.09 mL, 

0.6889 mmol, 1.2 equiv.).  After 15 minutes the solution was treated with triethylamine 

(0.10 mL, 0.7175 mmol, 1.3 equiv.) and the resultant solution was stirred at room 

temperature for 18 h.  The reaction was quenched with ammonium chloride solution and 

extracted with portions of ethyl acetate.  The combined organics were dried over sodium 

sulfate, filtered and concentrated en vacuo.  The resultant oil was amenable to silica gel 

chromatography and yielded cyclopropyl amide as a mixture of diastereomers (0.1427 g, 

84%). 

1H NMR (300 MHz, CDCl3): δ = 7.25-7.18 (m, 2H), 6.89-6.85 (m, 2H), 6.59 (d, 0.5H, J 

= 2.8 Hz), 6.26 (d, 0.5H, J = 2.7 Hz), 5.77-5.71 (m, 1H), 4.40-4.29 (m, 2H), 3.80 (s, 3H), 

2.44-2.22 (m, 2H), 1.95-1.83 (m, 1H), 1.38 (s, 1.5H), 1.35 (s, 1.5H), 1.29-1.16 (m, 2H), 
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0.93-0.87 (m, 1H); 13C NMR (75 MHz, CDCl3): δ = 197.7, 170.3, 169.6, 169.0, 159.0, 

158.9. 151.6, 151.0, 130.3, 130.1, 129.3, 129.1, 125.0, 123.8, 114.0, 55.2, 50.1, 46.6, 

43.1, 43.0, 35.9, 32.7, 29.5, 29.4, 27.0, 26.7, 25.5, 25.2, 25.1, 24.2, 12.9, 12.7; IR (thin 

film): νmax = 3309, 1653 (br), 1514, 1249 cm-1; MS (C.I.): m/z = 300 (100%, M + H+); 

HRMS (C.I.): m/z calc. for C18H21NO3: 299.1521, found: 300.1601 (M + H+). 



3α-Methyl-3α,7,8,8α-tetrahydro-3H-cyclohepta[β]furan-2,6-dione 305 

O

O

OH

O

O

O  

Enone acid 300 (0.1024 g, 0.5654 mmol, 1.0 equiv.) was dissolved in water (5.7 mL) and 

treated with methane sulfonic acid (0.004 mL, 0.0616 mmol, 0.11 equiv.) and heated in a 

microwave at 165 oC for 6 h.  After cooling to room temperature the solution was diluted 

with ethyl acetate and washed with sodium carbonate solution.  The organics were dried 

over sodium sulfate, filtered and concentrated en vacuo.  The resultant oil was amenable 

to silica gel chromatography (50% EtOAc/C6, Rf = 0.38/0.35) and yielded a mixture of 

diastereomeric ring expanded products 305 (0.024 g, 24%).  Starting material may be 

recovered by acidifying the basic aqueous extracts acidic and extracting with ethyl 

acetate. 

1H NMR (300 MHz, CDCl3): δ = 6.10 (d, 1H, J = 13.2 Hz), 5.92 (d, 1H, J = 13.2 Hz), 

4.52 (dd, 1H, J1 = 4.5 Hz, J2 = 3.3 Hz), 2.86-2.54 (m, 2H), 2.64 (dd, 2H, J1 = 54.4 Hz, J2 

= 17.7 Hz), 2.27-2.05 (m, 2H), 1.44 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 201.1, 

163.4, 144.5, 128.6, 86.2, 46.3, 42.5, 36.9, 27.6, 24.6; IR (thin film): νmax = 1784, 1667 

cm-1; MS (C.I.): m/z = 181 (M + H+); HRMS (C.I.): m/z calc. for C10H12O3: 180.0786, 

found: 181.0865 (M + H+). 
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 (7-Methoxy-1-methyl-4-oxo-cyclohept-2-enyl)-acetic acid methyl ester 307 

O

O

OH

O

O

NH2

O

O
O

O

or

 

Either the enone acid or the enone amide can be used to perform this transformation.  

Enone acid 300 (0.0980 g, 0.5442 mmol, 1.0 equiv.) was dissolved in methanol (5.4 mL) 

and treated with methane sulfonic acid (0.0035 mL, 0.0539 mmol, 0.10 equiv.) and 

heated in a microwave at 165 oC for 6 h.  After cooling to room temperature the solution 

was diluted with ethyl acetate and washed with sodium carbonate solution.  The organics 

were dried over sodium sulfate, filtered and concentrated en vacuo.  The resultant oil was 

amenable to silica gel chromatography (50% EtOAc/C6, Rf = 0.39/0.35) and yielded a 

mixture of diastereomeric ring expanded products 307 (0.0580 g, 47%). 

Diastareomer 1: 

1H NMR (300 MHz, CDCl3): δ = 6.83 (d, 1H, J = 10.0 Hz), 5.95 (d, 1H, J = 10.0 Hz), 

3.69 (s, 3H), 3.52-3.35 (m, 1H), 3.40-3.35 (m, 1H), 3.31 (s, 3H), 2.60-2.43 (m, 4H), 2.28-

2.25 (m, 1H), 1.39 (s, 3H). 

Diastereomer 2: 

1H NMR (300 MHz, CDCl3): δ = 6.85 (d, 1H, J = 10.3 Hz), 5.94 (d, 1H, J = 10.3 Hz), 

3.68 (s, 3H), 3.54-3.49 (m, 1H), 3.31-3.28 (m, 1H), 3.33 (s, 3H), 2.65 (dd, 2H, J1 = 42.7 

Hz, J2 = 14.7 Hz), 2.53-2.31 (m, 3H), 1.15 (s, 3H). 

Diastereomeric mixture: 

13C NMR (75 MHz, CDCl3): δ = 198.6, 171.5, 171.2, 157.6, 157.0, 127.4, 127.0, 73.1, 

72.6, 58.8, 51.5, 51.2, 47.6, 44.2, 40.1, 39.8, 37.6, 37.3, 25.8, 25.0, 19.8, 12.4; IR (thin 
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film): νmax = 2951, 2922, 2886, 1734, 1684, 1455, 1435, 1193, 1167, 1105 cm-1; MS 

(C.I.): m/z = 227 (100%, M + H+); HRMS (C.I.): m/z calc. for C12H18O4: 226.1205, 

found: 227.1297 (M + H+). 

 

 

 



(2-Methoxy-1-methyl-5-oxo-cycloheptyl)-acetic acid methyl ester 313 

O

O

NH2

O

O

O
O

 

Cyclopropyl amide 179 (0.0567 g, 0.3131 mmol, 1.0 equiv.) was dissolved in methanol 

(3.10 mL) and treated with a catalytic volume of methane sulfonic acid.  The solution 

was heated to 165 oC in a microwave for 6 h.  After cooling to room temperature the 

reaction was diluted with ethyl acetate and washed with sodium carbonate solution.  The 

aqueous portion was extracted with portions of ethyl acetate.  The organic fractions were 

combined, dried over sodium sulfate, filtered and concentrated en vacuo to yield ring 

expanded product methyl ether as a mixture of diastereomers (0.0450 g, 63%). 

1H NMR (500 MHz, CDCl3): δ = 4.10 (dd, 0.3H, J1 = 11.8 Hz, J2 = 3.7 Hz), 4.03 (d, 

0.7H, J = 6.6 Hz), 3.66 (s, 1H), 3.41 (s, 2H), 3.35 (s, 2H), 3.33 (s, 1H), 2.66-2.25 (m, 

2H), 2.16 (s, 2H), 2.07-1.79 (m, 4H), 1.69-1.47 (m, 2H), 1.26 (s, 1H), 1.21 (s, 2H); 13C 

NMR (125 MHz, CDCl3): δ = 172.0, 107.6, 87.6, 81.7, 51.3, 49.9, 46.0, 43.7, 40.5, 39.1, 

35.9, 31.5, 31.1, 30.5, 29.7, 28.7, 24.5, 21.8, 21.5, 16.5; IR (thin film): νmax = 2925, 1784, 

1734, 1437, 1349, 1252, 1191, 1100 cm-1; MS (C.I.): m/z = 229 (M + H+); HRMS (C.I.): 

m/z calc. for C12H20O4: 228.1362, found: 229.1440 (M + H+). 
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3α-Methyl-hexahydro-cyclohepta[β]furan-2,6-dione 181; 

4α-Methyl-hexahydro-isochromene-3,7-dione 319 

O

O

OH

O

O

O

O

O

O

+

 

This reaction was done in 12 separate reaction flasks and then combined on work-up.  For 

each flask, cyclopropyl acid 178 (0.30 g, 1.65 mmol, 1.0 equiv.) was taken up in water 

(17.0 mL) and treated with methane sulfonic acid (0.01 mL, 0.15 mmol, 0.10 equiv.).  

The resultant solution was heated to 165 oC in a microwave for 9 h.  After cooling to 

room temperature the aqueous solutions were combined and quenched with sodium 

carbonate solution and extracted with 8 portions of chloroform while salting the aqueous 

layer.  The combined organics were dried over sodium sulfate, filtered and concentrated 

en vacuo.  The crude mixture was amenable to silica gel chromatography and two 

products were isolated. 

3a-Methyl-hexahydro-cyclohepta[b]furan-2,6-dione 181 was isolated as a pale yellow oil 

(60% EtOAc/C6, Rf = 0.26/0.23, 2.98 g, 83%): 

1H NMR (500 MHz, CDCl3): δ = 4.29 (dd, 0.5H, J1 = 5.9 Hz, J2 = 2.2 Hz), 4.05 (dd, 

0.5H, J1 = 12.5, J2 = 3.3 Hz), 2.81-2.71 (m, 0.5H), 2.62-2.10 (m, 5H), 2.09-1.71 (m, 4H); 

1.58-1.50 (m, 0.5H), 1.20 (s, 1.5H), 0.98 (s, 1.5H); 13C NMR (125 MHz, CDCl3): δ = 

211.5, 175.3, 174.9, 87.4, 85.2, 45.7, 44.7, 43.2, 42.3, 40.3, 38.9, 37.4, 35.5, 31.1, 29.8, 

22.9, 22.2, 21.7, 16.2; IR (thin film): νmax = 1781, 1696 cm-1; MS (C.I.): m/z = 183 (M + 

H+); HRMS (C.I.): m/z calc. for C10H14O3: 182.0943, found: 183.1026 (M + H+). 
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4a-Methyl-hexahydro-isochromene-3,7-dione 319 was isolated as a pale yellow oil (60% 

EtOAc/C6, Rf = 0.16, 12%): 

1H NMR (500 MHz, CDCl3): δ = 4.39 (dd, 0.5H, J1 = 11.8 Hz, J2 = 5.2 Hz), 4.29 (dd, 

0.5H, J1 = 11.8 Hz, J2 = 5.2 Hz), 4.14-3.97 (m, 1H), 2.67-2.58 (m, 1H), 2.53-2.38 (m, 

3H), 2.38-2.04 (m, 2H), 1.97-1.87 (m, 1H), 1.81-1.58 (m, 2H), 1.25 (s, 1.5H), 1.23 (s, 

1.5H); 13C NMR (125 MHz, CDCl3): δ = 209.8, 207.5, 171.1, 169.3, 70.0, 69.8, 45.2, 

40.6, 39.5, 39.4, 38.7, 38.4, 38.3, 37.0, 35.9, 33.9, 31.8, 31.2, 27.8, 16.3; IR (thin film): 

νmax = 1717, 1700 cm-1; MS (C.I.): m/z = 183 (M + H+); HRMS (C.I.): m/z calc. for 

C10H14O3: 182.0943, found: 183.1024 (M + H+). 



(2-Hydroxy-1-methyl-5-oxo-cycloheptyl)-acetic acid methyl ester 339 

O

O

O

O

HO
O

O

 

Lactone 181 (0.0512 g, 0.2811 mmol, 1.0 equiv.) was taken up in methanol (2.80 mL) 

and treated with powdered potassium hydroxide (0.0016 g, 0.0286 mmol, 0.10 equiv.) 

and heated to reflux for 1 h.  The solution was then cooled to 0 oC and carefully quenched 

with 1M hydrochloric acid solution until acidic.  The cold aqueous solution was 

immediately extracted with portions of cold dichloromethane.  The combined organics 

were dried over sodium sulfate, filtered and concentrated en vacuo to yield methyl ester 

339 (0.0596 g, 99%).  The crude oil was used without further purification. 

1H NMR (300 MHz, CDCl3): δ = 5.76 (br s, 1H), 4.31-4.27 (m, 0.3H), 4.06-3.95 (m, 

0.7H), 3.67 (s, 3H), 2.17-1.80 (m, 6H), 1.65-1.50 (m, 4H), 1.28 (s, 2H), 1.24 (s, 1H); IR 

(thin film): νmax = 3360, 1762, 1734, 1669 cm-1. 
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α-Methyl-hexahydro-cyclohepta[β]furan-2,6-dione ethylene ketal 348 

O

O

O

O

O

OO

 

Keto lactone 181 (0.1022 g, 0.5613 mmol, 1.0 equiv.) was dissolved in toluene (5.60 mL) 

and treated with ethylene glycol (0.31 mL, 5.5587 mmol, 9.9 equiv.) and a catalytic 

amount of para-toluene sulfonic acid.  The resultant solution was heated to reflux under 

Dean-Stark conditions for 4 h.  The solution was cooled to room temperature, diluted 

with ethyl acetate and washed with three portions of water.  The organics were dried over 

sodium sulfate, filtered and concentrated en vacuo.  The ketal 348 was isolated as an oil 

and was amenable to silica gel chromatography (50% EtOAc/C6, Rf = 0.30/0.28) to yield 

an oil (0.0642 g, 51%). 

1H NMR (500 MHz, CDCl3): δ = 4.56 (dd, 0.5H, J1 = 11.8 Hz, J2 = 5.9 Hz), 4.17 (dd, 

0.5H, J1 = 9.6 Hz, J2 = 2.9 Hz), 3.97-3.87 (m, 4H), 2.48-2.24 (m, 2H), 2.17-1.97 (m, 1H), 

1.95-1.56 (m, 7H), 1.21 (s, 1.5H), 1.07 (s, 1.5H); 13C NMR (125 MHz, CDCl3): δ = 

176.1, 176.0, 110.5, 89.3, 84.9, 65.1, 64.4, 64.3, 63.8, 46.7, 43.2, 42.8, 41.1, 34.9, 33.5, 

32.9, 32.6, 31.5, 31.4, 26.8, 25.1, 21.4, 16.7; IR (thin film): νmax = 1780 cm-1; MS (C.I.): 

m/z = 227 (M + H+); HRMS (C.I.): m/z calc. for C12H18O4: 226.1205, found: 227.1285 

(M + H+). 
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3-Methyl-pent-4-enoic acid methyl ester13 

OH (CO2Me)3CH+ O

O  

Crotyl alcohol (20.0 mL, 0.234 mol, 1.0 equiv.), trimethyl orthoformate (60.0 mL, 0.469 

mol, 2.0 equiv.), and propionic acid (3.50 mL, 0.047 mol, 0.20 equiv.) were combined 

and heated slowly over 1 h to 125 oC while methanol was removed by distillation.  The 

solution was cooled to room temperature after the methanol ceased to distill and a 

solution of oxalic acid (1M, 150 mL) was added carefully.  The resultant solution was 

stirred at room temperature for 2 h then the reaction mixture was extracted with portions 

of diethyl ether.  The combined organic extracts were washed with sodium carbonate 

solution then water, dried over sodium sulfate, filtered and concentrated en vacuo.  The 

resultant oil was distilled through an eight inch Vigreux column to yield the methyl ester 

(26.1 g, 87%). 

1H NMR (300 MHz, CDCl3): δ = 5.80-5.71 (m, 1H), 5.02 (d, 1H, J  = 16.9 Hz), 4.95 (d, 

1H, J  = 10.2 Hz), 3.66 (s, 3H), 2.70-2.65 (m, 1H), 2.40-2.25 (m, 2H), 1.05 (d, 3H, J = 

6.4 Hz); 13C NMR (75 MHz, CDCl3): δ = 172.7, 142.2, 113.1, 51.2, 40.9, 34.2, 19.5; MS 

(C.I.): m/z calc. for C7H12O2: 128, found: 129 (M + H+). 
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3-Methyl-pent-4-enoic acid13 

O

O

OH

O  

The methyl ester (10.0 g, 78.1 mmol, 1.0 equiv.) was taken up in sodium hydroxide 

solution (2.5M, 94.0 mL, 235 mmol, 3.0 equiv.) and taken to reflux for 1.0 h.  The 

reaction solution was cooled to room temperature and was acidified with 1M hydrogen 

chloride solution to pH 2.  The reaction mixture was extracted with portions of 

dichloromethane.  The combined organics were dried over sodium sulfate, filtered and 

concentrated en vacuo to yield a pale yellow oil (8.91 g, 100%) which was used without 

further purification. 

1H NMR (300 MHz, CDCl3): δ = 11.2 (br s, 1H), 5.85-5.74 (m, 1H), 5.06 (d, 1H, J = 18.2 

Hz), 4.99 (d, 1H, J = 10.8 Hz), 2.72-2.67 (m, 1H), 2.46-2.28 (m, 2H), 1.10 (d, 3H, J = 6.6 

Hz); MS (C.I.): m/z = 115 (M + H+); HRMS (C.I.): m/z calc. for C6H10O2: 114.0681, 

found: 115.0758 (M + H+). 

 249



3-Methyl-pent-4-enoic acid bis-(4-methoxy-benzyl)-amide 

OH

O
N

O

MeO

OMe

 

The acid (1.03 g, 8.99 mmol, 1.0 equiv.) and iso-butyl chloroformate (0.99 mL, 9.86 

mmol, 1.1 equiv.) in dichloromethane (9.00 mL) at 0 oC were treated with triethylamine 

(1.40 mL, 10.04 mmol, 1.1 equiv.).  The resultant solution was stirred with warming to 

room temperature over 1 h.  The reaction was monitored by IR (acid chloride: 1799 cm-1, 

mixed anhydride: 1821, 1761 cm-1).  The reaction solution was washed with water, dried 

over sodium sulfate and filtered.  Di-para-methoxybenzyl amine (2.43 g, 9.43 mmol, 

1.05 equiv.) in dichloromethane (9.00 mL) was added to the mixed anhydride solution 

and the resultant solution was stirred at room temperature for 1 h.  The reaction mixture 

was quenched with 1M hydrogen chloride solution and the organics were separated.  The 

organics were further washed with water, sodium carbonate solution, and dried over 

sodium sulfate.  The solution was filtered and concentrated en vacuo to yield a yellow 

semi-solid which was amenable to silica gel chromatography (30% EtOAc/C6, Rf= 0.24) 

to yield the bis-p-methoxybenzyl amide (3.15 g, 99%). 

1H NMR (300 MHz, CDCl3): δ = 7.15 (d, 2H, J = 8.6 Hz), 7.07 (d, 2H, J = 8.6 Hz), 6.89 

(d, 2H, J = 8.6 Hz), 6.84 (d, 2H, J = 8.6 Hz), 5.88-5.77 (m, 1H), 5.03 (d, 1H, J  = 17.0 

Hz), 4.96 (d, 1H, J = 10.3 Hz), 4.52 (q, 2H, J = 15.0 Hz), 4.36 (s, 2H), 3.83 (s, 3H), 3.81 

(s, 3H), 2.90-2.85 (m, 1H), 2.42 (ddd, 2H, J1 = 37.0 Hz, J2 = 15.0 Hz, J3 = 7.2 Hz), 1.08 

(d, 3H, J = 6.9 Hz); 13C NMR (75 MHz, CDCl3): δ = 172.1, 159.0, 158.9, 143.1, 129.7, 

129.6, 127.6, 114.2, 113.9, 113.1, 55.3, 55.2, 49.1, 47.1, 39.9, 34.5, 19.8; IR (thin film): 
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νmax = 1646, 1512 cm-1; MS (C.I.): m/z = 354 (M + H+); HRMS (C.I.): m/z calc. for 

C22H27NO3: 353.1991, found: 354.2069 (M + H+). 



N,N-Bis-(4-methoxy-benzyl)-3-methyl-4-oxo-butyramide 

N

O

MeO

OMe
O

N

O

MeO

OMe

H
 

Bis-p-methyoxybenzyl mide (0.2491 g, 0.7048 mmol, 1.0 equiv.) in dioxane (5.25 mL) 

and water (1.75 mL) was treated with potassium osmate (0.0028 g, 0.0076 mmol, 0.01 

equiv.), 2,6-lutidine (0.17 mL, 1.4595 mmol, 2.0 equiv.) and sodium periodate (0.6034 g, 

2.8211 mmol, 4.0 equiv.).  The resultant suspension was stirred vigorously for 4 h at 

room temperature.  After the starting material had been consumed the reaction mixture 

was diluted with water (10 mL) and extracted with portions of dichloromethane.  The 

combined organics were dried over sodium sulfate, filtered and concentrated en vacuo.  

The crude aldehyde was amenable to silica gel chromatography (50% EtOAc/C6) and 

yielded the aldehyde (Rf = 0.47, 0.2085 g, 83%) and a small amount of monobenzylated 

by-product (Rf = 0.22). 

1H NMR (300 MHz, CDCl3): δ = 9.82 (s, 1H), 7.17 (d, 2H, J = 8.6 Hz), 7.11 (d, 2H, J = 

8.6 Hz), 6.94 (d, 2H, J = 8.6 Hz), 6.88 (d, 2H, J = 8.6 Hz), 4.54 (d, 2H, J = 3.6 Hz), 4.44 

(s, 2H), 3.85 (s, 3H), 3.82 (s, 3H), 3.12-3.07 (m, 1H), 2.92 (dd, 1H, J1 = 16.3 Hz, J2 = 5.5 

Hz), 2.49 (dd, 1H, J1 = 16.3 Hz, J2 = 5.5 Hz) 1.21 (d, 3H, J = 7.3 Hz); 13C NMR (75 

MHz, CDCl3): δ = 202.8, 202.4, 171.6, 159.8, 130.2, 130.1, 127.8, 114.0, 113.9, 66.4, 

55.3, 55.2, 42.6, 42.5, 35.0, 34.9, 13.5, 13.3; IR (thin film): νmax = 1733, 1516, 1249, 

1172 cm-1; MS (C.I.): m/z = 356 (M + H+); HRMS (C.I.): m/z calc. for C21H25NO4: 

355.1784, found: 356.1863 (M + H+). 
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3-Methyl-4-trimethylsilanyloxy-but-3-enoic acid bis-(4-methoxy-benzyl)-amide 

O
N

O

O

O
O

N

O

O

O

H

TIPS

H
 

The aldehyde (0.6867 g, 1.9320 mmol, 1.0 equiv.) in tetrahydrofuran (2.00 mL) was 

added drop-wise over 5 minutes to a solution of lithium di-iso-propylamine (1.05 equiv.) 

in anhydrous tetrahydrofuran at -78 oC.  To the resultant solution was added tri-iso-

propylsilylchloride (0.45 mL, 2.1239 mmol, 1.1 equiv.) drop-wise over 5 minutes and 

stirred with warming to room temperature over 2 h.  The resultant solution was quenched 

with ammonium chloride solution and extracted with portions of ethyl acetate.  The 

combined organics were dried over sodium sulfate, filtered and concentrated en vacuo.  

The resultant oil was generally used without further purification but was amenable to 

silica gel chromatography (30 % EtOAc/C6, Rf = 0.50) yielding tri-iso-propylsilyl enol 

ether (0.3062 g, 31%). 

1H NMR (300 MHz, CDCl3): δ = 7.17 (d, 2H, J = 8.5 Hz), 7.09 (d, 2H, J = 8.5 Hz), 6.90 

(d, 2H, J = 8.5 Hz), 6.87 (d, 2H, J = 8.5 Hz), 4.46 (s, 2H), 4.40 (s, 2H), 3.85 (s, 3H), 3.84 

(s, 3H), 3.40 (s, 1H), 1.70 (s, 2H), 1.11-1.05 (m, 3H), 1.02-0.94 (m, 21H); 13C NMR (75 

MHz, CDCl3): δ = 171.5, 158.7, 158.6, 135.2, 135.2, 129.7, 129.6, 128.6, 127.9, 127.8, 

113.8, 113.6, 109.6, 60.2, 55.1, 55.0, 48.7, 46.0, 35.3, 17.5, 17.4, 17.3, 17.2, 16.6, 16.5, 

11.6, 11.5; IR (thin film): νmax = 1646, 1512, 1247 cm-1; MS (C.I.): m/z = 512 (M + H+); 

HRMS (C.I.): m/z calc. for C30H45NO4Si: 511.3118, found: 512.3119 (M + H+). 
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3-Formyl-3-methyl-6-oxo-heptanoic acid bis-(4-methoxy-benzyl)-amide 

O
N

O

O

O
O

N

O

O

O

H

O

TIPS

H

 

Tri-iso-propyl enol ether (0.2644 g, 0.5166 mmol, 1.0 equiv.) in anhydrous 

tetrahydrofuran (2.60 mL) was treated with methylvinyl ketone (0.04 mL, 0.6631 mmol, 

1.3 equiv.) and cooled to 0 oC.  The resultant solution was treated with a solution of 

tetrabutylammonium fluoride (1.0 M in tetrahydrofuran, 0.57 mL, 0.57 mmol, 1.1 equiv.) 

and stirred for an additional 1 h at 0 oC.  After all starting material had been consumed 

the reaction was quenched with ammonium chloride solution and extracted with portions 

of ethyl acetate.  The combined organic extracts were dried over sodium sulfate, filtered 

and concentrated en vacuo.  The resultant oil was amenable to silica gel chromatography 

(70% EtOAc/C6, Rf = 0.38) to yield the aldehyde product as a clear oil which foams 

under high vacuum (0.11 g, 98%). 

1H NMR (300 MHz, CDCl3): δ = 9.71 (s, 1H), 7.20 (d, 2H, J = 8.5 Hz), 6.99 (d, 2H, J = 

8.5 Hz), 6.98 (d, 2H, J = 8.5 Hz), 6.91 (d, 2H, J = 8.5 Hz), 4.56 (dd, 2H, J1 = 32.2 Hz, J2 

= 14.5 Hz), 4.43 (s, 2H), 3.89 (s, 3H), 3.87 (s, 3H), 2.78 (dd, 2H, J1 = 53.7 Hz, J2 = 16.2 

Hz), 2.44 (m, 2H), 2.17 (s, 2H), 1.95-1.88 (m, 1H), 1.77-1.76 (m, 1H), 1.22 (s, 3H); 13C 

NMR (75 MHz, CDCl3): δ = 207.5, 203.5, 170.3, 158.9, 129.6, 129.4, 128.9, 127.7, 

127.3, 114.2, 114.2, 113.8, 60.2, 55.2, 55.1, 49.2, 47.5, 46.4, 41.5, 37.7, 29.8, 29.7, 29.1, 

20.8, 18.7, 14.0; IR (thin film): νmax = 1718, 1635, 1512, 1247 cm-1; MS (C.I.): m/z = 426 

(M + H+); HRMS (C.I.): m/z calc. for C25H31NO5: 425.2202, found: 426.2281 (M + H+).
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N,N-Bis-(4-methoxy-benzyl)-2-(1-methyl-4-oxo-cyclohex-2-enyl)-acetamide 

O
N

O

O

O

H

O

NO

O

O  

The aldehyde (3.5069 g, 9.8666 mmol, 1.0 equiv.) was dissolved in benzene and treated 

with pyrrolidine (2.50 mL, 30.2306 mmol, 3.0 equiv.).  The resultant solution was taken 

to reflux under Dean-Stark conditions for 18 h.  The reaction solution was concentrated 

en vacuo and placed under high vacuum for an additional 3 h.  The resultant oil was 

dissolved in benzene (30 mL) and was treated with methylvinyl ketone (1.80 mL, 

22.1886 mmol, 2.25 equiv.) and was taken to reflux for 7 h.  The reaction solution was 

cooled to room temperature and acetic acid (3.00 mL) was added then taken to reflux for 

an additional 2 h.  The reaction was cooled to room temperature and diluted with ethyl 

acetate.  The organics were washed with 1M hydrogen chloride solution, portions of 

sodium carbonate solution, dried over sodium sulfate, filtered and concentrated en vacuo.  

The resultant product mixture was amenable to silica gel chromatography (40% 

EtOAc/C6) and yielded enone amide as a yellow oil (Rf = 0.16, 1.24 g, 31%) and 

uncyclized aldehyde (Rf = 0.09, 1.8023 g, 43%), 
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1H NMR (300 MHz, CDCl3): δ = 7.20 (d, 2H, J = 8.5 Hz), 7.10 (d, 1H, J = 10.2 Hz), 7.07 

(d, 2H, J = 8.5 Hz), 6.94 (d, 2H, J = 8.5 Hz), 6.89 (d, 2H, J = 8.5 Hz), 5.96 (d, 1H, J = 

10.2 Hz), 4.57 (dd, 2H, J1 = 49.4 Hz, J2 = 14.5 Hz), 4.42 (d, 2H, J = 4.4 Hz), 3.87 (s, 3H), 

3.85 (s, 3H), 2.62 (dd, 2H, J1 = 44.2 Hz, J2 = 15.5 Hz), 2.52-2.45 (m, 2H), 2.26-2.17 (m, 

1H), 1.93-1.86 (m, 1H), 1.34 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 198.8, 170.3, 
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160.0, 158.8, 158.7, 158.2, 129.5, 129.4, 129.2, 127.8, 127.2, 127.1, 126.7, 114.2, 114.1, 

113.8, 113.7, 55.2, 55.1, 55.0, 54.9, 49.4, 49.3, 47.4, 47.3, 47.2, 42.5, 42.4, 42.3, 35.5, 

34.6, 34.5, 34.4, 33.8, 25.1, 25.0; IR (thin film): νmax = 1670, 1642, 1512, 1247 cm-1; MS 

(C.I.): m/z = 428 (M + H+); HRMS (C.I.): m/z calc. for C25H29NO4: 407.2097, found: 

408.2166 (M + H+). 



N,N-Bis-(4-methoxy-benzyl)-2-(1-methyl-4-oxo-cyclohex-2-enyl)-acetamide 

O
N

O

O

O

H

O

O

NO

O

O  

The aldehyde (0.53 g, 1.25 mmol, 1.0 equiv.) was taken up in benzene (13.0 mL) and 

treated with pyrrolidine (0.21 mL, 2.52 mmol, 2.0 equiv.).  The resultant solution was 

taken to reflux under Dean-Stark conditions for 18 h then cooled to room temperature and 

quenched with 1M hydrogen chloride solution.  The reaction mixture was extracted with 

portions of ethyl acetate and the combined organic extracts were dried over sodium 

sulfate, filtered and concentrated en vacuo.  The resultant oil was amenable to silica gel 

chromatography (40% EtOAc/C6, Rf = 0.16) and yielded enone amide as a yellow oil 

(0.19 g, 38%). 
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1H NMR (300 MHz, CDCl3): δ = 7.20 (d, 2H, J = 8.5 Hz), 7.10 (d, 1H, J = 10.2 Hz), 7.07 

(d, 2H, J = 8.5 Hz), 6.94 (d, 2H, J = 8.5 Hz), 6.89 (d, 2H, J = 8.5 Hz), 5.96 (d, 1H, J = 

10.2 Hz), 4.57 (dd, 2H, J1 = 49.4 Hz, J2 = 14.5 Hz), 4.42 (d, 2H, J = 4.4 Hz), 3.87 (s, 3H), 

3.85 (s, 3H), 2.62 (dd, 2H, J1 = 44.2 Hz, J2 = 15.5 Hz), 2.52-2.45 (m, 2H), 2.26-2.17 (m, 

1H), 1.93-1.86 (m, 1H), 1.34 (s, 3H); 13C NMR (75 MHz, CDCl3): δ = 198.8, 170.3, 

160.0, 158.8, 158.7, 158.2, 129.5, 129.4, 129.2, 127.8, 127.2, 127.1, 126.7, 114.2, 114.1, 

113.8, 113.7, 55.2, 55.1, 55.0, 54.9, 49.4, 49.3, 47.4, 47.3, 47.2, 42.5, 42.4, 42.3, 35.5, 

34.6, 34.5, 34.4, 33.8, 25.1, 25.0; IR (thin film): νmax = 1670, 1642, 1512, 1247 cm-1; MS 

(C.I.): m/z = 428 (M + H+); HRMS (C.I.): m/z calc. for C25H29NO4: 407.2097, found: 

408.2166 (M + H+).



Diamino-9,10-dihydro-ethanoanthracene A 

Cl

O
Cl

O

+

NH2

H2N
 

Anthracene (25.0 g, 0.140 mol, 1.0 equiv.) was suspended in 50.0 mL toluene and treated 

drop-wise with fumaryl chloride (16.3 mL, 0.147 mol, 1.05 equiv.) over 5 minutes.  The 

resultant red slurry was taken to reflux for 2 h then cooled to room temperature and 

diluted with 150 mL toluene.  The crude bis-acid chloride was added drop-wise through 

an addition funnel over 0.5 h to a stirred solution of sodium azide (20.2 g, 0.310 mol, 2.2 

equiv.) at 0 oC.  The biphasic solution warmed to room temperature over 2 h and stirred 

vigorously for an additional 16 h.  The reaction was deemed complete when the IR 

stretch of 1787 cm-1 disappeared.  The aqueous layer was separated and extracted with 

three portions of chilled toluene.  All organic fractions were combined, dried over sodium 

sulfate and filtered.  The dry bis-acyl azide solution was added drop-wise over 2 h to a 

refluxing solution of toluene (50.0 mL).  The reaction continued to reflux until the acyl 

azide was consumed (disappearance of IR stretch 1710 cm-1 and appearance of a single 

IR stretch 2249 cm-1).  The solution was cooled to room temperature and all solvent 

removed en vacuo.  The crude bis-isocyanate was taken up in 200 mL tetrahydrofuran 

and treated with 100 mL 5M sodium hydroxide.  The resultant solution was stirred at 

room temperature for 16 h then diluted with water and diethyl ether.  The biphasic 

solution was treated with concentrated hydrochloric acid until aqueous layer was pH 2.  

The aqueous layer was separated and washed with two portions of diethyl ether.  The 

aqueous extracts were then treated with potassium hydroxide pellets (Caution!!) slowly 

until a pH of 12 was obtained.  The aqueous solution was extracted with two portions of 
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diethyl ether and two portions of DCM.  All organics were dried over potassium 

carbonate, filtered and concentrated to yield a gummy brown solid (25.8 g, 78% from 

anthracene).  The anthracene diamine A may be recrystallized from benzene to yield a 

brown solid. 

M.p. = 151-153 oC; 1H NMR (300 MHz, CDCl3): δ = 7.35-7.29 (m, 4H), 7.17-7.14 (m, 

4H), 4.06 (s, 2H), 2.68 (s, 2H), 1.33 (s, 4H); 1H NMR (300 MHz, DMSO-d6): δ = 7.29-

7.25 (m, 4H), 7.11-7.07 (m, 4H), 4.00 (s, 2H), 2.43 (s, 2H), 1.26 (br s, 4H); 13C NMR (75 

MHz, DMSO-d6): δ = 142.7, 139.9, 126.1, 125.7, 125.4, 123.5, 61.6, 52.7; IR (thin film): 

νmax = 3352 cm-1; MS (C.I.): m/z = 220 (100%, M - NH2), 237 (85%, M + H+); HRMS 

(C.I.): m/z calc. for C16H16N2: 236.1313, found: 237.1392 (M + H+). 



Diamino-9,10-dihydro-ethanoanthracene mandelic acid salts B and C 

NH2

NH2

H2N

NH2

H2N
H2N

CO2H

OH

CO2H

OH
+

B C  

Crude anthracene diamine (51.77 g, 219 mmol, 1.0 equiv.) and (R)-mandelic acid (33.33 

g, 219 mmol, 1.0 equiv.) were dissolved in methanol (ca. 1 L) and taken to reflux for 4 h.  

The solution was cooled to room temperature then further cooled in a refrigerator for an 

additional 16 h.  The resultant solids were filtered and the mother liquors were saved.  

The filter cake was recrystallized from methanol and the mandelic acid salt B was 

isolated as a white powder (25.08 g, 29%).  X-ray crystallographic analysis of the urea 

derivative D confirms that this is the (S,S)-anthracene diamine. 

M.p. = 229-231 oC (dec.); 1H NMR (300 MHz, DMSO-d6): δ = 7.40-7.12 (m, 18H), 4.57 

(s, 2H), 4.24 (s, 2H), 2.81 (s, 2H); MS (C.I.): m/z = 237 (100%, M – C8H7O3); HRMS 

(C.I.): m/z calc. for C24H24N2O3: 388.1787, found: 237.1392 (M - C8H7O3). 

 

The mother liquors from the first filtration were treated with 5N sodium hydroxide until a 

pH of 10 was obtained then the aqueous layer was extracted with portions of DCM.  All 

organic washes were dried over potassium carbonate, filtered and concentrated en vacuo.  

The brown residue and (S)-mandelic acid (33.33 g, 219 mmol) were dissolved in 

methanol and taken to reflux for 4 h.  The solution was cooled to room temperature and 

further cooled in a refrigerator for an additional 16 h.  The resultant solids were filtered 
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and the mother liquors were saved.  The filter cake was recrystallized from methanol and 

mandelic acid salt C isolated as a white powder (27.80 g, 33%). 

M.p. = 179-182 oC (dec.); 1H NMR (300 MHz, DMSO-d6): δ = 7.39-7.13 (m, 18H), 4.72 

(s, 2H), 4.30 (s, 2H), 2.91 (s, 2H); MS (C.I.): m/z = 185 (69%, M - C8H7O3); HRMS 

(C.I.): m/z calc. for C24H24N2O3: 388.1787, found: 237.1392 (M - C8H7O3). 



11(S),12(S)-Bis-[1(S)-phenylethylurea]-9,10-dihydro-9,10-ethanoanthracene 

derivative D 

 

NH2

H2N

CO2H

OH

2

NH
HN

O N
H

N
H

O

 

(S,S)-Anthracene diamine (R)-mandelic acid salt B was free based by dissolving in DCM 

and washing with three portions of 5N sodium hydroxide.  The organics were dried over 

potassium carbonate, filtered and concentrated en vacuo.  The resultant anthracene 

diamine (0.0396 g, 0.1680 mmol, 1.0 equiv.) was taken up in 1.80 mL anhydrous DCM 

and treated with (S)-α-phenylmethyl iso-cyanate (0.05 mL, 0.3550 mmol, 2.1 equiv.).  

The resultant solution was stirred at room temperature for 2 h then all solvent was 

removed en vacuo.  The white residue was recrystallized from methanol and water (20:1) 

to give crystals suitable for X-ray crystallographic analysis. 

M.p. = 225-226 oC (dec.); 1H NMR (300 MHz, CDCl3): δ = 7.34-7.13 (m, 18H), 4.72 (t, 

2H, J = 6.8 Hz), 4.59 (br d, 2H), 4.31 (br s, 2H), 4.00 (br d, 2H, J = 7.7 Hz), 3.55 (br d, 

2H), 1.39 (d, 6H, J = 7.0 Hz); 13C NMR (75 MHz, CDCl3): δ = 156.7, 144.0, 140.9, 

139.1, 128.7, 127.2, 126.7, 126.5, 125.8, 125.7, 124.8, 58.4, 50.3, 49.5, 23.1; IR (thin 

film): νmax = 3331, 1635, 1559 cm-1; MS (C.I.): m/z = 531 (M + H+); HRMS (C.I.): m/z 

calc. for C34H34N4O2: 530.2682, found: 531.2761 (M + H+). 
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11(S),12(S)-Bis-(3-methylbenzamido)-9,10-dihydro-9,10-ethanoanthracene 

derivative E 

NH2

H2N

CO2H

OH

2

NH
HN

O
O

 

(S,S)-anthracene diamine (R)-mandelic acid salt C (0.0504 g, 0.1297 mmol, 1.0 equiv.) 

was dissolved in a biphasic solution consisting of dichloromethane (1.30 mL) and 5N 

aqueous sodium hydroxide (1.30 mL).  The solution was stirred at room temperature for 

15 minutes then m-toluoyl chloride (0.04 mL, 0.3035 mmol, 2.3 equiv.) was added.  The 

resultant solution was stirred for an additional 1 h then diluted with water and 

dichloromethane and extracted with portions of dichlormethane.  The combined organics 

were washed with 10% aqueous sulfuric acid solution, dried over sodium sulfate, filtered 

and concentrated en vacuo to yield E as a thin film (0.0630 g, 100%).  The film may be 

purified by silica gel chromatography (30% EtOAc/C6, Rf = 0.23).  The enantiomeric 

purity was determined by chiral HPLC on an ODH column.  Conditions: 4% iso-

propanol/hexanes; 1.0 mL/min; 210 and/or 230 nm UV detection; retention time 9.42 

min.; 98.1% e.e. 

M.p. = 281-282 oC; 1H NMR (300 MHz, CDCl3): δ = 7.50-7.14 (m, 16H), 6.24 (br d, 

2H), 5.29 (s, 2H), 4.58 (br d, 2H), 2.28 (s, 6H); 13C NMR (75 MHz, CDCl3): δ = 167.3, 

141.1, 138.9, 138.2, 133.8, 132.2, 128.2, 127.7, 126.8, 126.7, 125.7, 124.8, 123.8, 57.1, 

49.3, 21.1; IR (thin film): νmax = 3279, 1633, 1533 cm-1; MS (C.I.): m/z = 473 (M + H+); 

HRMS (C.I.): m/z calc. for C32H28N2O2: 472.2151, found: 473.2229 (M + H+).
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11(R),12(R)-Bis-(3-methylbenzamido)-9,10-dihydro-9,10-ethanoanthracene 

derivative F 

NH2
H2N

CO2H

OH

2

NH
HN

O
O

 

(R,R)-anthracene diamine (S)-mandelic acid salt D (0.0494 g, 0.1272 mmol, 1.0 equiv.) 

was dissolved in a biphasic solution consisting of dichloromethane (1.30 mL) and 5N 

aqueous sodium hydroxide (1.30 mL).  The solution was stirred at room temperature for 

15 minutes then m-toluoyl chloride (0.04 mL, 0.3035 mmol, 2.4 equiv.) was added.  The 

resultant solution was stirred for an additional 1 h then diluted with water and 

dichloromethane and extracted with portions of dichlormethane.  The combined organics 

were washed with 10% aqueous sulfuric acid solution, dried over sodium sulfate, filtered 

and concentrated en vacuo to yield F as a thin film (0.0543 g, 90%).  The film may be 

purified by silica gel chromatography (30% EtOAc/C6, Rf = 0.23).  The enantiomeric 

purity was determined by chiral HPLC on an ODH column.  Conditions: 4% iso-

propanol/hexanes; 1.0 mL/min; 210 and/or 230 nm UV detection; retention time 6.65 

min.; 97.6% e.e. 

M.p. = 281-282 oC; 1H NMR (300 MHz, CDCl3): δ = 7.50-7.14 (m, 16H), 6.24 (br d, 

2H), 5.29 (s, 2H), 4.58 (br d, 2H), 2.28 (s, 6H); 13C NMR (75 MHz, CDCl3): δ = 167.5, 

141.0, 138.8, 138.3, 132.3, 130.6, 128.3, 127.7, 126.9, 126.7, 125.7, 125.0, 123.9, 57.2, 

49.3, 21.2; IR (thin film): νmax = 3279, 1633, 1533 cm-1; MS (C.I.): m/z = 473 (M + H+); 

HRMS (C.I.): m/z calc. for C32H28N2O2: 472.2151, found: 473.2229 (M + H+).
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(+)-11(S),12(S)-Bis[2’-(diphenylphosphino)benzamido]-9,10-dihydro-9,10-

ethanoanthracene 245 

NH2

H2N

CO2H

OH

2

NH
HN

O
O

PPh2

PPh2  

Diphenylphosphinobenzoic acid (3.50 g, 11.42 mmol, 2.06 equiv.) in dichloromethane 

(35 mL) at 0 oC was treated with triethylamine (1.86 mL, 13.34 mmol, 2.4 equiv.) and 

stirred for 15 minutes.  Diphenylchlorophosphate (2.32 mL, 11.19 mmol, 2.02 equiv.) 

was added drop-wise and the resultant solution was stirred for an additional 1 h at 0 oC.  

In a separate flask (S,S)-diamine mandelic acid salt B (3.00 g, 5.55 mmol, 1.0 equiv.) in 

water (55 mL) was treated with potassium carbonate (2.60 g, 18.84 mmol, 3.4 equiv.) and 

stirred for 1 h.  After the aqueous solution becomes clear it is then added to the mixed 

phosphonate solution and the resultant biphasic solution was stirred vigorously at room 

temperature for 16 h.  The reaction was diluted with water and extracted with portions of 

dichloromethane.  The combined organics were dried over sodium sulfate, filtered and 

concentrated en vacuo.  The residue was purified by silica gel chromatography (30% 

EtOAc/C6, Rf = 0.29) to yield chiral anthracene catalyst 245 (3.77 g, 84%) as a pale 

yellow foam. 

M.p. = 125-127 oC  (decomposes to bubbling oil); 1H NMR (300 MHz, CDCl3): δ = 7.57-

6.96 (m, 36H), 5.78 (br s, 2H), 4.43 (br s, 2H), 3.95 (br s, 2H); 13C NMR (75 MHz, 

CDCl3): δ = 168.8, 134.4, 133.9, 133.8, 133.7, 133.5, 130.3, 128.8, 128.6, 128.5, 128.4, 

127.5, 127.4, 126.7, 126.5, 126.0, 124.8, 76.6, 57.6, 48.6; IR (thin film): νmax = 3410, 
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3309, 1653, 1506, 1434, 909, 743, 732, 696 cm-1; MS (C.I.): m/z = 813 (M + H+); HRMS 

(C.I.): m/z calc. for C54H42N2O2P2: 812.2722, found: 813.2801 (M + H+). 
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Appendix A:  X-Ray Data for 136 

 

 

Figure 1: View of the molecule 136 showing the atom labeling scheme.  Displacement 

ellipsoids are scaled to the 50% probability level. 
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X-ray Experimental for C18H17NO6 136 

Crystals grew as long yellow needles by slow evaporation from toluene.  The data 

crystal was needle that had approximate dimensions; 0.55 x 0.11 x 0.08 mm.  The data 

were collected on a Nonius Kappa CCD diffractometer using a graphite monochromator 

with MoKα radiation (λ = 0.71073Å).  A total of 273 frames of data were collected using 

ω-scans with a scan range of 1° and a counting time of 120 seconds per frame.  The data 

were collected at 153 K using an Oxford Cryostream low temperature device.  Details of 

crystal data, data collection and structure refinement are listed in Table 1.  Data reduction 

were performed using DENZO-SMN.1 The structure was solved by direct methods using 

SIR972 and refined by full-matrix least-squares on F2 with anisotropic displacement 

parameters for the non-H atoms using SHELXL-97.3 The hydrogen atoms on carbon 

were calculated in ideal positions with isotropic displacement parameters set to 1.2xUeq 

of the attached atom (1.5xUeq for methyl hydrogen atoms).  The function, Σw(|Fo|2 - 

|Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.065*P)2] and P = (|Fo|2 + 2|Fc|2)/3.  

Rw(F2) refined to 0.196, with R(F) equal to 0.0753 and a goodness of fit, S, = 1.20.  

Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given 

below.4 The data were checked for secondary extinction but no correction was applied.  

Neutral atom scattering factors and values used to calculate the linear absorption 

coefficient are from the International Tables for X-ray Crystallography (1992).5 All 

figures were generated using SHELXTL/PC.6
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Table 1: Crystal data and structure refinement for 136 
 
Empirical formula  C18 H17 N O6 
Formula weight  343.33 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 10.9930(2) Å α = 90°. 
 b = 19.5420(6) Å β = 102.384(2)°. 
 c = 8.1490(4) Å γ = 90°. 
Volume 1709.88(1) Å3 
Z 4 
Density (calculated) 1.334 Mg/m3 
Absorption coefficient 0.101 mm-1 
F(000) 720 
Crystal size 0.55 x 0.11 x 0.08 mm 
Theta range for data collection 3.03 to 27.37°. 
Index ranges -14<=h<=14, -24<=k<=15, -10<=l<=10 
Reflections collected 5623 
Independent reflections 3814 [R(int) = 0.0539] 
Completeness to theta = 27.37° 98.1 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3814 / 0 / 226 
Goodness-of-fit on F2 1.196 
Final R indices [I>2sigma(I)] R1 = 0.0753, wR2 = 0.1697 
R indices (all data) R1 = 0.1714, wR2 = 0.1964 
Largest diff. peak and hole 0.238 and -0.255 e.Å-3 
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Table 2: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 136.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
 
 x y z U(eq) 
________________________________________________________________________ 
 
N1 5596(2) 939(1) 5016(3) 42(1) 
C2 6407(3) 733(2) 4007(4) 47(1) 
C3 6103(3) 986(2) 2319(4) 52(1) 
C4 5097(3) 1379(2) 1736(4) 47(1) 
C5 4319(3) 1567(2) 2817(4) 40(1) 
C6 4582(3) 1354(2) 4430(4) 42(1) 
C7 5892(3) 733(2) 6794(4) 47(1) 
C8 6827(3) 1198(2) 7864(4) 43(1) 
C9 6497(3) 1852(2) 8282(4) 52(1) 
C10 7344(4) 2270(2) 9306(5) 64(1) 
C11 8532(4) 2047(2) 9900(5) 73(1) 
C12 8891(3) 1404(2) 9493(5) 66(1) 
C13 8038(3) 983(2) 8488(4) 56(1) 
O14 7314(2) 374(1) 4608(3) 65(1) 
O15 3331(2) 1999(1) 2149(3) 49(1) 
C16 2327(3) 2027(2) 2897(4) 41(1) 
C17 1846(3) 2619(2) 3228(4) 43(1) 
C18 2397(3) 3297(2) 3090(4) 43(1) 
O19 3361(2) 3423(1) 2695(3) 58(1) 
O20 1663(2) 3780(1) 3517(3) 58(1) 
C21 2143(4) 4478(2) 3584(5) 76(1) 
C22 1706(3) 1359(2) 3080(4) 47(1) 
O23 1850(2) 845(1) 2304(3) 67(1) 
O24 934(2) 1412(1) 4115(3) 59(1) 
C25 184(3) 812(2) 4275(6) 78(1) 
________________________________________________________________________ 



Appendix B:  X-Ray Data for 139 

 

Figure 1: View of the molecule 139 showing the atom labeling scheme.  Displacement 

ellipsoids are scaled to the 50% probability level. 
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X-ray Experimental for C17H19NO4 139 

Crystals grew as colorless lathes by slow evaporation from toluene.  The data 

crystal was a long lathe that had approximate dimensions; 0.44 x 0.15 x 0.07 mm.  The 

data were collected on a Nonius Kappa CCD diffractometer using a graphite 

monochromator with MoKα radiation (λ = 0.71073Å).  A total of 337 frames of data 

were collected using ω-scans with a scan range of 1° and a counting time of 213 seconds 

per frame.  The data were collected at 153 K using an Oxford Cryostream low 

temperature device.  Details of crystal data, data collection and structure refinement are 

listed in Table 1.  Data reduction were performed using DENZO-SMN.1 The structure 

was solved by direct methods using SIR972 and refined by full-matrix least-squares on F2 

with anisotropic displacement parameters for the non-H atoms using SHELXL-97.3 The 

hydrogen atoms on carbon were calculated in ideal positions with isotropic displacement 

parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl hydrogen atoms).  

The absolute configuration could not be determined and was arbitrarily assigned.  The 

function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(Σ(Fo))2 + (0.0348*P)2 + 

(0.1835*P)] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.0892, with R(F) equal to 

0.0410 and a goodness of fit, S, = 1.02.  Definitions used for calculating R(F), Rw(F2) 

and the goodness of fit, S, are given below.4 The data were corrected for secondary 

extinction effects.  The correction takes the form:  Fcorr = kFc/[1 + (2.2(2)x10-5)* Fc2 

λ3/(sin2θ)]0.25 where k is the overall scale factor.  Neutral atom scattering factors and 

values used to calculate the linear absorption coefficient are from the International Tables 

for X-ray Crystallography (1992).5 All figures were generated using SHELXTL/PC.6

 
References

1.      DENZO-SMN.  (1997).  Z. Otwinowski and W. Minor, Methods in 
Enzymology, 276: Macromolecular Crystallography, part A, 307 – 326, C. 
W. Carter, Jr. and R. M. Sweets, Editors, Academic Press. 

 



 276

2.     SIR97.  (1999). A program for crystal structure solution. Altomare A., Burla 
M.C., Camalli M., Cascarano G.L., Giacovazzo C. , Guagliardi A., 
Moliterni A.G.G., Polidori G.,Spagna R.  J. Appl. Cryst. 32, 115-119. 

 
3.    Sheldrick, G. M. (1994).  SHELXL97.  Program for the Refinement of 

Crystal Structures.  University of Gottingen, Germany. 
 
4.    Rw(F2) =  {Σw(|Fo|2 - |Fc|2)2/Σw(|Fo|)4}1/2 where w is the weight given 

each reflection. 
 R(F) =  Σ(|Fo| - |Fc|)/Σ|Fo|} for reflections with Fo > 4(σ(Fo)). 
 S =  [Σw(|Fo|2 - |Fc|2)2/(n - p)]1/2, where n is the number of reflections and p is the 

number of refined parameters. 
 
5.     International Tables for X-ray Crystallography (1992). Vol. C, Tables 4.2.6.8 

and 6.1.1.4, A. J. C. Wilson, editor, Boston: Kluwer Academic Press. 
 
6.     Sheldrick, G. M. (1994).  SHELXTL/PC (Version 5.03). Siemens Analytical 

X-ray Instruments, Inc., Madison, Wisconsin, USA. 



 277

Table 2: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 139.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
 
 x y z U(eq) 
________________________________________________________________________ 
 
N1 2668(2) 8767(3) -195(1) 30(1) 
C2 3388(2) 6942(5) -108(1) 33(1) 
C3 3425(2) 6099(4) 457(1) 28(1) 
C4 4088(2) 7823(4) 864(1) 28(1) 
C5 3261(2) 9897(4) 756(1) 30(1) 
C6 2108(2) 9576(4) 265(1) 27(1) 
C7 1197(2) 7832(4) 413(1) 26(1) 
C8 1958(2) 5751(4) 531(1) 30(1) 
C9 2506(2) 9923(5) -703(1) 33(1) 
C10 1256(2) 9356(4) -1118(1) 31(1) 
C11 697(3) 10860(5) -1501(1) 40(1) 
C12 -417(3) 10368(5) -1901(1) 48(1) 
C13 -983(3) 8364(6) -1926(1) 48(1) 
C14 -440(3) 6837(5) -1545(1) 42(1) 
C15 669(2) 7337(5) -1144(1) 37(1) 
O16 3924(2) 6062(4) -447(1) 50(1) 
C17 4215(2) 6981(4) 1432(1) 32(1) 
O18 3679(2) 7692(4) 1778(1) 55(1) 
O19 4989(2) 5233(3) 1493(1) 41(1) 
C20 5139(3) 4082(6) 2002(1) 50(1) 
C21 6159(3) 2378(6) 1987(1) 57(1) 
O22 17(2) 8086(3) 438(1) 34(1) 
N1' 7870(2) 4098(4) 5170(1) 33(1) 
C2' 8457(3) 5937(5) 5055(1) 38(1) 
C3' 7897(2) 6630(4) 4478(1) 33(1) 
C4' 8214(2) 4826(4) 4103(1) 29(1) 
C5' 7515(2) 2780(4) 4238(1) 32(1) 
C6' 6860(2) 3180(4) 4731(1) 29(1) 
C7' 5768(2) 4855(4) 4572(1) 28(1) 
C8' 6355(2) 6910(4) 4409(1) 35(1) 
C9' 8302(3) 2977(6) 5680(1) 42(1) 
C10' 7477(2) 3474(5) 6109(1) 35(1) 
C11' 7366(3) 1933(5) 6494(1) 41(1) 
C12' 6691(3) 2373(5) 6911(1) 48(1) 
C13' 6111(3) 4351(6) 6946(1) 48(1) 
C14' 6203(3) 5873(5) 6561(1) 44(1) 
C15' 6886(3) 5454(5) 6144(1) 40(1) 
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O16' 9321(2) 6901(4) 5373(1) 62(1) 
C17' 7815(3) 5513(5) 3523(1) 35(1) 
O18' 6918(2) 4749(5) 3195(1) 67(1) 
O19' 8583(2) 7142(4) 3420(1) 48(1) 
C20' 8286(3) 8032(7) 2880(1) 71(1) 
C21' 9231(3) 9883(7) 2876(2) 80(1) 
O22' 4578(2) 4563(3) 4573(1) 37(1) 
________________________________________________________________________ 



Appendix C:  X-Ray Data for 239 

 

Figure 1: View of 239 showing the atom labeling scheme.  Displacement ellipsoids are 

scaled to the 50% probability level. 
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X-ray Experimental for C17H18O3S 239 

Crystals grew as large colorless prisms by slow evaporation from ethyl acetate 

and hexanes.  The data crystal was cut from a larger crystal and had approximate 

dimensions; 0.30 x 0.14 x 0.14 mm.  The data were collected on a Nonius Kappa CCD 

diffractometer using a graphite monochromator with MoKα radiation (λ = 0.71073Å).  A 

total of 190 frames of data were collected using ω-scans with a scan range of 2° and a 

counting time of 58 seconds per frame.  The data were collected at 153 K using an 

Oxford Cryostream low temperature device.  Details of crystal data, data collection and 

structure refinement are listed in Table 1.  Data reduction were performed using DENZO-

SMN.1 The structure was solved by direct methods using SIR972 and refined by full-

matrix least-squares on F2 with anisotropic displacement parameters for the non-H atoms 

using SHELXL-97.3 The hydrogen atoms were observed in a ΔF map and refined with 

isotropic displacement parameters.  The function, Σw(|Fo|2 - |Fc|2)2, was minimized, 

where w = 1/[(σ(Fo))2 + (0.0315*P)2 + (0.2898*P)] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) 

refined to 0.0907, with R(F) equal to 0.0350 and a goodness of fit, S, = 1.04.  Definitions 

used for calculating R(F), Rw(F2) and the goodness of fit, S, are given below.4 The data 

were corrected for secondary extinction effects.  The correction takes the form:  Fcorr = 

kFc/[1 + (2.4(5)x10-5)* Fc2 λ3/(sin2θ)]0.25 where k is the overall scale factor.  Neutral 

atom scattering factors and values used to calculate the linear absorption coefficient are 

from the International Tables for X-ray Crystallography (1992).5 All figures were 

generated using SHELXTL/PC.6
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Table 1: Crystal data and structure refinement for 239 
 
Empirical formula  C17 H18 O3 S 
Formula weight  302.37 
Temperature  120(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 7.8137(2) Å α = 101.848(2)°. 
 b = 9.9786(3) Å β = 109.514(2)°. 
 c = 10.6483(3) Å γ = 90.543(2)°. 
Volume 763.14(4) Å3 
Z 2 
Density (calculated) 1.316 Mg/m3 
Absorption coefficient 0.219 mm-1 
F(000) 320 
Crystal size 0.30 x 0.14 x 0.14 mm 
Theta range for data collection 2.09 to 27.45°. 
Index ranges -10<=h<=6, -12<=k<=12, -10<=l<=13 
Reflections collected 4808 
Independent reflections 3402 [R(int) = 0.0202] 
Completeness to theta = 27.45° 97.9 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3402 / 0 / 263 
Goodness-of-fit on F2 1.041 
Final R indices [I>2sigma(I)] R1 = 0.0350, wR2 = 0.0822 
R indices (all data) R1 = 0.0474, wR2 = 0.0907 
Extinction coefficient 2.4(5)x10-5 

Largest diff. peak and hole 0.239 and -0.218 e.Å-3 



 283

Table 2: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 239.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
_______________________________________________________________________ 
 
 x y z U(eq) 
________________________________________________________________________ 
 
C1 3762(2) 6947(1) 3733(1) 21(1) 
C2 2931(2) 5940(2) 2455(1) 23(1) 
C3 2053(2) 4779(2) 2452(1) 22(1) 
C4 1989(2) 4511(2) 3782(2) 23(1) 
C5 1985(2) 5843(2) 4781(2) 23(1) 
C6 3369(2) 6958(1) 4861(1) 22(1) 
S7 1354(1) 3456(1) 966(1) 28(1) 
C8 -958(2) 3003(2) 712(1) 22(1) 
C9 -2049(2) 3900(2) 1203(1) 24(1) 
C10 -3880(2) 3493(2) 892(2) 29(1) 
C11 -4619(2) 2209(2) 79(2) 32(1) 
C12 -3529(2) 1324(2) -422(2) 31(1) 
C13 -1690(2) 1708(2) -93(2) 26(1) 
O14 4923(1) 8036(1) 3702(1) 25(1) 
C15 6426(2) 7655(1) 3418(1) 21(1) 
O16 6921(1) 6519(1) 3282(1) 29(1) 
O17 7261(1) 8782(1) 3325(1) 25(1) 
C18 8960(2) 8572(2) 3053(2) 28(1) 
C19 9479(2) 9835(2) 2687(2) 27(1) 
C20 11124(3) 10458(2) 3198(2) 37(1) 
C21 4121(2) 8026(2) 6162(2) 30(1) 
________________________________________________________________________ 
  



Appendix D:  X-Ray Data for 254 

 

Figure 1: View of the molecule 254 showing the atom labeling scheme.  Displacement 

ellipsoids are scaled to the 50% probability level.  The methyl hydrogen atoms have been 

removed for clarity. 
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X-ray Experimental for C21H33N3O 254: 

Crystals grew as colorless prisms by slow evaporation from ethanol and water.  

The data crystal was a long lathe that had approximate dimensions; 0.29 x 0.27 x 0.14 

mm.  The data were collected on a Nonius Kappa CCD diffractometer using a graphite 

monochromator with MoKα radiation (λ = 0.71073Å).  A total of 221 frames of data 

were collected using ω-scans with a scan range of 2° and a counting time of 214 seconds 

per frame.  The data were collected at 153 K using an Oxford Cryostream low 

temperature device.  Details of crystal data, data collection and structure refinement are 

listed in Table 1.  Data reduction were performed using DENZO-SMN.1 The structure 

was solved by direct methods using SIR972 and refined by full-matrix least-squares on F2 

with anisotropic displacement parameters for the non-H atoms using SHELXL-97.3 The 

hydrogen atoms on carbon were calculated in ideal positions with isotropic displacement 

parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl hydrogen atoms).  

The absolute configuration of the molecules was assigned by internal comparison to the 

known stereochemistry of the starting material.  There are four crystallographically 

unique molecules in the unit cell.  Two of the four have regions where portions of the 

molecule are disordered.  The disorder was resolved in the usual manner.  For example, 

in molecule 3, the cyclohexene moiety is in the envelope conformation but the 'flap' 

atom, C16c and C16d, is oriented both up and down with respect to the plane through the 

remaining 5 atoms of the ring, C12c, C13c, C14c, C15c and C17c.  The conformational 

flip affects the positions of the methyl and allyl groups bound to C15C.  The disorder was 

modeled by assigning the variable x to the site occupancy of one conformation and (1-x) 

to the site occupancy of the alternate conformation.  The geometry of the two 
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conformations was restrained to be equivalent throughout the refinement.  The function, 

Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.0546*P)2 + (0.9329*P)] 

and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.147, with R(F) equal to 0.0582 and a 

goodness of fit, S, = 1.04.  Definitions used for calculating R(F), Rw(F2) and the 

goodness of fit, S, are given below.4 The data were corrected for secondary extinction 

effects.  The correction takes the form:  Fcorr = kFc/[1  +  (1.3(2)x10-5)* Fc2 

λ3/(sin2θ)]0.25 where k is the overall scale factor.  Neutral atom scattering factors and 

values used to calculate the linear absorption coefficient are from the International Tables 

for X-ray Crystallography (1992).5 All figures were generated using SHELXTL/PC.6 
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Table 1:  Crystal data and structure refinement for 254 
 
Empirical formula  C21 H33 N3 O 
Formula weight  343.50 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P1 
Unit cell dimensions a = 12.1144(2) Å α = 66.089(1)°. 
 b = 13.5576(2) Å β = 76.694(1)°. 
 c = 14.5888(3) Å γ = 72.811(1)°. 
Volume 2075.84(6) Å3 
Z 4 
Density (calculated) 1.099 Mg/m3 
Absorption coefficient 0.068 mm-1 
F(000) 752 
Crystal size 0.29 x 0.27 x 0.14 mm3 
Theta range for data collection 1.83 to 27.50°. 
Index ranges -15<=h<=13, -17<=k<=17, -18<=l<=18 
Reflections collected 14607 
Independent reflections 9447 [R(int) = 0.0265] 
Completeness to theta = 27.50° 99.1 %  
Absorption correction None 
Refinement method Full-matrix-block least-squares on F2 
Data / restraints / parameters 9447 / 72 / 942 
Goodness-of-fit on F2 1.042 
Final R indices [I>2sigma(I)] R1 = 0.0582, wR2 = 0.1308 
R indices (all data) R1 = 0.0862, wR2 = 0.1468 
Extinction coefficient 1.28(18)x10-5 

Largest diff. peak and hole 0.472 and -0.281 e.Å-3 
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Table 2: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 254.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
 
 x y z U(eq) 
________________________________________________________________________ 
 
O1 7201(2) 3324(2) 1794(2) 35(1) 
N1 5404(3) 3887(2) 2588(2) 34(1) 
N2 6316(2) 5143(2) 1281(2) 32(1) 
N3 5367(2) 5956(2) 1415(2) 31(1) 
C1 5334(3) 2844(3) 3458(3) 34(1) 
C2 5253(3) 1907(3) 3148(3) 36(1) 
C3 5762(3) 773(3) 3906(3) 38(1) 
C4 5591(4) 689(3) 5027(3) 43(1) 
C5 6639(4) 1260(3) 4689(3) 39(1) 
C6 7065(3) 730(3) 3873(3) 40(1) 
C7 6269(4) 2508(3) 4161(3) 42(1) 
C8 3993(4) 2035(4) 2999(4) 59(1) 
C9 4441(4) 1217(4) 5522(3) 60(1) 
C10 5926(5) -515(3) 5745(3) 55(1) 
C11 6337(3) 4064(3) 1905(3) 29(1) 
C12 5370(3) 6974(3) 852(3) 32(1) 
C13 4347(3) 7793(3) 1013(3) 43(1) 
C14 4241(4) 8880(3) 517(4) 53(1) 
C15 5129(4) 9386(3) -285(4) 55(1) 
C16 6320(5) 8572(4) -61(5) 73(2) 
C17 6324(4) 7384(3) 56(4) 60(1) 
C18 5165(6) 10467(4) -145(4) 75(2) 
C19 5265(6) 10367(4) 870(5) 78(2) 
C20 6078(7) 10509(5) 1162(5) 91(2) 
C21 4803(8) 9724(7) -1307(5) 123(3) 
________________________________________________________________________ 



Appendix E:  X-Ray Data for 257 

 

Figure 1: View of the molecule 257 showing the atom labeling scheme.  Displacement 

ellipsoids are scaled to the 50% probability level. 
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X-ray Experimental for C18H21N3O8 257 

Crystals grew as long, colorless needles by slow evaporation from ethyl acetate.  

The data crystal was cut from a longer needle and had approximate dimensions; 0.44 x 

0.05 x 0.04 mm.  The data were collected on a Nonius Kappa CCD diffractometer using a 

graphite monochromator with MoKα radiation (λ = 0.71073Å).  A total of 223 frames of 

data were collected using ω-scans with a scan range of 1.3° and a counting time of 331 

seconds per frame.  The data were collected at –120 °C using an Oxford Cryostream low 

temperature device.  Details of crystal data, data collection and structure refinement are 

listed in Table 1.  Data reduction were performed using DENZO-SMN.1 The structure 

was solved by direct methods using SIR972 and refined by full-matrix least-squares on F2 

with anisotropic displacement parameters for the non-H atoms using SHELXL-97.3 The 

hydrogen atoms on carbon were calculated in ideal positions with isotropic displacement 

parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl hydrogen atoms).  

The methylene atoms of the cyclohexene ring, C5 and C6, appeared to be 

conformationally disordered.  The displacement ellipsoids were elongated perpendicular 

to the ring plane with extensive electron density in the region around these two atoms.  In 

addition, the C-C bond length was found to be somewhat short (1.36Å).  A disorder 

model was proposed to account for these observations.  Two orientations composed of 

atoms C5 and C6 and C5a and C6a were defined.  The site occupancy factors for C5 and 

C6 were assigned the variable x, while those for C5a and C6a were set to (1-x).  A 

common isotropic displacement parameter was refined for the four atoms.  In this way, 

the site occupancy for C5 and C6 was estimated to be 81(2)%.  Throughout the 

refinement, the geometry of these four atoms was restrained to be equal.  The higher 

occupancy atoms, C5 and C6, were refined anisotropically with their displacement 

parameters restrained to be approximately isotropic.  The function, Σw(|Fo|2 - |Fc|2)2, 

was minimized, where w = 1/[(σ(Fo))2 + (0.051*P)2 + (1.3634*P)] and P = (|Fo|2 + 

2|Fc|2)/3.  Rw(F2) refined to 0.164, with R(F) equal to 0.0660 and a goodness of fit, S, = 
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1.04.  Definitions used for calculating R(F),Rw(F2) and the goodness of fit, S, are given 

below.4 The data were checked for secondary extinction effects but no correction was 

necessary.  Neutral atom scattering factors and values used to calculate the linear 

absorption coefficient are from the International Tables for X-ray Crystallography 

(1992).5 All figures were generated using SHELXTL/PC.6
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Table 1: Crystal data and structure refinement for 257 
 
Empirical formula  C18 H21 N3 O8 
Formula weight  407.38 
Temperature  153(2) K 
Wavelength  0.71070 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 17.7105(9) Å α = 90°. 
 b = 5.9677(6) Å β = 114.888(3)°. 
 c = 19.9336(13) Å λ = 90°. 
Volume 1911.1(2) Å3 
Z 4 
Density (calculated) 1.416 Mg/m3 
Absorption coefficient 0.113 mm-1 
F(000) 856 
Crystal size 0.48 x 0.05 x 0.04 mm 
Theta range for data collection 2.07 to 25.0°. 
Index ranges -20<=h<=21, -6<=k<=7, -23<=l<=21 
Reflections collected 5870 
Independent reflections 3341 [R(int) = 0.0698] 
Completeness to theta = 24.99° 99.8 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3341 / 17 / 272 
Goodness-of-fit on F2 1.037 
Final R indices [I>2sigma(I)] R1 = 0.0660, wR2 = 0.1300 
R indices (all data) R1 = 0.1565, wR2 = 0.1638 
Largest diff. peak and hole 0.314 and -0.230 e.Å-3 
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Table 2: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 257.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
 
 x y z U(eq) 
________________________________________________________________________ 
  
O1 5058(2) 3653(4) 1085(2) 44(1) 
O2 4066(2) 1088(5) 496(2) 45(1) 
O3 1277(2) 2608(6) 330(2) 68(1) 
O4 1023(2) 5601(6) 806(2) 67(1) 
O5 3238(2) 10716(5) 2154(2) 62(1) 
O6 4461(2) 10217(5) 2169(2) 59(1) 
O7 8290(2) 2248(5) 398(2) 63(1) 
O8 9544(2) -1378(5) 1809(1) 45(1) 
N1 1493(2) 4368(7) 671(2) 48(1) 
N2 3737(3) 9656(6) 1995(2) 50(1) 
N3 9298(2) 182(5) 1229(2) 41(1) 
C1 5652(2) 2487(7) 883(2) 48(1) 
C2 6076(3) 632(7) 1419(3) 61(1) 
C3 6874(3) 338(7) 1706(2) 48(1) 
C4 7473(2) 1576(6) 1476(2) 37(1) 
C5 6992(3) 3275(8) 854(3) 40(1) 
C6 6284(3) 4296(8) 928(3) 42(1) 
C5A 7068(5) 3854(18) 1183(10) 30(6) 
C6A 6219(6) 3760(30) 625(9) 35(7) 
C7 4292(2) 2818(7) 842(2) 37(1) 
C8 3729(2) 4295(6) 1022(2) 35(1) 
C9 2905(2) 3671(7) 777(2) 35(1) 
C10 2364(2) 5031(7) 930(2) 36(1) 
C11 2618(3) 7013(6) 1322(2) 40(1) 
C12 3439(3) 7574(6) 1557(2) 38(1) 
C13 4008(2) 6306(6) 1415(2) 37(1) 
C14 8149(3) 2642(8) 2160(2) 58(1) 
C15 7883(2) -158(7) 1154(2) 41(1) 
C16 8501(3) 834(7) 898(2) 40(1) 
C17 9952(3) 941(7) 1031(3) 55(1) 
C18 9570(3) -3596(7) 1535(2) 48(1) 
________________________________________________________________________ 
 



Appendix F:  X-Ray Data for 297 

 

 

Figure 1: View of 297 showing the atom labeling scheme.  Displacement ellipsoids are 

scaled to the 50% probability level. 
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X-ray Experimental for C10H13NO2 297: 

Crystals grew as colorless prisms by slow evaporation from dichloromethane.  

The data crystal was cut from a larger crystal and had approximate dimensions; 0.29 x 

0.21 x 0.16 mm.  The data were collected on a Nonius Kappa CCD diffractometer using a 

graphite monochromator with MoKα radiation (λ = 0.71073Å).  A total of 239 frames of 

data were collected using ω-scans with a scan range of 2° and a counting time of 54 

seconds per frame.  The data were collected at 153 K using an Oxford Cryostream low 

temperature device.  Details of crystal data, data collection and structure refinement are 

listed in Table 1.  Data reduction were performed using DENZO-SMN.1 The structure 

was solved by direct methods using SIR972 and refined by full-matrix least-squares on F2 

with anisotropic displacement parameters for the non-H atoms using SHELXL-97.3 The 

hydrogen atoms on carbon were calculated in ideal positions with isotropic displacement 

parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl hydrogen atoms).  

The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + (0.0761*P)2 + 

(0.2031*P)] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.140, with R(F) equal to 

0.0504 and a goodness of fit, S, = 1.17.  Definitions used for calculating R(F), Rw(F2) 

and the goodness of fit, S, are given below.4 The data were checked for secondary 

extinction effects but no correction was necessary.  Neutral atom scattering factors and 

values used to calculate the linear absorption coefficient are from the International Tables 

for X-ray Crystallography (1992).5 All figures were generated using SHELXTL/PC.6 
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Table 1: Crystal data and structure refinement for 297 
 
Empirical formula  C10 H13 N O2 
Formula weight  179.21 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21 
Unit cell dimensions a = 5.6439(2) Å α = 90°. 
 b = 7.2881(2) Å β = 91.725(2)°. 
 c = 10.6386(4) Å γ = 90°. 
Volume 437.40(3) Å3 
Z 2 
Density (calculated) 1.361 Mg/m3 
Absorption coefficient 0.095 mm-1 
F(000) 192 
Crystal size 0.29 x 0.21 x 0.16 mm 
Theta range for data collection 1.92 to 27.33°. 
Index ranges -7<=h<=7, -9<=k<=9, -13<=l<=13 
Reflections collected 1974 
Independent reflections 1070 [R(int) = 0.0157] 
Completeness to theta = 27.33° 99.6 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1070 / 1 / 122 
Goodness-of-fit on F2 1.171 
Final R indices [I>2sigma(I)] R1 = 0.0504, wR2 = 0.1372 
R indices (all data) R1 = 0.0542, wR2 = 0.1402 
Largest diff. peak and hole 0.274 and -0.220 e.Å-3 
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Table 2: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 297.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
 
 x y z U(eq) 
________________________________________________________________________ 
 
N1 2122(5) 2557(4) 8896(2) 22(1) 
C2 1801(5) 4271(4) 9324(3) 21(1) 
C3 3331(5) 5800(5) 8834(3) 23(1) 
C4 4696(5) 5360(4) 7639(3) 20(1) 
C5 3008(5) 5422(5) 6490(3) 23(1) 
C6 3717(6) 4556(6) 5284(3) 28(1) 
C7 1732(6) 3689(5) 6034(3) 26(1) 
C8 2190(5) 1942(5) 6695(3) 24(1) 
C9 3740(5) 2032(5) 7901(3) 21(1) 
C10 5732(5) 3422(5) 7811(3) 22(1) 
O11 313(4) 4565(4) 10137(2) 30(1) 
C12 6672(6) 6760(5) 7478(3) 28(1) 
O13 1277(5) 497(4) 6357(2) 38(1) 
________________________________________________________________________  



Appendix G:  X-Ray Data for 301 

 

 

Figure 1: View of the molecule 301 showing the atom labeling scheme.  Displacement 

ellipsoids are scaled to the 50% probability level. 
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X-ray Experimental for 301: 

X-ray Experimental for C10H12O3:  Crystals grew as colorless prisms by slow 

evaporation from chloroform.  The data crystal was cut from a larger crystal and had 

approximate dimensions; 0.20 x 0.15 x 0.10 mm.  The data were collected on a Nonius 

Kappa CCD diffractometer using a graphite monochromator with MoKα radiation (λ = 

0.71073Å).  A total of 112 frames of data were collected using ω-scans with a scan range 

of 2° and a counting time of 156 seconds per frame.  The data were collected at 153 K 

using an Oxford Cryostream low temperature device.  Details of crystal data, data 

collection and structure refinement are listed in Table 1.  Data reduction were performed 

using DENZO-SMN.1 The structure was solved by direct methods using SIR972 and 

refined by full-matrix least-squares on F2 with anisotropic displacement parameters for 

the non-H atoms using SHELXL-97.3 The hydrogen atoms on carbon were calculated in 

ideal positions with isotropic displacement parameters set to 1.2xUeq of the attached 

atom (1.5xUeq for methyl hydrogen atoms).  The function, Σw(|Fo|2 - |Fc|2)2, was 

minimized, where w = 1/[(σ(Fo))2 + (0.0457*P)2 + (0.15*P)] and P = (|Fo|2 + 2|Fc|2)/3.  

Rw(F2) refined to 0.145, with R(F) equal to 0.0563 and a goodness of fit, S, = 1.03.  

Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given 

below.4 The data were corrected for secondary extinction effects.  The correction takes 

the form:  Fcorr = kFc/[1 + (1.3(3)x10-5)* Fc2 λ3/(sin2θ)]0.25 where k is the overall 

scale factor.  Neutral atom scattering factors and values used to calculate the linear 

absorption coefficient are from the International Tables for X-ray Crystallography 

(1992).5 All figures were generated using SHELXTL/PC.6
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Table 1: Crystal data and structure refinement for 301 
 
Empirical formula  C10 H12 O3 
Formula weight  180.20 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions a = 7.5806(5) Å α = 90°. 
 b = 11.1348(8) Å β = 98.343(4)°. 
 c = 10.3443(8) Å γ = 90°. 
Volume 863.91(11) Å3 
Z 4 
Density (calculated) 1.385 Mg/m3 
Absorption coefficient 0.102 mm-1 
F(000) 384 
Crystal size 0.20 x 0.15 x 0.10 mm 
Theta range for data collection 2.72 to 27.29°. 
Index ranges -9<=h<=9, -14<=k<=14, -13<=l<=13 
Reflections collected 3199 
Independent reflections 3199 
Completeness to theta = 27.29° 98.8 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3199 / 0 / 121 
Goodness-of-fit on F2 1.026 
Final R indices [I>2sigma(I)] R1 = 0.0563, wR2 = 0.1171 
R indices (all data) R1 = 0.1249, wR2 = 0.1451 
Extinction coefficient 1.3(3)x10-5 

Largest diff. peak and hole 0.254 and -0.237 e.Å-3 
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Table 2: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 301.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
 
 x y z U(eq) 
________________________________________________________________________ 
 
O1 4652(2) 6097(1) 1983(1) 33(1) 
C2 5797(3) 5184(2) 1929(2) 33(1) 
C3 4791(3) 4033(2) 1699(2) 41(1) 
C4 2903(2) 4310(2) 1982(2) 30(1) 
C5 2776(2) 4013(2) 3410(2) 31(1) 
C6 1079(3) 4136(2) 3948(2) 35(1) 
C7 2601(2) 4992(2) 4409(2) 33(1) 
C8 2382(2) 6235(2) 3967(2) 34(1) 
C9 1732(2) 6415(2) 2529(2) 33(1) 
C10 2805(2) 5669(2) 1704(2) 29(1) 
O11 7386(2) 5359(1) 2053(1) 50(1) 
C12 1475(3) 3621(2) 1094(2) 47(1) 
O13 2716(2) 7079(1) 4716(1) 53(1) 
________________________________________________________________________ 
 



Appendix H:  X-Ray Data for 303 

 

 

Figure 1: View of 303 showing the atom labeling scheme.  Displacement ellipsoids are 

scaled to the 50% probability level. 
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X-ray Experimental for C10H13NO2 303: 

Crystals grew as thin, colorless plates by slow evaporation.  The data crystal was 

cut from a larger crystal and had approximate dimensions; 0.30 x 0.20 x 0.04 mm.  The 

data were collected on a Nonius Kappa CCD diffractometer using a graphite 

monochromator with MoKα radiation (λ = 0.71073Å).  A total of 220 frames of data 

were collected using ω-scans with a scan range of 2° and a counting time of 214 seconds 

per frame.  The data were collected at 153 K using an Oxford Cryostream low 

temperature device.  Details of crystal data, data collection and structure refinement are 

listed in Table 1.  Data reduction were performed using DENZO-SMN.1 The structure 

was solved by direct methods using SIR972 and refined by full-matrix least-squares on F2 

with anisotropic displacement parameters for the non-H atoms using SHELXL-97.3 The 

hydrogen atoms were observed in a ΔF map and refined with isotropic displacement 

parameters.  The function, Σw(|Fo|2 - |Fc|2)2, was minimized, where w = 1/[(σ(Fo))2 + 

(0.0475*P)2 + (0.1375*P)] and P = (|Fo|2 + 2|Fc|2)/3.  Rw(F2) refined to 0.116, with 

R(F) equal to 0.0450 and a goodness of fit, S, = 1.01.  Definitions used for calculating 

R(F), Rw(F2) and the goodness of fit, S, are given below.4 The data were checked for 

secondary extinction effects but no correction was necessary.  Neutral atom scattering 

factors and values used to calculate the linear absorption coefficient are from the 

International Tables for X-ray Crystallography (1992).5 All figures were generated using 

SHELXTL/PC.6
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Table 1: Crystal data and structure refinement for 303 
 
Empirical formula  C10 H13 N O2 
Formula weight  179.21 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 6.4640(5) Å α = 74.402(3)°. 
 b = 6.8520(5) Å β = 76.916(4)°. 
 c = 11.6730(12) Å γ = 64.917(4)°. 
Volume 447.25(7) Å3 
Z 2 
Density (calculated) 1.331 Mg/m3 
Absorption coefficient 0.093 mm-1 
F(000) 192 
Crystal size 0.30 x 0.20 x 0.04 mm 
Theta range for data collection 1.83 to 27.38°. 
Index ranges -8<=h<=6, -8<=k<=7, -14<=l<=15 
Reflections collected 2985 
Independent reflections 1992 [R(int) = 0.0266] 
Completeness to theta = 27.38° 98.0 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1992 / 0 / 170 
Goodness-of-fit on F2 1.008 
Final R indices [I>2sigma(I)] R1 = 0.0450, wR2 = 0.1028 
R indices (all data) R1 = 0.0689, wR2 = 0.1157 
Largest diff. peak and hole 0.207 and -0.230 e.Å-3 
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Table 2: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for 303.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
 
 x y z U(eq) 
________________________________________________________________________ 
 
O1 6798(2) 1123(2) 5551(1) 33(1) 
O2 2679(2) 7368(2) 385(1) 33(1) 
N1 5484(2) 1963(2) 3745(1) 28(1) 
C1 6732(3) 2058(3) 4483(1) 27(1) 
C2 5697(3) 3261(3) 2539(1) 24(1) 
C3 3614(3) 5453(3) 2363(1) 26(1) 
C4 4011(3) 6749(2) 1122(1) 25(1) 
C5 6163(3) 7122(3) 840(1) 26(1) 
C6 6828(3) 7865(3) 1772(2) 30(1) 
C7 8131(3) 5582(3) 1571(1) 25(1) 
C8 7988(3) 3541(2) 2469(1) 24(1) 
C9 8030(3) 3503(3) 3788(1) 27(1) 
C10 9991(3) 1513(3) 2087(2) 30(1) 

_____________________________________________________________ 



Appendix I:  X-Ray Data for (S)-phenylethylurea anthracene derivative D 

 

 

Figure 1: View of (S)-phenylethylurea anthracene derivative D showing the atom 

labeling scheme.  Displacement ellipsoids are scaled to the 50% probability level.  The 

two methanol molecules have been removed for clarity. 
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X-ray Experimental for C34H34N4O2 - 2 CH3OH D: 

Crystals grew as colorless needles by slow evaporation from methanol and water.  

The data crystal was a needle that had approximate dimensions; 0.36 x 0.10 x 0.10 mm.  

The data were collected on a Nonius Kappa CCD diffractometer using a graphite 

monochromator with MoKα radiation (λ = 0.71073Å).  A total of 302 frames of data 

were collected using ω-scans with a scan range of 1.3° and a counting time of 188 

seconds per frame.  The data were collected at 153 K using an Oxford Cryostream low 

temperature device.  Details of crystal data, data collection and structure refinement are 

listed in Table 1.  Data reduction were performed using DENZO-SMN.1 The structure 

was solved by direct methods using SIR972 and refined by full-matrix least-squares on F2 

with anisotropic displacement parameters for the non-H atoms using SHELXL-97.3 The 

hydrogen atoms on carbon were calculated in ideal positions with isotropic displacement 

parameters set to 1.2xUeq of the attached atom (1.5xUeq for methyl hydrogen atoms).  

The hydrogen atoms on nitrogen and the methanolic oxygen atoms were observed in a ΔF 

map and refined with isotropic displacement parameters.  The hydrogen atoms on the 

methanolic oxygen atoms did not refine well.  These two hydrogen atoms were 

constrained to have O-H bond lengths of 0.8Å and had Uiso set to 1.2 x Ueq of the 

relevant oxygen atom.  The absolute stereochemistry was assigned according to the 

known absolute configuration at C18 and C27.  The function, Σw(|Fo|2 - |Fc|2)2, was 

minimized, where w = 1/[(σ(Fo))2 + (0.0504*P)2 + (0.5803*P)] and P = (|Fo|2 + 2|Fc|2)/3.  

Rw(F2) refined to 0.121, with R(F) equal to 0.0495 and a goodness of fit, S, = 1.04.  

Definitions used for calculating R(F), Rw(F2) and the goodness of fit, S, are given 

below.4 The data were corrected for secondary extinction effects.  The correction takes 
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the form:  Fcorr = kFc/[1 + (6.9(9)x10-6)* Fc2 λ3/(sin2θ)]0.25 where k is the overall scale 

factor.  Neutral atom scattering factors and values used to calculate the linear absorption 

coefficient are from the International Tables for X-ray Crystallography (1992).5 All 

figures were generated using SHELXTL/PC.6
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Table 1: Crystal data and structure refinement for D 
 
Empirical formula  C36 H42 N4 O4 
Formula weight  594.74 
Temperature  153(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P212121 
Unit cell dimensions a = 12.0329(3) Å α = 90°. 
 b = 14.0451(4) Å β = 90°. 
 c = 19.9474(5) Å γ = 90°. 
Volume 3371.18(15) Å3 
Z 4 
Density (calculated) 1.172 Mg/m3 
Absorption coefficient 0.077 mm-1 
F(000) 1272 
Crystal size 0.37 x 0.10 x 0.10 mm 
Theta range for data collection 1.98 to 27.46°. 
Index ranges -15<=h<=15, -18<=k<=18, -24<=l<=25 
Reflections collected 7632 
Independent reflections 4280 [R(int) = 0.0526] 
Completeness to theta = 27.46° 99.5 %  
Absorption correction None 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4280 / 0 / 418 
Goodness-of-fit on F2 1.040 
Final R indices [I>2sigma(I)] R1 = 0.0495, wR2 = 0.1032 
R indices (all data) R1 = 0.1121, wR2 = 0.1213 
Extinction coefficient 6.9(9)x10-6 

Largest diff. peak and hole 0.184 and -0.175 e.Å-3 
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Table 2: Atomic coordinates (x 104) and equivalent isotropic displacement parameters 
(Å2x 103) for D.  U(eq) is defined as one third of  the trace of the orthogonalized Uij 
tensor. 
________________________________________________________________________ 
 
 x y z U(eq) 
________________________________________________________________________ 
O1 2847(2) 6469(2) 6756(1) 44(1) 
O2 5824(2) 6460(2) 4514(1) 43(1) 
N1 2239(2) 6955(2) 5731(1) 39(1) 
N2 1953(2) 7881(2) 6656(1) 42(1) 
N3 4586(2) 5789(2) 5230(1) 37(1) 
N4 6444(2) 5489(2) 5353(1) 44(1) 
C1 2595(3) 6098(2) 5393(1) 36(1) 
C2 3627(3) 6264(2) 4935(1) 35(1) 
C3 3374(3) 5897(2) 4213(1) 37(1) 
C4 3025(3) 4874(2) 4274(2) 39(1) 
C5 3544(3) 4089(3) 3997(2) 47(1) 
C6 3135(4) 3189(3) 4111(2) 62(1) 
C7 2194(4) 3066(3) 4508(2) 70(1) 
C8 1672(4) 3845(3) 4794(2) 58(1) 
C9 2078(3) 4748(2) 4677(2) 41(1) 
C10 1634(3) 5669(2) 4955(2) 41(1) 
C11 1440(3) 6351(2) 4384(2) 42(1) 
C12 469(3) 6846(3) 4242(2) 50(1) 
C13 448(4) 7470(3) 3709(2) 58(1) 
C14 1378(4) 7614(3) 3325(2) 60(1) 
C15 2361(3) 7125(3) 3459(2) 50(1) 
C16 2378(3) 6481(2) 3984(2) 41(1) 
C17 2369(3) 7070(2) 6402(2) 36(1) 
C18 2009(3) 8098(3) 7378(2) 47(1) 
C19 3162(3) 8456(3) 7571(2) 73(1) 
C20 1086(3) 8779(2) 7553(2) 42(1) 
C21 1156(4) 9731(3) 7433(2) 64(1) 
C22 302(5) 10342(3) 7607(2) 77(1) 
C23 -652(4) 10001(3) 7895(2) 67(1) 
C24 -736(4) 9060(4) 8004(3) 81(1) 
C25 126(3) 8447(3) 7839(2) 63(1) 
C26 5633(3) 5937(2) 4999(2) 37(1) 
C27 7536(3) 5329(3) 5055(2) 47(1) 
C28 8323(3) 5017(3) 5617(2) 70(1) 
C29 7516(3) 4619(2) 4491(2) 43(1) 
C30 8410(3) 4540(3) 4049(2) 57(1) 
C31 8420(4) 3877(3) 3546(2) 64(1) 
C32 7542(4) 3261(3) 3466(2) 62(1) 
C33 6645(3) 3319(3) 3894(2) 59(1) 
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C34 6629(3) 3998(3) 4400(2) 49(1) 
O1A 4994(2) 4452(2) 6297(1) 69(1) 
C1A 4375(4) 3611(4) 6282(3) 100(2) 
O1B 4488(2) 5547(2) 7369(1) 72(1) 
C1B 3941(4) 5118(4) 7925(2) 79(1) 
_________________________________________________________________ 
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Abbreviations 
 
Ac acetyl 
AIBN 2,2’-azobisisobutyronitrile 
Ar aryl 
atm atmosphere 
BHT butylated hydroxytoluene 
Bn benzyl 
Boc tert-butyloxycarbonyl 
BOM benzyloxymethyl 
BOPCl bis-(2-oxo-3-oxazolidinyl)phosphinic chloride 
br broad 
Bu butyl 
CAN ammonium cerium(IV) nitrate 
cat. catalytic 
Cbz benzyloxycarbonyl 
CI chemical ionization 
m-CPBA meta-chloroperoxybenzoic acid 
CSA camphorsulfonic acid 
d doublet 
DABCO 1,3-diazabicyclo[2.2.2]octane 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 
DCC 1,3-dicyclohexylcarbodiimide 
DCE 1,2-dichloroethane 
DCM dichloromethane 
dd double doublet 
DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
DEAD diethyl azodicarboxylate 
DIAD di-iso-propyl azodicarboxylate 
DIBAL di-iso-butylaluminium hydride 
DIPHOS                         1,4-bis-(diphenylphosphino)butane 
DMAP 4-N,N-dimethylaminopyridine 
DMDO dimethyldioxirane 
DMF N,N-dimethylformamide 
DMP Dess-Martin periodinane 
DMSO dimethylsulfoxide 
DMTS dimethylthexylsilyl 
equiv. equivalents 
Et ethyl 
Fmoc 9-fluorenylmethoxycarbonyl 
HRMS high resolution mass spectrometry 
imid. imidazole 
IR infrared 
KHMDS potassium bis-(trimethylsilyl)amide 
LAH lithium aluminum hydride 
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m multiplet 
m meta 
M molar 
Me methyl 
mol mole 
MOM methoxymethyl 
mp melting point 
Ms methanesulfonyl 
MS mass spectrometry 
NCS N-chlorosuccinimide 
NDB                              norbornadiene 
NIS N-iodosuccinimide 
NMR nuclear magnetic tesonance 
o ortho 
p para 
PCC pyridinium chlorochromate 
Ph phenyl 
Pht phthalimidyl 
PIFA [bis-(trifluoroacetoxy)iodo]benzene 
PMB para-methoxybenzyl 
ppm parts per million 
Pr propyl 
pyr. pyridine 
PyBOP® benzotriazolyloxy-tris-[pyrrolidino]-phosphonium 
 hexafluorophosphate 
ORTEP Oak Ridge thermal ellipsoid program 
oxid. oxidation 
R alkyl 
q quartet 
s singlet 
t triplet 
TBAF tetrabutylammonium fluoride 
TBDPS tert-butyldiphenylsilyl 
TBDMS or TBS tert-butyldimethylsilyl 
TEA triethylamine 
TFA trifluoroacetic acid 
TFAA trifluoroacetic anhydride 
THF tetrahydrofuran 
TIPS triisopropylsilyl 
TLC thin layer chromatography 
TMEDA N,N,N',N'-tetramethylethylenediamine 
TMS trimethylsilyl 
TMSOTf trimethylsilyl trifluoromethanesulfonate 
Trt trityl 
Ts toluenesulfonyl 
TsOH or pTSA toluenesulfonic acid 
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