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Abstract 

 

 

Chapter 1: Macrocyclic control as a tool for diastereoselective transformation has been 

an area of research dating back to Stillôs total synthesis of periplanone B.  The exact 

source of this control is not always well understood, but often offers profound 

diastereomeric control in comparison to similar acyclic homologs. This chapter aims to 

discuss historically relevant transformations aided by a macrocyclic structure, and then 

our investigation of diastereoselective enolate alkylations on macrocyclic 1,4-diketones.  

This structural motif, when embedded with the framework of [n.4]metacyclophanes, has 

been found to be a powerful tool for diastereoselective transformations en route toward 

complex molecule synthesis. 

 

Chapter 2: Cyclobutane containing natural products are a challenging class of 

molecules for chemical synthesis and approaches towards construction of this motif has 

been dominated by the [2+2] cycloaddition.  Undoubtably, this is the most economical 

route towards their synthesis, but introduction of suitable olefin partners for cycloaddition 

is not always possible.  Herein, we have utilized a transannular McMurry reaction of 

various functionalized macrocyclic 1,4-diketones for the synthesis of cyclobutane 

containing lignans and their analogs.  This method is the only method for synthesis of 

cyclobutane lignans that is not reliant on the [2+2] cycloaddition strategy. 

 

Chapter 3: The classical approach towards inhibitors of enzymes found in isoprene 

synthesis has focused on the use of highly charged phosphate-based inhibitors.  These 

inhibitors generally mimic one or several structural nuances of key substrates from the 

enzymatic pathway.  These inhibitors often require the use of transport enzymes.  Herein, 

a series of non-phosphate carbohydrate-based inhibitors have been synthesized and 

effectiveness evaluated. 
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Chapter 1 Stereoselective Transformations of Macrocyclic Ring Systems 

 

1. Introduction 

 

Over the last 40 years, there has been a considerable amount of research focused on 

large and macrocyclic ring systems.  These systems are found in naturally occurring 

molecules of medicinal interest with various levels of complexity, and more recently have 

been shown to be a powerful tool for diastereo- and regioselective transformations.  In 

contrast to 5- and 6-membered ring systems,1-2 transformations on rings containing 8-

atoms or more are often much less predictable.  Because these larger ring systems are 

sometimes capable of adopting several low energy conformations, predicting the outcome 

of reactions where new stereocenters are introduced is challenging.  For these reasons, 

synthesis of natural products embedded in large ring systems offer an attractive and 

challenging target for chemical synthesis and method development. 

 

This chapter will be to look at syntheses that have made use of medium to large 

size ring systems (8 to 12-membered) as well as macrocyclic (>12 atoms) ring systems to 

serve a stereo-directing role.  Specifically, the challenges that have been faced by target-

oriented synthesis of macrocyclic compounds, and how these challenges have been 

addressed leading to a greater understanding of how macrocyclic systems at hand can be 

used as templates for diastereoselective transformations will be covered.  Finally, after 

exploring these important examples of macrocycle-directed transformations, the use of 

1,4-diketones, embedded within a macrocyclic, metacyclophane system for 

diastereoselective reactions will be discussed.   

 

1.1. Strategies for stereoselective transformations of large ring systems 
 
1.1.1. Total synthesis of periplanone B 

 

Few would question the impact W. Clark Still had on macrocyclic-directed 

diastereoselective transformations over the course of his early career.3-7  The most 

important work, as it pertains to this chapter, would be his 1979 publication where the 

peripheral attack model was first introduced en route to periplanone B (1.3).8  This work 

would serve as a lasting impactful example of diastereocontrol in large ring systems. 
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 Uncertain of the precise absolute stereochemistry of periplanone B (1.3), Still 

would need to synthesize the three different cyclodecanoid ring systems 1.1-1.3, in 

diastereoselective fashion to confirm the relative, and absolute stereochemistry present in 

the natural product (Figure 1).  Because of his prior work on 1,4- and 1,5-cyclodecadienes, 

1.4 was chosen as a common precursor to the three proposed targets.4  Initial attempts 

were thwarted by installation of the epoxides from the wrong face of the molecule resulting 

in diastereomers 1.1 and 1.2.  Installation of the correct ɓ-epoxide at C2-C3 would require 

a conformational change of 1.4.  Still envisioned the strong preference of 1,3-dienes to 

exist in a s-trans conformation would favor epoxidation from the opposite face.  The exo-

cyclic olefin was introduced by deprotection of the ethoxyethyl protected alcohol, followed 

by elimination using standard Grieco elimination conditions to afford 1.5 in 69% yield.  The 

resulting cyclodecatriene 1.5 was then subjected to nucleophilic epoxidation with tBuOOK  

favoring the epoxidation from the ɓ-face of the s-trans-containing 1,3-diene product 1.7 as 

a 4:1 ratio in 74% yield.  Still proposed these diastereoselective epoxidations were due to 

the olefin locked in conformation perpendicular to the plane of the molecule, and requiring 

a peripheral attack (intermediate 1.6).  Thus, the peripheral attack model was born.  After 

treatment with Corey-Chaykovsky reagent affording epoxide 1.8 as a single diastereomer 

in 69% yield, deprotection of the silyl ether with a TBAF and oxidation with chromium(VI) 

oxide provided periplanone B (1.3) in 81% over the two-steps. 
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1.1.2. Total synthesis of (ï)-pepluanol B: conformational control of the eight-
membered-ring system 

 

When large rings are incorporated into polycyclic systems, the ability to readily adopt other 

reactive conformations can be limited, as the barrier for ring flip can be quite high or simply 

not possible.  While these conformational biases may be perceived to be subtle visually, 

such conformation can have a profound effect down-stream during total synthesis of 

complex molecules. 

 

In Li and co-workers 2020 total synthesis of [12.3.0.0]tetracyclic diterpenoid (ï)-

pepluanol B (3.4), a strong conformational bias was observed during functionalization of 

the 8-membered ring present in the natural product.9  Their synthesis began with known 

diol 2.1, which was converted to advanced intermediate 2.2 over 13-steps.  The oxidation 

of the secondary alcohol was accomplished by addition of TPAP to a stirring solution of 

NMO and 2.2 in dichloromethane to afford ketone 2.3 in 75% yield.  Small differences 

between the 13C chemical shifts of the carbon signals for the ketone present in 2.3 and 3.4 

raised considerable concern that the conformation was not the same as found in the 

natural product.  After protection of the tertiary alcohol as a silyl ether with TMSOTf, 

enolate alkylation by treatment with LDA followed by addition of methyl iodide resulted in 

the formation of the incorrect (S)-configured diastereomer 2.4 in 72% yield.  X-ray analysis 

of 2.4 confirmed the relative stereochemistry.  Unfortunately, all attempts to epimerize this 

stereocenter failed.   

 

 

 

Because of the strong conformational bias of ketone 2.3, the starting cyclohexanol 

starting material must undergo a ring flip and be locked in place in order prevent oxidation 

resulting in the formation of the exo-cyclooctanone 2.3.  In order to facilitate this, 2.2 was 

treated to n-bromosuccinimide in pyridine giving an intermediate Ŭ-bromoepoxide, which 
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allowed for oxidation by DMP to afford the desired endo-cyclooctanone 3.1 in 95% yield.  

Treatment with LDA generated the endo-enolate 3.2, and addition of methyl iodide gave 

the correct (R)-configured diastereomer 3.3.  With the correct diastereomer in hand, 

elaboration towards (ï)-pepluanol B (3.4) was accomplished in 5-steps. 

 

 

 

1.1.3. Formal synthesis of (ï)-mesembrine 

 

The use of large rings as a sacrificial directing group is rare in chemical synthesis.  In 

theory, these carbocycles can offer an enhanced stereoselectivity and then be cleaved 

once they have served their stereodirecting role to liberate diastereo- or enantioenriched 

products.  The challenge lies in the development of a route which allows for the easy 

installation and removal of said carbocycle.  The total synthesis of (ï)-mesembrine 

employes a diastereoselective enolate alkylation initiated by an anionic oxy-Cope 

rearrangement, which uses the aforementioned concept. 

 

 Interested in the use of macrocycles and large ring systems for diastereoselective 

transformations, Barriault and co-workers have disclosed several publications on the 

diastereoselectivity of anionic oxy-Cope rearrangements of cyclohexanols similar to 4.1.10-

12  In 2007, they reported the development and application of this methodology towards 

the formal synthesis of a chiral alkaloid (ï)-mesembrine (4.12).13  Method development 

began with cyclohexanol 4.1 derived from isopulegone (4.5).  Anionic oxy-Cope 

rearrangement of 4.1 was initiated upon treatment with KHMDS in refluxing DME, leading 

to two rapidly interconverting intermediates (4.2 and 4.3).  The higher energy intermediate 

4.3 exclusively reacted affording 4.4 with complete stereocontrol with yields between 60% 

and 88% depending on the electrophile employed. 
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 Extending this methodology towards the synthesis of alkaloid 4.12,  started with 

synthesis of 4.6 from elaboration of isopulegone (4.5).  Cyclohexanol 4.6 underwent 

anionic oxy-cope rearrangement in refluxing THF to give enolate 4.7.  The enolate 4.7 was 

alkylated with allyl bromide in 72% yield and greater than 25:1 diastereomeric control.  

Treatment of the enolate derived from treating 4.8 with KHMDS with Davisô oxaziridine 

followed by lithium aluminum hydride reduction of the resulting Ŭ-hydroxy ketone furnished 

diol 4.9 in 67% combined yield over the two-steps.  Syn dihydroxylation of the olefin 

present in cyclooctenone 4.9 with catalytic osmium(IV) oxide and NMO set the stage for 

liberation of the diastereoenriched core structure.  Lead(IV) acetate was added to a stirring 

solution of 4.10 in benzene unveiling 4.11 in 70% yield.  The formal synthesis could then 

be completed in 5-steps to afford (ï)-mesembrine (4.12). 

 

1.2. Examples of stereoselective reactions on macrocyclic frameworks 

 

The impressive regio- and stereocontrol present in macrocycle-directed reactions are not 

completely understood, but generally attributed to strong conformational biases.  In 

macrocycles that possess several possible low lying transition states or conformers 
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predicting the likely stereochemical outcome can be challenging or even impossible 

without the aid of extensive molecular dynamic studies.  However, several researcher 

groups have been able to leverage this control in impressive total syntheses and the 

details of those will be discussed in the following sections. 

 

1.2.1. 1984: Total synthesis of (±)-3-deoxyrosaranolide 

 

One of the first examples of a macrocycle directed synthesis was reported by Still and co-

workers in 1984.  Shortly after introducing the peripheral attack model during the total 

synthesis of periplanone B (1.3), this concept was tested on the synthesis of an aglycon-

derived macrolide 5.6 (Figure 5).14  This total synthesis demonstrates that a wide range of 

synthetic transformations can be enhanced when macrocyclic constraints are in play.  In 

total, six stereocenters are set by a combination of enolate alkylation, radical reduction, 

nucleophilic addition, and electrophilic addition reactions.  This work undoubtedly paved 

the way for future macrocycle-directed syntheses. 

 

Total synthesis of (±)-3-deoxyrosarnalide (5.6) began with enolate alkylation of 5.1.  

Alkylation was accomplished upon treatment of 5.1 with KHMDS at -78 °C, followed by 

the addition of methyl iodide at room temperature, affording 5.2 in 70% yield with a 20:1 

diastereomeric ratio.  Still proposed the remote stereocenters at C11 and C12 present in 

macrocycle 5.1 guided the high level of diastereoselectivity.  The masked ketone was 

liberated with mercury(II) oxide, which allowed for its absolute stereochemistry to be 

confirmed by X-ray analysis.  The tert-butyl acetate group present at C6 was installed 

using enolate alkylation with LiHMDS and tert-butyl bromoacetate to furnish 5.3 in 70% 

yield over the two-steps with high stereocontrol (d.r. 10:1) and high regiocontrol (>20:1 

regiocontrol). 

 



22 
 

 

 

Since the stereochemical outcome of macrocycle-directed reactions are not easy 

to predict, these reactions can favor undesired product formation.  In the case of C4 methyl 

installation, enolate alkylation conditions when employing methyl iodide on 5.3 afforded 

the ɓ-isomer of 5.4 in >40:1 stereocontrol.  Instead, 5.4 was synthesized from 

methylenation with formaldehyde and reduction with Raney nickel in 25:1 diastereomeric 

control.  Direct reduction of 5.4 was attempted under Luche reduction conditions 

(NaBH4:CeCl3), but resulted in the formation of the incorrect diastereomer in >20:1 d.r.  In 

order to set C5 stereocenter present in 5.5, preparation of the mixed anhydride by 

hydrolysis with trifluoroacetic acid and acylation of the resulting acid with ethyl 

chloroformate was necessary.  The global reduction giving the desired Ŭ-hydroxy group 

was then accomplished with sodium borohydride in a mixed dichloromethane isopropyl 

alcohol reaction mixture in 50% yield over the three-steps.  After allylic oxidation with 

manganese(IV) oxide, the final stereocenters were set by diastereoselective epoxidation 

of the C9-C10 olefin with m-CPBA in a combined yield of 66%.  The synthesis was 

completed by a ruthenium-based oxidation giving lactol 5.6 in 47% yield with 56% 

conversion of the starting diol.  

 

1.2.2. 2000: A new approach to aphidicolin and total asymmetric synthesis of 
unnatural (11R)-(ī)-8-epi-11-hydroxyaphidicolin by tandem transannular 
DielsīAlder/aldol reactions 

 

Not only are macrocycles capable of directing the stereochemical outcome of reactions 

through a peripheral attack model, but they can also help to direct stereospecific reactions 
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like the Diels-Alder cycloaddition reaction using conformational bias of the reactive 

transition state.  In Deslongchamp and co-workers synthesis of diterpene 6.2, they 

envisioned utilizing a macrocycle-directed [4+2] cycloaddition of 15-membered triene 6.4 

(Figure 6).15-16  They predicted the rigid structure would direct the stereochemical outcome 

in favor of endo-product 6.3.  Macrocycle 6.4 could be furnished from a macrocyclization 

protocol utilizing a Stille coupling and enolate alkylation from easily synthesized starting 

materials 6.5 and 6.6. 

 

 Ester 6.6 and 6.5 were both synthesized in 3-steps respectively, and elaborated 

using the aforementioned protocol in 3 additional steps to afford macrocycle 6.7.  Stirring 

6.7 in a heated solution of toluene and triethylamine first results in cycloaddition of reactive 

conformer 6.8, which then quickly undergoes an aldol reaction to give 6.9 in 81% yield.  

The aldehyde is important for the overall success of [4+2] cycloaddition reaction.  In prior 

publications, cycloaddition of similar macrocycles containing an ester in place of the 

aldehyde failed even at temperatures in excess of 200 °C.  With the diterpene skeletal 

structure completed, the synthesis of (11R)-(ï)-8-epi-11-hydroxyaphidicolin (6.2) was 

accomplished after elaboration of 6.9 over 16-steps.   
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1.2.3. 2008: Diastereoselectivity in epoxidation of carbohydrate fused [13]-
macro-dilactones 

 

The exact source of diastereoselective control of macrocycles can be challenging to 

ascertain in most cases with a high level of confidence.  In complex molecules, both 

remote and adjacent stereocenters can have some impact on the perceived 

diastereoselectivity, and make it challenging to correctly identify the main source.  In 

theory, being able to identify the contributing factors would allow researchers to easily 

switch between isomers by modification of these control elements. 

 

 

 

Peczuh and co-workers delineated with a high level of confidence the source of a 

highly diastereoselective epoxidation of a series of 13-memebered macrolides (7.10-7.12, 

Figure 7).17  In contrast to many reports which have focused on the effects of adjacent 

stereocenters, epoxidation of carbohydrate derived macrolactones 7.10-7.12 demonstrate 

stereocontrol by remote stereocenters.18-19  Synthesis of these macrocycles began with 

acylation of carbohydrates 7.1-7.3 with 4-pentenoyl chloride employing DMAP in pyridine 

giving bis-lactones 7.4-7.6 in 55%ï92% yield.  Macrocyclization of the resulting dienes 

was accomplished in 63%ï89% yield upon treatment with Grubbs second-generation 

catalyst in refluxing toluene.   The series of (E)-configured olefins 7.7-7.9 were treated 

with DMDO in dichloromethane at 0 °C.  In the case of macrocycles 7.7 and 7.8, the (syn) 

C4-C5 relation enforced Ŭ-epoxidation, and the opposite was found in the case of the 

galactose derived macrocycle 7.9.  These results clearly indicate the stereochemical 

outcome is controlled by the remote stereocenter at C4.  In theory, similar approaches can 
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be used to help offer a convenient methods for synthesis of complex molecules and their 

synthetic analogs. 

 

1.2.4. 2011: An expedient synthesis of a functionalized core structure of 
bielschowskysin  

 

In certain non-macrocyclic natural products, the possibility of a macrocycle assisted 

approach might be more evident than in others.  For example, the most common approach 

to the construction of cyclobutanes in complex molecule synthesis is [2+2] cycloaddition; 

therefore, disconnection of the cyclobutane moiety present in 8.1 via an entropically 

favored transannular [2+2] cycloaddition to give macrocycle 8.2 is reasonable (Figure 8).20   

 

In 2011, Nicolaou and coworkers applied this transannular approach toward the 

synthesis of bielschowskysinôs (8.1) elusive tricyclo[9.3.0.0]tetradecane core (highlighted 

in red).  In this work, furan 8.3 was enantioselectivity reduced using Noyoriôs asymmetric 

transfer hydrogenation catalyst then coupled with mixed 1,3-dicarbonyl 8.5 via a ceric 

ammonium nitrate oxidation to afford 8.6 as a 1:1 mixture of Ŭ- and ɓ-methoxy epimers.  

After chromatographic separation, the Ŭ-epimer was treated with Grubbs first-generation 

catalyst in dichloromethane exclusively giving the (E)-configured macrocycle 8.7 in 90% 

yield.  Treatment with sodium borohydride in a mixture of THF/water resulted in the 

diastereoselective reduction of 8.7 to 8.9, which occurred exclusively from the less 

hindered Ŭ-face of the macrocycle.  Nicolaou proposed, based on physical models, the 

diastereoselectivity may be additionally attributed to a remote hydroxy-directed hydride 

delivery.  This effect was supported by the ɓ-methoxy epimer, which resulted in the 

addition from the opposite face of the molecule.  Finally, the transannular [2+2] 

cycloaddition of 8.9 occurred upon irradiation at 450 nm in chloroform resulting in 8.10 as 

a single diastereomer in 90% yield.  The regiochemical challenges of the [2+2] 

cycloaddition will be discussed in greater detail in chapter 2, but construction of this 

carbocycle in complete diastereomeric control is no easy task and is undoubtably 

correlated to a preferred and lower energy triplet excited state dictated by the macrocycles 

preferred geometry.  
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1.2.5. Total synthesis of (+)-neopeltolide by the macrocyclization/transannular 
pyran cyclization strategy 

 

While a majority of the featured synthesis in this chapter have been shorter than 20 steps, 

this is more often not the case.  Lengthy total syntheses can greatly hinder the drug 

discovery process, as such, the use of tandem reaction sequences and multicomponent 

reactions are attractive in drug discovery.  Fuwa and co-workers have investigated the 

use of such reactions for the synthesis of several naturally occurring macrolides.  In 

addition to being synthetically useful, tandem one-pot reactions are especially attractive 

in drug discovery, because they drastically reduce the amount of harmful solvents used 

and additional chemical waste,, during the otherwise multiple work-ups and 

chromatography steps.   

 

Fuwa and co-workers began their investigations with readily available macrolide 

precursors 9.1a-9.1g, which could afford 14- to 20-memebred macrolactones (Figure 

9a).21  By subjecting 9.1a-9.1g to Meyer-Schuster rearrangement conditions ([PPh3AuCl, 

AgOTf, MoO2(acac)2, in toluene), optimized by Akai and co-workers, the propargylic 

alcohols were conveniently converted to Ŭ,ɓ-unsaturated ketones 9.2a-9.2g in 75% to 

92% yield.  Subjecting 9.2a-9.2g to ring-closing metathesis using the Hoveyda-Grubbs 

second-generation catalyst in a heated solution of toluene afforded the 14- to 20-

membered macrocycles in up to 94% yield.  The transannular oxy-Michael cyclization was 
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achieved in high yields with  various diastereoselectivities by using the same conditions 

that facilitated the Meyer-Schuster rearrangement.    They observed that the greatest 

influence on the diastereoselectivity was macrocyclic ring size, which can be highlighted 

by comparing the ratios of 9.4a and 9.4b, and 9.4d and 9.4e.  The addition of adjacent 

stereocenters greatly diminishes the diastereoselectivity of the 14-membered macrolide, 

but in the case of the 16-membered macrolides, the addition of adjacent stereocenters 

have no visible impact on the diastereoselectivity.  While initial optimizations were run with 

isolation of synthetic intermediates, the sequence was later shown to be amendable to a 

one-pot procedure without degradation of yield or d.r.   

 

 

 

Various different macrolide natural products were targeted and successfully 

synthesized using this protocol;22 however, the increased diastereoselectivity during the 

synthesis of (+)-neopeltolide (9.9) is worth mentioning (Figure 9b).  After reacting 9.5 and 

9.6 under Yamaguchi coupling conditions to afford macrolide precursor 9.7 in 90% yield, 

9.7 was carried through their optimized tandem macrocyclization/pyran formation 

sequence affording 9.8 in 69% yield as a 91:9 mixture of cis/trans epimers.  In the cases 

of 9.4b and 9.4c, the reaction essentially produced a 1:1 mixture of diastereomers, and 
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the comparison of these results highlight the impact of the remote stereocenters at C11 

and C13 on the increased diastereoselectivity.   

 

1.3. Stereoselective transformations of macrocyclic 1,4-diketones 
 

 

 

In the Merner laboratory, we have learned that strategically embedding a 1,4-diketone 

within the framework of different macrocycles allows for a myriad of diastereoselective 

transformations to be accomplished (Figure 10).23-25  In addition to these transformations, 

the subsequent [n.4]metacyclophanes have been shown to act as excellent platforms for 

regioselective annulation reactions.24  While the nature of all these macrocycle-directed 

transformations have not been fully investigated computationally, we have observed 

profound results as compared to similar acyclic homologs.  These findings will be 

discussed over the course of the following section. 

 

1.3.1. A mild dehydrative aromatization protocol for synthesis of highly 
distorted p-phenylenes 

 

In 2015, Merner and co-workers reported a protocol for synthesis of a highly strained p-

terphenyl-containing macrocycle.  Over the course of this work, an interesting observation 

on the diastereoselectivity of macrocyclic 1,4-diketones was made, high levels of 

diastereoselectivity is obtained during Grignard reactions of these 1,4-diketones.  These 

results would inspire future work in our laboratory. 

 



29 
 

The synthesis of [n.4]metacyclophane-1,4-diketones 11.7a ï 11.7c started with a 

Williamson ether of 3-hydroxybenzaldhyde (11.1) and a series of dibromoalkanes 11.2a ï 

11.2c to afford dialdehydes 11.5a ï 11.5c in up to 87% yield.  A 4-step procedure 

discovered in 2015: vinyl Grignard addition; ring-closing metathesis; transfer 

hydrogenation; and oxidation, afforded macrocyclic 1,4-diketones 11.7a ï 11.7c in up to 

66% yield on gram scale.26  Treatment of 11.7a ï 11.7c with vinyl magnesium chloride in 

a heated solution of THF gave a mixture of syn- and anti-allylic diols 11.8a ï 11.8c with 

the smallest homolog boasting the highest diastereoselectivity favoring the syn 

diastereomer (d.r. 19:1).  The inseparable mixture of syn- and anti-allylic diols were treated 

with Grubbs second generation catalyst in dichloromethane followed by a p-

toluenesulfonic acid-mediated aromatization in toluene to afford p-terphenylene 

containing macrocycles  11.9a ï 11.9c in up to 63% combined yield over the 2-steps from 

the syn-allylic diols 11.8a ï 11.8c.  

 

 

  

The primary focus of the prior work was to develop a method for synthesis of highly 

strained cycloparaphenylenes, but the macrocyclic size-dependent diastereoselective 1,2-

addition of vinylmagnesium chloride to 11.7a ï 11.7c sparked a study to determine the 

origin of stereoselectivity in this reaction.  A suite of different macrocyclic 1,4-diketones, 

that can be classified as [n.4]meta- or [n.4]orthocyclophanes (12.1), were synthesized 

using the same strategy presented in Scheme 11.  These 1,4-diketones were then treated 
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with a variety of different magnesium, zinc, and lithium nucleophiles and the respective 

diastereoselectivities were analyzed (Figure 12).  In both the ortho- and metacyclophanes 

(12.3 ï 12.4), the decrease in macrocyclic ring size showed an increase in the observed 

diastereoselectivity.  This trend was more pronounced in the [n.4]metacyclophane 

derivatives as the degrees of freedom are generally lower within this macrocycle than its 

ortho-bridged counterpart.  This study raised the question, which is at the heart of this 

work, can we use these macrocycles to direct more transformations with high levels of 

diastereo- and regioselectivities for synthesis of other complex molecules. 

 

 

 

1.3.2. Stereoselective Ŭ,Ŭô functionalization of macrocyclic 1,4-diketones  

 

After observing the high levels of diastereoselectivities from 1,2-additions, we set our 

sights towards Ŭ,Ŭô vicinal functionalization of 1,4-diketones with the goal of using these 

as precursors for cyclobutane containing natural products.  Isovanillin (13.1) and 1,6-

dibromohexane (11.4) were subjected to a standard protocol in our laboratory for the 

synthesis of macrocyclic 1,4-diketone 13.2 in 19% overall yield.32  Treatment of 13.2 with 

NaH in THF at 0 °C afforded the vicinally methylated product 13.3 in 78% isolated yield 

as a single (syn) diastereomer as viewed from 13.2.  Crystals suitable for x-ray analysis 

were grown from slow evaporation of 13.2 in a solution of ethyl acetate in hexanes, which 

ultimately confirmed the relative stereochemistry of the vicinal C-methyl groups. 
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 Encouraged by these results, an optimization study was conducted.  We hoped 

to utilize this general approach for the installation of various functional groups with both 

syn- and anti-relative stereochemistry, which could be utilized in the synthesis of 

cyclobutane-containing natural products and homologs thereof. 

 

1.3.3. Optimization of enolate alkylation on 18-membered macrocyclic diketone 

 

We initiated our optimization study by using the 18-membered macrocyclic 1,4-diketone 

11.7c derived from 3-hydroxybenzaldehyde (11.1), which can be synthesized in larger 

quantities and slightly higher yield than 13.2.  In general, reaction screenings were 

conducted on 0.010 mmol scale with 4 equiv. of base and alkyl halide in order to observe 

full conversion to the vicinally alkylated diketone. 

 

First, 11.7c was treated with sodium hydride in THF at 0 °C, followed by the 

addition of methyl iodide after one hour to afford vicinally alkylated diketone 14.1 in 46% 

yield (entry 1, Figure 14).  Albeit lower yielding, we were pleased to observe complete 

diastereomeric control for this homolog.  In hopes of improving the yield, we tested a 

variety of different bases and solvents starting with different hydride salts.  In general, 

sodium as a counterion worked best with potassium and lithium-based hydride reagents 

giving a 32% yield and no reaction, respectfully.  Overall, lithium bases did not work well.  

In the case of lithium hydride, LDA, or LDE, no reaction was observed (Entries 2-5).  The 

formation of lithium aggregates is well known, as such we used lithium chloride to help 

break up any potential aggregates.  This resulted in the consumption of starting material 

without the formation of any desired product.   Comparing different alkoxide bases, we 

were surprised to find that bulkier potassium tert-butoxide resulted in the highest yield 

(entries 6 to 11).  In general, the 1,4-diketone 11.7c is less soluble in THF as opposed to 

solvents used in entries 14-19.  We suspect the increased solubility is responsible for the 
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faster reaction times and decreased yields.  Sodium hydride and potassium tert-butoxide 

were compared on 0.05 mmol scale, sodium hydride consistently gives greater yields 

(69%) while potassium tert-butoxide remained consistent at 60% (Entry 1 and 11).  It is 

worth noting that an inseparable tri-alkylated product forms (~7%) over extended reaction 

times.  
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1.3.4. Size-dependent diastereoselectivity of macrocyclic 1,4-diketones 

 

The general trend gleamed from 1,2-addition reactions was that the greatest influence on 

the diastereoselectivity was the macrocyclic size.  We wanted to see if this general trend 

held true for the vicinal alkylation.  When 15- to 20-membered macrocyclic 1,4-dikteones 

11.7a - 11.7c and 15.1-15.5 were treated to the optimized enolate alkylation conditions, 

complete diastereoselectivity was observed (entries 1 to 6, Figure 15A).  The yield of these 

reactions comes to a crescendo at the 18-membered macrocycle with a 69% yield (Entry 

4).   Treatment of the 21-membered macrocycle 15.4 afforded a 24:1 ratio favoring the 

syn configured isomer in 68% yield (Entry 7).  Further increasing the size to the 22-

membered macrocycle 15.5, afforded a 10:1 diastereomeric mixture in 40% yield (Entry 

9).  Interestingly, even the most ñfloppyò macrocycles still gave modest to excellent 

diastereoselectivities.  This suggests that the formation of the internal enolates increase 

the rigidity and helps to reinforce the high level of diastereoselectivity. 
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The effect of increasing the temperature was also investigated, but in most cases, 

the 1,4-diketone did not survive the reaction.  This seems to be consistent with the results 

from the enolate alkylation of acyclic homolog 15.13, which underwent a competitive 

oxidative decomposition reaction to afford veratric acid alongside a 3:1 diastereomeric 

mixture of vicinally alkylated products favoring the syn diastereomer 15.14 in 17% yield 

(Figure 15C).  Fortunately, the 16-membered macrocycle underwent alkylation albeit in 

lower yield at increased temperatures (Figure 15B).  Addition of methyl iodide to the stirred 

solution of sodium hydride and 1,4-diketone 11.7a at 23 °C gave a 12:1 mixture of 

diastereomers in 33% yield (Entry1, Figure 15B).  Further increasing the temperature at 

which methyl iodide addition occurred resulted in a 3:2 ratio in 27% yield at 40 °C.  It was 

not until heating the reaction to 60 °C that the anti-relative diastereomer was formed in 

excess with a 2:3 ratio in 11% yield (entry 3, Figure 15B).  These results reinforce the 

observation from the 1,2-addition study, suggesting that the diastereoselectivity is indeed 

directly correlated to the relative rigidity of the cyclophane containing the 1,4-diketone unit. 

 

1.3.5. Vicinal epimerization of 2,3-dimethyl-1,4-diketones 

 

The successful installation of vicinal C-methyl groups with anti-relative configuration was 

not possible directly from alkylation of the unsubstituted 1,4-diketone.  This was evident 

as increasing the temperature of alkylation provided the anti-diastereomer, but proved 

detrimental to the yield.  From model acyclic studies, we understood this decomposition 

came in the form of an unproductive oxidation reaction, which we believed occurred before 

alkylation.  To test this theory, we treated 13.2, which decomposed during alkylation above 

0 °C, with NaH in refluxing THF.  This did not cause any decomposition, but to our surprise, 

the diastereoselectivity did not change (Figure 16, entry1) as was anticipated from results 

in Figure 15.  Using different quenching agents like HCl, Methanol, HFIP or tert-butyl 

alcohol had no obvious effect on the diastereoselectivity either.  However, we were hopeful 

that by could successfully optimize conditions at elevated temperatures like in Figure 15B 

entry 3 to produce the anti-configured isomer as the major product. 

 

We furthered our study using different carbonate bases in methanol.  Treatment of 

13.2 with potassium carbonate in methanol for one hour afforded a 3:1 mixture favoring 

the syn product (Figure 16, entry 2).  Stirring the reaction for longer than one hour did not 

change the diastereoselectivity. Sodium, lithium, and cesium carbonate were also tested.  
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Sodium carbonate (entry 3) favored the syn diastereomer slightly more than potassium 

carbonate (entry 2) with a 4:1 d.r.  Changing from sodium to either lithium  (Entry 4) or 

cesium carbonate (Entry 6) both showed a 7:1 d.r. in favor of the syn isomer.  Lithium is 

known to form aggregates of dimers and tetramers in 1,4-diketones, which we suspect 

prevented the epimerization to the anti-configuration.  Changing the solvent from methanol 

to tert-butanol with potassium carbonate resulted in a slight increase of the syn product 

(Entry 7).  The organic base DBU was tested in both acetonitrile and methanol.  At room 

temperature, DBU  in acetonitrile gave a 10:1 mixture favoring the syn product (entry 5).  

Changing the solvent to methanol at room temperature had no effect on the observed 

diastereoselectivity (entry 8).  Heating the solution to reflux had only a minor effect on the 

d.r. (entry 9). 

 

 

 

These results, in conjunction with those in figure 15, show a strong directing ability 

of the macrocycle, and highlight the challenge to install anti-relative vicinal C-methyl 

groups.  With the exception of the low yielding 16-membered macrocycle, the anti-

configured diastereomer was not formed in an excess.  Even after attempts to epimerize 
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the less rigid18-membered macrocycle at refluxing temperatures we were only able to 

afford a 3:1 ratio, at best, in favor of the syn-diastereomer.  

 

1.3.6. Synthesis of functionalized 1,4-diketones 

 

Alongside the installation of vicinal methyl groups, we were interested in functionalization 

with more elaborate electrophiles to enable the future/further elaboration towards other 

complex cyclobutane-containing natural products possessing an all-anti-core structure.  

For this, a variety of different alkyl and benzyl halides were tested on the 3-

hydroxybenzaldehyde derived 1,4-diketone 11.7c initially (Figure 17).  This study was 

initiated with allyl chloride which proved to be unreactive, and in general, chlorides and 

triflates showed to have little to no reactivity under the optimized conditions.  In the case 

of bromides, only allyl bromide, and m-iodobenzyl bromide gave mono reacted products 

SI6 and SI8 in 29% and 18% yield, respectfully.  The use of iodides proved to be more 

fruitful.  Alkyl and benzyl iodides all worked well giving the vicinally alkylated products as 

a single diastereomer in fair to excellent yields.  The yield of the reaction was lowest when 

1,4-diiodobutane and ethyl iodide was used to afford 17.3 and 17.1 in 32% and 29% yield, 

respectfully.  The use of allyl or benzyl iodide gave the highest yields affording 17.2 and 

17.4 in 85% and 74% yield respectfully.  Using the meta functionalized m-iodobenzyl 

iodide showed a reduction in overall yield giving 17.6 in 44% yield.  An isovanillin derived 

1,4-diketone (13.2) was also tested, and in general, gave the desired products in 

comparable yields as a single (syn) diastereomer. 
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 Based on the crystal structure of 13.3 and coupling constants computed from 

proton NMRs of the vicinally alkylated products all being approximately 9.0 Hz, the 

configurations were all assigned as the syn configured diastereomer.  This was further 

corroborated after 17.10 underwent ring-closing metathesis upon treatment with Grubbs 

second-generation catalyst in toluene at 50 °C to afford 18.1 in 50% yield (Figure 18).  

Suitable crystals for X-ray analysis of 18.1 were grown from slow evaporation in ethyl 

acetate to confirm the relative (syn) stereochemistry. 
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1.3.7. Future direction for functionalization of 2,3-ene-1,4-diones 

 

In addition to enolate alkylation reactions, alternate methods for vicinal functionalization 

have preliminary been investigated using macrocyclic (E/Z)-bute-2-ene-1,4-diones (19.1 

ï 19.4, Figure 19).  Using a macrocyclic bute-2-ene-1,4dione allows for additional 

stereospecific reactions to be employed like the Diels-Alder cycloaddition reaction.  First, 

we discovered the (E)-configured enone 19.1 and 19.2 can be quantitatively converted to 

its corresponding (Z)-configured enone (19.3 or 19.4) by irradiation at 450 nm wavelength 

light while being suspended in hexanes, and conveniently, isomerized back to the (E)-

enone by stirring in any solvent at temperatures above 35 °C. 

 

 

 

The investigation of the utility of these macrocyclic enones (19.1 ï 19.4) was 

initiated with two stereoselective transformations for enones; [4+2] cycloaddition and syn-

dihydroxylation.  19.1 and 1,3-dimethyl-1,4-butadiene was stirred in a heated solution of 

DMF producing  20.1 in 92% yield.  An in-situ generated 1,4-diene from stirring Ŭ,Ŭô-

dibromo-o-xylene in the presence of sodium iodide in DMF reacted with 19.1 to afford an 

unsuspected benzylic brominated product 20.2 in 40% yield.  The (Z)-configured 

enediones 19.3 and 19.4 could also smoothly undergo syn-dihydroxylation by treatment 

with osmium(IV) tetroxide, sodium metaperiodate, and DABCO in a solution of THF and 

water affording diols 20.3 and 20.4 in 48% and 61% yield, respectively. 
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Shifting focus to synthesis of nonsymmetrical products, we investigated the use of 

mono-functionalization reactions.  (Z)-bute-2-ene-1,4-dion 19.2 was treated to phenyl 

mercaptan and sodium acetate at 70 °C in a (1:1) THF:water mixture to produce 20.5 in 

84% yield (Figure 20).  While treatment of 11.7C to different amines in acidic media often 

afforded complex mixture of products, (Z)-bute-2-ene-1,4-dione 19.2 underwent 

successful conjugate addition with n-butylamine followed by a sequential Ŭ-

iodination/elimination sequence producing 20.6 in 49% yield.  Oxidative conjugate addition 

chemistry has received quite the attention because the use of aryl boronic acids/esters as 

nucleophiles offer an attractive method for carbon-carbon bond formation without the use 

of moisture and oxygen sensitive copper, lithium, or magnesium nucleophiles. 27-31  On 

19.1 ï 19.4, the use of lithium, copper, and magnesium reagents proved difficult and did 

not produce any of the desired addition products. However, utilizing the recent 

advancements made on oxidative conjugate addition chemistry, 19.1 was able to undergo 

a palladium(II)-catalyzed conjugate addition.   (Z)-bute-2-ene-1,4-dione 19.1 was stirred 

in a heated solution of aryl boronic acid, laurel sulfate, catalytic palladium(II) acetate, and 

BPY in water to afford Ŭ-arylated products 20.7 and 20.8 in 51% and 47% yield, 

respectively. 
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1.3.8. Challenges of 1,4-dicarbonyls to consider 

 

The use of 1,4-dicarbonyl units has presented challenges not present in isolated carbonyl 

units which is important to consider for the future of these works.  Silyl enol ethers and 

vinyl triflates are powerful functional groups for coupling and alkylation reactions, but 

treatment of 11.7c with optimized enolate alkylation conditions in the presence of silyl 

halides,  triflate sources, or traditional conditions for which silyl enol ethers and vinyl 

triflates are afforded have only given furan 22.3 and 22.4 (Figure 21).  The use of 

enamines and Enderôs hydrazones have been demonstrated as powerful tools for 

diastereo- and enantioselective synthesis, but reactions which employee the use of 

amines or hydrazines in basic or acid media have predominantly formed furan 22.3 and 

pyran 22.2.33-37  Even the use of Vilsmeyer-Heck reagents for the formation of exocyclic 

olefins afford complex mixtures of aromatized products like 21.1.    

 

 

 

1.4. Conclusion 

 

The continued development of diastereoselective transformations of macrocyclic 1,4-

diketones, and their use as building blocks for complex molecule synthesis is of significant 

accomplishment in chemical synthesis.  Further, this provides additional insight into the 

nature of the high levels of diastereoselectivity of 1,4-diketones embedded within a 

macrocyclic framework.  This is one of few examples of stereocontrol from remote 

induction within a macrocyclic framework.  These results have helped to guide further 

synthetic efforts towards the synthesis of cyclobutane containing natural products.  In 

chapter 2 of this dissertation, these functionalized 1,4-diketones will be used for the 

synthesis of cyclobutane containing lignan natural products and their synthetic derivatives.  
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Finally, the preliminary results from functionalization of 2,3(E/Z)-ene-1,4-diones offer an 

attractive place for future work to continue. 
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Chapter 2 Synthesis of Cyclobutane-Containing Natural Products using 

Macrocyclic 1,4-Diketones as Templates for Diastereoselective 
Transformations and Strained Carbon-Carbon Bond Formations 

 

2. Introduction 

 

Cyclobutane containing natural products, possessing unique three-dimensional structures 

with compressed bond angles (88°) and a 35° out of plane pucker, have been shown to 

have more potent structure activity relationships as opposed to its cyclic and acyclic 

counterparts (Figure 22).1  Natural products containing this intriguing structural motif have 

been shown to possess medicinally relevant properties, and studies have demonstrated 

the importance of this carbocycle in pharmacological activity.  Additionally, cyclobutanes 

contain 26.3 kcal/mol of strain, making it one of the most strained carbocycles found in 

nature.  Due to this, natural products containing this 4-membered ring offer an attractive 

and challenging target for chemical synthesis and method development.  

 

 

 

 To date, several total syntheses of cyclobutane containing natural products have 

been accomplished, but synthetic tools for construction of cyclobutanes are limited.  These 

limitations provide a platform for synthetic method development and creative total 

synthesis of cyclobutane-containing natural products.  This chapter will focus on the 

synthetic methods developed, and their applications towards the synthesis of cyclobutane 

containing natural products. 
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2.1. Synthetic methods developed for the synthesis of cyclobutane 
containing natural products 
 

2.1.1. Pericyclic reactions 

 

The challenge of synthesizing strained, naturally occurring carbocycles has attracted the 

attention of many research groups.  Synthetic approaches to natural products containing 

this structural motif have focused on the application of a biomimetic route.  In many cases, 

nature employs pericyclic reactions to afford cyclobutane core structures (Figure 23).  

Possessing all the necessary atoms, pericyclic reactions are undoubtably the most atom 

economical route towards the synthesis of cyclobutane containing natural products.  Of 

the many subclasses of pericyclic reactions, the cycloaddition (Figure 23A) and 

electrocyclization (Figure 23B) reactions have been widely employed for the synthesis of 

cyclobutanes.  [2+2] cycloadditions and 4ˊ electrocyclization reactions are, in theory, the 

most atom economical approach to access these structures. 

 

 

 

2.1.1.1. Cycloaddition 

 

Of the strategies that can be applied to synthesis of cyclobutane containing natural 

products, none come close to being as frequently used as the [2+2]-cycloaddition.  [2+2]-

Cycloadditions have been thoroughly investigated and within this reaction class, there 

exist three major subclasses that will be disclosed here.  These include direct excitation 

(Figure 24B), transition metal complexations (Figure 25), and photo-induced electron 

transfer (Figures 26 and 27).  

 

2.1.1.1.1. Direct excitation/sensitization 

 

Liebermann is undoubtably the father of modern day [2+2] cycloaddition reactions, and 

with the few synthetic tools of the time, he successfully carried out the dimerization of 
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thymoquinone (24.4) and made key observations about its thermodynamically driven 

reversibility in 1877 (Figure 24B). 2-4  This early example relied on an unassisted ñdirect 

excitationò of thymoquinone (24.4) to afford a mixture of head-to-head dimers 24.5 and 

24.6.  The challenge with direct excitation is that without any outside influence, the 

stereochemical outcome is hard to control.  This leads to challenging separations of 

stereoisomers and poor isolated yields. 

 

 Even with the associated challenges, this method still finds value in the hands of 

modern day synthetic organic chemists.  Han-Dong Sun and co-workers disclosed the 

total synthesis of an unsymmetrical cyclobutane containing natural product mediated by a 

completely unassisted direct excitation (Figure 24C).5  In their approach, the synthesis 

commenced with lactonization of 24.7 using peptide coupling reagents to afford 

unsaturated ŭ-lactone 24.8 in 58% yield.  Irradiation of 24.8 and methyl acrylate in a stirring 

solution of acetonitrile resulted in a separable mixture of isomers favoring cyclobutane 

24.9.  After a series of functional group interconversions to install the desired branched 

ester and a palladium(II)-catalyzed C-H activation furnished scoparusicide A (24.11).  

While this report shows that direct excitation is a possible method for synthesis of 

cyclobutane containing natural products, the outcome of the [2+2] cycloaddition has poor 

regioselectivity and diastereoselectivity.  For these reasons, researchers often elect to 

spend time developing alternate [2+2] cycloaddition strategies boasting higher levels of 

selectivity. 

 



48 
 

 

 

2.1.1.1.2. Transition metal complexation 

 

A powerful advancement for cycloaddition chemistry has come in the form of transition 

metal-catalyzed alkene complexation reactions.6-9   With the aid of a transition metal 

catalyst, several new racemic syntheses of cyclobutane natural products have been 

accomplished.  However, limited strategies for enantioselective synthesis of either 

symmetric or asymmetric cyclobutane natural products exist. 

 

Utilizing a copper(II) bisoxazoline-catalyzed [2+2] cycloaddition approach, Li and 

co-workers have developed a highly diastereo- and enantioselective approach towards 

synthesis of tri- and tetrasubstituted cyclobutane derivatives in 2016 (Figure 25).10  In 

addition, this method allowed for the enantioselective total synthesis of piperarborenine B 

(25.5) in just eight steps.  Treatment of styrene 25.2 and methylidenemalonate (25.1) with 

copper(II) perchlorate hexahydrate and bisoxazoline ligand 25.6 gave tetrasubstituted 

cyclobutane 25.3 in 68% yield and 99% enantiomeric excess.  The synthesis of 

piperarborenine B (35.5) was accomplished after a 7-step elaboration from 25.3.  The 
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source of this high level of enantioselectivity has been proposed to come from the 

coordination of both olefins to copper (25.4), and in the presence of chiral ligands, give 

enantioenriched products. 

 

 

 

2.1.1.1.3. Photoinduced electron transfer (indirect excitation) 

 

Cycloreversion, olefin isomerization, regio- and diastereoselectivity are four major 

challenges that have plagued [2+2] cycloaddition methodologies.  In the past, these 

challenges would have been overcome by employing a large excess of one coupling 

partner to ensure sufficient amount of the desired product was afforded.  As mentioned 

earlier, [2+2] cycloaddition reactions are economical in theory, but strategies using the 

aforementioned solution are unreasonable when considering environmental impacts and 

cost at industrial scales.  Several research groups have invested time into solving this 

challenge by employing a photoinduced electron transfer approach.  Most notably, the 

Nicewicz and Yoon groups have made early and impactful contributions on the capabilities 

of PET cycloaddition reactions.  

 

 Yoon and co-workers began their journey in 2009 with a simple goal, investigate 

the use of aryl enones for radical anion [2+2] cycloaddition reactions mediated by a photo-
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redox catalyst (Figure 26A).11-12  They proposed that using a suitably reactive aryl enone 

could act as an electron acceptor (26.1) to form  radical anion intermediate (26.3).  This 

intermediate, in the presence of a less easily reduced enone (26.2), would act as a Michael 

acceptor undergoing [2+2] cycloaddition to afford the head-to-head hetero-coupling 

product 26.4.  In practice, a suite of aryl enones (26.5) with various aliphatic enones (26.6) 

were treated to tris(bipyridine ruthenium(II) chloride, DIPEA and lithium tetrafluoroborate 

in acetonitrile under visible light irradiation to afford 26.7 in high yields and modest to 

excellent diastereoselectivities.  In this seminal publication, only 16 examples were 

reported to undergo successful heterodimerization. However, over the years, several 

follow up reports have disclosed advancements made to this strategy allowing for the total 

synthesis of several medicinally relevant cyclobutane containing natural products (26.9 ï 

26.11, Figure 26C).13-16   

 

 

 

 In 2013, Nicewicz and co-workers reported the use of a single electron relay 

system for the homodimerization of styrene-based monomer units (Figure 27).  In contrast 

to Yoon and several other major developers of PET cycloaddition strategies, Nicewicz 

employs a single photocatalyst and uses simple organic compounds as ERs for the 

excitation of the olefin monomer units preventing cycloreversion and olefin isomerization 

in the process.  Irradiation of styrene 27.1, p-OMeTPT, and suitable ER in acetonitrile with 
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450 nm Kessel LED affords a suite of trans-anti-trans head-to-head dimers 27.2.  Using 

this approach, lignan natural products magnosalin (27.3), pellucidin A (27.4), and 

endiandrin A (22.2) were synthesized in one to two steps with complete diastereomeric 

control. 

 

 

 

2.1.1.2. Electrocyclization 

 

2.1.1.2.1. 6-ˊ unit systems 

 

Conceptually, the use of biomimetic approaches makes the most sense, but lacking all the 

tools of nature can make immolating these routes difficult.  This is true for the polyketide 

based natural product Hippolachnin A (22.3) which is proposed to come from the 

intramolecular [2+2] cycloaddition of presumed biomimetic precursor 28.1.  Irradiation of 

28.1 with only UV light has been reported to give isomerization of the vinylogous ester 

functional group.17   

 

 In 2017, Trauner and co-workers reported the first non-[2+2] cycloaddition 

approach towards Hippolachnin A (22.3) utilizing a 4-ˊ electrocyclization of Ŭ-tropolone 

methylether (28.2).  UV Irradiation of tropolone 28.2 first affords cyclobutene 28.3, and 

continued irradiation initiates an interesting three step transformation.  First, a 3-exo-trig 

cyclization gives tricycle 28.4.   This is followed by a rearrangement of the cyclopentane 

ring affording a more stabilized carbocation intermediate 28.5.  Finally, ring opening of the 

cyclopropane affords 28.6, possessing the bicyclo[3.2.0]heptane core structure present in 

the natural product.  Eleven subsequent steps were required to convert 28.6 to 

Hippolachnin A (22.3).18   
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2.1.1.2.2. 4-ˊ unit systems 

 

At first glance, [2+2] cycloaddition chemistry reaction is well suited for psuedodimeric 

cyclobutane containing natural products.  However, synthesis of these cyclobutane 

containing natural products is an elusive challenge for this reaction.  Synthesis of these 

natural products generally rely on alternate synthetic routes.  In 2011, Baran and co-

workers reported a short synthesis of piperarborenine B (25.5) and proposed structure of 

piperarborenine D (29.5).19  Their synthetic approach towards the cyclobutane core relied 

on a 4ˊ electrocyclization reaction of methyl coumalate (29.1) to afford cyclobutene 29.2.  

In the same pot, 29.2 was treated with platinum on carbon under an atmosphere of 

hydrogen, then an EDC-mediated amidation gave 29.4 61% yield over the three-steps.   

The bis carbonyl units provided the necessary handles for a series of C-H arylation, and 

functional group interconversion reactions to give piperarborenine B (25.5) and the 

proposed structure of piperarborenine D 29.5.  Crystals suitable for X-ray crystallography 

of 29.5 were prepared, which confirmed the structure of 29.5 and the isolation teams 

misassignment.  This led to the corrected structure for piperarborenine D (26.9). 
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2.1.2. Cyclobutaneôs by ring contraction 

 

Ring contraction reactions, while rarely utilized in the synthesis of cyclobutanes, can offer 

an attractive method for synthesis of natural products; however, the development of such 

methods have been impeded by the harsh reaction conditions often required to initiate this 

transformation.  For this reason, development of ring contraction reactions has received 

much less attention than methods which utilize reductive coupling, or [2+2] cycloaddition 

reactions. 
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In 2021 Antonchick and co-workers reported the synthesis of cyclobutane 

containing natural product 25.5, which showcased an oxidative ring contraction reaction 

for the construction of the key cyclobutane motif (Figure 30).20-21  Their strategy involved 

synthesis of easily accessible pyrrolidine 30.3 from a [3+2] cycloaddition reaction of 30.1 

and 30.2 in 72% yield.  Treatment of 30.3 with a hypervalent iodine reagent (PIDA) in the 

presence of ammonium carbamate as a source of nitrogen afforded the penta-substituted 

cyclobutane 30.6.  Despite complete erosion of the stereochemistry due to formation of a 

1,4-bis radical intermediate 30.5 after liberation of nitrogen gas in 30.4, the cyclobutane 

product maintains the same relative stereochemistry found in the  starting pyrrolidine.  

Further strategic functional group manipulation allowed for the total synthesis of 

piperarborenine B (25.5).22 

 

In addition to use for synthesis of piperarborenine B (25.5), the method boasts a 

wide functional group tolerance and maintains a high level of stereospecificity and 

enantioselectivity regardless of the cyclobutane products (31.3 and 31.4, Figure 31).   
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2.1.3. Ring expansion 

 

The use of cyclopropanes as starting material for synthesis of cyclobutanes are 

exceedingly rare in total synthesis; however, these methods often focus on transition  

metal catalysis. 23  More recently, the investigation of gold(I)-catalyzed cycloisomerization 

cascade reactions has gained significant attention.24-26  These reactions can set several 

stereocenters during one synthetic transformation allowing for the expedited synthesis of 

complex polycyclic molecules.  In addition, these transformations can be accomplished 

with fair to excellent levels of diastereoselectivity.  Echavarren and co-workers have been 

on the forefront of developing gold(I)-catalyzed cascade reactions which capitalize on a 

cyclopropane ring expansion reaction for synthesis of cyclobutane containing 

protoilludane type natural products (32.6 and 32.7, Figure 32).27-29  

 

Echavarren later expanded this protocol towards the total synthesis of 

repraesentin-F (32.5), which lead to a revision of its originally proposed structure.  

Treatment of ynone 32.1 with a gold(I) catalyst initiated a cascade of transformations.  DFT 

studies suggest goldôs coordination to ynone present in 32.1 prompts a 5-exo-dig 

cyclization followed by a pinacol rearrangement to afford an intermediate cyclobutanone 

32.3.  The alkenyl gold moiety is proposed to promote a prins-type cyclization, elimination, 

and a protodemetallation sequence setting three new stereocenters and forging two new 

C-C bonds to give tricyclo[6.2.01,8.03,7]octane 32.5 as a separable 7.4:1 mixture of 

diastereomers.  The total synthesis and structural revision were accomplished after 32.4 

was converted to 32.5 over seven steps. 
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2.1.4. Reductive coupling 

 

Reductive coupling reactions have proven to be a power tool for chemical synthesis; 

however, their application to four-membered ring formation is limited.  The successful 

reductive coupling for the synthesis of cyclobutane containing natural products can be 

accomplished by either a two or one electron process.  

 

2.1.4.1. Single-electron processes 

 

There exist several single-electron reductive coupling variations, the McMurry/pinacol and 

Norrish-Yang reactions are undoubtably two of the most well suited for construction of this 

challenging structural motif (Figure 33).   

 

The McMurry reaction, a modification of the pinacol reaction, has gained 

considerable attention from the synthetic community, and its application for small and 

large ring formation has shown promise (Figure 33A).30-32  These reaction commonly 

employ an in-situ generated low-valent titanium reagent, which after two single electron 

transfers, give a titanium(II)-pinicolate species 33.3.  Pinicolate 33.3, after carbon-carbon 

bond formation, releases TiO2 to afford either cyclobutene 33.5 or cis-cyclobutane-1,2-diol 

33.4.  There are few examples of its application to four-membered ring synthesis.  This 

speaks to the difficulty of installing a suitable 1,4-dicarbonyl group within the framework of 

a complex molecule. 
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The Norrish-Yang reaction was reported in 1937, and since its seminal publication, 

has been well utilized for the synthesis of cyclobutanols from corresponding ketones 

(Figure 33b).33--39   This reaction utilizes simple photo-irradiation to initiate radical formation 

of a suitable carbonyl moiety (33.7).  After a sequential homolytic cleavage-radical 

recombination step, cyclobutanols (33.9) are afforded.  A major drawback to this reaction 

is, under these conditions, retro [2+2] cycloaddition, isomerization, then [2+2] 

cycloadditions or photodecomposition of the starting carbonyl can occur. 

 

 

 

Bearing in mind the aforementioned challenges, Yang and co-workers detail their 

cleaver use of the Norrish-Yang reaction for the construction of the Ŭ-hydroxy 

cyclobutanone present in (+)-cyclobutastellettolide B (34.5, Figure 34A).40  In this work, 

Yang utilized a 1,2-diketone (34.2) furnished from a sequential oxidation of alkene 34.1 

with osmium(IV) oxide followed by Swern oxidation of the resultant diol.  Irradiation of 1,2-

dikteone 34.2 first afforded the Ŭ-hydroxy radical 34.3, which was set up for 

transesterification to afford (+)-cyclobutastellettolide B (34.5).  Following the successful 

synthesis of 34.5, a computational study indicated the high level of regio- and 

stereocontrol could be attributed to the restricted rotation of the 1,3-methyl groups 

highlighted by 34.3 and C-H bond dissociation energy (Figure 34B).  This both highlights 

the significant challenge of incorporation of the Norris-Yang reaction in total synthesis and 

the impact of this work. 
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2.1.4.2. Two-electron processes 

 

In 2011, Masaaki Miyashita and co-workers reported on the total synthesis of the 

heptacyclic triterpenoid solanoeclepin A (35.4, Figure 35), using a two-electron reductive 

coupling method for installation of the cyclobutane moiety.41  In addition to a strained 

cyclobutane motif, this natural product contains each size ring of three to seven carbon 

atoms, three fully substituted carbon centers, two tetrasubstituted olefins, and two bridged 

ring systems.  Carefully considering the challenges present, their synthesis began with 

constructing the cyclobutane ring.  The trans-fused tetrahydroindane core structure 

present in 35.2 was synthesized in 9 steps from commercially available 35.1.  Treatment 

of 35.2 with LDA followed by the addition of HMPA and TBSCl afforded cyclobutane 35.3 

containing the tricyclo[5.2.1.01,6]decane core structure of the natural products. 
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2.2. A macrocyclic 1,4-diketone-based approach to cyclobutane containing 
natural products 

 

The McMurry reaction is a powerful tool for strained olefin synthesis, in general, in organic 

chemistry.  This reductive coupling reaction is a modification of the pinacol coupling 

reaction, where the introduction of a low-valent titanium reagent promotes a cheletropic 

elimination of titanium dioxide from the intermediate diol that is formed upon C-C 

formation.  The reaction has many variations and some of these have found application 

into complex molecule synthesis (Figure 36). Some notable examples include Nicolaouôs 

synthesis of Taxol (36.1)42 and Maimoneôs synthesis of cardamom peroxide (36.3)43, with 

respect to total synthesis.  Contributions from Hopf and co-workers during their synthesis 

of a strained [2.2]paracyclophane 36.8 derivative and Bodwellôs use of sequential McMurry 

reactions to install strained alkene bridging units into a pyrene-based cyclophane 

derivative 36.6, showcase the utility of this transformation in the synthesis of -́rich 

macrocyclic systems. 44-45 

 

 

 

2.2.1. Retrosynthetic analysis of di-O-methylendiandrin A 

 

While the McMurry reaction has been employed in intermolecular and intramolecular 

processes, its application to transannular reactions has been limited.  As mentioned 

above, this reductive coupling is well-suited for strained olefin synthesis, and transannular 
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reactions offer a distinct entropic advantage over intra- and intermolecular variants.  As 

such, we proposed the application of a transannular McMurry reaction in the synthesis of 

a strained cyclobutene derivative.  Early work from our laboratory demonstrated that 

macrocyclic 1,6 and 1,4-diketones 11.7c and 37.1 could readily undergo transannular 

McMurry reactions to afford the corresponding cyclohexene 37.3 and cyclobutene 

derivative 37.1 in 95% and 60% yields, respectively (Scheme 37). 

 

 

 

Building off these preliminary studies, we envisioned the synthesis of 38.1 would 

be accomplished after late-stage cleavage of the alkyloxy tether, after the macrocyclic 

framework had served as a template for directing cyclobutane formation and the 

diastereoselective introduction of vicinal C-methyl stereogenic centers (Figure 38).  

Ultimately, this would require strategic functional group manipulations of 13.2, enabling 

the synthesis of a fully substituted cyclobutene core structure, which would be 

accomplished via macrocycle-directed vicinal alkylation, and transannular McMurry 

reaction of a suitable 1,4-diketone 13.2.  We believed that the proximity of the vicinal 

methyl groups would encourage the subsequent McMurry via a pseudo-Thorpe-Ingold 

effect by orienting the 1,4-diketone in a preferred reactive conformation.  Utilizing a well-

established protocol developed by Merner group in 2015, 1,4-diketone 13.2 could be 

synthesized using a 5-step protocol from cheap and readily available starting materials.46 
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2.2.2. Synthesis of di-O-methylendiandrin A 

 

In 2020, our laboratory disclosed the first total synthesis of a cyclobutane lignan that does 

not employ a [2+2] cycloaddition reaction.47  Our synthesis commenced with vicinally 

methylated 1,4-diketone 13.3, which was subjected to low-valent titanium generated from 

heating TiCl4 with Zn dust and pyridine in THF, to afford cyclobutene 38.2 in 92% yield 

(Figure 39).  The resulting cyclobutene was reduced via catalytic hydrogenation to give 

the cis-syn-trans-anti cyclobutane 39.1 in 80% yield.   

 

 

 

 At this juncture, the lignan core structure was liberated by treating 39.1 with a 

solution of boron tribromide in CH2Cl2 at 0 °C to afford an intermediate tetrol.  The resulting 

tetrol was unstable, requiring immediate alkylation of the free hydroxyl groups.  This was 

accomplished upon treatment with cesium carbonate, followed by the slow addition of 

methyl iodide in acetonitrile to afford 40.1 in 81% yield over the two-steps.  At this point, 

inversion of the vicinal aryl relative stereochemistry was accomplished in 95% yield by 

employing an excess of KO-t-Bu in DMSO to afford di-O-methylendiandrin A (38.1).  
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2.2.3. Improved synthesis of di-O-methylendiandrin A 

 

The instability of the intermediate tetrol motivated us to explore other routes towards di-

O-methylendiandrin Aôs (38.1) synthesis.  Initially, we envisioned subjecting cyclobutane 

39.1 to epimerization to set the stage for dealkylation of a less congested cyclobutane.  It 

was hoped that this would yield a more (bench) stable tetrol diastereomer, which could 

undergo alkylation to afford 38.1. 

 

 Treating 39.1 with an excess of KO-t-Bu first afforded the anti-trans-anti-trans 

configured macrocyclic-cyclobutane 41.1.  To our surprise, further stirring of the 

macrocycle afforded diol 41.2 in 35% yield over the prior three synthetic operations.  

Indeed, compound 41.2 proved to be more stable and did not require immediate alkylation 

in order to afford pure samples of 38.1.  Treatment of 41.2 with the previously reported 

alkylation conditions, such as cesium carbonate or any weak base failed to consume any 

starting material.  Treatment of 41.2 in a heated solution of DMF with the sodium hydride 

followed by slow addition of methyl iodide successfully afforded natural product 38.1 in 

50% yield.  
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 The use of strong potassium bases in DMSO has been reported to increase the 

overall strength of the base, and in the case of KOH, this has been reported as a 

successful tool for dealkylation of a select series of alkyl ethers to generated phenols from 

corresponding aryl bromides (Figure 42).48  The use of these conditions with longer alkyl 

motifs present in 41.1 has not been reported, and to the best of our knowledge, this serves 

as the first example of using KO-t-Bu for synthesis of a phenol from its respective ether.  

 

 

 

2.2.4. Synthesis of endiandrin A  

We envisioned the synthesis of endiandrin A (22.2), a potent glucocorticoid receptor 

binder, could also be accomplished utilizing a 3-hydroxybenzaldehyde-based 1,4-diketone 

(11.7c).  In similar fashion to 13.3, Vicinally alkylated 1,4-diktone 14.1 underwent 

transannular McMurry reaction to afford 43.1 in 95% yield (Figure 43).  Using the 

aforementioned strategies, synthesis of endiandrin A (22.2) was accomplished by two 

different routes towards 43.2.  The first approach to the sought-after anti-trans-anti-trans 

cyclobutane precursor 43.2 to endiandrin A (22.2) was accomplished by a sequential four-

step procedure from 43.1.  This commenced with catalytic hydrogenation followed by a 

dealkylation, methylation, then epimerization to give 43.2 in 69% yield.  It is important to 

note that the phenol resulting from dealkylation with boron tribromide afforded a much 

more bench stable intermediate than SI13 which was produced during the synthesis of di-

O-methylendiandrin A (38.1).   
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Using our alternative approach, 43.1 was treated to catalytic palladium on carbon 

under an atmosphere of hydrogen in ethyl acetate affording the reduced cyclobutane in 

98% yield (Figure 44).  Subjecting the resulting cyclobutane to an excess of KO-t-Bu in 

DMSO afforded diol 44.1 in 88% yield alongside the minor unreacted intermediate 

macrocycle 44.2 in 3% yield.  The highest yields of this reaction sequence were always 

obtained when the reaction was not allowed to run for an excess of 2 hours.  In many 

cases, the epimerized intermediate macrocycle was isolated as a minor product which 

was easily separated.  The resulting diol 44.1 was able to undergo alkylation by treatment 

with sodium hydride in dimethyl formamide followed by the slow addition of methyl iodide 

giving 43.2 in 57% yield. 

 

 

 

To complete the synthesis of endiandrin A (22.2), 43.2 was treated with a solution 

of titanium(IV) chloride in CH2Cl2 followed by the slow addition of dichloromethyl methyl 

ether to afford dialdehyde 45.1 (Figure 45).  The resulting dialdehyde was then treated 

with 35% aqueous hydrogen peroxide and 5% sulfuric acid solutions sequentially to 

generate an intermediate formate ester, which upon workup was saponified to generate 

endiandrin A (22.2) in 30% yield over the two-steps. 
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2.2.5. Evaluation of the transannular McMurry reaction on different sized and 
functionalized macrocyclic 1,4-diketones 

 

When considering the utility of this approach several important factors must be 

considered.  These primarily included: 1) an easily amendable Ŭ-Ŭô functionalization which 

maintains high levels of diastereoselectivity; 2) a robust strategy for construction of the 

cyclobutane core that is tolerant of various functional group handles, and differing sized 

macrocyclic scaffolds.  The amenability of the 1,4-diketone was investigated and 

discussed in detail in chapter one, thus the latter will be discussed here further. 

 

2.2.5.1. Transannular McMurry reaction investigation on various sized 1,4-
diketones 

 

For the latter, we first investigated macrocyclic 1,4-diketones varying in size from 15 to 19 

atoms.  To eliminate the potential influence of a pseudo-Thorpe-Ingold effect, the reaction 

was investigated on unfunctionalized macrocyclic 1,4-diketones.  With the successful use 

of various alkyl halides and synthesis of natural products 38.1 and 22.2 on the 18-

membered macrocycle, the transannular McMurry reaction was tested here first.  

Subjecting the 18-membered unfunctionalized 1,4-diketone to standard McMurry 

conditions furnished cyclobutene 37.1 in 46% yield (entry 2, Figure 46).  This is notably 

lower than its vicinally alkylated counter parts (38.2 and 43.1), which emphasize the strong 

pseudo-Thorpe-Ingold effect on the orientation of the 1,4-dicarbonyl units.  Decreasing the 

size of the macrocycle by reducing the number of carbon atoms in the tether showed a 

relatively small effect on the yield with the most strained homolog having a slightly higher 

yield (entries 3-5, Figure 46).  However, a one unit increase to a 19-atom macrocycle 

showed a drastic decrease in yield (entry 1).  These results are counter-intuitive when one 

considers the amount of strain induced should be higher on the smaller homolog making 

the reaction arguably more challenging.  However, as the macrocycle is afforded a greater 

degree of freedom to rotate and reorientate more freely, the 1,4-diketone moiety is capable 

of taking on lower energy states that orient the carbonyls away from one which actually 

makes the reaction more challenging.  These results align well with the vicinal alkylation 

study which showed that the 18 membered macrocycle also bore the best yields and 

diastereoselectivities. 
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In addition to testing various sized macrocycles, we sought to better understand 

how tolerant this strategy for cyclobutane synthesis would be too different Ŭ,Ŭô-

functionalized 1,4-diketones.   

 

We were pleased to see that under the standard McMurry conditions several of the 

vicinally functionalized 1,4-diketones underwent successful reductive coupling (Figure 

47).  3-hydroxybenzaldehyde derived 1,4-diketones 17.2, 17.4 and 17.6 bearing benzyl 

and allyl groups underwent clean conversion to the corresponding cyclobutenes in 

moderate to excellent yields (47.1, 47.2, and 47.3).  Even 16-atom macrocyclic 1,4-

diketone SI9 bearing heteroatoms was capable of undergoing successful reductive 

coupling albeit in considerably lower yield (47.4). The presence of the 2,3-butane bridge 

in 1,4-diketone 17.3 hindered the McMurry reaction completely.  An anti-configured [4.2.0] 

bicyclic cyclobutene (47.6) would be a highly strained motif and to the best of our 

knowledge, has yet to be reported.  1,4-diketone 17.10 was also treated to McMurry and 

afforded 47.5 in 98% yield.  Both isovanillin and 3-hydroxybenzaldehyde based diketones 

underwent McMurry reaction in comparable yields showing no dependence on arene 

functionalization. 
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2.2.6. Synthesis of cyclobutane containing lignan analogs 

 

Because of these encouraging results, we pondered what tolerance does our 

cyclobutenes have to subsequent functional group transformations, and would these new 

compounds allow for future/further elaboration towards other complex cyclobutane 

containing natural products possessing a trans-anti-trans core structure.  We saw an 

opportunity to use the vicinal allyl groups present in 47.1 to answer this question. 

 

 First, we sought to test our newly formed cyclobutene to a simple and robust 

transformation.  Cyclobutene 47.1 was treated catalytic hydrogenation to afford the 

globally reduced product 48.1 in 68% yield (Figure 48).  The inability to control the 

regiospecificity of this reaction was to be inferred.  In certain cases, terminal and internal 

alkenes are capable of being differentiated on the bases of steric hindrances, but the 

release of strain from reduction makes this reaction enthalpically favored and very fast.  

Treating cyclobutane 48.1 with KO-t-Bu in a heated solution of DMSO followed by 
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alkylation with methyl iodide afforded the trans-anti-trans cyclobutane lignan analog 48.2 

in 81% yield. 

 

 

 

Encouraged by these results, we sought other uses for our allylated cyclobutene 

47.1.  Treating a suspension of 47.1, sodium (meta)periodate, and DABCO in a mixture 

of THF and water with osmium(IV) oxide, afforded with complete regioselectivity oxidation 

of the terminal alkene (Figure 59).  The complex mixture of diastereomers was treated 

with sodium (meta)periodate in a methanol water mixture to afford dialdehyde 49.1 in 80% 

overall yield.  Releasing the lignan core was accomplished by masking the 1,6-dicarbonyl 

moiety as dimethyl acetals by treatment with trimethyl orthoformate and p-toluenesulfonic 

acid in ethyl acetate to give 49.2 in 76% yield.  Acetal 49.2 could then undergo a three 

synthetic transformation, reduction, dealkylation, and epimerization, to unveil the trans-

anti-trans lignan core structure present in 49.4 in 68% overall yield.  Attempts were made 

to take 49.4 forward without masking as the dimethyl acetal, but this proved to be difficult.  

The reduction of the cyclobutene was challenging in the presence of the dicarbonyl units 

which often underwent partial reduction if not extensively monitored.  Even so, the reduced 

dialdehyde SI15 was not capable of undergoing dealkylation with either established 

protocol.  Treatment of SI15  with either boron tribromide or KO-t-Bu resulted in complex 

mixtures.  
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 Further investigation showed 47.1 could undergo other regioselective oxidations 

(Figure 51).  Addition of 47.1 as a solution in DMA to a slurry of copper(I) chloride, 

palladium(II) chloride, and benzoquinone in water afforded diketone 50.1 in 80% yield as 

an 11:1 mixture with the inseparable keto-aldehyde.  Considering the utility of cross-

metathesis and its invaluable role in this synthesis, 47.1 was treated with crotonaldehyde 

and Grubbs second-generation catalyst to afford 50.2 in 65% yield.  Even at these more 

elevated temperatures, the cyclobutene remained completely intact and showed complete 

resistance to oxidation or ring opening metathesis.  

 

 

 

2.2.7. Future directions via the regioselective arene functionalization reactions 
 

In addition to the synthesis of natural products 38.1 and 22.2, late-stage 

modifications to the periphery of these lignan core structures have also been 

accomplished.  An important observation is that 43.2 has not been reported by [2+2] 

cycloaddition, and this is likely due to the higher oxidation barrier required to generate 

the necessary intermediate for cycloaddition to occur.  This makes further 
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functionalization of 43.2 of greater interest.  For this reason as well for the pursuit of other 

cyclobutane lignans (27.2), 43.2 was treated with molecular bromine in CH2Cl2 at 0 °C to 

afford 51.1 with complete regioselectivity in 80% yield (Figure 51A).  To install bromines 

at the more sterically hindered positions ortho to the cyclobutane moiety, molecular 

bromine in acetic acid was employed for the synthesis of tetrabromide 51.2 in 63% yield.  

At this juncture, the conversion of both 51.1 and 51.2 to either natural products 38.1 or 

27.2 was investigated using Ullman type reactions and/or borylation-oxidation-

methylation sequences.  Unfortunately, protocols using halogen exchange or Suzuki-

Miyaura borylation conditions only afforded back the dehalogenated 43.2.  In the case of 

Ullman type reaction conditions, the cyclobutane rarely survived.  Alongside this 

investigation, di-O-methylendiandrin A (38.1) could be brominated with N-

bromosuccinimide to afford analog 51.3 possessing tetrasubstituted arene units in 80% 

yield.  The manipulation of the functional group handles present in 51.1, 51.2, and 51.3 

has been challenging, but should be further investigated.  

 

 

 

2.2.8. Concluding remarks 

 

A new method for synthesis of cyclobutane containing lignans has been developed 

utilizing a transannular reductive coupling.  This strategy has enabled the total synthesis 
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of two cyclobutane containing lignan natural products, di-O-methylendiandrin A 38.1 and 

endiandrin A 22.2.  The utility of this approach enabled the synthesis of several new lignan 

analogs as well as the investigation of the chemoselectively of tetra substituted 

cyclobutenes.  Most notably, some of these analogs have yet to be reported even though 

their styrene precursor is commercially available which highlights some of the limitations 

from solely relying on [2+2] cycloaddition methodology. 

 

 In addition, several of these transformations were repeated on the isovanillin 

derived cyclobutenes.  To avoid monotonous writing, these reactions were only reported 

in the appendix of chapter two. 
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Chapter 3 Development of novel carbohydrate-based inhibitors of the IspH 
enzyme in the 2-C-methyl-d-erythritol-4-phosphate pathway present 
in bacteria and parasitic protozoa 

 
3. Introduction 

 

Traditional small molecule drug development looks to naturally occurring compounds for 

inspiration, and more often than not, strategic manipulations of natural products offer 

marketably improved biological properties, and lower toxicity.  This approach relies on 

already developed small molecules of medicinal value; however, this is not the only way 

to approach drug development.  Alternatively, with the aid of more modern computational 

advancements and mechanistic insights to biological pathways, drug candidates can be 

proposed from modeling studies and simulations.  This chapter is going to discuss the 

development and synthesis of inhibitors of isoprene-based molecules, and how our 

understanding of the mevalonate and methylerythritol phosphate pathway for Isopentenyl 

pyrophosphate (IPP) (52.2) and dimethylallyl pyrophosphate (DMAPP) (52.1) has enabled 

research groups to propose and develop new novel drug candidates. 

 

3.1. Isoprene synthesis  

 

Isoprenoids are one of the largest classes of natural products constituting over 50,000 

different molecules.  These molecules form from a cascade of enzyme catalyzed reactions 

starting from 52.1 and 52.2 and are classified based on the number of repeating isoprene 

units within the molecule, which can be seen in red in Figure 52.  Once these complex 

molecules are formed, they are responsible for several vital biological processes in the 

host species; however, our interest in these compounds predates our greater 

understanding of how they work and have often been for the benefit of our quality of life.  

Whether that be steviolôs (52.5) sweet taste as a common substitute for sugar in food, or 

the cooling effects from menthol (52.4), isoprenoid natural products are very useful in our 

daily lives.  However, by inhibition of these same processes, which produce compounds 

involved in essential processes, effective antibiotics can be created.  In theory, inhibition 

of compounds like bactoprenol (52.7) and menaquinone (52.6), which act as an essential 

component of the bacterial envelop and in electron transport in cellular respiration 

respectively, can offer pathways for more effective and disease specific antibiotics.  In 

practice, the research that helped to develop these theories began in the mid 1900ôs with 
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the elucidation of the mevalonic acid pathway for synthesis of isoprene by the major 

contributors in the labs of Ruzicka, Bloch, Cornforth, and Lynen.1-3 

 

 

 

3.1.1. Mevalonic acid (MVA) pathway for synthesis of isoprene 

 

Several research groups have made meaningful contributions toward the MVA pathway 

(in gray, Figure 53) and the best way to encompass these contributions is by examining 

them alongside the biosynthesis of cholesterol (53.5).  This journey began in the mid 

1900ôs when Ruzicka expanded on the basic isoprene rule.  In 1953, Ruzicka reported on 

the investigation of the structure of dozens of isoprene and isoprenoid-based molecules 

to provide a more comprehensive understanding of isoprenes through his ñbiogenetic 

isoprene ruleò, which resulted in a more detailed nomenclature, a proposal of a possible 

biosynthetic route from a collection of building blocks, and a tool for structural elucidation 

of future isoprenes.4-5  The major contributing factor towards the synthesis of cholesterol 

(53.5) is his proposal of a single biosynthetic precursor to many sterol/steroidôs from a 

series of electrocyclization reactions.  His proposal helped to connect the gap between 

squalene (53.3) and lanosterol (53.4). 

 

The next major development occurred with the discovery of mevalonate (53.2, 

Figure 53) by Wright, Folkers, and co-workers over the course of their studies of 

lactobacilli.6 Only after a moment of serendipity was it realized that what they had isolated, 

52.3, was connected to acetal CoA (53.1) by the condensation reaction of three molecules 

of this monomer unit.  ñThe discovery of mevalonic acid as a key intermediate in terpene 

and sterol biosynthesis is one of the examples of serendipity on which the progress of 

science depends so critically.ò7 The enzymatic pathway connecting 53.1 and 53.2 in yeast 
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and animal cells would later be described in greater detail by Rudney8 and Lynen9groups 

between 1957 and 1959.  Lynen would go on to make the connections between IPP (52.2) 

and DMAPP (52.1)10 and DMAPP (52.1) and squalene (53.3)11 in 1958 and 1959, 

respectively.  Between 1956 and 1965 Bloch and co-workers would make major 

contributions to fill in the gaps between the second half of the MEV pathway connecting 

mevalonate (53.2) to IPP (52.2), and propose the conversion of lanosterol (53.4) to 

cholesterol (53.5).12-13 

 

 

 

The point in highlighting the timeline of this historical journey is more to emphasize 

the fact that along route to cholesterol and more over isoprenes, exist several enzymatic 

steps which offer a convenient place for development of suitable inhibitors. 

 

3.1.1.1. HMG-CoA reductase inhibitors 

 

Of the enzymatic steps encompassing the MVA pathway, the 3-hydroxy-3-methyl-glutaryl-

CoA reductase (HMGR) serves as the rate determining step in the synthesis of cholesterol 

(53.2) and other isoprenoids.  Naturally, development of HMGR inhibitors became the 

target for new anti-hypercholesterolemic drugs (statins).  Our detailed understanding of 

the HMGR is still ongoing, but generally accepted that HMG-CoA (54.1) enters the active 

site of the enzyme and is bound to four amino acid residues (Figure 54).  While bound in 

the active site, the thioester undergoes a reduction-oxidation-reduction sequence with two 

equivalents of NADPH affording mevalonate (53.5). 
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 Over the history of drug development, nature has offered several excellent starting 

platforms, and to no surprise, the first widely accepted statin was used for centuries in 

traditional Chinese medicine.  Lovastatin (55.2), introduced in 1980 by Merck17, was the 

first drug to gain FDA approval to help lower low-density lipoprotein (LDL) cholesterol 

levels in humans (Figure 55).  Because of supposedly serious animal toxicity in structurally 

similar compactin (55.1), 55.2 was required to undergo additional animal testing to ensure 

its safety before clinic trials.14  This pushed back its clinical to day-view to 1982, where a 

small group of extremely high-risk patients received 55.2.  These trials showed remarkable 

results and quickly lead to its full FDA approval in 1987.  A short time later in 1991, 

pravastatin (55.3), another mevastatin derived natural product, would be widely distributed 

as an HMGR inhibitor.   

 

 

 

Notably, these compounds all share a similar six-atom structure with mevaldyl-

CoA.  The main relevant structural difference between 55.1 ï 55.3 is the loss of the ɓ-
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hydroxyl group for 55.1, which likely contributes to its toxicity.  Many of the synthetically 

derived inhibitors have incorporated this motif into its structure as well.15  The most 

commonly prescribed statin atorvastatin (trade name: Lipitor, 56.9) also possesses this 

ɓ,ŭ-dihydroxy acid motif.  This molecule has become one of the worldôs highest grossing 

drugs with a staggering $12 billion in sales in 2005.  Because of its medicinal value and 

commercial use, several groups have contributed to shorter and more economical 

routes.16-19 

 

 

 

The shortest large-scale synthesis of 56.9 comprising of four synthetic steps was 

published in 2019 by DÖmling and co-workers.19  This synthesis begins by utilizing a four-

component Ugi reaction of 56.1-56.4 in trifluoroethanol to form 1,4-diamido 56.4 in 40% 

yield on decagram scale (Figure 56).  The dicarboxylic acid 56.6 is formed in 87% yield 

as an inconsequential mixture of diastereomers from a one-pot dehydration of the 

secondary amide and hydrolysis of the tert-butyl ether with potassium hydroxide in 

methanol followed by cleavage of the resulting isocyanide after the addition of hydrochloric 

acid.  Regioselective [3+2] cycloaddition with diphenylpropiolamide 56.7 with 56.6 

completes construction of the pyrrole core structure providing 56.8 in 46% yield.  Finally, 

the isopropylidene is cleaved with CSA in dichloromethane to complete the synthesis of 

56.9 in 88% yield and in 14% yield over the four-steps.   
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3.1.2. Discovery of the 2-C-methyl-d-erythritol-4-phosphate pathway 

 

Lipitor (56.9) serves as one of the best examples of the importance of understanding the 

enzymatic pathways present in biological systems.  Without the careful comparison of 

statins (55.1-55.3) and HMGR intermediate (54.2), the most successful cholesterol drug 

would likely not exist.  The mevalonate pathway had widely been considered the exclusive 

pathway to produce IPP (52.2).  However, there were inconsistencies during several 

isotope labeling studies.  Early studies in the 1960s, attempted to incorporate isotopically 

labelled carbons into IPP (52.2) from [13C] -mevalonate (53.5) failed in bacteria, where it 

had been successful for mold.20-22 The alternative MEP pathway would not be proposed 

until the early 1990ôs by Rohmer and co-workers.  In this series of publications, Rohmer 

would add that isotopically labelled C3 carbon of glucose (57.11) is not incorporated into 

IPP (52.2) or DMAPP (52.1), while the carbons circled in red are (Figure 57).  This was in 

direct contrast to prior mold studies, which lead to the proposal that GAP (57.2) and 

pyruvate (57.3) are first formed from glucose (57.1) in the first step in the pathway used 

by certain bacteria rather than 53.1.24-25  A decarboxylation and addition of 57.3 to 57.2 

explains the loss of C3 in the final isoprene building blocks IPP (52.1) and DMAPP (52.2). 

 

 

 

Over the following 30 years, studies would fill in the gaps and propose detailed 

mechanisms and enzymes responsible for the entire MEP pathway (Figure 58).25-26 DXP 

(57.4) is the substrate for IspC, which catalyzes the reaction with NADPH to produce the 

reduced and rearranged product MEP (57.5).  Incorporation of a cytidine residue from 

reaction with cytidine-5ô-triphosphate (CTP) by IspD gives diphosphate CDP-ME (57.6), 

then phosphorylated with ATP by IspE to provide CDP-MEP (57.7).  IspF then catalyzes 

the loss of cytidine monophosphate (CMP) and cyclization to 2-C-methyl-D-erythritol-2-

cyclodiphosphate (MEcPP, 57.8).  In the final two steps, unique [4Fe-FeS] enzymes (IspG 

and IspH) catalyze the non-reductive ring opening, then two reduction steps giving way to 
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IPP (52.2) and DMAPP (52.1) as a 5:1 ratio.  These seven individual enzymatic processes 

have gained a considerable amount of attention as potential targets for otherwise antibiotic 

resistant bacteria.  Most importantly, this pathway offers an opportunity to target one of 

the most widely spread contagions, malaria. Year over year there are nearly 300 million 

people infected, and of those, close to one million will succumb to the disease.27-28 

 

 

 

3.2. Development of MEP inhibitors 

 

3.2.1. Fosmidomycin and acetyl congener natural inhibitors of the IspC 

enzyme 

 

The discovery of fosmidomycin (59.4) and FR33289 (59.5) anti-malarial properties in 

198929 has helped to drive the development of new potential anti-malaria therapeutics 

(Figure 59B).  While the exact mechanism was unclear at the time, detailed experiments 

showed both 59.4 and 59.5 to have low toxicities and an efficiently inhibited isoprenoid 

formation.  Over the next two decades, the conversion of DXP (57.4) to MEP (57.5) by 

IspC would be proposed helping to give clarity to the mechanism of inhibition.30-32   
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The IspC mechanism is proposed to follow one of two pathways.  Metal bound 

DXP (57.4) undergoes an Ŭ-ketol rearrangement initiated by deprotonation of the Ŭ-

hydroxyl group to give the Ŭ-hydroxyaldehyde 59.1 (Figure 59A).  Alternatively, 57.4 

undergoes a retro-aldol reaction to give hydroxy acetone (59.2) and glyceraldehyde-3-

phosphate (59.3) then aldol addition affording the Ŭ-hydroxyaldehyde 59.1.  MEP (57.5) 

is afforded after the reduction of 59.1 with NADPH.  Fosmidomycin (59.4) bears an obvious 

structural similarity to both ketone 57.4 and aldehyde 59.1 and is proposed to inhibit the 

turnover of IspC by binding to the metal preventing essential activation of either 57.4 or 

59.1. 

 

The first synthesis of Fosmidomycin (59.4) was described by Fujisawa 

Pharmaceutical Co. in 1978 (Figure 60A).33  Amine 60.1 underwent N-alkylation with 1,3-

dibromopropane with in-situ generated sodium ethoxide to give tertiary amine 60.2.  The 

introduction of the phosphonic acid moiety was accomplished by treatment of 60.2 with 

dibutyl phosphonate and sodium hydride in refluxing benzene.  Fosmidomycinôs (59.4) 

synthesis was completed by deprotection of the nitrogen atom in a mixture of hydrochloric 

and acetic acid, followed by N-acylation with acetic anhydride in water.  In general, most 

approaches towards 59.4 and itôs synthetic analogs are simple 4-6 step procedures, and 

converge on synthesis of a functionalized propyl phosphonic acid containing all the carbon 

atoms present in the linker.34-35  Imanaka introduced a phosphonic acid 60.4 starting 

approach (Figure 60B).36  The dibutyl phosphonate 60.4 undergoes N-alkylation with a 

protected secondary amine then follows same process for the last two steps as Fujisawa 
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to obtain 59.4.  In 2013, Larhed introduced an acrolein-based approach (Figure 60C).37  

Acrolein (60.6) is first converted to the iminium resulting in attack by triethyl phosphite and 

formation of 60.7, then converted to 59.4 in four-steps.38 

 

 
 

As of 2022, the majority of the IspC inhibitors have focused on the manipulation of 

naturally occurring 59.4 and 59.5.  Because of the available simple syntheses of the core 

structure, strategic manipulation has shown to be trivial and several analogues with 

variously functionalized linkers, MGBôs, and phosphonic acid moieties have been 

synthesized and their structure activity relationship analyzed.  Unfortunately, these 

molecules have not been advanced further than clinic trials.  More recently, there have 

been efforts to find other neutral non-phosphate-based inhibitors, and in one recent high 

throughput screening, a series of pharmacologically active natural product candidates 

have been proposed (Figure 61).39  While these molecules have not been validated with 

clinical experiments, stepping away from the currently highly charged phosphate-based 

inhibitors is a promising step in development of new novel drug candidates.  Phosphate-

based inhibitors are highly ionized a physiological pH requiring effective transport 

enzymes to cross over the cell membrane.  Transport enzymes are well known to be 

susceptible to mutations ultimately making these compounds poor drug candidates.40-43  

This is one reason why fosmidomycin-based inhibitors have struggled to advance past 

clinical trials. 
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3.2.2. Development of phosphate-based inhibitors of the IspH enzyme, the 
final step in the MEP pathway 

 

The enzyme that has drawn the attention of Merner and Duin groups and the focus of the 

new synthetic work of this chapter is the IspH catalyzed step of the MEP pathway.  Prior 

inhibitors for the final step in the MEP pathway have followed the same general trend for 

development of all isoprene inhibitors.  After elucidation of the enzymatic mechanism, a 

key structural motif in the pathway is targeted, derivatized, tested, and the process repeats 

until competitive inhibitors are discovered.  Elucidation of the IspH pathway was 

accomplished by the groups of Duin44-46, Groll47, and Oldfield48 (Figure 62).  The 

mechanism starts by binding of the allylic alcohol present in HMBPP (57.9) with a [4Fe-

4S]2+ cluster giving Int62.1.  The cluster is then reduced by an outside electron source 

causing the release of the allylic alcohol and allowing the phosphate moiety to adopt the 

folded ñhairpinò structure Int62.II bound by a ˊ-bond with iron.  After protonation with 

glutamic acid and elimination of water, allyl anion Int62.III is formed bound to the now 

[4Fe-4S]3+ cluster.  Finally, protonation occurs resulting in a 5:1 ratio of IPP (52.2) and 

DMAPP (52.1) respectively and simultaneous reduction back to the [4Fe-4S]2+ completes 

the catalytic cycle.  The oxygen rich backbone is important for holding the folded Int62.II 

in the cluster through a network of hydrogen bonds with the various amino acid residues.  

Because of this, research groups have largely focused on the synthesis of compounds 

possessing similar pyrophosphate moieties in close proximity to a suitable ˊ-donor to 

mimic the metal-bound folded structure of Int62.II.49 
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In general, the synthesis of potent phosphate-based  inhibitors of the IspH enzyme 

can be easily afforded (Figure 62A).50  These inhibitors can be synthesized in one step 

from corresponding halides/mesylates 63.1-63.4 upon addition of 63.5-63.8.  The 

incorporation of other heteroatoms like thiols and amines are not as trivial.51  In the case 

of thiol HMBPP analog 63.15, isoprene (63.9) is treated with tert-butyl hypochlorite in 

acetic acid to afford acetate 63.10.  Introduction of sulfur was accomplished by 

nucleophilic addition with potassium thioacetate following the deprotection of acetate 

63.10 with sodium carbonate to give 63.12.  An Appel-type reaction with tosyl chloride and 

DMAP in dichloromethane gave vinyl chloride 63.13.  After nucleophilic addition with tert-

butylammonium pyrophosphate and deprotection of the thioacetate, the thiol HMBPP 

analog 63.12 was afforded.  While these inhibitors are generally easy to synthesize and 

boast effective IC50 values as low as 0.21µM, they do not make good standalone drugs 

for the same reason the IspC inhibitors do not. 


