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ABSTRACT OF DISSERTATION 

 

This dissertation describes two projects in the organic chemistry field centering around the 

stereoselective synthesis of trisubstituted benzodihydrofurans and related natural products through 

C–H insertion of donor/donor carbenes into stereogenic centers. The first chapter reports the 

development of a stereoselective methodology to make 2,2,3-trisubstituted benzodihydrofurans. 

The method expands intramolecular C–H insertion reactions with donor/donor carbenes to 

stereogenic insertion centers, thereby enabling benzodihydrofuran formation in high 

diastereoselectivity and enantioselectivity. Computational studies on the system illuminate the 

origins of divergent stereochemical outcomes for different substrate classes. The second chapter 

applies this methodology to the asymmetric synthesis of two dihydrobenzoxanthone natural 

products, cycloartobiloxanthone and artoindonesianin Z-2. First, an introduction to the natural 

product subclass outlines structural variations and biosynthetic pathways for the isolated natural 

products found in the family and their reported biological activities. Progress towards the synthesis 

of these two natural products is split into three main stages. The first stage reports a first-generation 

route and its related benzylic oxidation roadblock. The second stage details numerous route-

scouting endeavors. The third stage outlines a second-generation route and future work toward 

completing the asymmetric synthesis of cycloartobiloxanthone and artoindonesianin Z-2. 
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CHAPTER 1 

Divergent Stereochemical Outcomes in the Insertion of Donor/Donor Carbenes into the C–H 

Bonds of Stereogenic Centers1 

 

1.1. Introduction 

The insertion of metal carbenes into C–H bonds enables the efficient and stereoselective 

synthesis of a wide array of complex organic molecules.2,3 Over the past few decades, research 

surrounding functionalizing C–H bonds, rather than activating C–H bonds, has exploded in 

popularity. 4–9 Viewing C–H bonds as functional group handles, rather than inert bonds, has 

vast applications across many areas such as natural product synthesis3, targeted synthesis3, 

materials functionalization10,11, biological imagining and conjugation12, and many more. 

Although the literature on metal carbenes in C–H functionalization methods is quite expansive, 

our group has focused on dirhodium donor/donor carbenes for C–H insertions.13 

 

1.1.1 Overview of donor/donor carbenes 

 Metal carbenes are classified by the electronic character of the groups adjacent to the 

carbene center.14 Electron-withdrawing groups are called “acceptor groups”, and electron-

donating groups are called “donor groups”.  This results in five main categories of metal 

carbenes: acceptor/acceptor, acceptor, donor/acceptor, donor, and donor/donor (Figure 1.1). 

The reactivity and selectivity of carbenes can be tuned by changing the electronics of the groups 

adjacent to the carbene. For instance, historically, metal carbenes derived their high reactivity 

from having one or more electron-withdrawing groups to confer high electrophilicity.15 The 

increased reactivity of these acceptor-containing carbenes enabled a wide breadth of reactions 

they could be used in.  
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Figure 1.1 Metal carbene spectrum. 

Some of the first C–H insertion reactions used acceptor/acceptor carbenes, but these carbenes 

often produced low chemo-, regio-, and stereoselectivity in reactions.16,17 As the field 

advanced, commercially available dirhodium catalysts possessing tetracarboxylate ligands 

became the privileged scaffold for stabilizing these carbenes and increased the selectivity of 

the C–H insertion reactions (Figure 1.2).8,18,19   

 

Figure 1.2 Commercially available dirhodium catalysts commonly used for C–H insertion 

reactions. 

 

In addition, it was discovered that exchanging one of the groups for an electron-donating group, 

creating a donor/acceptor carbene, combined with dirhodium catalysts, enabled chemo-, regio-

, and stereoselective intra- and intermolecular C–H insertions reactions. Huw Davies’ group 
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has pioneered much of the work with these donor/acceptor carbenes over the past three 

decades.5,8,20–23   

 Initially, it was believed that the less electrophilic donor and donor/donor carbenes were not 

reactive enough to undergo the analogous C–H insertion reactions. However, in 2014 the Shaw 

Lab reported one of the first examples of an intramolecular C–H insertion with a donor/donor 

carbene and has been investigating this area for the past decade since the initial report (Figure 

1.3).24 Notably, the Che and Zhu groups have been very active in the donor/donor carbene 

research area.25–31 In the Shaw Lab’s initial report, our group developed a one-pot oxidation 

and insertion method starting from a hydrazone precursor (9). This precursor (9) is oxidized up 

to diazo (12) using the mild oxidant, MnO2, then dirhodium catalyst (2) is added to form metal 

carbene (10) and undergo the intramolecular C–H insertion (11).   

 

Figure 1.3 Shaw lab initial report of donor/donor carbene C–H insertion.   

 

Our group’s research extended the utility of dirhodium donor/donor carbenes to the 

synthesis of a wide variety of disubstituted five- and six-membered ring heterocycles (Figure 

1.4A).32,33 The reduced electrophilicity of these donor/donor carbenes enables the high 

stereoselectivity of these intramolecular reactions and the high functional group tolerance 
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exhibited. Albeit less reactive, donor/donor carbenes in C–H insertion reactions still have 

common by-products that may form through the reaction, especially when using our lab's 

developed one-pot oxidation to C–H insertion procedure.34  Depending on the rate of diazo 

formation, carbene formation, and C–H insertion, three main by-products can result (Figure 

1.4B). If hydrazone 17 is still left over when the dirhodium catalyst is added to the reaction, 

then hydrazone 17 can react with carbene 19 to form imine 21, which can be hydrolyzed to the 

ketone 22 upon reaction workup. Diazo 18 can also react with metal carbene 19 to form azine 

23 in instances where the insertion step is slow, or the concentration of the reaction is high. 

Finally, the metal carbene 19 can dimerize with itself to form alkene 24.  Surprisingly, O–H 

insertion with H2O to form the alcohol 25 is rarely observed with our methodology, so much 

so that these reactions have been run in wet solvents with minor decreases in yield. 

 

Figure 1.4 A. 5-member and 6-member ring heterocycles B. Common by-products observed 

in the one-pot sequential reactions.  

 

Our group hypothesized that the less reactive donor/donor carbenes proceed through a 
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carbenes, which proceed through a three-member concerted, asynchronous mechanism36 

(Figure 1.5A). 

 

Figure 1.5 A. Concerted, asynchronous C–H insertion mechanism B. Stepwise C–H insertion 

mechanism. 

 

Initially, computational studies in collaboration with the Tantillo group at UC Davis showed 

that two main steps occur in the stepwise mechanism once the dirhodium carbene (26) has been 

formed.  First is the rate-limiting step, where a hydride species transfers from the C–H insertion 

center to the electrophilic metal-carbene. This step forms a ylide intermediate (29) with a 

carbocation on the former C–H insertion carbon. Second, the now nucleophilic metal center 

can attack the carbocation to form the new C–C bond. The factors governing the 

stereoselectivity at each reaction step remained largely unknown. Therefore, we sought to 

investigate the mechanism further by extending our intramolecular C–H insertion of 

donor/donor dirhodium carbenes methodology to stereogenic centers resulting in the synthesis 

of trisubstituted benzodihydrofurans (see section 1.1.2.4 for further discussion of this scaffold)  
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1.1.2 History of C–H insertions into stereogenic centers 

 Although few reports of C–H insertion reactions into stereogenic centers are found in the 

literature, they are mainly seen in some of the earlier work on C–H insertion reactions as useful 

experimental tools to build stereochemical and mechanistic reaction models. These model 

studies, beginning in 1973, laid the foundation for Nakamura’s proposal in 2002 of a concerted, 

asynchronous mechanism for C–H insertion reactions (Figure 1.6). However, all the 

experimental studies with chiral insertion centers that supported this mechanistic proposal only 

used acceptor containing carbenes. Thereby not covering donor/donor carbene reactivity and 

the potential change in mechanism that our group had initially proposed.  However, discussing 

these studies is an important point of comparison before launching into the design of the chiral 

ether stereochemical model system built by our group.    

 

Figure 1.6 Timeline for stereochemical and mechanistic investigations into C–H insertions 

using tertiary and chiral insertion centers. 
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Ledon, in 1973, sought to study if an intramolecular C–H insertion with an 

acceptor/acceptor diazo precursor was a stereoretentive or stereoinvertive process (Figure 1.7 

panel A).37 The single S-enantiomer of the diazo precursor (30) was made and then heated with 

Cu in chlorobenzene to yield the C–H insertion product 31. Subsequent ester hydrolysis, 

decarboxylation, and oxidative opening of the lactone resulted in (S)-2-ethyl-2-methylsuccinic 

acid (33), whose optical rotation could be matched to a known standard. This was necessary to 

confirm that the insertion stereocenter was the S configuration.  Ledon and colleagues thus 

referred to the C–H insertion as stereoretentive since the starting material’s chiral insertion 

center was the (S) configuration (30), and the resulting product was also the (S) configuration 

(33). This became the first published result on the stereorention of the insertion center for 

copper-catalyzed intramolecular C–H insertion systems. Notably, at the time, since this field 

was still in its infancy, Ledon never used the term carbenoid or metal carbene to describe the 

active intermediate. Rather, it was hypothesized that the insertion occurred through a free 

carbene intermediate, with copper acting as a catalyst to promote diazo decomposition.    

 

Figure 1.7 A. Ledon’s early observations on stereoretention B. Taber’s diastereoselective 

methodology via chiral induction. 
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A decade later, dirhodium catalysts emerged as the preferred catalyst for forming the 

hypothesized metal carbenoid intermediate. Using the achiral dirhodium catalyst, Rh2(OAc)4 

(6), Taber in 1983 investigated how a stereogeni center elsewhere on the molecule would affect 

the intramolecular C–H insertion of an acceptor/acceptor carbene (Figure 1.7B).17 They 

hypothesized that the intramolecular C–H insertion underwent a highly ordered transition state 

due to its substantial preference for 5-membered ring formation (i.e., a chair transition state), 

and therefore a stereogenic center elsewhere on the molecule could influence the diastereo- and 

enantioselectivity of the reaction by preferencing either HR (34) or Hs (35).  They found that a 

bulky chiral ether containing a naphthalene group (38) destabilized the Hs transition state 

through nonbonding interactions where the naphthalene group covers the front face of the ß-

keto ester. Therefore, diastereomer 36 was the major product over 37, even after varying the 

insertion center's R group.   

 Based on these initial stereochemical results, C–H insertions began to be applied to the 

synthesis of chiral natural products. Cane and coworkers were able to use an acceptor carbene 

(40) to insert into the tertiary bridged carbon center on a fused gamma lactone ring system (41) 

to build the third and final ring en route to racemic pentalenolactone E (42) (Figure 1.8A).38 

They even tried building the 5-5 fused ring system (39) via another acceptor/acceptor carbene-

based C–H insertion reaction (43). However, they quickly discovered that insertions into 

tertiary C–H bonds were kinetically favored over insertion into secondary C–H bonds resulting 

in a mixed ratio of spirocycle 45 and pentalenotacone 44. Attempts were made to increase the 

yield of the fused gamma lactone ring system (44) from C–H insertion by using a more complex 

substrate (46) containing a remote stereogenic center in a similar manner as Taber’s chiral 

induction methodology. However, these attempts failed where the chiral induction increased 

the ratio of spirocycle 48 to the desired product 47 and decreased the overall yield due to the 

emergence of an unknown byproduct.  
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Shortly after, in 1985, Taber and coworkers reported the enantioselective synthesis of (+)-

α-cuparenone (51) using a dirhodium-catalyzed intramolecular C–H insertion into an 

enantiopure tertiary center (Figure 1.8B).16 They observed full stereoretention of the insertion 

stereogenic center from diazo precursor 49 to cyclopentanone 50. Absolute stereochemistry 

was proven by converting 50 to the homologated ester, a known compound, and comparing 

optical rotations. Therefore, this natural product synthesis confirmed that dirhodium-catalyzed 

intramolecular C–H insertion does indeed proceed with retention of absolute configuration. 

 

Figure 1.8 Early applications to natural product synthesis: A. Cane’s synthesis of (+/-)-

pentalenolacetone E. B. Taber’s enantioselective synthesis of (+)-α-cuparenone. 

 

In summary, these two reports show how intramolecular C–H insertion became a popular 

method in the 1980s into the 1990s in natural product synthesis to help set the stereochemistry 

of the carbon adjacent to the acceptor group.  
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1.1.2.1 Substrate control: proposed stereoselectivity models 

Whether chiral or not, tertiary insertion centers have been commonly used to build 

stereochemical models to study the electronic and steric effects on C–H insertion reactions. For 

example, Taber created a detailed study of the factors affecting the regioselectivity of the 

intramolecular, 5-member ring forming C–H insertion reactions (Figure 1.9).39 By creating 

substrates like 52, where two insertion sites could compete with each other for intramolecular 

cyclopentane formation, the reactivity of different electronically activated C–H bonds was 

accessed. It was shown that tertiary C–H bonds are more reactive (53) than secondary C–H 

bonds (54) which are more reactive than primary C–H bonds. Also, inactivated alkyl C–H 

insertion centers were always more reactive than allylic or benzylic sites.  

 

Figure 1.9 Cyclopentane construction by intramolecular C–H insertion: steric and electronic 

effects. 
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A similar dual insertion site substrate (55) was used to probe the steric influence on the C–H 

insertion regiochemistry. Insertion into the secondary site adjacent to a methyl group to 

produce 56 was almost exclusively favored over insertion into the secondary site adjacent to a 

tert-butyl group (57) in a 34 to 1 ratio of 56:57. Multiple fused ring systems were then 

examined, where cyclopentane 82 formed exclusively the cis-fused bicyclooctanone 59 most 

likely due to the cis diastereomer being the largely thermodynamically preferred conformation. 

Meanwhile, C–H insertion into cyclohexane (60) produced a mix of both the cis (61) and trans 

(62) fused 6-5 bicyclic ring systems. This product ratio varied based on the dirhodium catalyst 

used, which was interpreted as evidence for a bound dirhodium carbene in the transition state. 

As the steric bulk on the catalyst increased, the cis diastereomer was increasingly favored, 

which was rationalized by the decreased steric interactions in the cis-chair-like transition state 

(63) over the trans-chair-like transition state (64). Therefore, the diastereoselectivity of these 

model systems appears largely controlled by steric interactions around the reacting C–H bond 

over the electronic activation of that bond.  

 Adams and coworkers in 1987 and 1989 also observed this preference for the cis-

diastereomer in C–H insertion reactions to form 2,5-disubstituted furanones (Figure 1.10).40,41 

They came to a similar conclusion that the diastereoselectivity of the reaction comes down to 

steric requirements in the transition state, specifically, how the insertion substrate docks into 

the catalyst pocket. In the case of the furanone precursors, the ether oxygen was proposed to 

coordinate with the dirhodium center in the transition state, thereby orienting the preferred 

conformation of the C–H insertion.  In the proposed transition state, the C2 alpha hydrogen is 

either in a pseudo-axial (65a) or a pseudo-equatorial (65b) position leading to the cis 66a and 

trans 66b diastereomers, respectively (Figure 1.10A). Therefore, as the size of the C2 

substituent increases, the trans diastereomer is disfavored, as seen in the product ratios for 70 

vs. 71. The substituent on C3 can also bump into the catalyst in the proposed trans-transition 
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state 65b, resulting in higher diastereoselectivity observed for 72 and 66 versus 71 (Figure 

1.10B).  

 

Figure 1.10 A. Stereochemical transition state models for furanone formation by C–H 

insertion. B. Diastereomeric ratio substrate scope. 

 

One of the final big discoveries on how the C–H insertion precursor can affect the 

stereoselectivity of the reaction focused on the electronic activation of the C–H bond. In 1996, 

Taber hypothesized that in their synthesis of trisubstituted tetrahydrofurans, the C–H bond 

adjacent to the oxygen was more reactive than a normal alkyl C–H bond due to the increased 

electron density from the oxygen (Figure 1.11).39  It was hypothesized that increased electron 

density/activation of the C–H bond would lead to an earlier 4-membered transition state (See 

section 1.1.2.3 Figure 1.16) where the chair-like preference isn’t as pronounced. Therefore, the 

reaction is overall less selective. To test this theory, multiple diazo precursors (73-77) with 

varying R groups adjacent to the reacting C–H bond were synthesized, and the ratios of trans 

(78-82a) to cis (78-82b) products were measured. When electron-donating R groups like 

phenyl 73, alkene 74, and methyl 75 were present, there was only moderate selectivity for the 

trans diastereomer over the cis diastereomer. However, when the R groups were switched to 

more electron-withdrawing groups, like beta-methoxy 76 or beta-phenoxy 77, the 

diastereoselectivity increased significantly, favoring the trans diastereomer. These 

experimental results supported Taber’s theory that the electronic activation of the C–H bond 
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could affect the stereoselectivity of the reaction, where attenuating the electronic activation of 

the C–H bond delayed the point of commitment to bond formation in the 4-membered transition 

state thereby increasing the selectivity of the overall reaction.  

 

Figure 1.11 Diastereoselectivity as a function of the C–H bond electronic activation. 

 

1.1.2.2 Catalytic control: proposed stereoselectivity models 

The stereochemical models discussed in the previous section mainly focused on how the 

substrate imparts stereochemical control over product selectivity through electronic and/or 

steric factors. However, as C–H insertion research progressed into the 1990s, new dirhodium 

catalysts were synthesized and began to be used with the methodology resulting in contrasting 

stereochemical outcomes and models. One of the first such studies was conducted by Doyle 

and coworkers in 198942, where they claimed that Taber’s work in 198643 (Figure 1.9) 

generalized reactivity of C–H bonds based on the substitution of the carbon was not practical. 

Doyle claimed that the stereo-electronic factors governing product formation could not be 

reduced to a generalization in more complex systems. The steric interactions with the catalyst 

played a much larger role in product selectivity (Figure 1.12). Doyle demonstrated how the 

choice of dirhodium catalyst could drastically change the regioselectivity of the reaction for 

both acceptor (83) and acceptor/acceptor carbenes (84). For example, the use of Rh2(acam)4 

greatly favored insertion into the tertiary C–H bond (Figure 1.12 entries 5-6) versus Rh2(pfb)4 

showed little to no preference for the primary over the tertiary C–H bond (Figure 1.12 entries 
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1-2). The traditional Rh2(OAc)4 catalyst resulted in very different regioselectivity based on the 

type of carbene used (Figure 1.12 entries 3-4).  

 

Figure 1.12 Doyle’s observations refute Taber’s simplified C–H bond reactivity model. 

 

The final nail in the coffin to refute Taber’s reactivity scale was a C–H insertion into a highly 

substituted cyclohexane 89 with both a tertiary and secondary center readily available to form 

the fused 6-5 bicyclic product. When Rh2(OAc)4 was utilized, the trans ring fusion product 90 

resulting from insertion into the secondary center was exclusively formed, where no product 

resulting for the tertiary C–H bond was observed (91) even though this should’ve been the 

more kinetically reactive bond according to Taber.  

 Two years later, Taber countered Doyle’s claims of the significance of the catalyst pocket 

over reaction selectivity by showing how a C–H insertion into chiral tertiary center 92 always 

resulted in the exclusive formation of the cis diastereomer 93 (Figure 1.13).44  Rather, 

variations in the catalyst pocket affected the chemoselectivity of the reaction resulting in 
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differing ratios of the single diastereomeric insertion product (93) and the ß-hydride 

elimination product (94). Taber stated that these experimental results suggest a highly ordered 

transition state that reflects the stereoelectronic effects observed by his group in 1986 as 

opposed to Doyle’s model system published in 1989.  

 

Figure 1.13 Taber 1991 highly diastereoselective C–H insertion into a stereogenic center. 

 

 This report was shortly countered again by a paper from Doyle in 1994 that showcased both 

enantio- and diastereocontrol using their recently published chiral carboxamide catalysts, 

MEPY (99), MEOX (100), and MACIM (101) (Figure 1.14).45  

 

Figure 1.14 Enantio- and diastereocontrol using chiral carboxamide catalysts. 

Insertion into different cyclohexanes with an acceptor carbene resulted in fused cyclohexane 

bicycles with varying levels of diastereoselectivity (dr) and enantioselectivity (er) based on the 
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catalyst used. For the unsubstituted cyclohexane substrate 95, Rh2(5S-MEPY)4 gave the highest 

dr with a 99:1 ratio of cis:trans (97a:97b) with the major diastereomer in 97 % ee. However, 

using the other two chiral carboxamide catalysts resulted in a drop in diastereoselectivity but 

not enantioselectivity.  Extending the system to a C–H insertion into a substituted cyclohexane 

96 drastically increased diastereoselectivity towards the cis diastereomer (98a) while 

maintaining a high enantioselectivity (% ee). This is most likely due to chiral induction effects 

from the methyl substituent, analogous to what Cane reported in 198438 (see Section 1.1.2 

Figure 1.8) 

Doyle’s studies with the chiral carboxamide catalysts showcased the effect of the chiral 

catalyst environment on selectivity when interacting with starting material with a remote 

stereogenic center.  However, the question arose, what would occur if the C–H insertion sites 

were stereogenic centers? Doyle’s group answered this in 1996 when they reported an 

exhaustive investigation into enantiomeric differentiation, also known as when a chiral catalyst 

prefers one enantiomer of starting material over the other (Figure 1.15).46  This study was done 

by creating match/mismatched pairings of single enantiomers of starting material with each 

enantiomer of the catalyst and assessing how it affected the selectivity of the reaction. 

For both enantiopure (1S, 2R) cyclohexane 102a and (1R, 2S) cyclohexane 102b, the 

matched pairings (Figure 1.14A) resulted in high regioselectivity for the 3° insertion site 

(103a/b). Interestingly, the mismatch pairings completely changed the regioselectivity 

resulting in C–H insertion into the 2° insertion site (104a/b).  Notably, all the diastereomers 

were single enantiomers, supporting Ledon’s37 and Taber’s16 findings on stereoretention of the 

insertion center for enantiopure starting material. Match/mismatch pairings completely 

changing the selectivity of C–H functionalization reactions have been observed before in the 

cyclopropanation of secondary allylic diazoacetates. In the cyclopropanation methodology, 
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individual enantiomers of starting material produce different diastereomers based on the 

enantiomer of dirhodium catalyst used.  

 

Figure 1.15 Match-mismatch experiments: A. Enantiopure starting material B. Racemic 

starting material C. Rationalization in the transition state. 

 

These observations are backed up by both cis racemic (102) and trans racemic (105) starting 

cyclohexanes, giving about a 1:1 ratio of both regioisomers regardless of the enantiomer of 

catalyst used. The match/mismatch pairing that changes the regiochemistry is based on the 
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chair transition state for these C–H insertion substrates. In the matched pairings’ transition state 

(108), there is almost exclusive insertion into the equatorial C–H bond at the more reactive 3o 

insertion center. However, in the mismatch pairings’ transition state (109), insertion into the 3o 

center utilizes an axial C–H bond; therefore, the 2o equatorial C–H bond is significantly more 

favorable, resulting in the changing of the regiochemical preference of the reaction.  Access to 

axial C–H bonds is highly disfavored due to crowding of the cyclohexane ring into the chiral 

catalyst ligands, once again demonstrating the dirhodium catalyst's power over the selectivity 

of C–H insertions reactions with chiral insertion centers.  

 

1.1.2.3 Mechanism proposals 

Mechanistic models were proposed in the early 1990s due to the mounting experimental 

stereochemical data for C–H insertion reactions. The first proposal was by Doyle in 1993, who 

hypothesized that the reaction was undergoing a concerted three-member transition state (112) 

(Figure 1.16A).47 Where overlap of the metal carbene’s p-orbital with the sigma orbital of the 

reacting C–H bond initiates the reaction in which C–C and C–H bond formation with the 

carbene carbon proceeds at the same time as the dirhodium catalyst dissociates. The mechanism 

accounted for Doyle’s previous experimental work42, where lower selectivity is observed when 

catalysts with electron-withdrawing groups are used. Increased electron withdrawal by the 

ligands increases the electrophilicity of the dirhodium carbene. It causes bond formation to 

occur at a greater distance from the reacting C–H bond, also known as an earlier transition 

state, resulting in lower selectivity. Calculated energy differences of intermediates and 

transition states in the proposed three-member mechanism enabled Doyle to make four main 

conclusions: 1. The stereoelectronic factors governing the C–H insertion for a class of 

substrates is always catalyst dependent 2. In systems where each of the possible sites for 

insertion has equal probability (equal number of C–H bonds), the electronic influences from 
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substituents will determine the regiochemistry 3. Decreases in the electrophilicity of the 

carbene via the catalyst ligands will increase the selectivity by preferencing a later transition 

state 4. In systems where each of the possible sites for insertion don’t have equal probability, 

then steric and conformational interactions will determine the regioselectivity. Notably, 

changing the catalyst electrophilicity will have little effect on the selectivity.  

 

Figure 1.16 A. Doyle’s concerted three-member C–H insertion mechanism B. Taber’s four-

member C–H insertion mechanism. 
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The second mechanistic proposal was from Taber in 1996, where a four-member transition 

state mechanism was proposed for the synthesis of trisubstituted tetrahydrofurans via C–H 

insertion (Figure 1.16B).39,48 It was proposed that the starting diazo ester (114) will bind to the 

dirhodium catalyst (115) and extrude nitrogen gas to form metal carbene (116). From the metal 

carbene intermediate 116, the three-member complex (117) originally proposed by Doyle can 

form. However, it is in rapid, reversible equilibrium with the metal carbene 116. Meanwhile, 

116 can form a four-membered chair-like transition state (118a-d) with the more activated C–

H bond sigma orbital adjacent to the ether oxygen and the metal carbene p orbital. There are 

four possible diastereomeric chair-like transition states (118a-d) that each lead to one of the 

four possible diastereomers. Using computation, Taber and his co-workers showed that 

transition state 118a was the lowest in energy by 3.5 kcal/mol due to both substituents being 

in the equatorial position in the pseudo-chair. Transition state 118a led to the predicted major 

diastereomer 119, verified by experimental data as the major diastereomer.  

A Hammett plot analysis was published shortly after these mechanistic proposals by Wang 

and co-workers in 1998 (Figure 1.17).49 This study aimed to access electronic effects on 

intramolecular C–H insertion reactions with Rh(II) carbenoids while minimizing possible steric 

effects that could influence the mechanism. To do so, acyclic benzylic C–H insertion substrates 

(120a-g) were synthesized, originally designed by Taber in 1986 (see section 1.1.2.1 Figure 

1.9), where the system's electronics could easily be varied by changing the X-group in the para 

position. Then the relative reactivities of each substrate were quantified by expressing the 

relative reaction rate in terms of the final product ratio of benzylic C–H insertion 122a-g to 2o 

alkyl C–H insertion 121a-g using equation 1.1.  

𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝟏. 𝟏.  
𝑘𝑋

𝑘𝐻
=

𝑘𝑋/𝑘𝐴

𝑘𝐻/𝑘𝐴
=

[
𝟏𝟐𝟐𝒂 − 𝒇
𝟏𝟐𝟏𝒂 − 𝒇

]𝑋

[
𝟏𝟐𝟐𝒈
𝟏𝟐𝟏𝒈

]𝐻

=
[𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑟𝑎𝑡𝑖𝑜]𝑝𝑎𝑟𝑎 𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒

[𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑟𝑎𝑡𝑖𝑜]𝑢𝑛𝑠𝑢𝑏𝑠𝑡𝑖𝑡𝑢𝑡𝑒𝑑 𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
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Where kA (rate of alkyl C–H insertion) is assumed to be constant across each different substrate 

reaction, kX (rate of benzylic C–H insertion with para substituents) is variable based on the 

electronics of each substrate, and kH is the rate of benzylic C–H insertion with no para 

substituent present. Using this equation, six different substituted substrates (120a-f) were tested 

across three different catalysts. The corresponding relative rates were plotted to obtain a 

Hammett plot and constant for each catalyst (Figure 1.17B). 

 

Figure 1.17 Hammett plot analysis of intramolecular C–H insertion reactions with dirhodium 

carbenes. A. Reaction scheme B. Hammett plot and calculated constants. 

 

From the Hammett plot analysis, there are three main conclusions: 1. The electronic property 

of the diazo precursor system significantly affects the reaction 2. There is no significant solvent 

effect for intramolecular C–H insertions 3. The data supports Doyle’s proposed three-center 

complex47 as the transition state and illustrates the catalyst ligand effect on reaction selectivity 

(Figure 1.17B).  First, the high correlation coefficients on the Hammett plots demonstrate the 

strong linear free energy relationship between the electronic character of the diazo precursor 

and the rate of C–H insertion.  Second, almost identical Hammett plot reaction constants for 
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Rh2(OAc)4 in CH2Cl2 and benzene (Figure 1.17 entries 2-3) show that solvent has little to no 

effect on the rate of the reaction. Third, these findings correlate to Doyle’s proposed 

mechanistic model since small, negative Hammett constants support a concerted mechanism 

with a small partial positive development at the C–H carbon atom. Also, Doyle’s model 

proposes that the increased electron-withdrawing ability of the dirhodium ligands leads to 

earlier transition states and, therefore, a more reactive catalyst and faster C–H insertion result, 

albeit potentially less selective reaction. This is supported by the Hammett plots where the 

more electron-withdrawing Rh2(TFA)4 catalyst has a much smaller reaction constant (Figure 

1.17 entry 1) versus the classical Rh2(OAc)4 (Figure 1.17 entries 2-3) or the most electron-rich 

catalyst Rh2(acam)4 (Figure 1.17 entry 4).  

 The culmination of all these mechanistic experiments and proposals arrived in 2002 when 

Nakamura and colleagues used DFT studies to propose the mechanism for a concerted, 

asynchronous C–H insertion reaction catalyzed by Rh2(OAc)4 (Figure 1.18A).36 Using B3LYP 

level theory, key intermediates with their corresponding energies and geometries were 

calculated. All the calculations reproduced already published experimental data on C–H 

insertions, such as the activation enthalpy of the nitrogen extrusion step, the kinetic isotope 

effect observed, and the reactivity order of C–H bonds. The Nakamura mechanism has become 

the widely accepted mechanism for C–H insertions using acceptor, acceptor/acceptor, and 

donor/acceptor carbenes precursors, and the full proposed mechanism is as follows. First, the 

dirhodium catalyst 6 attacks the diazo carbon 123 to form 124. Then, back donation from the 

Rh 4dxz orbital into the C–N * orbital causes nitrogen extrusion to yield metal carbene 

complex 125. This carbene now has a vacant 2p orbital (129), making it a highly electrophilic 

center stabilized by Rh 4dxz back-bonding (131). From the metal carbene, C–H 

activation/hydride transfer and C–C formation happen in a quick (low activation barrier 

calculated), single asynchronous step (127) to form the C–H insertion product 128 and 
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regenerate the dirhodium catalyst 6. Interestingly, these computations showed that only one 

rhodium interacts with the carbene, while the other acts as a mobile ligand for the first one to 

help enhance the metal carbene's electrophilicity and facilitate the cleavage of the rhodium-

carbon bond.  

 

Figure 1.18 A. Comparison of Taber’s, Doyle’s, and Nakamura’s transition states B. 

Calculated reaction intermediates for the C–H insertion of acceptor carbenes with Rh2(OAc)4. 

 

This work, along with the experimental evidence, culminates in a concerted, asynchronous 

mechanism for acceptor-based carbene C–H insertions with five key findings about C–H 

insertion reactivity and selectivity: 

1. Activation enthalpy of Rh2(OAc)4 catalyzed nitrogen extrusion is the rate-limiting step 

of the catalytic cycle for secondary C–H insertions.50  

2. Kinetic isotope effects of C–H bond activation depend on the nature of the carboxylate 

ligands in the dirhodium catalysts.51  
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3. Qualitative structure/reactivity correlation indicates 1o<<2o<3o from least to more 

reactive C–H bonds and are further enhanced when next to a heteroatom.41,43,47 

4. Carboxylate ligands affect the regio- and stereoselectivity.49,52,53 

5. Retention of the carbon center configuration at which the C–H insertion occurs.16 

Since 2002, these key findings have held throughout two decades of further experimental and 

theoretical research with acceptor-containing dirhodium carbene C–H insertions.  However, 

none of these studies examined carbenes with a sole donor group or two pendant donor groups.  

When our group published our initial results24 on the intramolecular C–H insertion of 

donor/donor carbenes with dirhodium catalysts, we hypothesized that these donor/donor 

carbenes could be undergoing a stepwise mechanism rather than a concerted, asynchronous 

mechanism. The stepwise hypothesis originated from differences in stereoselectivity we had 

observed from reported literature and experimental studies published by Joe Fox’s group at the 

University of Delaware on intramolecular cyclopropanation reactions to form cyclobutanes.35 

Therefore, the possibility of a stepwise mechanism was explored by our lab via DFT 

calculations in collaboration with the Fox Lab at UD (Figure 1.19).34 Rh2(OAc)4 (6) was 

modeled with an aryl/aryl diazo (132) to form a donor/donor carbene (133). Two transition 

states were located, one for hydride transfer (134) and one for C–C bond closure (136). The 

barrier between the ylide intermediate 135 and the second transition state (136) was very low 

but high enough to be a separate step. The low activation barrier for C–C bond closure made it 

a kinetically fast step which was hypothesized to account for the high stereoselectivity of the 

reactions (Figure 1.19B). These initial computations lent evidence for a stepwise mechanism 

and a vague rationale for the experimentally observed high enantioselectivity and cis 

selectivity. However, there were still a lot of unanswered questions surrounding what parts of 

the mechanism dictated the stereoselectivity, and more concrete experimental evidence of a 
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stepwise mechanism was needed since the high stereoselectivity could not be ruled out as 

coming from a concerted, asynchronous mechanism 

 

Figure 1.19 Shaw and Tantillo labs’ initial stepwise mechanism proposal.  

 

From these gaps in knowledge, the idea was born to build a chiral ether tertiary C–H 

insertion donor/donor carbene system to help elucidate key points of the mechanism while also 

creating a powerful methodology for forming trisubstituted benzodihydrofurans.  
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1.1.3 Tri-substituted 2,2,3-benzodihydrofurans 

Benzodihydrofurans are plentiful throughout the natural product literature and the 

pharmaceutical realm. Trisubstituted benzodihydrofurans have been found in many natural 

products and patented small molecules, all possessing notable biological activity (Figure 

1.20).54–63 However, the number of reported synthetic methods to access benzodihydrofurans 

decreases as the substitution on the core increases. None of the reported methods offer a 

generalizable method to form the trisubstituted benzodihydrofuran in an enantio- and/or 

diastereoselective fashion.  

 

Figure 1.20 Utility of trisubstituted benzodihydrofurans. 

 

The strategies that have enabled access to trisubstituted benzodihydrofuran compounds can 

be categorized into two main groups: non-stereoselective64–67 and stereoselective 

methods22,27,34,68–70. To start, some standard non-stereoselective methods exist to access the 

trisubstituted core (Figure 1.21). Traditionally, the general benzofurans scaffold was made in 

two steps from a Claisen rearrangement with allyl ethers followed by cyclization of the 

resultant allyl phenol with an acid.71–73 Other methods used phenols and alkenes to generate 

the allyl phenol intermediate that would cyclize to the desired benzodihydrofuran. For example, 

Tada64 was able to electrochemically catalyze the [3+2] cycloaddition of phenol 142 with 
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trisubstituted alkene 143 to form trisubstituted benzodihydrofuran 143 (Figure 1.21A). This 

methodology was improved about a decade later to generate the same product 144 through the 

same mechanism but using a more modern-day microflow electrochemical reactor.74  

Pd-catalyzed C–H activation methods are also a robust way for C–O bond formation 

resulting in benzodihydrofurans. Jin-Quan Yu’s group developed a Pd(II) catalyzed method65 

that uses base, Li2CO3 or Na2HPO4, and alcohol 145a-b to generate the hydroxyl anion, which 

in turn directs C–H bond activation to form benzodihydrofurans 146a-b in high yield (Figure 

1.21B). This method was complementary to the Pd(0) C–O bond formation75 reported by 

Buchwald in 1999, which required an alcohol and an aryl bromide for ring formation.  

 

 Figure 1.21 Ways to access trisubstituted benzodihydrofurans: non-stereoselective methods. 

 

In 2014, Gevorgyan created a new endo-selective Pd-catalyzed silyl methyl heck reaction66 

and wanted to show the utility of the allylic silyloxycycles created (Figure 1.21C). One such 
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reaction involved ring opening of silyloxycycle to product allylic silyl 147, which then could 

undergo an intramolecular Hosomi-Sakurai reaction with 1,1-dimethoxycyclohexane 148 to 

make the spiro benzodihydrofuran 149 in high yield. Four years later, the same group tried 

making benzodihydrofurans using new radical Heck conditions with a Pd catalyst and blue 

LEDs and stumbled upon an unprecedented hydrogen atom translocation/atom-transfer radical 

cyclization (HAT/ATRC) cascade reaction.67 In this reaction, ether 150 undergoes single-

electron transfer (SET) to homolyze the C–I bond and form a hybrid vinyl palladium 

intermediate 151. This is followed by 1,5 HAT to generate the tertiary radical 152, which then 

undergoes a 5-exo-trig cyclization to form a primary alkyl radical species 153. Iodine transfer 

from the PdII species generated earlier in the mechanism yields 154. 

Stereoselective methods to access trisubstituted benzodihydrofurans started appearing in the 

literature around the early 2000s. For instance, Davies reported the stereoselective 

intramolecular C–H insertion of donor/acceptor carbenes to make benzodihydrofurans in 

2001(Figure 1.22A).22 In this paper, they inserted into achiral tertiary ethers (155a-c) to give 

trisubstituted benzodihydrofurans (156a-c) in moderate to good ee (80-94% ee). Similarly, in 

Hashimoto’s paper on using Rh(II)-catalyzed intramolecular C–H insertion of donor/acceptor 

carbenes to make dihydrobenzofurans68, they reported a single example of a trisubstituted 

benzodihydrofuran (156a) with a single stereocenter. However, since Hashimoto used Rh2(S-

PTTL)4 rather than Rh2(S-DOSP)4, the trisubstituted core was only obtained in 22% ee even 

after dropping the reaction temperature to –78 °C. In 201734, our group showed we could make 

a similar trisubstituted benzodihydrofuran 158 with a single stereocenter in moderate er from 

the donor/donor carbene hydrazone precursor 157.  Other C–H insertion methods with 

ruthenium porphyrin catalysts have also attempted to make a trisubstituted benzodihydrofuran 

160, albeit not stereoselectively.27  
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Other stereoselective methods exploit Claisen rearrangement and related chemistry with 

dienes and alkenes (Figure 1.22B). Taguchi and coworkers in 1997 reported a chiral boron 

catalyst 162 that enabled asymmetric Claisen rearrangements, where a single substrate 

possessing a highly substituted allyl ether 161 could rearrange to form benzodihydrofuran 

product 163 in 86% ee.69 In 2006, Eom and coworkers70 wanted to build a one-pot method for 

making benzodihydrofurans based on the earlier traditional methods. They set out to do this by 

using catalytic AgOTf, phenol (164), and a diene (165) as the starting material. 

 

Figure 1.22 Ways to access trisubstituted benzodihydrofurans: stereoselective methods. 



 30 

First, activation of the diene by Ag(I) coordination initiates the C–C bond formation between 

the diene and the aryl ring. Then intramolecular C–O bond formation occurs between the 

phenol and alkene, which is activated by Ag(I) again. Substituted dienes mainly give 

benzodihydrofuran as the sole product, and in the case of 165, the trisubstituted 

benzodihydrofuran 166 is obtained in a moderate 83:17 dr.  

As a side note, many more stereoselective methodologies are available for disubstituted 

benzodihydrofurans. For instance, Xu and co-workers reported in 2021 a powerful 

stereodivergent synthesis of 2,3-disubstituted benzodihydrofurans via a one-pot C–H 

functionalization/Oxa-Michael addition cascade where all four stereoisomers were 

accessible.76 However, they did not show any cases where the trisubstituted benzodihydrofuran 

could result if they started from a more substituted diazo species.  

From all the past literature presented above, there was not a generalized method to rapidly 

stereoselectively access trisubstituted 2,2,3-benzodihydrofurans with varying groups off the 

furan centers even though it is a highly sought-after core structure. This need for facile 

stereoselective access to trisubstituted benzodihydrofuran cores, coupled with the desire to 

probe the origins of stereoselectivity for our groups C–H insertions of donor/donor carbenes 

methodology, became the driving forces for the development of the C–H insertion of 

donor/donor carbenes into chiral ethers work discussed below.  

 

1.2 Results and Discussion 

1.2.1   Project Overview 

We set off to develop a stereoselective methodology for synthesizing trisubstituted 

benzodihydrofurans through the C–H insertion of donor/donor carbenes into stereogenic 

centers in a single step.1 Experimental data coupled with DFT calculations would give us key 

insights into whether the C–H insertion mechanism was stepwise or concerted. Finally, this 
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study would illuminate the stereochemical impact on the carbene center for the first time and 

delineate the structural factors that enable control over both stereogenic centers. 

We had to consider a few key points when designing the methodology and the starting 

material synthesis. First, insertion into a stereogenic center using a chiral catalyst would create 

match/mismatched pairings and could lead to possibly four different stereoisomers of the 

product (168a-b and 169a-b)(Figure 1.23A). Each substrate would need to be easily tested with 

enantiopure R-hydrazone (167a) and S-hydrazone (167b), as well as the racemic hydrazone 

(167), to rule out any kinetic resolution or dynamic kinetic resolution that could be occurring.   

 

Figure 1.23 A. Reaction design and possible outcomes of match/mismatch pairings B. 

Retrosynthesis for hydrazone precursors.  
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the aryl rings to test electronic effects on the carbene. We envisioned all of this could be done 

by accessing the 2-hydroxybenzophenone core (170), which was commercially available, and 

its substituted derivatives, which had a wide array of methods that could be used to access them 

in 1-2 steps and had been validated before in the group (see BDB dissertation Section 1.2.2. 

Table 4).  

 

1.2.2 Synthesis of donor/donor carbene precursors with stereogenic centers 

Two main routes were used to access the needed hydrazone precursors. The first, route A, 

started from 2-hydroxybenzophenone (170) and commercially available secondary alcohols 

(171a-g) in a Mitsunobu reaction to form ethers 172a-g (Figure 1.24A). Installing the chiral 

ether C–H insertion center via a Mitsunobu reaction was paramount to be able to go in with a 

single enantiomer of a secondary alcohol and get out a single enantiomer of product.  

 

Figure 1.24 A. Synthesis of hydrazone intermediates from 2-hydroxybenzophenone. B. 

Mitsunobu byproducts. 
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Other possible stereospecific reactions could have also worked, such as an SN2 alkylation 

reaction; however, going directly from the alcohol gave the cheapest and widest array of 

commercially available options. 

While the Mitsunobu gave the desired stereochemistry of ether, the product suffered from 

moderate yields and difficult purifications due to the high volume of byproducts generated 

throughout the reaction (Figure 1.24B).77 Some major byproducts include triphenylphosphine 

oxide (180) and triphenylphosphine (PPh3), which are water-insoluble and therefore require 

column chromatography to get rid of. The reduced DIAD-hydrazine 176 is very nonpolar and 

streaks through the column, proving to be difficult to separate from the desired product. 

Workarounds to these purification problems have been published and include polymer-

supported PPh3
78 that can be filtered off and catalytic reactions79 to reduce the amount of DIAD 

needed.  Therefore, initial attempts to optimize the reaction revolved around finding the proper 

purification technique to isolate the desired non-polar ether product 172a-g from the very non-

polar hydrazine 176 and triphenylphosphine oxide 180 that tends to streak through the column 

(Table 1). Increasing the amount of benzylic secondary alcohol used and solid loading the crude 

mixture onto celite without any aqueous workup helped increase the isolated yield for benzylic 

secondary alcohols from 60% to 83% (Table 1 entry 2). However, when secondary alkyl 

alcohols were used with the same solid loading conditions, the isolated yields dropped 

significantly from 83% to 23% (Table 1 entry 3). Part of this was due to the alkyl ether products 

being more non-polar and, therefore, more difficult to separate from the hydrazine (176) 

byproduct. Different column solvent systems were screened, and a gradient of 40% to 100% 

CH2Cl2 in Hexanes was found to be the most effective, albeit a rather slow column to run (Table 

1 entries 4-5). 

Most of the mass recovery in these reactions correlates to unreacted 2-

hydroxybenzophenone 170, which can be due to the phenol nucleophile being at the end of the 
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pka range (pKa < 11) that can be used in a Mitsunobu with the PPh3/DIAD system. When 

weaker nucleophiles like a phenol are used, often the nucleophilic attack of 177 by 

deprotonated hydrazine 175 to form 178 can become a dominant byproduct pathway as 

hydrazine 175 is a competitive nucleophile to the phenol 179. There are more reactive coupling 

reagent pairings that could be used to solve this problem, yet they weren’t explored due to cost 

and time restraints. 80–82 

Table 1. Mitsunobu reaction optimization 

 

Another workaround to this issue of competitive nucleophilic pathways that was employed 

instead was switching the secondary alcohol to being the limiting reagent and the phenol being 

in excess while also slightly increasing the equivalents of PPh3 and DIAD (Table 1 entry 6), 

resulting in a 90% yield for the alkyl alcohol substrates.  Any changes in the order of addition 

of all the reagents or increased temperature to aid reactivity only decreased the yield (Table 1 

entries 7-8). 
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on the NMR time scale, significantly broadening the 1H NMR peaks. For certain substrates, 

such as 172a (phenyl ether substrate), the isomers of hydrazone could be separated and isolated 

by column chromatography. However, this was not necessary since both isomers led to the 

same desired product upon oxidation to the diazo.  

The second, route B, was used to make aryl ring derivatives. Starting from 2-bromophenol 

181, secondary alcohols 171a-c,h was installed to make ethers 182a-c,h using the optimized 

Mitsunobu conditions discussed previously in similar yields (Figure 1.25A).   

 

Figure 1.25 A. Synthesis of hydrazone intermediates from 2-bromophenol B. Li-X exchange 

byproducts. 
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butyl ketones 188a-c. Second, if the ortho-lithiate (186a-c,h) slowly adds to the electrophile 

due to steric hindrance, it will funnel to the proto-debrominated starting material (187a-c,h) 

upon proton exchange with water in the solution and/or upon reaction workup. One solution to 

decrease byproduct formation is to use tert-butyl lithium (t-BuLi) rather than n-butyl lithium 

(n-BuLi). However, due to safety concerns when using t-BuLi on large scale our group avoids 

using it whenever possible. A second solution to increase the yield of the desired ketones 184a-

c,h is to explore alternative routes to C–C bond formation. However, as discussed earlier, Li–

X exchange has proven to be our group's most successful and reliable benzophenone route. 

Therefore, the final starting material synthesis used the Li–X exchange and nucleophilic 

addition step to robustly make benzophenone ethers 184a-c,h, albeit in moderate yields. The 

hydrazone formation proceeded without any issues in high yields for all the aryl derivative 

substrates 185a-c,h. 

 

1.2.3 Sterically bulky, highly activated substrates 

Now that the starting hydrazone precursors could be readily accessed, the first question we 

wanted to ask about this methodology was what level of stereocontrol the substrate and catalyst 

impart on the C–H insertion reaction. We designed two ether substrate classes that possessed 

varying levels of reactivity based on the different stabilities of the proposed oxocarbenium 

intermediate resulting from hydride transfer. 

The first substrate class tested was chiral ethers that contained a sterically bulky and highly 

electronically activated tertiary C–H insertion center (Table 2). This resulted in ether 189 with 

the adjacent tertiary insertion center containing a methyl and phenyl substituent. The phenyl 

group created a highly reactive benzylic C–H insertion site as well as significant steric bulk 

crowding the insertion site, compared to a linear alkyl chain. One of the phenyl rings on the 

donor/donor carbene core possessed a p-cyano group to enable subsequent derivatization for 
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crystallography and separation by CSP-HPLC (see section 1.2.7) Both the racemic and 

enantiopure versions of hydrazone 189 were synthesized using route B (Figure 1.25A) and 

screened across all three dirhodium catalysts to create all possible match-mismatch pairings 

(Figure 1.23A).  

Both racemic 189 and enantiopure 189 yielded the benzodihydrofuran product as a single 

cis diastereomer (190) (Table 2 entries 1-6), irrespective of which catalyst was used. The 

enantioselectivity followed a similar trend where racemic 189 provided racemic 190 (Table 2 

entries 1-3), and enantiopure 189 gave a single enantiomer of 190a in 97:03 er (Table 2 entries 

4-6) regardless of the catalyst employed in the reaction.  

Table 2. Alkyl/Aryl stereogenic insertion Center 

 

 

Therefore, these sterically bulky, highly activated stereogenic C–H insertion centers elicit 

highly stereoselective substrate-controlled C–H insertion reactions. The structure of the 

catalyst does not influence the diastereoselectivity of the reaction with 189, whereas the 

enantioselectivity is dictated by the configuration of the carbon undergoing insertion. These 

results are consistent with those of Taber16 and Doyle46 in that the configuration of the insertion 
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site of (S)-189 is retained in product 190a, i.e., consistent with a concerted C–H insertion 

mechanism. The differential results from (R/S)-189 and (S)-189 suggest that the configuration 

at the insertion site (C1) dictates the configuration at C2 during the insertion reaction. 

Therefore, these data do not distinguish between a highly stereoselective stepwise mechanism 

or a highly stereoselective concerted mechanism.  

 

1.2.4 Less bulky, less activated substrates 

The second substrate class tested was chiral ethers that contained a less bulky and less 

electronically activated stereogenic C–H insertion center (Table 3). This resulted in ether 192 

with the adjacent tertiary insertion center containing a methyl and homoallylic substituent. The 

homoallylic substituent was used over a fully saturated alkyl chain to enable separation on the 

CSP-HPLC and crystallography (see sections 1.2.6-7). 

Match-mismatch experiments between this new substrate class and chiral catalysts were 

conducted, and interestingly the C–H insertion reactions showed drastically different 

stereoselectivity trends compared to the alkyl/aryl substrates. Racemic 192 yielded a 47:53 and 

48:52 dr of 193:194 with Rh2(R-PTAD)4 and Rh2(S-PTAD)4, respectively (Table 3 entries 1-

2). There was a slight enrichment towards the trans diastereomer (193) with achiral Rh2(mes)4 

yielding a 57:43 dr (Table 3 entry 3). Strikingly, when the er was measured for these entries, 

the chiral catalysts generated each diastereomer in high er (Table 3 entries 1-2), while the 

achiral catalyst yielded racemic mixtures of each diastereomer. This starkly contrasts the first 

class of substrates, where (R/S)-189 led only to racemic products. Conversely, this class of 

substrates (R/S)-192 can be steered toward enantio-enriched products with the choice of chiral 

catalysts. 

 The results with enantiopure (S)-192 were even more striking. Treatment of this substrate 

with Rh2(R-PTAD)4 (6) resulted in preferential formation of trans-benzodihydrofuran 193 



 39 

(Table 3 entry 4) with high enantioselectivity. Use of the same substrate with Rh2(S-PTAD)4 

resulted in inverted diastereoselectivity with the same enantiomeric preference as the reaction 

with Rh2(R-PTAD)4 (Table 3 entry 5).  The eroded enantioselectivity for the formation of 193 

with Rh2(S-PTAD)4 highlights the mismatch in stereochemical preference between the 

substrate and the catalyst. Finally, the insertion of (S)-192 with achiral Rh2(mes)4 (8) showed 

little diastereoselectivity while retaining the high substrate-induced enantioselectivity (Table 3 

entry 6).  

Table 3. Alkyl/Alkyl stereogenic insertion centers 

 

 

On the one hand, these results with less bulky, less activated substrates demonstrate that the 

stereogenic center undergoing insertion controls the magnitude and orientation of 

enantioselectivity for both newly formed stereogenic centers in the product. The catalyst, 

conversely, can strongly influence diastereoselectivity, and Rh2(R/S-PTAD)4 is a privileged 

catalyst scaffold for this system. These results are consistent with a highly stereoselective 

hydride transfer step that is followed by a diastereoselective ring closure that can be controlled 

by the configuration of the catalyst. 
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1.2.5 Reaction optimization: conditions screening 

1.2.5.1 Catalyst screening 

When the initial stereoselectivity data described above was collected, a screen on the 

reaction conditions was done for the homoallylic substrate 192 since it showed 

selectivity that is under catalyst control. Therefore, different dirhodium catalysts were 

screened to see if differences in catalyst reactivity and catalytic pocket shapes would 

significantly affect the stereoselectivity (Table 4).83  Racemic 192 was used for 

screening, where a 1:1 dr indicates full catalyst control over the dr due to strong 

match/mismatching pairings. However, each diastereomer should favor a single 

enantiomer when using a chiral catalyst and be racemic for achiral catalysts. The more 

closed catalyst pocket from the chiral crown conformation in Rh2(R-TCPTTL)4
84 led to 

an erosion in enantioselectivity (er) and a shift in diastereomer ratio (dr) (Table 4 entry 

2). The much wider open pocket of Rh2(R-DOSP)4
21 had similar results to shifting the 

dr ratio towards the more thermodynamically favored trans diastereomer while also 

significantly eroding the er favoring the opposite enantiomer compared to Rh2(R-

PTAD)4
18 (Table 4 entry 3 vs. entry 1).  Surprisingly, the even bulkier catalyst, 

Rh2(PhenNTTL)4, gave the highest enantiomeric ratio (er) reported to date for this 

system at 98:02 (Table 4 entry 4). However, this catalyst is underexplored since it hasn’t 

been published in the literature before. Rather it was obtained in small quantities from 

catalysts shipped from the Fox lab at the Univeristy of Deleware for Kellan Lamb’s 

project (see KNL dissertation Chapter 1). If this catalyst were to be explored further, a 

potential ligand synthesis route could be designed from the cited literature.85,86 Mixed 

ligand catalysts shipped from the Fox group were also tested since they have found luck 

in their use for enantioselective C–H functionalization reactions with -alkyl--

diazoesters.35 Only one of these catalysts, Rh2(TPA)(BPTTL)3
87, showed any reactivity, 
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and isolation of the desired product from byproducts was too little to get 

enantioselectivity data (Table 4 entry 9). The mixed ligand catalyst Rh2(s-Bu)(S-PTTL)3 

and Doyle’s Rh2(4S-MPPIM)4
19 showed no reactivity in this donor/donor carbene C–H 

insertion systems (Table 4 entries 10-11).  Since this system would also be used for 

natural product applications and molecules that may not need to be diastereo- and 

enantioselective, a range of achiral dirhodium catalysts were also screened for reactivity 

and yield. Rh2(esp)4 gave the lowest yield, followed by Rh2(TPA)4 (Table 4 entries 5-

6). 

Table 4. Catalyst screen 
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Rh2(PTCC)4, which is thought of as the “achiral version” of Rh2(R/S-PTAD)4 with a 

cyclohexane substituent instead of adamantyl, resulted in a jump in yield to 85% (Table 

4 entry 7). Rh2(mes)4 gave a comparable 91% (Table 4 entry 8), and since this was done 

on a large scale compared to Rh2(PTCC)4, it can be assumed differences in yield are 

almost negligible when done on the same scale and free of human error.   

Therefore, after this screening was complete, it was confirmed that Rh2(mes)4 would 

be the best achiral catalyst to use over Rh2(PTCC)4 due to ease of synthesis/access as 

well as Rh2(PTAD)4 was selected as the best chiral catalyst over Rh2(PhenNTTL)4 due 

to limitations in the synthesis of the later.  

 

1.2.5.2 Solvent and temperature screening 

Other reaction conditions that were important to explore were the effect of solvent and 

temperature on the reaction stereoselectivity. Dirhodium catalysts are known to change 

conformations depending on the solvent they are in due to a multitude of factors such as the 

polarity of the solvent, H-bonding interactions, Lewis basic sites, etc.88–90  These conformations 

could significantly affect the stereoselective outcome of the reaction. Dichloromethane and 

acetonitrile were the solvent precedents from past methodologies from our group.24,32–34 We 

found that DCM was the best solvent for yield and stereoselectivity (Table 5 entry 1 vs. entry 

2), while MeCN resulted in drops in enantioselectivity. Dichloroethane and benzene gave 

comparable selectivity to DCM but with significant drops in yield (Table 5 entries 3-4), most 

likely due to the solubility of the catalyst and substrate. More non-polar solvents like pentanes 

and cyclohexanes gave poor yields and decreased enantioselectivities, whereas more polar 

solvents like DMF gave similar yields (Table 5 entries 5-7). Shockingly, the protic solvent 

isopropyl alcohol gave equal stereoselectivity compared to DCM, albeit with a low yield (Table 

5 entry 8). 
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Table 5. Solvent screen 

 

 

The low yield was only due to unreacted hydrazone starting material, which is believed to be 

due to the slow oxidation of hydrazone to diazo precursor observed in IPA rather than the 

commonly observed O–H insertion for many other C–H insertion methods. 

 Next, the temperature was screened to see if it could improve enantioselectivity. The 

enantioselectivity is determined by the relative rate of each pathway in the 

enantiodifferentiating step, which is a temperature-dependent calculation. The step is 

hypothesized to be the hydride transfer step, i.e. the rate-limiting step of the mechanism. 

Therefore, the hope was that decreasing in temperature would help break past the 91:09 er 

observed initially.  However, temperatures below –40 °C had no reactivity (Table 6 entries 1-

2), and temperatures between -27 °C and 25 °C (Table 6 entries 3-6) all possessed the same 

enantioselectivity. It was not until the reaction was heated to 60 °C that erosion in 

enantioselectivity was observed (Table 6 entry 7).  
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Table 6. Temperature screen 

 

 

1.2.5.3 Lewis bases screening 

Based on the proposed mechanism, a small amount of Lewis bases were screened with the 

idea that they could influence the diastereoselective outcome (Table 7). Lewis bases are known 

to axially coordinate to the dirhodium catalyst, plugging up the catalyst and preventing catalytic 

turnover or potentially binding the distal rhodium site and influencing catalyst conformation.91–

93 With both effects combined, the thought was that the second C–C bond formation step could 

be slowed down, and the diastereoselectivity could be influenced. Both pyridine and HMPA 

were screened by adding 20 mol% of the additive to a solution of the catalyst first, which was 

then added directly into the diazo solution via a 2-pot C–H insertion method. However, each 

Lewis base additive only slowed down the reaction and dropped the overall yield rather than 

influencing the diastereoselectivity (Table 7 entries 1-2).   
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Table 7. Lewis base screening 

 

 

1.2.6 CSP-HPLC optimization 

One of the biggest issues experimentally for this project was the inability to separate 

diastereomers by column chromatography and enantiomers by CSP-HPLC. The initial 

compounds designed for each substrate class were too non-polar, and even after extensive 

screening across different stationary phases (OD, AD, and AS chiral columns), flow rates (0.1 

to 2.0 mL/min), solvent polarities (50:50 to 100:00 Hex:IPA), and solvent mixtures (Hex:IPA, 

Heptane:IPA) neither 173a nor 173b could have the enantiomers separated on CSP-HPLC.  

The first attempt at troubleshooting was to add a polar group to the molecule that would be 

synthetically easy to make and would not affect the reaction stereoselectivity. Therefore, a 

para-cyano group was added to the carbene aryl ring to increase polarity and, ideally, increase 

chiral column interaction and retention time to allow the enantiomers to separate (Figure 1.26).  

Previous results published by the group showed that substitution around the carbene core aryl 

rings did not affect the stereoselectivity of the reaction, only the rate of reactivity.34 This 

strategy worked for 189, and its product enantiomers 190a-b were separated by CSP-HPLC 

(AD column, 90:10 Hex:IPA, 1 mL/min, 20 min run, 6 L injection of 1mg/mL solution). 
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Figure 1.26 Initial substrates and derivatization attempts to separate stereoisomers. 

 

Separating diastereomers from the C–H insertion of 189 was never an issue since only one 

diastereomer was ever observed (190), except in the case of when Rh2(OAc)4 where erosion of 

the dr gave a 90:10 ratio, thereby helping confirm we were only ever observing a single 

diastereomer in all other cases.  

However, the sec-butyl ethers 173b and 185b gave many more issues since the C–H 

insertion reaction yielding these always gave a mixture of diastereomers. These diastereomers 

for both the unsubstituted (196-197) and p-cyano (198-199) derivatives could not be separated 
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by column chromatography even after extensive solvent system screening. Some attempts were 

made to derivatize the substituted insertion products (197, 199) by reducing the nitrile to 

primary amine 200 and then coupling to ferrocene to give 201. Still, neither of these derivatives 

had separable diastereomers (Figure 1.26). 

 We abandoned the sec-butyl ether 173b as the main model substrate and switched to the 

methyl, homoallylic ether 192 discussed extensively earlier (see section 1.24).  The idea was 

that the slightly longer linear chain would enable better separation between diastereomers and 

enantiomers. At the same time, the alkene could serve as a functional handle for further 

derivatization needed to grow a crystal to prove absolute stereochemistry (see section 1.27). 

However, it was vastly important that it was the homoallylic ether so that the electronic 

activation of the C–H insertion center would not be changed. We could hopefully replicate the 

interesting diastereoselectivity trends observed with the sec-butyl ether 173a. Gratifyingly, this 

substrate 192 gave the same novel diastereoselectivity trends observed with 173a. Yet, the 

same roadblock was hit when the diastereomers (193 and 194) were attempted to be separated 

by hand-column chromatography. No solvent system screen attempts nor attempts to get the 

chiral prep columns working on the group prep HPLC were successful in separating the product 

diastereomers. Luckily, when the purified mixture of product diastereomers (193 and 194) 

derived from racemic starting material (192) and achiral catalyst (8) was placed on the CSP-

HPLC, four separate peaks were observed! Optimization of the conditions enabled the clean 

separation of all four peaks on the CSP-HPLC (OD column, 100:0 Hex:IPA, 1.0 mL/min, 20 

min, 6 L injection of 1mg/mL solution, 283 nM wavelength measurement) (Figure 1.27).   

The next challenge was determining which peak coordinated to each diastereomer and 

enantiomer. As seen in the chromatogram in Figure 127, peaks 1 and 2 are close together, 

followed by 3 and 4 over three minutes later. Initially, it was assumed that peaks 1 and 2 were 

the same diastereomers and 3 and 4 were the other diastereomer since diastereomers, in theory, 
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should separate more easily than enantiomers. Therefore, ten runs on the CSP-HPLC were 

conducted where 1 mg of compound was loaded onto the column at a time and manually 

“prepped” to collect peaks 1+2 in one fraction and 3+4 in a separate fraction.  If the initial peak 

assignment theory was correct, these fractions could be concentrated and put on the NMR to 

get spectra of a single diastereomer for each fraction. Stunningly, when the NMR was taken, 

both fractions were a 57:43 mix of diastereomers, which matched the dr perfectly from the 

original crude 1H NMR after workup.   

 

Figure 1.27 Labeled CSP-HPLC traces for methyl, homoallylic C–H insertion products. 

 

This meant that the enantiomers of the product separated easier on the chiral column than the 

diastereomers did, where peak 1 + 3 were the enantiomers of one diastereomer, and 2 + 4 were 

the enantiomers of the second diastereomer (Figure 1.27).  This was confirmed across all the 

other CSP-HPLC traces because the dr ratio observed by CSP-HPLC matched the dr ratio 

observed in the crude 1H NMR perfectly. 

 

1.2.7 Synthesis of crystal derivatives for crystallography 

To prove absolute stereochemistry for the insertion products, single crystals of diastereo- 

and enantiopure products needed to be grown for x-ray crystallography. All products resulting 
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directly from C–H insertion were oils, though, and all initial attempts to grow crystals from 

them failed.  Therefore, insertion cores 190 and 193-194 were derivatized until a crystal could 

be obtained. First, the nitrile group on 190 was reduced to the primary amine 202 with LiAlH4 

in 85% yield (Figure 1.28).94   Amine 202 was not crystalline, and attempts to nosyl- (203) and 

tosyl- (204) protect the amine either did not work or did not produce a crystalline product, 

respectively. Next, attempts to form a urea group from isocyanate95 (205) or CDI and aniline96 

(206) did not work. Coupling reactions to form amides were tried next. The initial couplings 

with either carboxylic acid substituted ferrocene97 or 3-iodobenzoic acid to yield 207 and 208, 

respectively, worked no crystals were successfully grown from the purified products. 

 Therefore, it was hypothesized that rotational freedom from reduction to primary amine 202 

contributed to the derivatives' non-crystalline morphology. So, arylbenzothiazole 210 was tried 

to be synthesized from nitrile 190 and 209 with no luck.98 However, adding phenyl lithium to 

nitrile 190 followed by condensation with 2,4-DNP yielded crystalline solid 211.99,100  

Simultaneously, one more coupling reaction with amine 202 was attempted with 1-hydroxy-2-

napthoic acid to yield another crystalline product 212. Single crystals suited for X-ray 

crystallography were attempted to be grown from products 211 and 212. Eventually, 212 gave 

a suitable single crystal, and an X-ray structure was obtained with the help of Jim Fettinger. 

Note that this carboxylic acid was believed to be the best at crystallization due to the strong 

hydrogen bond interaction between the hydroxyl group and the carbonyl on the amide bond. 

This crystal enabled us to finally assign the absolute stereochemistry of the sterically bulky, 

activated model system product 190 to be the S,S enantiomer of the cis diastereomer. 

Growing a crystal for substrates 193-194 was easier and served a dual purpose (Figure 1.29). 

Since the trans (193) and cis (194) diastereomers could not be separated by column 

chromatography, derivatization enabled the separation of the two diastereomers and created a 

crystalline product for x-ray crystallography to obtain absolute stereochemistry. 
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Figure 1.28 Synthesis of cyano derivatives (final crystal + failed crystal couplings). 

 

First, the alkene on 193-194 was oxidatively cleaved using sodium periodate and catalytic 

ruthenium (II) chloride to yield carboxylic acid 213, which could rapidly be functionalized.101 

First, a third stereocenter was added to the molecule by coupling (S)-phenylethan-1-amine 

(214) with 213 through acyl chloride formation and nucleophilic addition. This produced 215 

in a low 19% yield, and the two diastereomers were inseparable. Next, p-anisidine and DPPA 

were used to create urea96 216 in a moderate 56% yield from carboxylic acid 213.  Fortunately, 

the diastereomers of 216 could be separated, but both were a chalky powder morphology that 
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a single crystal could never successfully be grown from. Finally, carboxylic acid 213 was 

coupled to 4-iodoaniline using HATU and DIPEA to yield a mixture of diastereomers in 57% 

yield, which could easily be separable from each other by column chromatography. Both the 

trans diastereomer (217) and cis diastereomer (218) of the crystal derivative were derived from 

enantiopure hydrazone (192); therefore, each crystal was a single enantiomer.  

 

Figure 1.29 Synthesis of alkene oxidative cleavage derivatives (final crystals + failed crystal 

couplings). 

 

These iodoaniline derivatives grew single crystals (often crashing out as needle-like crystals in 

the column fraction tubes), and X-ray crystallography from Jim Fettinger showed the absolute 

stereochemistry of the trans diastereomer 217 to be the (S,R) enantiomer and the cis 

diastereomer 218 to be the (R,R) enantiomer. With two enantiomers confirmed by X-ray 

crystallography, the absolute stereochemistry of two peaks on the HPLC trace described earlier 

(Figure 1.27) could be identified, and the other two were assigned via the process of elimination 

to give us a fully characterized and assigned mixture of stereoisomers. 
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1.2.8 Substrate scope 

We could make two key conclusions about stereoselectivity from the two model systems 

discussed in sections 1.23 and 1.24. First, the enantioselectivity would always be under 

substrate control, meaning the enantiomer of starting material used would determine the 

enantiomer of the product obtained. On the other hand, the diastereoselectivity could be under 

catalyst control based on how bulky and electronically activated the C–H insertion center was. 

However, these diastereoselectivity trends were observed between two groups on opposite ends 

of the spectrum, sterically occluded and electronically activated versus less sterically hindered 

and minimal electronic activation of the C–H bond. Therefore, we wanted to investigate further 

how a spectrum of substrates falling between these two model systems would affect the 

diastereoselectivity. Based on the previous findings, only racemic starting material was needed, 

and if the dr was about 50:50, that suggested high match/mismatched pairings and high catalyst 

control over the dr. In contrast, higher drs and/or no reversal in the dr ratios between 

enantiomers of the catalyst suggested high substrate control over the dr. Overall, four main 

groupings of 10 substrates were synthesized (Figure 1.30) to probe how the following affected 

the diastereoselectivity: 

1. Similarity between the two substituents off the stereogenic center 

2. Donor core electronic variation 

3. Variations in bulk for inactivated C–H centers 

4. Desymmetrization and remote stereogenic centers.    

The ethyl substrates (229-230) behave much like the unactivated, less bulky substrate 192, 

exhibiting high catalyst control over the dr even when there is such a small difference between 

the methyl and ethyl groups. Similarly, 231-233 match the trends observed for sterically bulky, 

highly activated substrate 190, where they are all under substrate control demonstrated by the 

high dr regardless of the catalyst employed. 
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Figure 1.30 Substrate scope. 

 

Excitingly, heterocycles are tolerated without any decline in yield or stereoselectivity 

(232)! The caveat is that the pyridine is Lewis basic and can bind the dirhodium 

unproductively and slow the reaction rate. In this case, upon catalyst addition, the 

reaction with the pyridine substrate to make 232 took about 8 hours compared to the 

reactions with the phenyl group to make 231 or 233 only took 5-15 minutes, depending 

on the solution dilution.  

Next, the effect of steric bulk on delineating between catalyst and substrate control 

over the dr was accessed. It was observed that if the steric bulk is pushed far enough 

away from the C–H insertion center, such as the -OPMB group in 236, then we maintain 
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catalyst control over the dr.  However, as soon as we increased the steric interactions 

around the C–H insertion with a branched alkyl group (235, R1 = isopropyl), it switched 

to substrate control, preferencing the trans diastereomer in about 65:35 dr for both 

enantiomers of Rh2(PTAD)4 (2), contrary to the preferred cis diastereomer with an 

achiral catalyst (8). An even longer branch alkyl substrate (237, R1 = prenyl) is 

analogous to 235, where there is a slight substrate preference for the trans diastereomer 

in about a 65:35 dr too. Interestingly, when R1 = cyclopropyl (234), the dr remains under 

substrate control due to the increased steric bulk, but the magnitude of the dr increases 

to an 85:15 dr preferencing the trans diastereomer due to the increased electronic 

activation of the C–H bond. Lastly, an attempt at a desymmetrization C–H insertion into 

methylcyclohexane gave a single diastereomer of product 238 regardless of the catalyst 

employed.  

From this substrate scope, we can conclude some key features of substrates that elicit 

catalyst control over the dr versus substrates that maintain substrate control over the dr. 

First, steric bulk is the main component that delineates these two modes of 

diastereocontrol. Linear alkyl chains or alkyl chains with bulky groups pushed multiple 

carbons away from the C–H insertion center (229-230 & 236) enable productive 

match/mismatch substrate-catalyst pairings where the enantiomer of the catalyst 

controls the preferred diastereomer. However, as soon as the steric hindrance around the 

insertion center is increased, there is inherent substrate control over the 

diastereoselectivity that cannot easily be overcome by different enantiomers of the 

catalyst (231-233 & 234-235, 237-238). For these substrates, electronic activation of the 

C–H bond by R1 appears to increase the magnitude of the dr with unactivated substrates 

exhibiting low dr (235 & 237) versus more activated substrates exhibiting moderate to 

very high drs (234 & 231-233 respectively). We cannot rule out that the increased 
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electronic activation of the C–H bond changed the mechanism from a stepwise to a 

concerted, asynchronous process, thereby accounting for the huge jump in 

diastereoselectivity.  

 

1.2.9 Mechanistic DFT calculation collaboration with Tantillo Lab 

A collaboration with the Tantillo lab was established to model the stepwise mechanism 

hypothesis and elucidate the stereoelectronic factors that controlled the stereoselectivity of the 

C–H insertion methodology discussed in this chapter.  Initial experimental evidence gave three 

key parameters as a starting place for the DFT calculations undertaken by Croix Laconsay in 

the Tantillo Lab (see CJL dissertation: chapter 5 for expert discussion of the DFT models built 

for this system102). First, the system needed to be modeled with the full Rh2(R/S-PTAD)4 

catalyst (2) since the control over diastereoselectivity was not observed with the smaller achiral 

Rh2(mes)4 catalyst (8). Second, the stereoselectivity data found for the homoallylic C–H 

insertion products (193-194) highly suggested a stepwise mechanism due to the 

disentanglement of the enantioselectivity from the diastereoselectivity throughout the 

match/mismatch pairings. Therefore, Croix was tasked with first modeling the hypothesized 

hydride transfer intermediate and then finding transition states that lead to that intermediate, as 

well as separate transition states that lead from that intermediate to all four possible 

stereoisomer outcomes. Third, the solvent screen (Table 5) showed that solvent effects did not 

have any significant bearing on the stereoselective outcome, thereby helping greatly simplify 

needed DFT calculations.  

Computational experiments took a great deal of time due to the size of the system being 

modeled, as well as the level of theory needed for a system where we are trying to differentiate 

between free energies of only a couple of kcals/mol. While extensive discussion of the 

troubleshooting done for this system can be found in CJL’s dissertation and all optimized 
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structure coordinates are reported on the ioChem-BD database103, the following two points will 

be discussed briefly since they significantly shaped the final conclusions we could make about 

the mechanism.   

1. The catalyst used for published DFT models is a truncated version of Rh2(R-PTAD)4 

(2), where the adamantyl group is replaced with a methyl group to reduce the 

computational time needed for every calculation (1+ week to 1-2 days). 

Computational DFT modeling of full dirhodium catalysts has been done before but is rarely 

used due to the difficulty, time, and cost needed to undertake such a project.104–109 These 

previously reported methods were a starting point for the development of the DFT methods by 

Croix Laconsay used in this paper. Eventually, the optimal DFT method with the truncated 

Rh2(R-PTAD)4 as well as all final reported energies and lowest frequencies used the (PCM-( 

CH2Cl2)-B3LYP-D3(BJ)/SDD[6-31+G(d,p)]//PCM(CH2Cl2)-B3LYP-D3(BJ)/LANL2DZ[6- 

31G(d)]) level of theory.  

2. The free energy differences fall within 1-2 kcal/mol, which is all within typical DFT 

error, making the computational findings more qualitative than quantitative regarding 

the exact energies. However, this doesn’t call into question the key conclusions about 

the nature of the bond-making and bond-breaking events in the C–H insertion 

mechanism.  

Due to working on the cusp of current DFT theory margins of error for reported free energies, 

Croix made a More O’Ferrall-Jencks plot36,110,111 to depict all the possible mechanistic 

possibilities for hydride shift and C–C bond closure events (Figure 1.31).  This plot showed 

that the stepwise mechanism we report for this methodology exists very close (but not within) 

to the border area between a stepwise and a concerted, highly asynchronous mechanism.  
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Figure 1.31 Qualitative More O’Ferrall-Jencks plot. 

 From these two DFT calculation adjustments discussed above, we were able to obtain a full 

potential energy surface starting from the (S)-homoallylic carbene hydrazone precursor (192) 

and using Rh2(R-PTAD)4 (2-truncated) to map to all four potential stereoisomers (193a-b and 

194a-b) (Figures 1.33 & 1.34). The findings from these reaction coordinate diagrams can be 

distilled down into a representative mechanistic figure that highlights the unique structural 

components of this mechanism that lend itself to the observed experimental stereoselectivity 

(Figure 1.32). Figure 1.32 shows a stepwise mechanism where hydride transfer results in a 

short-lived zwitterionic intermediate (241), similar to what was hypothesized previously for 

C–H insertions of donor/donor carbenes, followed by C–C bond closure to give to observed 

products (193a & 194b). 
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Figure 1.32 Proposed stepwise mechanism. 

  

Further insights into this stepwise mechanism are illustrated by the reaction coordinate 

diagrams showing the pathways to all four possible stereoisomers. For clarity, the mechanism 

for the formation of the four stereoisomers from the pairing of the S enantiomer of diazo (239) 

with the R enantiomer of the catalyst (2) is broken up into two coordinate diagrams. The first 

shows the pathway to the experimentally observed stereoisomers 193a and 194b (Figure 1.33), 

and the second shows the pathway to the unobserved stereoisomers 193b and 194a (Figure 

1.34). 

 First, the addition of Rh2(R-PTAD)4 (2) to a solution of diazo 239 results in catalyst binding 

and extruding N2 in a highly exergonic process (G = –38.4 kcal/mol) to form one major 

rotamer of the highly stabilized Rh carbene 240. From 240, a hydride shift occurs from the 

tertiary C–H bond to the carbene center to form the oxocarbenium ion intermediate 241. This 

step is the rate-limiting step (G = +13.4 kcal/mol) and occurs with high stereochemical fidelity 

accounting for the high selectivity for the newly formed stereogenic center at the former 
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carbene center. Therefore, this step is responsible for setting the enantioselectivity of the 

reaction.  

From intermediate 241, there are two separate pathways that led to the two observed 

products. First, a C–C bond closure that goes through a novel SE2 mechanism could occur to 

yield the major product, the (S,R) trans diastereomer (193a). SE2 mechanisms are unusual and 

sparsely reported in the literature and haven’t been reported for systems involving Rh.  

 

Figure 1.33 Pathway for Rh2(R-PTAD)4 and (S)-homoallylic carbene precursor to observed 

products 193a and 194b.  

 

SE2 mechanisms have been reported before in electrophilic cleavages of organomercurial 

compounds112,113 exhibiting SE2 retention of configuration and organotin compounds,114,115 

which exhibit SE2 inversion of configuration at carbon. In this case, the SE2 mechanism results 

in the inversion of the S stereochemistry of the carbon in 241 to the R stereochemistry of that 

carbon in 193a. During this first pathway, the prochiral face exposed in intermediate 241 forms 
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the trans diastereomer 193a during nucleophile attack from the Rh–C bond to the 

oxocarbenium ion. 

The second pathway is where intermediate 241 can rotate about the Caryl–O bond to expose 

the opposite prochiral face to give intermediate 242. 242 can then undergo the same SE2 C–C 

bond closure to give the (R,R) cis diastereomer 194b. Although we successfully identified 

transition states leading from 241 to 193a and from 242 to 194b, the transition state for 241 to 

242 remains elusive. This bond rotation step accounts for the diastereomeric ratio observed. It 

shows that the rate of C–C bond closure versus the rate of bond rotation is responsible for 

controlling the diastereoselectivity of the reaction. The relative energies of transition states TS-

193a and TS-194b, as well as the TS-242, could all be influencing the diastereoselectivity and 

be dependent on the catalyst used in the reaction.  

 

Figure 1.34 Pathway for Rh2(R-PTAD)4 and (S)-homoallylic precursor to 193b/194a. 
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This stepwise pathway can be used to hypothesize a similar mechanism for forming 190a 

(Figure 1.35).  Oxidation of (S)-189 to diazo followed by the addition of catalyst will form Rh 

carbene 247. This intermediate will undergo the same highly stereoselective hydride transfer 

to form a single oxocarbenium ion intermediate 248. Rotating about the Caryl–O bond in 248 to 

expose the other prochiral oxocarbenium ion face is kinetically unfavorable due to increased 

steric bulk, contributing to a high energetic cost to rotate in the chiral cavity. Our computational 

results from an energy surface scan with an achiral catalyst (6) indicate that rotation about the 

Caryl–O bond in 248 indeed requires more energy (>4 kcal/mol) than C–C bond formation. 

Therefore, 248 rapidly closes to form a new C–C bond by an SE2 mechanism yielding 190a as 

a single enantiomer and single diastereomer of the product. The computed pathway for the 

sterically bulky, highly activated substrate 189 reacting with Rh2(OAc)4 also supports a 

stepwise mechanism for the C–H insertion reaction.  

 

Figure 1.35 Proposed mechanism for the formation of 190a. 

 

1.3 Conclusion 

In summary, we have developed a method and stereochemical rationale for 

intramolecular C–H insertion reactions with donor/donor carbene systems possessing 

chiral ethers (Figure 1.36). This enables the generation of two contiguous stereogenic 

centers in a single step, yielding a trisubstituted benzodihydrofuran core. Exploration of 

chiral substrates with two enantiomers of a chiral catalyst revealed stereoselectivity 

patterns not observed with other types of carbene C–H insertion systems.  High 

enantioselectivity can be achieved and controlled based on the enantiomer of starting 

material used.  High diastereoselectivity emerges from substrate control, irrespective of 
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the catalyst used for sterically hindered and highly activated C- H insertion centers. Less 

sterically demanding and less activated C–H insertion centers exhibit high 

diastereoselectivity that is controlled based on the enantiomer of catalyst employed in 

the reaction. Our DFT studies with a truncated variant of the chiral Rh2(R-PTAD)4 

catalyst demonstrate that the highly stereoselective hydride transfer controls 

enantioselectivity outcomes, whereas a zwitterionic intermediate undergoes 

diastereoselective ring closure through an SE2 mechanism. These studies demonstrate 

that donor/donor carbenes are capable of unique levels of stereocontrol not previously 

seen with acceptor-containing carbenes. 

 

Figure 1.36 Graphic summary of C–H insertions into chiral ethers. 

 

1.4 Experimental Section 

 

1.4.1 General Procedures 

General Comments. Chemicals were purchased and used without further purification unless 

otherwise specified. All reactions using anhydrous solvents were carried out under an 

atmosphere of industrial argon in flame-dried glassware with magnetic stirring. Anhydrous 

solvent was dispensed from a solvent purification system that passes solvent through two 

columns of dry neutral alumina. Reactions were monitored by thin layer chromatography 

(TLC, Merck), and detected by examination under UV light (254 nm and 365 nm). Flash 

column chromatography was performed using silica gel [230−400 mesh (40−63 μm)]. 
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Extracts were concentrated in vacuo using both a rotary evaporator (bath temperatures up to 

40 °C) at a pressure of either 15 mmHg (diaphragm pump) or 0.1 mmHg (oil pump), as 

appropriate. 1 H and proton-decoupled 13C spectra were measured in CDCl3 at 400, or 600 

MHz, and 101 or 151 MHz respectively unless otherwise noted. All spectra in CDCl3 were 

referenced at TMS = 0 ppm. High-resolution mass spectrometry was performed on positive 

mode and ESI/Orbitrap™, ESI/TOF, and CI/TOF techniques were generally used. For 

substrates 24 and 25 high-resolution mass spectrometry using the aforementioned techniques 

was not achieved; low-resolution mass spectrometry using an Advion© ASAP-APCI-MS was 

achieved and the corresponding data is reported for those. Melting points were taken on an 

EZ-melting apparatus and were uncorrected. Infrared spectra were taken on a Bruker Tensor 

27 spectrometer.  

 

General Procedure A (Mitsunobu reaction). To a flame-dried 100 mL round bottom flask under 

argon atmosphere was added phenol (1.0 equiv), alcohol (1.1 equiv), and THF (0.1 M). The 

reaction was cooled to 0 °C, then triphenylphosphine (1.3 equiv) and diisopropyl 

azodicarboxylate (1.3 equiv) were added sequentially. After stirring overnight and allowing the 

reaction to warm to room temperature, the reaction was concentrated in vacuo and purified by 

flash column chromatography to yield the desired ether.  

 

General Procedure B (Benzophenone formation).  To a flame-dried 100 mL round bottom flask 

under argon atmosphere was added aryl bromide (1.0 equiv) and THF (0.25 M). The reaction 

was cooled to –78 °C, then n-BuLi (1.2 equiv) was added and the reaction was stirred at –78 

°C for two hours. A solution of weinreb (1.0 equiv) in THF (0.8 M) was added to the reaction 

mixture, then the reaction was stirred overnight while allowing it to warm to room temperature. 

The reaction was cooled back down to –78 °C and quenched with saturated NH4Cl aqueous 
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solution. The mixture was extracted three times with EtOAc, then the combined organic layers 

were dried over Na2SO4, concentrated in vacuo, and purified by flash column chromatography 

to yield the desired ketone.  

 

General Procedure C (Hydrazone formation). Following a literature precedent1, to an oven-

dried 10-20 mL microwave vial under argon atmosphere was added the desired alkylated 

benzophenone (1.0 equiv) in anhydrous EtOH (0.1 M). Glacial acetic acid (2.0 equiv) and 

anhydrous hydrazine (8.0 equiv) were added dropwise to the solution. The reaction was 

heated to 80 °C for 3-12 hours until the starting material fully converted by TLC. After the 

reaction was cooled, it was diluted in diethyl ether (25 mL) then washed with water (2 x 10 

mL) and brine (1 x 10 mL). The organic layer was dried over Na2SO4, concentrated in vacuo, 

and purified by flash column chromatography to yield the desired hydrazone.  

 

Note: Hydrazones were isolated as a mixture of E/Z isomers or used without further 

purification. As such 1H peaks have been reported only for selected examples.  

 

General Procedure D (One-pot sequential C-H insertion). To a flame-dried 20 mL scintillation 

vial under argon atmosphere was added a solution of hydrazone (1.0 equiv) in anhydrous 

CH2Cl2 (0.01 M). To the solution was added MnO2 (8.0 equiv), and the suspension was stirred 

until full conversion of the starting material to diazo was observed by TLC. A color change of 

the solution from clear to magenta was observed from the formation of the diazo. The reaction 

was cooled to 0 °C then the desired dirhodium catalyst was added (1 mol %), and the reaction 

was stirred while allowing it to warm to room temperature until full conversion of diazo to the 

desired product was observed. The crude reaction mixture was filtered over Celite to remove 
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MnO2, concentrated in vacuo, and purified by flash column chromatography to yield the 

desired insertion product.  

Note: it is necessary that the MnO2 used for the oxidation of hydrazones be ~85% pure with 

an average particle size of 2 microns, appearing as a fine black powder (e.g. Oakwood 

Chemical, CAS #: 1313-13-9, cat. #: 094454, lot #: 094454K03K). 

 

General Procedure E (synthesis of Weinreb amide). To a flame-dried round bottom flask was 

added the substituted benzoic acid (1.0 equiv) in DCM (0.3 M) and oxayl chloride (2.0 equiv). 

DMF (1.3 equiv) was added dropwise, and the solution was stirred for 1 h. The solution was 

then concentrated in vacuo and re-diluted in DCM (30 mL). To a separate flame-dried round 

bottom flask were added N,O-dimethylhydroxylamine hydrochloride (1.5 equiv), Et3N (3.0 

equiv), and DCM (0.3 M) and the solution was stirred for 10 min. The weinreb salt solution 

was cooled down to 0 °C, then the acyl chloride solution was added dropwise and stirred at rt 

overnight. Upon completion, the reaction was quenched with sat. aq. NaHCO3 (50 mL) and the 

mixture was extracted with CH2Cl2 (3 x 50 mL). The combined organic layers were washed 

with H2O (2 x 30 mL) and brine (30 mL). The organic layer was dried over Na2SO4, filtered, 

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

chromatography to yield the desired Weinreb amide. 

 

1.4.2 Alcohol substrates 

 

 
(171e) 6-methylhept-5-en-2-ol was synthesized according to reported literature procedure116 

using 6-methylhept-5-en-2-one (5.0 g, 39.6 mmol), sodium borohydride (0.749 g, 19.8 mmol) 

with EtOH (132 mL, 0.3 M) and H2O (40 mL, 0.5 M with NaBH4). After workup no further 

purification was needed to yield 171e as a clear oil (4.13g, 81%).  1H NMR (400 MHz, CDCl3) 

OH

H3C CH3

CH3
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δ 5.13 (t, J = 8.0 Hz, 1H), 3.81 (q, J = 6.4 Hz, 1H), 2.08 (hept, J = 7.3 Hz, 2H), 1.69 (s, 3H), 

1.63 (s, 3H), 1.53 – 1.44 (m, 3H), 1.19 (d, J = 6.1 Hz, 3H). 1H NMR data was consistent with 

literature values.116  

 

(171f) 1-((4-methoxybenzyl)oxy)propan-2-ol was synthesized according to reported 

literature procedure117 using propene oxide (1.00 g, 17.2 mmol), NaH (0.798 g, 19.8 mmol, 

57% dispersion in mineral oil) with anhydrous DMF (27 mL, 0.7 M) and 4-methoxybenzyl 

alcohol (4.76 g, 34.4 mmol) with anhydrous DMF (17.2 mL, 2.0 M). The crude product was 

purified by flash column chromatogreaphy (40:60 EtOAc:Hexanes) affording alcohol 171f as 

a clear oil (2.56 g, 76%): 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.19 (m, 2H), 6.97 – 6.82 (m, 

2H), 4.62 (s, 1H), 4.49 (s, 1H), 3.81 (s, 4H), 3.45 (dd, J = 9.4, 3.1 Hz, 1H), 3.25 (t, J = 8.8 Hz, 

1H), 2.37 (br, 1H), 1.14 (d, J = 6.4 Hz, 2H). 1H NMR data was consistent with literature 

values.117  

 

1.4.3   Bromo-ether substrates 

 

 
(182a) 1-bromo-2-(1-phenylethoxy)benzene was synthesized according to general procedure 

A, 2-bromophenol (1.14 mL, 9.83 mmol), 1-phenylethan-1-ol (1.00 mL, 8.19 mmol), 

triphenylphosphine (2.79 g, 10.65 mmol), and DIAD (2.09 mL, 10.65 mmol) with anhydrous 

THF (82 mL) were used. The crude product was purified by flash column chromatography 

(10:90 EtOAc:hexanes) affording ether 182a as a light yellow oil (2.16 g, 95%): 1H NMR (600 

MHz, CDCl3) δ 7.50 (d, J = 7.8 Hz, 1H), 7.41 – 7.36 (m, 2H), 7.32 (t, 2H), 7.24 (t, 1H), 7.06 

(t, J = 7.8 Hz, 1H), 6.76 – 6.70 (m, 2H), 5.34 (q, J = 6.4 Hz, 1H), 1.67 (d, J = 6.5 Hz, 3H). 13C 

OH

H3C
O

OCH3

Br

O

CH3
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NMR (151 MHz, CDCl3) δ 154.43, 142.68, 133.45, 128.76(2), 128.26, 127.74, 125.71(2), 

122.01, 115.60, 113.18, 77.41, 24.49; IR (thin film) 3063, 1584, 1494 cm-1; TLC (20:80, 

EtOAc:hexanes) RF = 0.85. Low-resolution MS (Advion ASAP-APCI) m/z calcd for 

C14H14BrO+[M+H]+ 277.0173, found 277.0. [𝛼]𝐷
23 = +32.0 (c = 0.30, CHCl3). 

 

(182h) 1-bromo-2-((3-methylbutan-2-yl)oxy)benzene was synthesized according to general 

procedure A, 2-bromophenol (3.35 mL, 28.9 mmol), 3-methyl-2-butanol (3.43 mL, 31.8 

mmol), triphenylphosphine (9.10 g, 34.7 mmol), diisopropyl azodicarboxylate (6.81 mL, 34.7 

mmol), and anhydrous THF (150 mL) were used. The crude product was purified by flash 

column chromatography (90:10, hexanes:EtOAc) affording ether 182h as a clear oil (3.97 g, 

56%): 1H NMR (599 MHz, CDCl3) δ 7.52 (d, J = 7.9 Hz, 1H), 7.21 (t, J = 7.8 Hz, 1H), 6.87 

(d, J = 8.3 Hz, 1H), 6.78 (t, J = 7.6 Hz, 1H), 4.20 (p, J = 6.0 Hz, 1H), 1.97 (hd, J = 6.8, 5.1 Hz, 

1H), 1.26 (d, J = 6.3 Hz, 3H), 1.03 (d, J = 6.8 Hz, 3H), 1.01 (d, J = 6.8 Hz, 3H); 13C NMR (150 

MHz, CDCl3) δ 154.92, 133.59, 128.35, 121.51, 114.90, 113.58, 80.03, 77.37, 77.16, 76.95, 

33.26, 18.29, 18.04, 16.10.; IR (thin film) 3184, 1773, 1704 cm-1; Low-resolution MS (Advion 

ASAP-APCI) m/z calcd for C11H16BrO+[M+H]+ 243.0379.1307 found 243.0. 

 

(183a) 4-cyano-N-methoxy-N-methylbenzamide was synthesized according to general 

procedure E using 4-cyanobenzoic acid  (8.00 g, 54.5 mmol) in CH2Cl2 (181 mL), oxalyl 

chloride (9.3 mL, 108.7 mmol), DMF (5.46 mL, 70.75 mmol), Et3N (22.8 mL, 163.2 mmol), 

and N,O-dimethylhydroxylamine hydrochloride (7.96 g, 81.6 mmol) in CH2Cl2 (181 mL). 

The crude product was extracted from NaHCO3 (150 mL) with CH2Cl2 (3 x 100 mL) and the 

Br
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CH3

CH3
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NC
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combined organic layers were washed with NaHCO3 ( 2 x 50 mL) and brine (1 x 50 mL). The 

crude product was purified by flash column chromatography (90:10, hexanes:EtOAc) 

affording 183a as a clear oil (7.86 g, 76%). 1H NMR (400 MHz, CDCl3) δ 7.78 (d, J = 7.6 

Hz, 2H), 7.71 (d, J = 8.1 Hz, 2H), 3.53 (s, 3H), 3.38 (s, 3H). 1H NMR data was consistent 

with literature values.118 

 

(183c) N-methoxy-N-methylnicotinamide was synthesized by preparing a suspension of N-

methoxy-N-methylamine•HCl (1.317 g, 13.50 mmol, 1.2 equiv.) in CH2Cl2 (45.0 mL), 

following a modified literature procedure.4 This suspension was cooled to 0 °C and 

triethylamine (6.25 mL, 44.8 mmol, 3.9 equiv) was added slowly over 20 minutes, the resulting 

solution was cooled to 0 °C. To the solution was added nicotinoyl chloride•HCl (2.032 g, 11.41 

mmol, 1.0 equiv) and the mixture was allowed to warm to rt and stirred for 23 h, The reaction 

mixture was quenched with sat. aq. NaHCO3 (10 mL), and the organic layer was separated. 

The aqueous layer was then neutralized with 1 M HCl  and extracted with CH2Cl2 (3 X 50 mL); 

the combined organic layers were washed with brine (2 X 100 mL) and dried over Na2SO4. 

The resulting solution was concentrated in vacuo and the crude product was purified using 

flash column chromatography (95:5, CH2Cl2:CH3OH), affording 183c as a yellow oil (1.568 g, 

83%). 1H NMR (400 MHz, CDCl3) δ 8.96 (d, J = 1.2 Hz, 1H), 8.69 (dd, J = 4.9, 1.7 Hz, 1H), 

8.03 (dt, J = 7.9, 1.9 Hz, 1H), 7.37 (ddd, J = 7.9, 4.9, 0.9 Hz, 1H), 3.56 (s, 3H), 3.40 (s, 3H). 

1H NMR data was consistent with literature values.118 

 

1.4.4 Ketone substrates  

 

N N

O

O

CH3
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(172a) Phenyl(2-(1-phenylethoxy)phenyl)methanone was synthesized according to general 

procedure A,  2-hydroxyphenyl)(phenyl)methanone (1.00 g, 5.04 mmol), 1-phenylethan-1-ol 

(0.607 mL, 5.04 mmol), triphenylphosphine (1.59 g, 6.05 mmol), and DIAD (1.19 mL, 6.05 

mmol) with anhydrous THF (50 mL) were used. The crude product was purified by flash 

column chromatography (10:90 EtOAc:hexanes) affording ketone 172a as a clear oil (1.26 g, 

83%): 1H NMR (600 MHz, CDCl3) δ 7.86 (d, J = 8.5 Hz, 2H), 7.70 (d, J = 6.7 Hz, 2H), 7.48 

(d, J = 7.6 Hz, 1H), 7.40 – 7.34 (m, 1H), 7.28 – 7.22 (m, 4H), 7.06 – 7.00 (m, 3H), 6.83 (d, J 

= 8.4 Hz, 1H), 5.20 (q, J = 7.0, 6.4 Hz, 1H), 1.25 (d, J = 6.5 Hz, 3H).; 13C NMR (150 MHz, 

CDCl3) δ 195.81, 156.20, 142.33, 142.16, 133.17, 132.12(2), 130.41, 129.76(2), 128.76(2), 

128.31, 127.93(2), 125.41, 121.12, 118.39, 115.67, 114.08, 77.37, 77.20, 77.16, 76.95, 23.77.; 

IR (thin film) 3018, 2361, 2339, 1664 cm-1; TLC (10:90, EtOAc:hexanes) RF = 0.2. AMM 

(ESI) m/z calcd for C21H19O2+[M+H]+ 327.1259; [𝛼]𝐷
23 = +124.4 (c = 1.4, CHCl3). 

 

(184a) 4-(2-(1-phenylethoxy)benzoyl)benzonitrile was synthesized according to general 

procedure B, 1-bromo-2-(1-phenylethoxy)benzene (5.00 g, 18.04 mmol) with anhydrous THF 

(60 mL), n-BuLi (2.28 M, 21.64 mmol, 9.50 mL), para-cyano Weinreb (4.12 g, 21.65 mmol) 

with anhydrous THF (27 mL) were used. The crude product was purified by flash column 

chromatography (30:70, EtOAc:hexanes) affording ketone 184a as a light yellow oil (2.66 g, 

45%): 1H NMR (600 MHz, CDCl3) δ 7.86 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 8.5 Hz, 2H), 7.48 

(d, J = 7.6 Hz, 1H), 7.37 (t, 1H), 7.28 – 7.22 (m, 4H), 7.07 – 7.00 (m, 3H), 6.83 (d, J = 8.4 Hz, 

O O Ph

CH3

O
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1H), 5.20 (q, J = 6.6 Hz, 1H), 1.25 (d, J = 6.4 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 195.81, 

156.20, 142.33, 142.16, 133.16, 132.12(2), 130.41, 129.76,(2) 128.75(2), 128.31, 127.93, 

125.41(2), 121.12, 118.39, 115.67, 114.08, 77.20, 23.77; IR (thin film) 2977, 2229, 1662, 1448, 

1236 cm-1; TLC (40:60, EtOAc:hexanes) RF = 0.45. AMM (ESI) m/z calcd for 

C22H18NO2+[M+H]+ 328.1332, found 328.1333; [𝛼]𝐷
23 = +85.4 (c = 0.62, CHCl3) 

 

(172c) (2-(pent-4-en-2-yloxy)phenyl)(phenyl)methanone was synthesized according to 

general procedure A, (2-hydroxyphenyl)(phenyl)methanone (5.51 g, 27.80 mmol), pent-4-en-

2-ol (2.39 mL, 23.20 mmol), triphenylphosphine (7.92 g, 30.20 mmol), diisopropyl 

azodicarboxylate (5.93 mL, 30.20 mmol), and anhydrous THF (57 mL) were used. The crude 

product was purified by flash column chromatography (40:60, CH2Cl2:hexanes) affording 

ketone 172c as a light yellow oil (5.00 g, 81%): 1H NMR (600 MHz, CDCl3) δ 7.78 (d, J = 8.2 

Hz, 2H), 7.52 (t, J = 7.4 Hz, 1H), 7.45 – 7.36 (m, 4H), 7.01 (t, J = 7.4 Hz, 1H), 6.93 (d, J = 8.3 

Hz, 1H), 4.25 (h, J = 6.0 Hz, 1H), 1.47 – 1.31 (m, 2H), 1.07 (d, J = 6.1 Hz, 3H), 0.67 (t, J = 

7.5 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 198.47, 149.25, 137.96, 133.82, 132.74, 131.93, 

130.21, 130.01, 129.72(2), 128.18(2), 122.15, 118.40, 113.74, 74.24, 41.07, 18.01; IR (thin 

film) 3063, 2978, 1692, 1584, 1493 cm-1; AMM (ESI) m/z calcd for C18H18O2+[M+H]+ 

266.1307 found 267.1378; [𝛼]𝐷
23 = +95.5 (c = 0.35, CHCl3) 

 

(172b) (2-(sec-butoxy)phenyl)(phenyl)methanone was synthesized according to general 

procedure A, (2-hydroxyphenyl)(phenyl)methanone (0.50 g, 2.52 mmol), 2-butanol (0.26 mL, 

O O

CH3

O O
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2.77 mmol), triphenylphosphine (0.86 g, 3.28 mmol), diisopropyl azodicarboxylate (0.64 mL, 

3.28 mmol), and anhydrous THF (25 mL) were used. The crude product was purified by flash 

column chromatography (40:60, CH2Cl2:hexanes) affording ether 172b as a light yellow oil 

(0.574 g, 90%): 1H NMR (600 MHz, CDCl3) δ 7.78 (d, J = 8.1 Hz, 2H), 7.52 (t, J = 7.4 Hz, 

1H), 7.45 – 7.37 (m, 4H), 7.01 (t, J = 7.4 Hz, 1H), 6.93 (d, J = 8.3 Hz, 1H), 4.25 (h, J = 6.0 Hz, 

1H), 1.47 – 1.38 (m, 1H), 1.39 – 1.30 (m, 1H), 1.07 (d, J = 6.1 Hz, 3H), 0.67 (t, J = 7.4 Hz, 

3H); 13C NMR (150 MHz, CDCl3) δ 197.41, 155.99, 138.53, 132.70, 131.89, 130.14, 129.93, 

129.70(2), 128.15(2), 120.37, 113.59, 77.37, 77.16, 76.95, 75.38, 28.91, 18.63, 9.31. IR (thin 

film) 3020, 2975, 2361, 1776, 1664 cm-1; AMM (ESI) m/z calcd for C17H18O2+[M+H]+ 

255.1380 found 255.1379; [𝛼]𝐷
23 = -43.6 (c = 1.29, CHCl3) 

 

(184h) 4-(2-((3-methylbutan-2-yl)oxy)benzoyl)benzonitrile was synthesized according to 

general procedure B, 1-bromo-2-((3-methylbutan-2-yl)oxy)benzene (1.96 g, 8.06 mmol) with 

anhydrous THF (56 mL), n-BuLi (1.7 M, 10.48 mmol, 6.16 mL), para-cyano Weinreb (1.89 g, 

9.67 mmol) with anhydrous THF (23 mL) were used. The crude product was purified by flash 

column chromatography (30:70, EtOAc:hexanes) affording ketone 184h as a light yellow oil 

(1.37 g, 58%): 1H NMR (400 MHz, CDCl3) δ 7.85 (d, J = 8.3 Hz, 2H), 7.71 (d, J = 8.2 Hz, 2H), 

7.54 – 7.43 (m, 2H), 7.04 (t, J = 7.4 Hz, 1H), 6.94 (d, J = 8.8 Hz, 1H), 4.17 (dt, 1H), 1.61 – 

1.51 (m, 1H), 1.02 (d, J = 6.2 Hz, 3H), 0.65 – 0.55 (m, 6H); 13C NMR (101 MHz, CDCl3) δ 

196.00, 156.31, 142.32, 133.17, 132.11(2), 130.58, 129.81(2), 128.59, 120.65, 118.41, 115.59, 

113.19, 79.05, 33.36, 17.59, 17.51, 15.26.; IR (thin film) 3046, 2971 1774 cm-1; AMM (ESI) 

m/z calcd for C19H20NO2+[M-H]- 293.1416, found 293.1809. 
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(172d) (2-(1-cyclopropylethoxy)phenyl)(phenyl)methanone was synthesized according to 

general procedure A, (2-hydroxyphenyl)(phenyl)methanone (0.500 g, 2.52 mmol), 1-

cyclopropylethan-1-ol (0.271 mL, 2.77 mmol), triphenylphosphine (0.860 g, 3.28 mmol), 

diisopropyl azodicarboxylate (0.644 mL, 3.28 mmol), and anhydrous THF (25 mL) were used. 

The crude product was purified by flash column chromatography (10:90, EtOAc:hexanes) 

affording ketone 172d as a pale yellow oil (0.495 g, 74%): 1H NMR (600 MHz, CDCl3) δ 7.82 

(dd, J = 8.3, 1.4 Hz, 2H), 7.59 – 7.54 (m, 1H), 7.47 – 7.41 (m, 4H), 7.06 (td, J = 7.5, 1.0 Hz, 

1H), 6.98 (d, J = 9.0 Hz, 1H), 3.89 (p, J = 6.2 Hz, 1H), 1.16 (d, J = 6.1 Hz, 3H), 0.79 (tdt, J = 

8.2, 6.7, 5.1 Hz, 1H), 0.34 (tdd, J = 8.6, 5.5, 4.2 Hz, 1H), 0.27 (dddd, J = 9.2, 7.9, 5.4, 4.3 Hz, 

1H), 0.08 (dtd, J = 9.4, 5.2, 4.3 Hz, 1H), 0.05 – -0.00 (m, 1H);13C NMR (150 MHz, CDCl3) δ 

197.28, 155.96, 138.38, 132.70, 131.84, 130.48, 129.92, 129.73(2), 128.17, 120.79, 114.84, 

78.00, 22.04, 19.28, 16.40, 3.11, 1.60; IR (thin film) 2978, 1659, 1596 cm-1 AMM (ESI) m/z 

calcd for C18H18O2+[M+H]+ 267.1380, found 267.1378. 

 

(172f) (2-((1-((4-methoxybenzyl)oxy)propan-2-yl)oxy)phenyl)(phenyl)methanone was 

synthesized according to general procedure A, 2-hydroxyphenyl)(phenyl)methanone (1.00 g, 

5.04 mmol), 1-((4-methoxybenzyl)oxy)propan-2-ol (1.09 g, 5.55 mmol), triphenylphosphine 

(1.72 g, 6.55 mmol), diisopropyl azodicarboxylate (1.29 mL, 6.55 mmol), and anhydrous THF 

(51 mL) were used. The crude product was purified by flash column chromatography (10:90, 

EtOAc:hexanes) affording ketone 172f as a pale yellow oil (1.73 g, 92%): 1H NMR (400 MHz, 
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CDCl3) δ 7.78 (d, J = 6.9 Hz, 2H), 7.51 (t, J = 7.4 Hz, 1H), 7.40 (tt, J = 9.8, 6.8 Hz, 4H), 7.11 

(d, J = 8.6 Hz, 2H), 7.07 – 6.97 (m, 2H), 6.82 (d, J = 8.6 Hz, 2H), 4.49 (h, J = 6.1 Hz, 1H), 

4.27 (d, J = 2.0 Hz, 2H), 3.78 (s, 3H), 3.32 (dd, J = 10.2, 5.7 Hz, 1H), 3.23 (dd, J = 10.2, 4.9 

Hz, 1H), 1.09 (d, J = 6.3 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 197.05, 159.20, 155.79, 

138.33, 132.75, 131.88, 130.28, 130.10, 129.79, 129.73(2), 129.23(2), 128.17(2), 120.81, 

114.05, 113.77(2), 77.48, 77.16, 76.84, 74.04, 73.04, 72.87, 55.33, 16.78; IR (thin film) 2923, 

1663, 1597 cm-1. AMM (ESI) m/z calcd for C24H25O4+[M+H]+ 377.1748, found 377.1731. 

 

(172e) (2-((6-methylhept-5-en-2-yl)oxy)phenyl)(phenyl)methanone was synthesized 

according to general procedure A, (2-hydroxyphenyl)(phenyl)methanone (1.00 g, 5.04 mmol), 

6-methylhept-5-en-2-ol (0.712 g, 5.55 mmol), triphenylphosphine (1.72 g, 6.55 mmol), 

diisopropyl azodicarboxylate (1.29 mL, 6.55 mmol), and anhydrous THF (51 mL) were used. 

The crude product was purified by flash column chromatography (10:90, EtOAc:hexanes) 

affording ketone 172e as a pale yellow oil (1.13 g, 73%): 1H NMR (400 MHz, CDCl3) δ 7.81 

– 7.76 (m, 2H), 7.56 – 7.49 (m, 1H), 7.44 – 7.37 (m, 4H), 7.01 (td, J = 7.5, 0.9 Hz, 1H), 6.92 

(d, J = 8.3 Hz, 1H), 4.95 (t, J = 7.2 Hz, 1H), 4.31 (h, J = 6.0 Hz, 1H), 1.79 (dt, J = 7.7, 7.7 Hz, 

2H), 1.64 (s, 3H), 1.46 (s, 3H), 1.45 – 1.39 (m, 1H), 1.39 – 1.29 (m, 1H), 1.09 (d, J = 6.0 Hz, 

3H);13C NMR (100 MHz, CDCl3) δ 197.38, 155.95, 138.54, 132.73, 132.17, 131.88, 130.15, 

129.92, 129.71(2), 128.18(2), 123.75, 120.36, 113.48, 77.48, 77.16, 76.84, 73.56, 36.25, 25.80, 

23.71, 19.16, 17.73; IR (thin film) 2970, 1661, 1595 cm-1 AMM (ESI) m/z calcd for 

C21H25O2+[M+H]+ 309.1849, found 309.1858. 
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(184c) (2-(1-phenylethoxy)phenyl)(pyridin-3-yl)methanone was synthesized according to 

general procedure B. 1-bromo-2-((3-methylbutan-2-yl)oxy)benzene (0.500 g, 1.80 mmol) with 

anhydrous THF (6.7 mL), n-BuLi (2.28 M, 2.34 mmol, 1.03 mL), N-methoxy-N-

methylnicotinamide (0.359 g, 2.16 mmol) with anhydrous THF (2.7 mL) were used. The crude 

product was purified by flash column chromatography (50:50, EtOAc:hexanes) affording 

ketone 184c as a yellow oil (0.221 g, 41%):  1H NMR (400 MHz, CDCl3) δ 8.96 (d, J = 1.6 Hz, 

1H), 8.76 (dd, J = 4.9, 1.7 Hz, 1H), 8.13 (dt, J = 7.9, 2.0 Hz, 1H), 7.49 (dd, J = 7.5, 1.8 Hz, 

1H), 7.45 – 7.31 (m, 2H), 7.30 – 7.19 (m, 4H), 7.13 – 7.07 (m, 2H), 7.02 (td, J = 7.5, 0.9 Hz, 

1H), 6.81 (d, J = 8.6 Hz, 1H), 5.22 (q, J = 6.4 Hz, 1H), 1.25 (d, J = 6.4 Hz, 3H); 13C NMR (100 

MHz, CDCl3) δ 195.54, 156.04, 152.79, 151.07, 142.28, 136.33, 134.15, 132.87, 130.19, 

128.67(2), 128.42, 127.68, 125.29(2), 123.20, 120.97, 114.07, 77.03, 23.84; IR (thin film) 

3032, 2978, 1663, 1596, 1301 cm-1; AMM (ESI) m/z calcd for C20H18N3O+[M+H]+ 304.1332, 

found 304.1331. 

 

1.4.5 Hydrazone substrates 

 

 

(173a) Phenyl(2-(1-phenylethoxy)phenyl)methylene)hydrazine was synthesized according 

to general procedure C, phenyl(2-(1-phenylethoxy)phenyl)methanone (0.600 g, 1.98 mmol), 

hydrazine (0.623 mL, 19.84 mmol), glacial acetic acid (0.230 mL, 3.97 mmol) with anhydrous 
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EtOH (6.6 mL) were used. After workup, the mixture was purified by flash column 

chromatography (30:70, EtOAc:hexanes) affording hydrazone 173a as a yellow oil (0.478 g, 

76%): Note: due to restricted rotation and the mix of isomers many of the 1H  peaks are 

broadened, see attached spectra 1H NMR (400 MHz, CDCl3) δ 7.58 – 7.41 (m, 2H), 7.37 – 7.17 

(m, 8H), 7.17 – 7.06 (m, 2H), 7.06 – 6.95 (m, 1H), 6.90 (d, J = 8.3 Hz, 1H), 5.45 – 5.14 (m, 

2H), 1.37 (s, 3H); IR (thin film) 3015, 2997, 2361, 2339 cm-1; AMM (ESI) m/z calcd for 

C21H21N2O+[M+H]+ 317.1649, found 317.1651; [𝛼]𝐷
22 = +48.0 (c = 1.9, CHCl3) 

 

(185a) 4-(hydrazineylidene(2-(1-phenylethoxy)phenyl)methyl)benzonitrile was 

synthesized according to general procedure C, 4-(2-(1-phenylethoxy)benzoyl)benzonitrile 

(0.423 g, 1.29 mmol), hydrazine (0.324 mL, 10.32 mmol), glacial acetic acid (0.148 mL, 2.58 

mmol) with anhydrous EtOH (4.3 mL) were used. After workup hydrazone 183a was afforded 

as a mix of two isomers and a light yellow oil (0.348 g, 87%): Note: due to restricted rotation 

and the mix of isomers many of the 1H  peaks are broadened, see attached spectra. 1H NMR 

(600 MHz, CDCl3) δ 7.65 – 7.47 (m, 3H), 7.37 – 7.17 (m, 5H), 7.17 – 6.97 (m, 3H), 6.97 – 

6.81 (m, 1H), 5.80 – 5.53 (m, 2H), 5.36 – 5.16 (m, 1H), 3.70 (qd, J = 7.0, 0.9 Hz, 1H), 1.60 – 

1.40 (m, 2H), 1.40 – 1.28 (m, 1H), 1.24 (h, J = 7.2 Hz, 2H); IR (thin film) 3417, 2977, 2223 

cm-1; TLC (40:60, EtOAc:hexanes) RF = 0.85. AMM (ESI) m/z calcd for C22H20NO3+[M+H]+ 

342.1601, found 342.1603; [𝛼]𝐷
22 = +65.7 (c = 1.2, CHCl3)  
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(173c) ((2-(pent-4-en-2-yloxy)phenyl)(phenyl)methylene)hydrazine was synthesized 

according to general procedure C, (2-(pent-4-en-2-yloxy)phenyl)(phenyl)methanone (0.689 g, 

2.59 mmol), hydrazine (0.651 mL, 20.72 mmol), glacial acetic acid (0.296 mL, 5.18 mmol), 

and anhydrous EtOH (8.6 mL) were used. After workup, hydrazone 173c was afforded as a 

light yellow oil (0.629, 87%) and was carried through to the insertion. Note: due to restricted 

rotation and the mix of isomers many of the 1H  peaks are broadened, see attached spectra:  1H 

NMR (600 MHz, CDCl3) δ 7.50 – 7.45 (m, 2H), 7.45 – 7.38 (m, 1H), 7.35 – 7.23 (m, 3H), 7.19 

– 7.11 (m, 1H), 7.11 – 7.03 (m, 2H), 5.44 (s, 2H), 5.13 – 4.82 (m, 2H), 4.40 (s, 1H), 2.47 – 

2.07 (m, 2H), 1.38 – 1.00 (m, 3H); IR (thin film) 3404, 3060, 2975, 1641, 1596 cm-1; AMM 

(ESI) m/z calcd for C18H20N2O+[M+H]+ 281.1649, found 281.1649. 

 

(173b) ((2-(sec-butoxy)phenyl)(phenyl)methylene)hydrazine was synthesized according to 

general procedure C, (2-(sec-butoxy)phenyl)(phenyl)methanone (0.143 g, 0.563 mmol), 

hydrazine (0.179 mL, 5.63 mmol), glacial acetic acid (0.064 g, 1.13 mmol), and anhydrous 

EtOH (1.88 mL) were used. After workup, the mixture was purified by flash column 

chromatography (20:80, EtOAc:hexanes) affording hydrazone 173b as a yellow oil (0.116 g, 

77%): 1H NMR (600 MHz, CDCl3) δ 7.49 – 7.43 (m, 2H), 7.42 – 7.36 (m, 1H), 7.29 – 7.20 (m, 

3H), 7.13 (dd, J = 7.4, 1.8 Hz, 1H), 7.08 – 6.99 (m, 2H), 5.45 (s, 2H), 4.28 (h, J = 6.1 Hz, 1H), 

1.72 – 1.35 (m, 2H), 1.35 – 0.97 (m, 4H), 0.97 – 0.55 (m, 3H); IR (thin film) 3023, 2997, 2363, 

2337 cm-1 AMM (ESI) m/z calcd for C19H21N3O+[M+H]+ 308.1758, found 308.1760. [𝛼]𝐷
23 

= -10.2 (c = 0.53, CHCl3) 
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(185h) 4-(hydrazineylidene(2-((3-methylbutan-2-yl-oxy)phenyl)methyl)benzonitrile was 

synthesized according to general procedure C, 4-(2-((3-methylbutan-2-

yl)oxy)benzoyl)benzonitrile (1.37 g, 4.65 mmol), hydrazine (1.17 mL, 37.20 mmol), glacial 

acetic acid (0.532 g, 9.30 mmol), and anhydrous EtOH (15.5 mL) were used. After workup, 

the mixture was purified by flash column chromatography (50:50, EtOAc:hexanes) affording 

hydrazone 185h as an orange oil (0.455 g, 32%): 1H NMR (400 MHz, CDCl3) δ 7.54 (s, 3H), 

7.42 (t, J = 7.8 Hz, 1H), 7.13 (d, J = 7.4 Hz, 1H), 7.09 – 6.99 (m, 1H), 5.67 (s, 1H), 4.14 (dt, J 

= 14.7, 6.6 Hz, 1H), 1.25 (td, J = 6.4, 3.4 Hz, 1H), 1.21 – 1.09 (m, 1H), 1.00 (td, J = 7.3, 3.7 

Hz, 2H), 0.89 – 0.58 (m, 4H); IR (thin film) 3021, 2998, 2325 cm-1; AMM (ESI) m/z calcd for 

C19H21N3O+[M+H]+ 308.1758, found 308.1760. 

 

(173d) ((2-(1-cyclopropylethoxy)phenyl)(phenyl)methylene)hydrazine was synthesized 

according to general procedure C, (2-(1-cyclopropylethoxy)phenyl)(phenyl)methanone 

(0.363g, 1.36 mmol), hydrazine (0.342 mL, 10.88 mmol), glacial acetic acid (0.156 mL, 2.72 

mmol), and anhydrous EtOH (4.5 mL) were used. After workup, the mixture was purified by 

flash column chromatography (40:60 EtOAc:Hexanes) affording hydrazone 173d as a yellow 

oil (0.236g, 62%): 1H NMR (600 MHz, CDCl3) δ 7.31 – 7.23 (m, 1H), 7.09 – 7.02 (m, 1H), 

3.72 (qd, J = 7.0, 1.5 Hz, 1H), 1.43 (s, 1H), 1.29 – 1.20 (m, 3H), 0.51 – 0.07 (m, 1H); IR (thin 

film) 3400, 2978, 1724, 1484 cm-1; AMM (ESI) m/z calcd for C18H20N2O+[M+H]+ 281.1649, 

found 281.1649. 
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(173f) (2-((1-((4-methoxybenzyl)oxy)propan-2-yl)oxy)phenyl)(phenyl)methylene) 

hydrazine was synthesized according to general procedure C, (2-((1-((4-

methoxybenzyl)oxy)propan-2-yl)oxy)phenyl)(phenyl)methanone (0.181 g, 0.481 mmol), 

hydrazine (0.121 mL, 3.85 mmol), glacial acetic acid (0.055 mL, 0.962 mmol), and anhydrous 

EtOH (1.6 mL) were used. After workup, the mixture was purified by flash column 

chromatography (80:20 EtOAc:Hexanes) affording hydrazone 173f as a clear oil (0.179 g, 

95%): 1H NMR (400 MHz, CDCl3) δ 7.52 – 7.44 (m, 2H), 7.43 – 7.35 (m, 1H), 7.31 – 7.22 (m, 

3H), 7.21 – 7.04 (m, 5H), 6.91 – 6.76 (m, 2H), 5.43 (s, 2H), 4.56 (q, J = 5.8 Hz, 1H), 4.48 – 

4.21 (m, 2H), 3.79 (s, 3H), 3.43 (s, 2H), 1.30 – 1.06 (m, 4H); IR (thin film) 3406, 3000, 1511; 

AMM (ESI) m/z calcd for C24H27N2O3+[M+H]+ 391.2016, found 391.2005. 

 

(173e) ((2-((6-methylhept-5-en-2-yl)oxy)phenyl)(phenyl)methylene)hydrazine was 

synthesized according to general procedure C, (2-((6-methylhept-5-en-2-

yl)oxy)phenyl)(phenyl)methanone (0.500 g, 1.62 mmol), hydrazine (0.407 mL, 13.0 mmol), 

glacial acetic acid (0.185 mL, 3.24 mmol), and anhydrous EtOH (5.4 mL) were used. After 

workup, the mixture was purified by flash column chromatography (70:30 EtOAc:Hexanes) 

affording hydrazone 173e as a clear oil (0.173 g, 87%): 1H NMR (400 MHz, CDCl3) δ 7.49 – 

7.43 (m, 2H), 7.43 – 7.36 (m, 1H), 7.30 – 7.22 (m, 3H), 7.14 (dd, J = 7.5, 1.8 Hz, 1H), 7.08 – 

6.99 (m, 2H), 5.43 (s, 2H), 4.97 (s, 1H), 4.35 (h, J = 6.1 Hz, 1H), 1.97 (s, 1H), 1.65 (s, 4H), 
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1.56 (s, 2H), 1.49 – 1.36 (m, 3H), 1.24 – 1.03 (m, 3H); IR (thin film) 3404, 2968, 1595, 1482; 

AMM (ESI) m/z calcd for C21H27N2O+[M+H]+ 323.2118, found 323.2113. 

 

(185c) 3-(hydrazineylidene(2-(1-phenylethoxy)phenyl)methyl)pyridine was synthesized 

according to general procedure C, (2-(1-phenylethoxy)phenyl)(pyridin-3-yl)methanone (0.200 

g, 0.659 mmol), hydrazine (0.180 mL, 5.27 mmol), glacial acetic acid (0.075 mL, 1.32 mmol), 

and anhydrous EtOH (2.2 mL) were used. After workup, the mixture was purified by flash 

column chromatography (70:30 EtOAc:Hexanes) affording hydrazone 185c as a clear oil 

(0.173 g, 83%): 1H NMR (400 MHz, CDCl3) δ 8.65 (s, 1H), 8.50 (d, J = 4.8 Hz, 1H), 7.82 (s, 

1H), 7.47 – 7.08 (m, 8H), 7.03 (t, J = 7.4 Hz, 1H), 6.92 (d, J = 8.4 Hz, 1H), 5.60 (s, 2H), 5.27 

(s, 1H), 1.70 – 1.21 (m, 3H); IR (thin film) 3397, 2977, 1663, 1597; AMM (ESI) m/z calcd for 

C20H20N3O+[M+H]+ 318.1601, found 318.1606. 

 

1.4.6 Insertion substrates 

 

 

(231) 2-methyl-2,3,-diphenyl-2,3-dihydrobenzofuran was synthesized according to general 

procedure D, phenyl(2-(1-phenylethoxy)phenyl)methylene)hydrazine (0.035 g, 0.111), 

manganese(IV) dioxide (0.076 g, 0.885 mmol), Rh2(mes)4 (0.00095 g, 0.001 mmol) with 

anhydrous DCM (7.37 mL). After filtration, the crude product was purified by flash column 

chromatography (10:90, EtOAc:hexanes) affording dihydrobenzofuran 231 as a light yellow 

oil (0.027 g, 86%):  
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All catalysts screened (Rh2(R-PTAD)4, Rh2(S-PTAD)4, Rh2(mes)4) with both racemic and 

enantiopure starting material yielded >95:5 dr of the same, single diastereomer. The racemic 

standard was never able to be separated on a CSP-HPLC to obtain enantiomeric ratios.  

 

1H NMR (400 MHz, CDCl3) δ 7.24 (t, J = 7.7 Hz, 1H), 7.06 – 6.92 (m, 10H), 6.87 (t, J = 7.4 

Hz, 1H), 6.75 – 6.66 (m, 2H), 4.64 (s, 1H), 1.93 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 159.37, 

142.17, 139.85, 130.97, 129.34(2), 128.88, 128.54, 127.87(2), 127.42(2), 126.74, 126.54, 

126.05(2), 121.07, 109.79, 93.50, 77.48, 77.16, 76.84, 61.11, 29.40; IR (thin film) 3028, 2967, 

1216 cm-1; AMM (ESI) m/z calcd for C21H19O+[M+H]+ 287.1473, found 287.1471. [𝛼]𝐷
23 = -

3.47 (c = 1.4, CHCl3). 

 

(190) 4-(2-methyl-2-phenyl-2,3-dihydrobenzofuran-3-yl)benzonitrile was synthesized 

according to general procedure D, 4-(hydrazineylidene(2-(1-

phenylethoxy)phenyl)methyl)benzonitrile (0.450 g, 1.32 mmol), manganese(IV) dioxide 

(0.908 g, 10.56 mol), Rh2(R-PTAD)4 (0.021 g, 0.0132 mmol) with anhydrous DCM (88 mL). 

After filtration, the crude product was purified by flash column chromatography (20:80, 

EtOAc:hexanes) affording dihydrobenzofuran 190 as a light yellow oil (0.336 g, 82%):  

 

All catalysts screened (Rh2(R-PTAD)4, Rh2(S-PTAD)4, Rh2(mes)4) with both racemic and 

enantiopure starting material yielded >95:5 dr of the same, single diastereomer. The 

corresponding enantiomeric ratios can be found in the main text, Table 1.  
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1H NMR (600 MHz, CDCl3) δ 7.30 – 7.24 (m, 3H), 7.08 – 7.00 (m, 6H), 6.94 (d, J = 7.3 Hz, 

1H), 6.90 (t, J = 7.4 Hz, 1H), 6.82 (d, J = 7.8 Hz, 2H), 4.64 (s, 1H), 1.93 (s, 3H);13C NMR (150 

MHz, CDCl3) δ 159.13, 145.99, 141.48, 131.67(2), 129.88(2), 129.84, 129.50, 127.81(2), 

127.03, 125.92, 125.79(2), 121.41, 118.93, 110.44, 110.30, 93.38, 60.81, 29.40; IR (thin film) 

2974, 2226, 1596, 1497 cm-1; TLC (10:90, EtOAc:hexanes) RF = 0.9. AMM (ESI) m/z calcd 

for C22H18NO+[M+H]+ 312.1383, found 312.1376. [𝛼]𝐷
23 = -5.62 (c = 0.69, CHCl3). 

 

(193-194) 2-allyl-2-methyl-3-phenyl-2,3-dihydrobenzofuran was synthesized according to 

general procedure D, ((2-(pent-4-en-2-yloxy)phenyl)(phenyl)methylene)hydrazine (0.550 g, 

1.96 mmol), manganese(IV) dioxide (1.35 g, 15.68 mmol), Rh2(R-PTAD)4 (0.031 g, 0.0196 

mmol), and anhydrous CH2Cl2 (130.7 mL) were used. After filtration, the mixture was purified 

by flash column chromatography (10:90, EtOAC:hexanes) affording dihydrobenzofuran 193-

194 as a light yellow oil (0.338 g, 77%):  

 

NMR reported is with Rh2(R-PTAD)4 and racemic SM yielding a 47:53 dr (trans:cis)(193:194). 

The peaks reported are the major diastereomer of the mixture of two diastereomers, that could 

not be separate by flash column chromatography or prep-TLC. The singlets at 4.49 and 4.41 

are the double benzylic protons at the former carbene center, and used to determine the dr. 

 

1H NMR (600 MHz, CDCl3) δ 7.35 – 7.22 (m, 7H), 7.18 (dt, J = 7.9, 4.0 Hz, 2H), 7.12 (d, J = 

7.2 Hz, 2H), 7.09 – 6.97 (m, 4H), 6.91 – 6.81 (m, 4H), 6.01 – 5.90 (m, 1H, minor diastereomer), 

5.80 – 5.70 (m, 1H, major diastereomer), 5.25 – 5.18 (m, 2H, minor diastereomer), 5.01 (d, J 

= 10.2 Hz, 1H, major diastereomer), 4.89 (dd, J = 17.0, 2.0 Hz, 1H, major diastereomer), 4.49 
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(s, 1H, minor diastereomer), 4.41 (s, 1H, major diastereomer), 2.63 – 2.53 (m, 2H, minor 

diastereomer), 2.23 (dd, J = 14.4, 6.2 Hz, 1H, major diastereomer), 1.67 (dd, J = 14.3, 8.2 Hz, 

1H, major diastereomer), 1.54 (s, 4H, major diastereomer), 0.96 (s, 3H, minor diastereomer); 

13C NMR (150 MHz, CDCl3) δ 159.05, 139.16, 133.85, 130.60, 129.43, 128.76, 128.53, 

127.39, 126.02, 120.65, 118.23, 110.14, 109.86, 91.00, 77.48, 77.16, 76.84, 59.12, 41.41, 

25.94, 0.15; IR (thin film) 3028, 2976, 1640, 1596 cm-1; AMM (ESI) m/z calcd for 

C18H18O2+[M+H]+ 251.1431 found 251.1429. 

 

 

(230) 2-ethyl-2-methyl-3-phenyl-2,3-dihydrobenzofuran was synthesized according to 

general procedure D, ((2-(sec-butoxy)phenyl)(phenyl)methylene)hydrazine (0.025 g, 0.093 

mmol), manganese(IV) dioxide (0.064 g, 0.744 mmol), Rh2(S-PTAD)4 (0.0015 g, 0.00097 

mmol), and anhydrous CH2Cl2 (6.2 mL) were used. The filtered mixtures was purified by flash 

column chromatography (05:95, EtOAc:hexanes) affording insertion 230 as a clear oil (0.020 

g, 91%):  

 

NMR reported is with a catalyst yielding a 46:54 dr. The peaks reported are a mixture of two 

diastereomers, that could not be separate by flash column chromatography or prep-TLC. The 

singlets at 4.42 and 4.37 are the double benzylic protons at the former carbene center, and used 

to determine the dr. 

 

1H NMR (400 MHz, CDCl3) δ 7.27 (ddt, J = 14.1, 12.5, 4.6 Hz, 7H), 7.18 (t, J = 7.7 Hz, 2H), 

7.08 (ddd, J = 7.7, 6.1, 1.6 Hz, 4H), 7.02 (dd, J = 7.4, 6.0 Hz, 3H), 6.89 – 6.80 (m, 4H), 4.42 

(s, 1H), 4.37 (s, 1H), 1.95 – 1.79 (m, 2H), 1.53 (s, 4H), 1.46 (dt, J = 14.6, 7.3 Hz, 1H), 1.06 (t, 
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J = 7.4 Hz, 3H), 1.03 – 0.97 (m, 1H), 0.93 (s, 3H), 0.83 (t, J = 7.4 Hz, 4H); 13C NMR (100 

MHz, CDCl3) δ 159.38, 159.15, 140.29, 139.59, 130.99, 130.61, 129.40, 129.36, 128.67, 

128.65, 128.42, 128.37, 127.17, 127.11, 126.13, 126.05, 120.47, 120.42, 110.02, 109.78, 92.43, 

91.99, 77.48, 77.36, 77.16, 76.84, 59.21, 56.32, 34.47, 29.85, 29.44, 25.08, 22.13, 8.47, 8.33; 

IR (thin film) 2973, 1597, 1478 cm-1;AMM (ESI) m/z calcd for C17H19O2+[M+H]+ 239.1431 

found 239.1426. 

 

(235) 4-(2-isopropyl-2-methyl-2,3-dihydrobenzofuran-3-yl)benzonitrile was synthesized 

according to general procedure D, 4-(hydrazineylidene(2-((3-methylbutan-2-yl-

oxy)phenyl)methyl)benzonitrile (0.030 g, 0.098 mmol), manganese(IV) dioxide (0.067 g, 

0.781 mmol), Rh2(mes)4 (0.00084 g, 0.00098 mmol), and anhydrous CH2Cl2 (6.5 mL) were 

used. After filtration, the mixtures was purified by preparative TLC (10:90 EtOAC:Hexanes, 

SiliaPlateTM Preparative, 1,000 m, 20 x 20 cm, with F254 indicator) affording 

dihydrobenzofuran 235 as a light yellow oil (0.019 g, 70%): 

 

NMR reported is with the Rh2(mes)4 catalyst yielding a 81:19 dr. The peaks reported are a 

mixture of two diastereomers that could not be separate by flash column chromatography or 

prep-TLC; with the major diastereomer peaks reported. The singlets at 4.54 and 4.13 are the 

double benzylic protons at the former carbene center, for each the major and minor 

diastereomer respectively. 

 

O

iPr

H3C

NC



 84 

 1H NMR (600 MHz, CDCl3) δ 7.60 – 7.57 (m, 2H), 7.54 – 7.52 (m, 1H), 7.23 – 7.18 (m, 1H), 

7.14 (d, J = 8.1 Hz, 2H), 6.94 – 6.90 (m, 1H), 6.85 (ddd, J = 9.1, 7.6, 1.4 Hz, 2H), 4.54 (s, 1H), 

2.08 (p, J = 6.8 Hz, 1H), 1.07 (d, J = 6.8 Hz, 3H), 1.02 (d, J = 6.9 Hz, 4H), 0.90 (s, 3H); 13C 

NMR (101 MHz, CDCl3) δ 158.44, 146.48, 132.43, 132.06(2), 130.24(2), 129.32, 129.16, 

125.82, 121.03, 110.72, 109.76, 94.61, 77.48, 77.36, 77.16, 76.84, 31.73, 19.99, 18.31, 17.61; 

IR (thin film) 2965, 2228, 1597, 1480 cm-1 ;AMM (ESI) m/z calcd for C19H20NO+[M+H]+ 

278.1540 found 278.1539. 

 

(234) 2-cyclopropyl-2-methyl-3-phenyl-2,3-dihydrobenzofuran was synthesized according 

to general procedure D, ((2-(1-cyclopropylethoxy)phenyl)(phenyl)methylene) hydrazine 

(0.025 g, 0.089 mmol), manganese(IV) dioxide (0.061 g, 0.712 mmol), Rh2(mes)4 (0.00080 g, 

0.00089 mmol), and anhydrous CH2Cl2 (5.9 mL) were used. After filtration, the mixtures was 

purified by flash column chromatography (05:95 EtOAC:Hexanes) affording 

dihydrobenzofuran 234 as a clear oil (0.099 g, 44%): 

 

NMR reported is with the Rh2(R-PTAD)4 catalyst yielding a 15:85 dr. The peaks reported are 

a mixture of two diastereomers, that could not be separate by flash column chromatography or 

prep-TLC. The singlets at 4.64 and 4.52 are the double benzylic protons at the former carbene 

center, for each the minor and major diastereomer respectively with the peaks for the major 

diastereomer reported below. 

 

1H NMR (600 MHz, CDCl3) δ 7.35 – 7.23 (m, 8H), 7.23 – 7.12 (m, 8H), 7.07 – 7.00 (m, 2H), 

6.89 – 6.83 (m, 3H), 6.83 – 6.73 (m, 3H), 4.64 (s, 0.32H), 4.52 (s, 1H), 1.53 (s, 3H), 1.34 – 

1.22 (m, 1H), 0.91 – 0.86 (m, 4H), 0.59 – 0.47 (m, 4H), 0.39 – 0.27 (m, 5H), 0.19 – 0.06 (m, 
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4H); 13C NMR (151 MHz, CDCl3) δ 159.80, 139.70, 130.76, 129.71, 129.43, 128.68, 128.43, 

128.18, 127.09, 125.94, 120.45, 109.43, 90.66, 59.49, 26.70, 17.55, 2.35, 0.94; IR (thin film) 

3458, 3009, 1477 cm-1; AMM (ESI) m/z calcd for C18H18O+[M-H]- 248.9616 found 248.9616. 

 

 

(236) 2-(((4-methoxybenzyl)oxy)methyl)-2-methyl-3-phenyl-2,3-dihydrobenzofuran was 

synthesized according to general procedure D, (2-((1-((4-methoxybenzyl)oxy)propan-2-

yl)oxy)phenyl)(phenyl)methylene)hydrazine (0.025 g, 0.064 mmol), manganese(IV) dioxide 

(0.044 g, 0.512 mmol), Rh2(R-PTAD)4 (0.001 g, 0.00064 mmol), and anhydrous CH2Cl2 (4.3 

mL) were used. After filtration, the mixtures was purified by flash column chromatography 

(20:80 EtOAC:Hexanes) affording dihydrobenzofuran 236 as a clear oil (0.019 g, 84%, 44:56 

dr): 

 

NMR reported is with the Rh2(R-PTAD)4 catalyst yielding a 44:56 dr. The peaks reported are 

a mixture of two diastereomers, that could not be separate by flash column chromatography or 

prep-TLC. The singlets at 4.67 and 4.39 are the double benzylic protons at the former carbene 

center, for each the minor and major diastereomer respectively with the peaks for the major 

and minor diastereomers reported below (the aryl protons are overlapping and therefore cannot 

be assigned clearly to the major or minor diastereomers). 

 

1H NMR (400 MHz, CDCl3) δ 7.31 – 7.23 (m, 8H), 7.22 – 7.16 (m, 2H), 7.10 – 7.00 (m, 7H), 

6.92 – 6.84 (m, 5H), 6.82 – 6.77 (m, 2H), 4.67 (s, 1H, minor diastereomer), 4.64 – 4.54 (m, 

2H, minor diastereomer), 4.39 (s, 1H, major diastereomer), 4.22 (d, J = 11.6 Hz, 1H, major 

diastereomer), 4.05 (d, J = 11.6 Hz, 1H, major diastereomer), 3.81 (s, 2H, minor diastereomer), 
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3.78 (s, 3H, major diastereomer), 3.59 (s, 2H, minor diastereomer), 3.26 (d, J = 10.0 Hz, 1H, 

major diastereomer), 3.00 (d, J = 10.0 Hz, 1H, major diastereomer), 1.62 (s, 3H, major 

diastereomer), 0.96 (s, 2H, minor diastereomer). 13C NMR (100 MHz, CDCl3) δ 59.36, 159.28, 

159.13, 159.08, 139.84, 138.96, 130.48, 130.45, 130.37, 130.17, 129.49, 129.48, 129.36, 

129.13, 128.78, 128.63, 128.40, 128.30, 127.28, 127.14, 126.21, 125.88, 120.80, 120.75, 

113.92, 113.68, 110.15, 109.94, 91.35, 90.49, 77.48, 77.16, 76.84, 75.04, 73.37, 73.23, 72.98, 

57.72, 55.43, 55.38, 53.38, 24.67, 20.58, 0.14.; IR (thin film) 3003, 1476, 1459 cm-1; AMM 

(ESI) m/z calcd for C24H25O3Na [M+Na]+ 383.1623 found 383.1619. 

 

(237) 2-methyl-2-(4-methylpent-3-en-1-yl)-3-phenyl-2,3-dihydrobenzofuran was 

synthesized according to general procedure D, ((2-((6-methylhept-5-en-2-

yl)oxy)phenyl)(phenyl)methylene)hydrazine (0.025 g, 0.078 mmol), manganese(IV) dioxide 

(0.053 g, 0.620 mmol), Rh2(S-PTAD)4 (0.0001 g, 0.0078 mmol), and anhydrous CH2Cl2 (5.2 

mL) were used. After filtration, the mixtures was purified by flash column chromatography 

(10:90 EtOAC:Hexanes) affording dihydrobenzofuran 237 as a clear oil (0.016 g, 68%): 

 

NMR reported is with the Rh2(S-PTAD)4 catalyst yielding a 39:61 dr. The peaks reported are 

a mixture of two diastereomers, that could not be separate by flash column chromatography or 

prep-TLC. The singlets at 4.45 and 4.37 are the double benzylic protons at the former carbene 

center, for each the minor and major diastereomer respectively with the peaks for the major 

diastereomer reported below. 

 

1H NMR (400 MHz, CDCl3)  7.57 – 7.50 (m, 1H), 7.34 – 7.22 (m, 6H), 7.21 – 7.15 (m, 2H), 

7.09 (ddt, J = 9.5, 7.8, 1.6 Hz, 4H), 7.03 (ddd, J = 7.6, 2.9, 1.5 Hz, 2H), 6.85 (tt, J = 8.0, 2.5 
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Hz, 4H), 5.15 (t, J = 7.1 Hz, 1H, minor diastereomer), 4.85 (t, J = 7.1 Hz, 1H, major 

diastereomer), 4.45 (s, 1H, minor diastereomer), 4.37 (s, 1H, major diastereomer), 2.29 – 2.15 

(m, 2H, minor diastereomer), 2.12 – 1.99 (m, 1H), 1.96 – 1.78 (m, 3H), 1.69 (d, J = 1.5 Hz, 

2H), 1.62 (d, J = 1.3 Hz, 1H), 1.57 (s, 6H, major diastereomer), 1.55 (s, 1H), 1.47 (s, 4H), 1.09 

– 0.98 (m, 1H), 0.95 (s, 2H, minor diastereomer); 13C NMR (101 MHz, CDCl3) δ 159.36, 

159.11, 140.10, 139.39, 132.10, 131.53, 131.00, 130.73, 130.50, 129.41(2), 129.36(2), 128.69, 

128.64, 128.45(2), 128.40(2), 127.21, 127.16, 126.13, 126.01, 124.35, 124.04, 120.48, 120.45, 

110.04, 109.84, 92.00, 91.70, 77.48, 77.16, 76.84, 59.35, 56.89, 41.88, 36.57, 25.84, 25.75, 

22.81, 22.73, 17.83, 17.67, 0.15; IR (thin film) 3028, 2970, 1597, 1478 cm-1; AMM (ESI) m/z 

calcd for C21H25O+[M+H]+ 293.1900 found 293.1903. 

 

(232) 2-(2-methyl-2-phenyl-2,3-dihydrobenzofuran-3-yl)pyridine was synthesized 

according to general procedure D, 3-(hydrazineylidene(2-(1-

phenylethoxy)phenyl)methyl)pyridine (0.015 g, 0.047 mmol), manganese(IV) dioxide (0.033 

g, 0.328 mol), Rh2(R-PTAD)4 (0.00073 g, 0.00047 mmol) with anhydrous DCM (3.1 mL). 

After filtration, the crude product was purified by flash column chromatography (40:60, 

EtOAc:hexanes) affording dihydrobenzofuran 232 as a light yellow oil (0.013 g, 96%): All 

catalysts screened (Rh2(R-PTAD)4, Rh2(S-PTAD)4, Rh2(mes)4) yielded >95:5 dr of the same, 

single diastereomer. 1H NMR (400 MHz, CDCl3) δ 8.30 – 8.21 (m, 1H), 8.18 (s, 1H), 7.33 – 

7.24 (m, 2H), 7.12 – 6.99 (m, 6H), 6.92 (dtd, J = 15.6, 7.4, 1.3 Hz, 2H), 6.88 – 6.77 (m, 2H), 

4.64 (s, 1H), 1.96 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 159.26, 150.16, 148.24, 141.65, 

136.43, 136.00, 129.96, 129.36, 127.89(2), 126.96, 125.93(2), 125.86, 122.96, 121.37, 110.15, 
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93.33, 58.27, 29.25; IR (thin film) 2985, 1738, 1372 cm-1; AMM (ESI) m/z calcd for 

C20H18NO+[M+H]+ 287.1310 found 288.1380. 

 

1.4.7 Crystal structure substrates 

 

 

(212) 1-hydroxy-N-(4-((2R,3S)-2-methyl-2-phenyl-2,3-dihydrobenzofurna-3-yl)benzyl)-

2-napthamide was synthesized over two steps. First, following a modified literature 

procedure94, lithium aluminum hydride (0.228g, 6.00 mmol, 6.0 equiv) was added to a flame 

dried round bottom under Ar charged with THF (6.0 mL, 0.1M). The solution was cooled to 0 

°C, then a solution of enantiopure 190 (0.313g, 1.00 mmol, 1.0 equiv) in THF (10.0 mL, 0.1M) 

was added dropwise. The reaction was stirred for 12 hours while being allowed to warm to 

room temperature. The solution was cooled back down to 0 °C and 0.228 mL of H2O then 

0.228 mL of 15% NaOH(aq) then 0.684 mL of H2O were added sequentially. The mixture was 

stirred at room temperature for 15 minutes, then dried over Mg2SO4, filtered, and concentrated 

to afford the primary amine 202 as a light yellow oil and a single diastereomer (0.267g, 85%, 

>95:5 dr). The compound was not purified forward and carried straight through to the next 

reaction.  

 

Second, 1-hydroxy-2-napthoic acid (0.107g, 0.571 mmol, 1.2 equiv), HATU (0.221g, 0.571 

mmol, 1.2 equiv), DIPEA (0.176 mL, 1.05 mmol, 2.2 equiv), and DMF (4.76 mL, 0.1M) were 

added to a flame dried round bottom under Ar and stirred for 10 minutes.  Amine intermediate 
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202 (0.150g, 0.476 mmol, 1.0 equiv) was added and the reaction was stirred overnight. The 

reaction was diluted in CH2Cl2 (10 mL), washed with brine (10 mL x 3), dried over Na2SO4, 

and concentrated. The mixture was purified by flash column chromatography (30:70 

CH2Cl2:Hexanes) to yield a single diastereomer and single enantiomer of 212 as a white solid 

(0.113g, 49%).  212 was recrystallized from a mixture of CH2Cl2 and Hexanes to afford the 

crystal structure reported. mp 84-85 °C; 1H NMR (600 MHz, CDCl3) δ 13.74 (s, 1H), 8.42 (d, 

J = 7.3 Hz, 1H), 7.73 (d, J = 8.1 Hz, 1H), 7.57 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 7.52 (ddd, J = 

8.2, 6.8, 1.3 Hz, 1H), 7.27 – 7.19 (m, 3H), 7.06 – 6.97 (m, 8H), 6.97 – 6.92 (m, 1H), 6.87 (td, 

J = 7.4, 1.1 Hz, 1H), 6.72 (d, J = 7.8 Hz, 2H), 6.38 (t, J = 5.7 Hz, 1H), 4.63 (s, 1H), 4.49 (d, J 

= 5.5 Hz, 2H), 1.92 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 170.32, 160.75, 159.09, 142.00, 

139.75, 136.28, 135.77, 130.74, 129.65(2), 128.94, 128.86, 127.38, 127.34(2), 127.30(2), 

127.28, 126.46, 125.90(2), 125.83, 125.67, 123.87, 120.98, 120.64, 118.14, 109.80, 106.43, 

93.30, 60.54, 43.33, 29.31; IR (thin film) 3432, 3056, 2975, 1620, 1595 cm-1; AMM (ESI) m/z 

calcd for C33H27NO3+[M+H]+ 485.1991, found 486.2060. [𝛼]𝐷
23 = +7.88 (c = 0.38, CHCl3). 

 

 

(218) Cis-N-(4-iodophenyl)-2-2-methyl-3-phenyl-2,3-dihydrobenzofuran-2-yl)acetamide 

was synthesized over two steps following the prep below. mp 130-132 °C; 1H NMR (600 MHz, 

CDCl3) δ 8.06 (s, 1H), 7.61 (d, J = 8.3 Hz, 2H), 7.34 – 7.27 (m, 6H), 7.12 (d, J = 7.4 Hz, 1H), 

7.07 (d, J = 7.2 Hz, 2H), 7.00 – 6.92 (m, 2H), 4.48 (s, 1H), 2.52 (d, J = 14.9 Hz, 1H), 1.95 (d, 

J = 15.0 Hz, 1H), 1.72 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 168.64, 157.71, 138.16, 

138.01(2), 137.81, 129.76, 129.23(2), 129.21, 128.92(2), 128.00, 126.44, 121.95, 121.89(2), 

110.27, 89.97, 87.33, 77.48, 77.16, 76.84, 59.39, 45.86, 25.84; IR (thin film) 3314, 2975, 1667, 
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1585 cm-1; AMM (ESI) m/z calcd for C23H21INO2+[M+H]+ 470.0612, found 470.0608. [𝛼]𝐷
23 

= +13.7 (c = 0.18, CHCl3). 

 

(217) Trans-N-(4-iodophenyl)-2-2-methyl-3-phenyl-2,3-dihydrobenzofuran-2-yl) 

acetamide was synthesized over two steps following the prep below. mp 144-145 °C;  1H NMR 

(600 MHz, CDCl3) δ 8.17 (s, 1H), 7.60 (d, J = 8.2 Hz, 2H), 7.36 – 7.28 (m, 3H), 7.28 – 7.22 

(m, 3H), 7.15 (d, J = 7.4 Hz, 2H), 7.09 (d, J = 7.5 Hz, 1H), 6.98 – 6.90 (m, 2H), 4.60 (s, 1H), 

2.96 (d, J = 14.8 Hz, 1H), 2.85 (d, J = 14.9 Hz, 1H), 1.06 (s, 3H); 13C NMR (100 MHz, CDCl3) 

δ 168.12, 157.76, 138.15, 138.04(2), 137.64, 129.77, 129.34(2), 129.14, 128.74(2), 127.76, 

126.54, 121.95(2), 121.92, 110.12, 90.49, 87.57, 56.78, 49.10, 22.48; IR (thin film) 3269, 2926, 

1704, 1597 cm-1;AMM (ESI) m/z calcd for C23H21INO2+[M+H]+ 470.0612, found 470.0608. 

[𝛼]𝐷
23 = +23.1 (c = 0.17, CHCl3). 

 

First following a literature procedure101, (193-194) 2-allyl-2-methyl-3-phenyl-2,3-

dihydrobenzofuran (0.250g, 0.998 mmol, 1.0 equiv) (derived from enantiopure starting 

material, and insertion catalyzed by Rh2(R-PTAD)4) was added to a solution of carbon 

tetrachloride (10 mL, 0.1M) in a round bottom. Then acetonitrile (10 mL, 0.1M) and H2O (15 

mL, 0.07M) were added sequentially. The mixture was cooled down to 0 °C then NaIO4 (1.06g, 

4.99 mmol, 5.0 equiv) was added. RuCl3 (0.0207g, 0.0998 mmol, 0.1 equiv) was added 

portionwise, then the reaction was stirred overnight while allowing it to warm to room 

temperature. The reaction was quenched with 2M NaOH(aq) (5 mL) and extracted with CH2Cl2 

(10 mL x 1). The aqueous layer was acidified with 1M HCl until a pH <1 was reached, then 

extracted with CH2Cl2 (10 mL x 3). The organic layers were combined, dried over Na2SO4, 

and concentrated. The mixture was purified by flash column chromatography (90:9.8:0.2 
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EtOAc:Hex:AcOH) affording carboxylic acid as a clear oil and mixture of diastereomers 

(0.119g, 44%, 85:15 dr trans:cis).  

 

Second, carboxylic acid was added to a solution of HATU (0.170g, 0.448 mmol, 1.2 equiv), 

DIPEA (0.137 mL, 0.821 mmol, 2.2 equiv) in CH2Cl2 (0.1M). The reaction was stirred for 15 

minutes, then 4-iodobenzoic acid (0.105g, 0.448 mmol, 1.2 equiv) was added. The reaction 

was stirred overnight, then diluted in CH2Cl2 and washed with brine (5 mL x 3). The organic 

layer was dried over Na2SO4 and concentrated to yield a mixture of diastereomers of amides 

217 & 218 (yield = 57%). The mixture was purified and diastereomers were separated by flash 

column chromatography (90:10 EtOAc:Hex) affording minor cis diastereomer 218 as a white 

solid (0.0085g, 5%) and major trans diastereomer 217 as a white solid (0.043, 25%). These 

enantiomerically pure diastereomers were then recrystallized in a mixture of CH2Cl2:Hexanes 

to afford the crystal structures reported. 
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Chapter 2 

Targeted Synthesis of Dihydrobenzoxanthones: cycloartobiloxanthone and 

 artoindonesianin Z-2 

2.1 Introduction 

 Natural products have long served as an essential component of the drug discovery process.  

The large structural complexity of natural product families opens unexplored areas of chemical 

space that typical synthetic small molecule libraries fail to reach.1,2 Throughout each natural 

product class arises an evolutionarily optimized scaffold modified to target well-defined 

biological functions. The biosynthetic pathway from which each family originates yields 

sequentially modified versions of a privileged scaffold. These related analogs often bind 

different protein targets within a biological signaling pathway. Notably, since natural products 

are already made within living systems to target living organisms, they usually possess intrinsic 

bioavailability, making them great starting points for a drug discovery program. The use of 

natural products in natural medicines also offers critical insights into their possible disease 

indications.  Therefore, developing synthetic strategies toward natural product families is not 

only a challenging intellectual exercise but can serve as a structural confirmation and starting 

point for an entire drug discovery program. The key when designing a natural product synthetic 

strategy is to heed the information already given by nature. Identifying the core scaffold shared 

across all analogs of the natural product class is key. This core highlights the main framework 

the synthetic plan must focus on constructing and identifies the areas of divergence that would 

optimally be tolerated.3  

 

2.1.1. Isolation of furanodihydrobenzoxanthones 

Based on our publication on the C±H insertion of donor/donor carbenes into stereogenic 

centers4 (see Chapter 1), we identified a unique tetrahydronapthol[1,8bc]furan core that could 

be accessed stereoselectivity using our methodology. We discovered that this fused 6/6/5 
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framework (Figure 2.1A) was prevalent in three main natural product families: the opioid 

family5, the sesquiterpene family6±8, and the furanodihydrobenzoxanthone family9. The 

furanodihydrobenzoxanthones are an underexplored subclass of xanthone natural products 

isolated from the bark of plants in the Artocarpus genus.9 They are characterized by their fused 

benzodihydrofuran tricyclic core containing one to two stereocenters and have vast variations 

off the aryl ring of the dihydrobenzoxanthone core (Figure 2.1A). Unlike the opioid and 

sesquiterpene natural product families, the dihydrobenzoxanthone family has never been 

synthesized. The vast biological activity possessed by dihydrobenzoxanthones makes them an 

interesting synthetic target.  

Many individual furanodihydrobenzoxanthones family members are isolated from a single 

species of the Artocarpus genus. However, one family member, cycloartobiloxanthone (1), is 

isolated abundantly across the entire genus (Figure 2.1A).10 Cycloartobiloxanthone (1) was 

first isolated in 1989 by the Surendrakumar group from Artocarpus nobilis, a plant native to 

Sri Lanka.11 Excitingly, it was the first reported occurrence of a dihydrobenzoxanthone isolated 

from plants and is hypothesized to arise from the flavonoid biosynthetic pathway (see Section 

2.1.2). At the time of the initial isolation, cycloartobiloxanthone (1) was reported without any 

stereochemistry assigned. In 2010 the Douglas group characterized cycloartobiloxanthone as a 

single enantiomer.12  Artoindonesianin Z-2 (2), a very closely related analog, was isolated in 

2005 from A. lanceifolius and varied only at the C13 position where oxidation of one of the 

methyl groups created a second stereocenter on the benzodihydrofuran core.13 Only the relative 

stereochemistry of artoindonesianin Z-2 (2) was assigned. Still, it was assumed 

artoindonesianin Z-2 (2) most likely has the same absolute configuration as 

cycloartobiloxanthone (1) since both natural products are derived from the same biosynthetic 

pathway. Notably, the structure drawn for artoindonesianin Z-2 (2) (Figure 2.1A) was the 

structure assigned by the Hakim group in the original isolation paper, where they named the 



 109 

natural product artoindonesianin Z-2. While the closely related pyranodihydrobenzoxanthone 

was also isolated in the same paper and named artoindonesianin Z-1.13  

 
Figure 2.1 Furanodihydrobenzoxanthones natural product subclass. 



 110 

However, in a subsequent review published a year later in 20069 by the same group as well as 

conference proceedings in 201514, Hakim and co-workers refer to the 

furanodihydrobenzoxanthone (2�� DV� ³DUWRLQGRQHVLDQLQ� =-�´� DQG� WKH�

pyranodihydrobenzoxanthone DV�³DUWRLQGRQHVLDQLQ�=-�´��A similar naming switch has been 

seen in later publications from other groups citing the 2006 review by Hakim.15 From this point 

forward in this dissertation, the furanodihydrobenzoxanthone (2) will be referred to as 

artoindonesianin Z-2, defaulting to the name given upon the initial isolation of the compound.  

Artoindonesian Z-2 (2) is the only reported family member with just C13 structural variation 

from cycloartobiloxanthone (1) (Figure 2.1A). The rest of the related family members possess 

structural variation around the 2H-chromene core of the main framework in 

cycloartobiloxanthone (1). First, artorigidinone B16 (3) and artonin W17 (4) have a 6-carbon 

chain rather than a methyl group at the C20 position (Figure 2.1B). This is the biosynthetic 

result of farnesylation at the C8 position, rather than prenylation, followed by cyclization to 

afford the 2H-chromene core. Artonin W (4) is also prenylated at the C6 position.  

Artocarpone B (6) was isolated in 2007 from Artocarpus champeden and is the uncyclized 

chromene derivative of cycloartobiloxanthone (1) with prenylation at the C8 position (Figure 

2.1C).18 Most likely, artocarpone B is a biosynthetic intermediate en route to the final fused 6-

ring scaffold of cycloartobiloxanthone (1). Similarly, artorigidin B (5) lacks the chromene core 

and possesses substitution at the C13 position giving it two chiral centers.12 The relative 

stereochemistry has been assigned to be the trans diastereomer, the same as artoindonesianin 

Z-2 (2), suggesting a conserved biosynthetic mechanism for furan formation.  

Artonin A19 (7), artonin M20 (8), and artoindonesianin A21 (9) possess the C6 regioisomer 

of the 2H-chromene core (Figure 2.1D). In addition, artonin M (8) has a prenyl chain at the 

C13 position in the same trans configuration as artorigidin B (5). Artoindonesianin A (9) is one 

of the larger family members due to the farnesyl chain at the C8 position.21  
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Artonin F22,23 (10) has been isolated from A. communis and is the C6-prenylated analog of 

cycloartobiloxanthone (1) (Figure 2.1E). Artomandin (11) is an interesting family member 

since it has an ortho phenol substitution pattern on the fused tricycle ring rather than the meta 

substitution pattern exhibited by all the other family members.24 This indicates that the species 

it was isolated from possesses a unique oxidation enzyme that can perform this unique C±H 

oxidation pattern. Artoindonesianin P17,25 (12) is the biosynthetic intermediate before 

functionalization occurs at the C6 or C8 positions. Interestingly, the methylated version of the 

2�¶�DQG�2��SKHQROs, artoindonesianin M (13), has been isolated specifically from Artocarpus 

champeden.26 

 

2.1.2. Biosynthetic route 

 The large array of related dihydrobenzoxanthone natural products isolated and discussed 

above is due to an extensively connected and divergent biosynthetic pathway.  The core 

biosynthetic intermediate structure from which all these natural products diverge is a flavone, 

specifically isoetin (23) (Figure 2.2). This specific highly oxygenated substitution pattern leads 

to cycloartobiloxanthone (1), artoindonesianin Z-2 (2), and related natural products. Isoetin 

(23) is derived from naringenin (21) through the intermediate norartocarpetin (22).26 These 

flavones are made from the intersection of the phenylpropanoid, polyketide, and shikimate 

biosynthetic pathways.  

To start, the shikimate pathway takes erythrose 4-phosphate (14), sourced from glycolysis, 

and over four enzymatic steps makes shikimate (17) (Figure 2.2 ).27 Then shikimate (17) is 

alkylated and dehydrated to give L-phenylalanine (19), which serves as the building block of 

ring B and the linking chain in ring C of isoetin (23) (Figure 2.2C). Then the phenylpropanoid 

pathway takes L-phenylalanine (19) and, over three steps, makes coumaroyl-CoA (20). Three 

malonyl-CoA molecules (24), derived from glucose, sourced from the polyketide pathway are 

then used to undergo successive Claisen condensations by chalcone synthase to make ring A 
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and link it to ring B in isoetin (23).28 Chalcone isomerase can catalyze the intramolecular 

cyclization reaction to yield the flavanone, naringenin 22.  

 

 

Figure 2.2 Proposed biosynthetic route for the formation of the flavone isoetin: A. Shikimate 

pathway steps B. Phenylpropanoid and polyketide pathway steps C. Biosynthetic pathway 

mapping onto isoetin. 
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Subsequent oxidation reactions to hydroxylate ring B and a dehydration reaction on ring C 

of the flavanone give the key flavone precursor, isoetin (23).28,29 Mapping the individual 

building blocks from the three biosynthetic pathways onto isoetin (23) can be seen in Figure 

2.2C.28  The transformation of L-phenylalanine (19) to coumaroyl-CoA (20) is the point of 

divergence in the biosynthetic pathway for dihydrobenzoxanthones to be made, rather than 

other xanthone natural product subclasses. These other subclasses of xanthone natural products 

convert L-phenylalanine (19) to cinnamoyl-CoA, leading to benzaldehyde formation. 

Benzaldehyde can then go on to eventually make many of the commonly known related 

xanthone natural products and some tetrahydroxanthones.30,31  

Isoetin (23) can be further functionalized downstream in the biosynthetic pathway to 

eventually make cycloartobiloxanthone (1) and artoindonesianin Z-2 (2). Figure 2.3 shows the 

proposed biosynthetic pathways for both these natural products from isoetin (23),9,11,26,32 where 

many of the intermediates along the pathway have also been isolated from Artocarpus plants 

and fully characterized as individual natural products (Figure 2.1).22,25,33±36 Starting from 

isoetin (23), the flavone is prenylated in the C-3 position to give the 3-prenylflavone (27), from 

which two main routes can occur (Figure 2.3). The first route is addition across the alkene 

leading to the furanodihydrobenzoxanthones: artoindonesianin P (12)25 and artoindonesianin 

M (13).26 The second route further functionalizes the A ring of the flavone. In this route, 

prenylation at C-8 gives artochamin D (28),33 which then undergoes oxidization (29) and 

cyclization to make artonin E (30).22 Artonin E (30) will then undergo oxidative coupling to 

make the fused three-member ring of cycloartobiloxanthone (1) through the intermediate 

artobiloxanthone (31).  

There are two proposed mechanisms for the formation of the fused tricyclic core (Figure 

2.4). Uvais and co-workers, in the original isolation paper in 1989,11 proposed three 
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mechanistic steps to go from the 3-prenylflavone (27 or 30) to the 

furanodihydrobenzoxanthone core (12). 

 

Figure 2.3 Proposed biosynthetic route for cycloartobiloxanthone from isoetin. 

 

First, the alkene in 27 is epoxidized to form 32. Second, the epoxide (32) undergoes 

intramolecular electrophilic aromatic substitution to form the dihydrobenzoxanthone 

intermediate (34 or 31). Third, oxidative cyclization between the phenol and the alkene in the 

dihydrobenzoxanthone core yields the fused tricyclic core (12).  There is indirect evidence for 

the formation of artobiloxanthone (31) in the biosynthetic pathway since it has been isolated 

from the same plants from which cycloartobiloxanthone (1) has been isolated.   

However, in 1996 Aida and co-workers32 challenged 8YDLV¶ mechanism by stating that the 

fused tricycle core could be formed from 3-prenylflavone (27) through a radical cascade. In 
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this radical mechanism, the 3-prenylflavone (27 or 30) undergoes an aryl H atom abstraction 

to place a radical on ring B of the flavone (35). This radical reacts with the alkene to form a 

new C±C bond, leaving a tertiary-centered radical (36). The ternary radical can either undergo 

oxidative cyclization with the phenol to form the C±O bond in furanodihydrobenzoxanthone 

(1 or 12) or undergo H atom abstraction yielding the alkene in artobiloxanthone (31).  

 

Figure 2.4 Proposed possible formation mechanisms of furanodihydrobenzoxanthones. 
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While plenty of known enzymes and cofactors can readily perform H atom abstractions and 

similar radical cascades,37 Aida and co-workers wanted to demonstrate the feasibility of artonin 

E (30) undergoing this specific radical cascade.  Therefore, they treated artonin E (30) with the 

stable free radical compound 2,2-diphenyl-1-picrylhdrazyl (DPPH) at room temperature in the 

presence of chloroform and ethanol. After four days, the reaction yielded artobiloxanthone (31) 

and cycloartobiloxanthone (1) in 33% and 6%,32 respectively, supporting the idea that 

dihydrobenzoxanthones are biologically derived from 3-prenylflavones through oxidative 

radical cyclization.  Analogous results also showed that irradiation of morusin, the same 

IODYRQH� VWUXFWXUH� DW� DUWRQLQ� (� H[FHSW� PLVVLQJ� WKH� �¶� K\GUR[\O� JURXS�� \LHOGHG� PRUXVLQ�

K\GURSHUR[LGH�� � 7KH�SHUR[LGH�XQGHUZHQW� UDGLFDO� F\FOL]DWLRQ�ZLWK� WKH��¶� SKHQRO� WR� IRUP�DQ�

oxepinoflavone.9,26,32 These results further support the propensity of these 3-prenylflavones to 

under oxidative cyclization via radical cascade mechanism.  

The biosynthesis of artoindonesianin Z-2 (2) has yet to be explored but based on the 

proposed pathways for cycloartobiloxanthone (1), a potential biosynthesis is proposed in 

Figure 2. From artonin E (30), allylic oxidation can occur to form 14-hydroxyartonin E (37), 

which has been isolated from Artocarpus lanceifolius and fully characterized.35 14-

hydroxyartonin (37) then undergoes the same radical cascade previously discussed (Figure 2.4) 

to form artoindonesianin Z-2 (2) through ternary radical intermediate 38.  

 

 
Figure 2.5 Possible biosynthetic pathway for artoindonesianin Z-2. 
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2.1.3. Biological testing of furanodihydrobenzoxanthones 

The dihydrobenzoxanthone natural product family possesses an extremely wide variety of 

biological activity. This large activity has historically been reflected in the many traditional 

medicines that utilize the Artocarpus plants.15  The reported potential biological indications 

range from anti-cancer, anti-malarial, and anti-microbial activity to inflammation and diabetes 

treatments (Table 2.1).  

Cytotoxic activity against cancer cell lines is the most common biological activity of the 

dihydrobenzoxanthones in the literature. Cycloartobiloxanthone (1) possesses the most 

reported biological activity of all the natural products in the family because it is the most 

abundant natural product and therefore is isolated the most often.   First, cycloartobiloxanthone 

(1), artoindonesianin Z-2 (2), artoindonesianin A (9), artonin M (8), and artoindonesianin P 

(12) all possess activity against lymphoma P388 cells in the low micromolar range.9,21,25,26,38,39 

The diphenol regioisomer, artomandin (11),  also shows promising low micromolar activity 

against HL-60 leukemia cells.24 Artorigidinone B (3) was tested against multiple cancer cell 

lines in its isolation paper. 3 had cytotoxic activity against melanoma SK-MEL-28 cells and 

chondrosarcoma SW1353 cells with IC50 values of 3.37 PM and 5.63 PM, respectively. These 

values are promising when compared to the standard-of-care doxorubicin with an IC50 of 1.74 

PM for both cell lines.16 Cycloartobiloxanthone (1) and artorigidin B (5) also had moderate 

activity against HT-29 colon cancer cells, albeit an order of magnitude less potent than the 

current paclitaxel treatment.12 Similarly, cycloartobiloxanthone (1) and artomandin (11) 

showed comparable activity to the standard of care, ellipticine, for breast cancer cell lines.23,24  

The Chanvorachote group discovered that cycloartobiloxanthone (1) had moderate 

cytotoxic activity for H460 lung cancer cells.40 They investigated the potential mode of action 

and found that cycloartobiloxanthone (1) inhibits filopodia formation, a key mechanism in 

cancer cell metastasis. Furthermore, treatment of H460 cells with cycloartobiloxanthone (1) 
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suppressed cellular levels of cell division cycle protein 42 (Cdc42) signaling, which plays a 

key role in filopodia formation.  

Table 2.1 Reported biological activities for dihydrobenzoxanthones.  

 
Cdc42 is a GTPase that is upstream in the integrin signaling pathway. Integrins are 

responsible for mediating cellular adhesion by stabilizing filopodia.41 Often, filopodia 

formation is upregulated in Ras-related cancer cells allowing for rapid cancer metastasis. 
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Therefore down-regulation of Cdc42 has been investigated as a therapeutic target for treating 

these cancers.42 The Ganesan group at the University of Irvine recently published extensive 

structure-based design studies of a small molecular Cdc42 effector interaction inhibitor for 

cancer treatment.43  The ability of cycloartobiloxanthone (1) to down-regulate Cdc42 is notable 

because a structurally related natural product family, the pseudorigols, possesses inhibitory 

activity against Cdc25.6 Cdc25 is a guanine nucleotide exchange factor (GEF) in the Dbl 

family.44  GEFs are in the Ras signaling pathway directly upstream of Cdc42 and other Rho 

family GTPases.45 Therefore, one possible hypothesis is that the fused tricyclic core, found in 

cycloartobiloxanthone (1) and pseudorigol A/B, is the pharmacophore binding and inhibiting 

the Cdc25 protein. Effectively downregulating Cdc42 activity and subsequent cellular 

proliferation pathways.46,47 

 Aside from possible anticancer activity, the dihydrobenzoxanthones possess activity for 

multiple other biological indications (Table 2.1). Cycloartobiloxanthone (1) has reported 

antioxidant activity tested through DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging 

assays, most likely due to the presence of the dihydroxanthone core.48,49 However, the 

Likhitwitayawuid group contradicted these findings in 2010, showing that 

cycloartobiloxanthone (1) has low free-radical scavenging activity. Especially when the natural 

product is compared to the non-fused dihydroxanthone cores of earlier biosynthetic 

intermediates en route to cycloartobiloxanthone (1).34  

 Artocarpone B (6), cycloartobiloxanthone (1), and artonin F (10) all show 

antimalarial/antiplasmodial activity. Artocarpone B (6) has the best inhibitory activity for 

Plasmodium falciparum of the three natural products with an IC50 of 180 nM. Comparatively, 

the well-known malarial drug chloroquine has an IC50 of 6.3 nM.18,23  

 The Park group from Gyeongsang National University has investigated the antimicrobial, 

inflammation, and diabetes treatment applications of dihydrobenzoxanthones from Artocarpus 



 120 

isolations (Table 1). Using molecular docking studies, they have studied 

dihydrobenzoxanthone modes of binding. First, the group showed that cycloartobiloxanthone 

(1), artonin W (4), artorigidinone B (3), and artoindonesianin P (12) all possessed antimicrobial 

activity specifically for bacterial neuraminidase (BNA). BNA plays a key role in bacterial 

pathogenesis, where many bacteria can only infect the host cell in the presence of BNA. BNA 

recognizes and cleaves sialic acid residues enabling bacterial infection into a host cell. 

Baiseitova and co-workers used Lineweaver-Burk plots to investigate the inhibitory 

mechanism and found that the four dihydrobenzoxanthones (1, 4, 3, 12) were reversible, non-

competitive inhibitors of BNA. Specifically, molecular docking studies with BNA illuminated 

that cycloartobiloxanthone (1) and artonin W (4) have unique interactions with Tyr435 of the 

BNA active site.17  Ban and co-workers demonstrated that cycloartobiloxanthone (1) and 

artoindonesianin P (12) inhibit human neutrophil elastase (HNE) in a dose-dependent manner. 

HNE is a serine protease with implications for the immune system response due to its large 

expression in the bone marrow and migration to primary granules. Both 1 and 12 were 

classified as mixed type I inhibitors of HNE, meaning they bind to the free enzyme better than 

the enzyme-substrate complex. Molecular docking studies showed that alkyl groups on the 

flavone core, such as the fused tricyclic core, were crucial in inhibiting HNE.50  Finally, the 

Park group also found that cycloartobiloxanthone (1) and artoindonesianin P (12) served as 

moderate D-glucosidase inhibitors. D±glucosidase receptors are highly studied for diabetes and 

obesity treatments due to their ability to reduce blood sugar levels when inhibited.  Phenolic 

compounds that bind D-glucosidase are rare, and molecular dockings classified compounds 1 

and 12 as competitive inhibitors.  
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2.1.4 Previous synthetic methods to make 6/6/5 tricyclic framework 

 There has been a multitude of reported synthetic methods to make the 6/6/5 tricyclic 

framework found in furanodihydrobenzoxanthones, also known as the 2a,3,4,5-tetrahydro-2H-

naphtho[1,8-bc]furan core (39) (Figure 2.6). Most of the previously published work on the 

6/6/5 core targets accessing the opioid family51,52 and unnatural ergoline analogs.53±56 These 

natural product scaffolds hinge on having access to substitution at the bridgehead (2a-position) 

of the fused dihydrobenzofurans and the 3- and 4-positions of the tetralone. For example, this 

specific substitution pattern on the 6/6/5 framework is found in morphine (40) and is 

notoriously difficult to make stereoselectively.  

 
Figure 2.6 Natural product families with 6/6/5 framework and three main retrosynthetic 

strategies to access it. 
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In comparison, the subsequent work described in this chapter showcases the development 

of stereoselective methods to access different substituents at the 2-position of the 

dihydrobenzofuran. The 2-position is widely substituted in the dihydrobenzoxanthones natural 

product family (1) and the sesquiterpene (41) family. The current work discussed in this chapter 

will focus on applying these stereoselective methods to the dihydrobenzoxanthone family. 

Future work in the Shaw group will enable stereoselective access to substitution at both the 2-

position of the dihydrobenzofuran and the 5-position of the tetralone to make more recently 

discovered sesquiterpene (41) natural products.6,57 

 Previously developed synthetic strategies to access the fused 6/6/5 scaffold (A, B, & C rings) 

(39) can be broken down into three categories. The first category is cascade reactions that start 

from substituted phenyl rings (A ring) and rapidly assemble the B and C rings in a single step. 

The second strategy makes the benzodihydrofuran core first (A & C rings) then the B ring is 

assembled through intramolecular Lewis acid-catalyzed annulation reactions. The third 

strategy synthesizes the tetralone core first (A & B rings), followed by C±H and C±C 

functionalization methods to assemble the C ring.  

 

2.1.4.1 Cascade reactions 

 In 1991, Taylor and co-workers attempted to develop an intramolecular oxidative coupling 

of diarylbutane substrates (42) to make oxoeupodienone-1 (Figure 2.7).58 Surprisingly, the 

oxidative coupling did not produce the desired oxoeupodienone product. Rather stirring the 

diarylbutane (42) in a biphasic chloroform and aqueous sodium bicarbonate solution with 

potassium ferricyanide afforded the oxaspirodienone (46). The iron oxidant formed the 

diradical intermediate (43) that undergoes an intramolecular hydrogen transfer to yield the 

quinone methide (44). Radical cyclization between the two unsaturated systems affords the 

tetralin intermediate (45). Then oxidative coupling forms the benzodihydrofuran C±O bond 

resulting in the final fused 6/6/5 ring system (46).  
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Figure 2.7 Intramolecular oxidative coupling of diphenolic substrates. 

 

Subsequently, Stansby and co-workers were investigating the regioselectivity of Lewis acid-

mediated intramolecular epoxide cyclizations (Figure 2.8).59 The study aimed to determine if 

donating substituents affected the regiochemical preference between aromatic rings and 

alkenes. They found that when the epoxide cyclization can occur on either an aromatic or 

alkene double bond in the starting material (47), the exo cyclization will predominate (48). 

When a methoxy substituent was used the fused tetrahydronapthofuran core (50) resulted as a 

byproduct in 12% yield. 

 
Figure 2.8 Regioselective intramolecular epoxide cyclizations. 
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The first time the tetrahydronapthofuran core was intentionally targeted using a cascade 

reaction was by the Lautens group in a short communication in  200760, followed by a full 

paper in 200961 (Figure 2.9). The Catellani reaction inspired a palladium-catalyzed tandem 

intramolecular aryl alkylation/Heck reaction sequence.62 The palladium-norbornene system 

enabled the formation of the fused tricyclic ring system (54) in a single step.  

 
Figure 2.9 Palladium-catalyzed norbornene-mediated domino process to make polycyclic 

heterocycles.  

The reaction starts with mixing the palladium(II) acetate and triphenylphosphine precatalyst 

system to form an active Pd0 catalyst. Then oxidative addition of the active catalyst to the aryl 

C±I bond affords the aryl-palladium iodide intermediate 56. The complex undergoes 
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carbopalladation with norbornene to form the cis-, exo-complex 58. Next, Csp2±H activation of 

the ortho C±H bond forms the palladacycle 59. This C±H activation step is preferred since there 

are no syn-E-hydrogens available that can undergo the often highly favored E-hydride 

elimination step. Then oxidative addition of palladacycle 59 to the alkyl iodide affords the PdIV 

intermediate 60. Reductive elimination occurs rapidly to form the first C±C bond and the 

benzodihydrofuran core 61 (A and C rings). Norbornene is then extruded from the complex to 

yield intermediate 62. The PdII intermediate 62 is then primed to undergo a Heck reaction to 

form the second C±C bond, which affords the final C ring of the fused tricyclic complex (63).  

The Lautens group showed that the reaction had a wide scope too, tolerating large variations 

of substituents on the aryl ring and the alkene in the starting material.  

 7KH�/DXWHQV�JURXSV¶�PHWKRGRORJ\� allowed for substitution on the A and B rings of the 

tricycle core, but never on the C ring. In 2017, the Shi group developed a radical cascade 

cyclization that enabled C ring substitution using substituted aryl ether groups (Figure 2.10).63  

 
Figure 2.10 Tandem radical annulation to assemble the 6/6/5 fused tricyclic scaffold and 

application to the synthesis of 5-epi-7-deoxy-isoabietenin A (71).  
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exo-trig cyclization with the allylic ether to form the benzodihydrofuran intermediate (66). 

Radical intermediate 66 then reacts with the styrene through a 6-endo-trig ring closure followed 

by reductive trapping to yield the tricyclic core (68).  A wide variation of allylic ether 

substitution patterns was tolerated in the reaction, which is showcased by the reaction of 69 to 

form 5-epi-7-deoxy-isoabietenin A (71) in 52% yield. 

 C±H activation methods developed by the He53 and Lin54 groups in 2017 and 2019 combined 

elements of the previously described methods to make ergoline-like scaffolds (Figure 2.11). 

The methods from both groups utilized palladium catalysts to first build the benzodihydrofuran 

bicycle (A and C rings) from an allylic ether. Then the final C±C bonds were made to form the 

B ring of the tricyclic core in the same pot.  The He group¶s cascade process starts with the 

oxidative addition of aryl halide (72) to Pd0 (Figure 2.11A). The aryl palladium intermediate 

then goes through an intramolecular 5-exo-trig cyclization with the allylic ether to form the 

benzodihydrofuran ring. Aryne generated in situ from 73 undergoes carbopalladation to form 

the second C±C bond of the B ring. This is followed by another C±H functionalized by base-

induced palladation and reductive elimination to make the reaction's third C±C bond affording 

product (74).  

 
Figure 2.11 Cascade reactions to form LSD analog scaffolds. 

 

In comparison, the Lin group starts with the Csp2±Csp2 bond already formed in the starting 
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palladium intermediate with the allylic ether forms the benzodihydrofuran core. Then C±H 

activation of the second aryl ring, followed by reductive elimination, makes the second C±C 

bond yielding the final product (76). 

 

2.1.4.2. Benzodihydrofuran bicyclic to fused tricyclic core 

Although, cascade reactions provide a rapid way to build the tricyclic core they cannot 

obtain the core stereoselectively. One solution to this problem is breaking up tricyclic ring 

formation into two steps. First, the benzodihydrofuran is formed (A & C rings) then the B ring 

can be formed mainly using Lewis acid-catalyzed annulation reactions.  

One of the first examples of this strategy was Uyeo and co-workers¶ total synthesis of (±)-

lycoramine in 1968 (Figure 2.12A).64 The fused benzodihydrofuran with the carboxylic acid 

chain (77) was synthesized over 12 steps. The carboxylic acid (77) was heated with tin chloride 

and phosphorous pentachloride in benzene to afford the 6/6/5 framework in near quantitative 

yield. Similarly, the Abe group in 1976 used a mono-substituted benzodihydrofuran (79) with 

polyphosphoric acid (PPA) to undergo the Lewis acid-catalyzed annulation yielding the fused 

tricyclic core (80) in moderate yield (Figure 2.12B).65 At the time of publication, PPA was a 

well-known reagent for catalyzing annulation reactions66, and it became a commonly used 

strategy for intramolecular tetralone formation.67 PPA was even used again a decade later by 

Klöppner and co-workers to make the enantiopure tricyclic core (86) from an enantiopure 

benzodihydrofuran intermediate (84) (Figure 2.12D).68  

David Nichols became interested in the tetrahydronapthofuran 6/6/5 framework as hybrid 

molecules for the two major hallucinogenic drug classes, phenethylamines and ergolines. His 

JURXS¶V�first synthetic strategy55 was to make a benzofuranone from intramolecular cyclization 

with diazomethyl ketone. The benzofuranone underwent a Wittig reaction, reduction, 

hydrolysis, and diazo transfer to yield the desired benzodihydrofuran diazomethyl ketone 

intermediate (81). 
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Figure 2.12 A. ������ IUDPHZRUN� DVVHPEO\� LQ� 8\HR¶V� WRWDO� V\QWKHVLV� RI� ���-lycoramine B. 

Cyclization of 3-(benzofuran-3-yl)-propionic acid derivatives C. Nichols¶�V\QWKHVLV�RI�K\GULGH�

phenethylamine and ergoline analogs D. Synthesize of enantiopure fused tricyclic core. 

 

The diazomethyl ketone (81) was mixed with dirhodium acetate (Rh2(OAc)4) and underwent 

the sp2 C±H insertion originally developed by McKervey (Figure 2.12C).69 Although the C±H 

insertion reaction was low yielding, it afforded the desired tricyclic core (82) with the ketone 

in the homobenzylic position.  A couple of years later, the Nichols group wanted to make the 

analogous tricyclic core with the ketone in the benzylic position (80).56  This time the 

benzodihydrofuran intermediate (79) contained a carboxylic acid chain. The carboxylic acid 

ZDV� WUDQVIRUPHG� LQWR�DF\O�FKORULGH�DQG�VXEMHFWHG� WR� WLQ�FKORULGH�� VLPLODU� WR�8\HR¶V�RULJLQDO�

conditions,64 to yield the fused tricyclic core in 97% yield (Figure 2.12C).  
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 The Lewis acid-catalyzed annulation reactions (Figure 2.12) described above were effective 

ways to make the 6/6/5 framework from a benzodihydrofuran intermediate. However, the 

strategies only provided enantiopure product if the benzodihydrofuran intermediate was 

enantiopure through a chiral chromatography or crystallization step.  

 
Figure 2.13 A.  Li group tricyclic synthetic strategy using a Fujiwara-Moritanti-type C±C bond 

difunctionalization with styrene to afford the 3,3-disubstituted benzodihydrofuran B. Kong 

JURXS¶V�HQDQWLRVHOHFWLYH�V\QWKHWLF�VWUDWHJ\�XVLQJ�D�GRXEOH�Heck reaction. 

The Kong group sought to solve this problem by first making the enantiopure 3,3-

disubstituted benzodihydrofuran (102) and then sending it through an intramolecular Lewis 
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acid-catalyzed cyclization (Figure 2.13B).52  The precedent for this effective strategy came 

from the Li group in 2017 (Figure 2.13A).51  The Li group started with commercially available 

phenols (87-88). These phenols were alkylated to yield allylic ether intermediates (90-91). The 

ethers (90-91) then undergo a Fujiwara-Moritanti-type C±C bond difunctionalization with 

styrene (92) to afford the 3,3-disubstituted benzodihydrofurans (93-94). Next, an epoxidation 

reaction with m-CPBA makes the epoxide intermediates (95-96).  The epoxides undergo an 

intramolecular Au3+ catalyzed cyclialkylation reaction developed by the He group for electron-

rich arenes.70 Cyclization yields two diastereomers (97a/b-98a/b) of the fused tricyclic core. 

Two years later, the Kong group improved upon this strategy by developing an 

enantioselective double Heck reaction between an arenediazonium salt (101) and alkene to 

afford the enantiopure 3,3-disubstituted benzodihydrofuran (102) (Figure 2.13B). The 

benzodihydrofuran (102) was epoxidized (103), and then underwent a highly diastereoselective 

cyclialkylation reaction catalyzed by BF3-etherate. Using this synthetic strategy, the 6/6/5 

framework could be obtained diastereo- and enantioselectively with substitution at the 2a, 4, 

and 5 positions (104a/b). This substitution pattern was very useful in making progress toward 

the synthesis of the natural product parviflorene J.  

 

2.1.4.3. Benzylic ketone bicycle to fused tricyclic core 

 The final synthetic strategy to access the 6/6/5 framework builds the tetralone core (A & B 

rings) first, followed by the C ring. A couple of groups have made the final C ring through C±

H functionalization of activated ether C±H bonds using free carbenes or radical cyclizations 

(Figure 2.14). Pang and co-workers did this first in 1984 when they made the tetralone core 

and condensed tosyl hydrazine onto the ketone to get their desired tosyl hydrazone precursor 

(105) (Figure 2.14A).71  The hydrazone (105) was then heated in a sealed reaction vessel to 

undergo gas phase pyrolysis to form the free carbene. The aryl/alkyl carbene immediately 
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underwent C±H insertion to afford the desired tricyclic core as a mixture of diastereomers 

(107a, 23%; 107b, 16%) as well as the Bamford-Stevens alkene byproduct (106, 63%).  

Similarly, the Horaguchi and Sharshira groups independently developed photocyclization 

reactions from the tetralone core with an ester-substituted ether72 (108) and a nitrile-substituted 

ether73 (111), respectively (Figure 2.14B-C). Irradiation of ester (108) created a 1,5-biradical 

intermediate that immediately undergoes intramolecular cyclization to afford the 

tetrahydronaptho[1,8bc]furanols (109a/b) in moderate yield (Figure 2.14B). Similarly, the 

irradiation of nitrile (111) in methanol produces a stabilized 1,5-biradical intermediate that 

undergoes intramolecular cyclization to afford a mixture of furanols (111) and their elimination 

byproduct (112) (Figure 2.14C).  

 
Figure 2.14 A. C±H insertion with free carbene to form tricyclic core B. Photocyclization with 

ester stabilized biradical intermediate to make tetrahydonaphtho[1,8bc]furanols C. 

Photocyclization with nitrile stabilized biradical intermediate to make 

tetrahydonaphtho[1,8bc]furanols. 
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(PhB(OH)2) to form a benzodioxaborin intermediate (114). Intermediate 114 is treated with 

BF3.etherate forming the bicyclic orthoquinone methide. The quinone methide then reacts with 

allyl trimethylsilane (115), affording the bicyclic phenol (116) in 70% yield. Intramolecular 

cyclization of the phenol on the olefin using TFA makes the C±O bond and the final fused ring 

system (117) in a moderate 67% yield. In contrast to the acid-cyclization conditions, the Suzuki 

group developed base cyclization conditions to form the fused ring system (Figure 2.15B).75 

Starting from tetralone (118), the phenol is alkylated by ethyl bromoacetate with potassium 

carbonate at 120 oC. Then potassium hydroxide is added to form the enolate, which undergoes 

a Claisen condensation to yield the unsaturated napthol[1,8bc]furan core (119) in 41-71% 

yield, depending on the electronics of the aryl ring. A simple hydrogen and palladium on carbon 

reduction of 119 yields the desired saturated fused tricyclic ring system (120) quantitively.   

 
Figure 2.15 A. Tricycle framework via novel benzodioxaborin intermediate B. Synthesis of 

napthol[1,8bc]furans en route to tetrahydronapthol[1,8bc]furans. 
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unique method uses a Rh(I)/Rh(III) system to oxidatively add to a relatively inert C±C bond. 

The proposed catalytic cycle begins with catalyst activation between [Rh(cod)Cl2] and (R)-

A. Dufresne, 1994

OH

(113)

PhB(OH)2
H+CHO

(114)

O
B

O

Ph

BF3
.O(Et)2

Si(CH3)3

(116)

OH

70%

O

(117)

TFA

67%

B. Suzuki, 1975

R3
OH O

R1

R2

(118)

O
Br

OEt
1. K2CO3, 120 oC

2. KOH

O

(119)

R1

R2

R3

COOH

O

(120)

R1

R2

R3

COOH

41-71%

H2, Pd/C

(115)



 133 

DTBM-Segphos to form the active [RhI] catalyst. Oxidative addition of the rhodium catalyst 

into the C1±C2 bond of 121 affords the 5-membered rhodacycle (124). The olefin on the starting 

material serves as a strong direction group for the rhodium catalyst to add into the C1±C2 over 

the distal C1-C8 bond. Then syn migratory insertion leads to a seven-membered rhodacycle 

(125) and is the enantio-determining step of the mechanism. Reductive elimination of the 

[RhIII] complex (125) affords the final fused tricyclic product (122) in 98% ee and 77% yield.  

 
Figure 2.15 Cut-and-sew method for carboacylation of benzocyclobutanones via C±C 

activation and proposed catalytic cycle.  
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reduced to the alcohol. Therefore, a subsequent Ley oxidation was performed on the 

hydrogenation reaction mixture to afford only the ketone-containing saturated fused ring 

system (123). Notably, the hydrogenation proceeded stereoselectively on the convex face of 

the tricycle, determined by the quaternary stereocenter, to afford a single diastereomer of the 

product (123).   

 

2.2 Results and discussion: first-generation route 

2.2.1 Retrosynthesis 

To assemble the dihydrobenzoxanthones, we envisioned a convergent synthesis that would 

split the molecule into two halves: a left hemisphere and a right hemisphere (Figure 2.17).  

  

Figure 2.17 First-generation route retrosynthesis. 

 

Splitting into these two hemispheres was ideal since it enabled a modular synthesis where 

multiple natural product family members could be made with only slight variations in the main 

route. The left hemisphere could be made from 2,4,6-trihydroxybenzoic acid (127), where 
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swapping protecting group steps around would allow us to access both 2H-chromene isomers 

of the left half. The right hemisphere could be synthesized from 1,2,4-trihydroxybenzene (128) 

or 1,2,4-trimethoxybenzene (129), where alkylation of a phenol on the tetralone core would 

allow for rapid variation of the R groups on the fused tricyclic core. A C±H insertion using a 

donor/donor carbene would serve as the key stereoselective step enabling the synthesis of both 

the natural and unnatural stereoisomers of the natural products. 

 

2.2.2 Right hemisphere: forward synthesis to insertion core 

2.2.2.1 Isopropyl protecting groups strategy 

 Initially, 1,2,4-trihydroxybenzene (128) was selected as the starting material that could be 

protected and then undergo a Friedel-Crafts acylation, ketone reduction, and Friedel-Crafts 

cyclization to make the desired tetralone scaffold (Figure 2.18).78,79 Isopropyl groups were 

initially chosen as the ideal phenol-protecting groups due to the mild conditions that could be 

used to install and remove them. In addition, the isopropyl group provides the correct C±H 

insertion center we need later in the synthesis. However, difficulty tri-protecting 128 led to 3,4-

dihydroxybenzadehyde (131) being selected as the starting material.  Following a procedure 

already optimized by Christine Dimirjian (see CAD dissertation Scheme 3.3), 3,4-

dihydroxybenzaldehyde (131) was isopropylated, giving 132 in nearly quantitative yield. A 

Dakin oxidation80 was performed on the aldehyde (132) to take it to the phenol (133) in good 

yield. The phenol was then isopropylated with the same conditions as step 1 to give 134. 

Intermediate 134 then underwent a Friedel-Crafts acylation to afford the carboxylic acid 135. 

The carboxylic acid (135) was worked up and carried directly into a mild ketone reduction with 

triethylsilane and trifluoroacetic acid (TFA) to yield 136 in 59% over two steps.  
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Figure 2.18 Failed isopropyl-protecting group route.  

At the time, I was working on this route to bring up material for Christine Dimirjian to 

attempt intramolecular Friedel-Crafts conditions to form the tetralone core (137). However, 

Christine could not get the Friedel-Crafts to go after trying multiple different conditions (see 

CAD dissertation page 144). It was hypothesized that the reaction could not occur due to the 

large steric bulk from the ortho isopropyl group.81±83 Therefore, we decided to re-route using 

methyl-protecting groups for the phenols. Luckily, 1,2,4-trimethoxybenzene (129) was 

commercially available, which would end up saving two overall linear steps in the right 

hemisphere synthesis.  

 

2.2.2.2. Methoxy protecting groups strategy 

To start the minor re-route, 1,2,4-trimethoxybenzene (129) can undergo a Friedel-Crafts 

cyclization with either succinic anhydride (130) or an acyl chloride (140) to afford 138 and 

139, respectively (Figure 2.19). Originally, the Friedel-Crafts reaction with succinic anhydride 

to make 138 was variable yielding after isolation via column chromatography, with 30-39% 

yield. Therefore, the ester route was developed since intermediate 139 could be readily isolated 

on a large scale after column in 89% yield. The benzylic ketone on ester 139 is then reduced 
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selectively using the mild reducing agent triethylsilane with trifluoroacetic acid yielding the 

ester 142. Reducing this ketone to the alkane is necessary to avoid a regiochemistry issue later 

in the synthesis during hydrazone formation. (Figure 2.19). The ester 142 could then be 

hydrolyzed efficiently in 30 minutes to the carboxylic acid 141 using 1M NaOH in methanol.  

Before proceeding with the synthesis, we revisited the succinic anhydride Friedel-Crafts 

reaction. If the yield of this reaction could be optimized, then it would save us a linear step 

from the ester hydrolysis and another two steps required to make the acyl chloride 140 from 

succinic anhydride (130). The 1H NMR spectrum of the succinic anhydride Friedel-Crafts 

reaction after an acid-base workup showed very clean product, and the crude had almost full 

mass recovery. Therefore, a 2D TLC experiment and a control experiment of stirring 138 with 

silica for 20 minutes demonstrated that intermediate 138 was degrading on the column. 

Switching the purification technique to a short alumina plug to get rid of excess AlCl3 afforded 

138 in nearly quantitative yield. Reduction of 138 with triethylsilane and trifluoracetic acid 

proceeded smoothly to make the carboxylic acid 141 in high yield. Therefore, the succinic 

anhydride Friedel-Crafts and mild ketone reduction became the most efficient way to access 

intermediate 141, and we could move forward in our synthesis of the right hemisphere. 

 
Figure 2.19 Trimethoxybenzene route to the desired tetralone core (146). 
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Intramolecular electrophilic aromatic substitution (EAS) on the carboxylic acid 141 formed 

tetralone 143 in 76% yield. Trifluoroacetic acid (TFA) and trifluoroacetic anhydride (TFAA) 

were found to promote the EAS reaction best.84±86 Notably, the TFA/TFAA conditions were 

easy to set up, required no heating, and were reproducible on a 20 g scale. While other 

commonly used cyclization conditions, such as polyphosphoric acid (PPA), require refluxing 

conditions and are more difficult to handle reagents.87 Further discussion on the EAS 

FRQGLWLRQV�VFUHHQHG�IRU�WKH�WHWUDORQH�IRUPDWLRQ�FDQ�EH�IRXQG�LQ�&$'¶V�GLVVHUWDWLRQ�� 

Excitingly, when we began conducting large scale-ups to access the tetralone intermediate 

(143), we discovered we did not need to run any column chromatography across the first three 

steps of the synthesis.  It was discovered that the Friedel-Crafts reaction mixture of 138 after 

workup could be telescoped straight into the mild ketone reduction. The reduction reaction 

mixture of 141 could also be telescoped into the tetralone formation step. It is important to note 

that to be able to telescope the crude mixture after reduction to the cyclization step, care must 

be taken to make sure all the triethylsilane has been removed, or else it significantly drops the 

yield of the cyclization step from 76% to 14-25% yield.  

After the tetralone 143 was acquired, the ortho methoxy needed to be removed and replaced 

with an isopropyl group that would serve as the needed tertiary ether C±H insertion center. 

This was done using boron trichloride to selectively chelate to the ketone on 143 and remove 

the methyl group ortho to the ketone to yield phenol (144).  The phenol (144) was then alkylated 

using isopropyl bromide and cesium carbonate in acetonitrile at reflux to afford the desired 

tetralone (145).  

 From tetralone (145), hydrazine condenses onto the ketone to form hydrazone (146) (Figure 

2.20A). Hydrazone (146) is the carbene precursor for the C±H insertion step. Using our group's 

previously reported C±H insertion method,4 one-pot sequential oxidation and C±H insertion 

was performed. The extremely mild oxidant MnO2 oxidizes the hydrazone up to diazo at room 
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temperature. Once all the hydrazone (146) has converted to diazo (147), the reaction can be 

cooled down to any desired temperature, and a dirhodium catalyst can be added. The addition 

of catalyst will extrude nitrogen to form the metal carbene, which rapidly undergoes 

intramolecular C±H insertion with the tertiary ether C±H bond to form the fused 

tetrahydronaptho(1,8)furan ring system (148). This C±H insertion proceeded smoothly in 85% 

yield without any observed E-hydride elimination, azine, imine, or ketone byproducts.   

 

Figure 2.20 Methoxy route A. Tetralone to insertion core B. Enantioselectivity screening for 

the C±H insertion step. 
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Notably, something about the fused tetrahydronapthone core enables this intramolecular C±H 

insertion to occur over 1,2-hydride shift to form alkene byproduct. The analogous aryl/alkyl 

carbene C±H insertion on an acyclic system exclusively forms the alkene byproduct from a 

���-hydride shift� 

Initially, the C±H insertion reaction yielded 148 in 88:12 er with Rh2(R-PTAD)4 (Figure 

2.20B entry 2). Changing the solvent to acetonitrile or changing the catalyst did not increase er 

(Figure 2.20B entries 4-7). Dropping the temperature to ±78 °C and allowing it to warm to 

room temperature slightly increased the enantioselectivity to 92:08 er (Figure 2.20B entry 3). 

Repeating these temperature conditions but slowing the rate of the reaction warming to room 

temperature gave a single enantiomer of the product with Rh2(R-PTAD)4 (Figure 2.20 B entry 

8). However, shortly after this er was obtained, X-ray crystallography discovered that Rh2(R-

PTAD)4 favored the unnatural enantiomer of the natural product (148a). When the reaction 

was repeated with Rh2(S-PTAD)4, the natural enantiomer (148b) was favored. Variability in 

reaction warming time due to the changes in the room temperature throughout the day and the 

amount of dry ice used each time gave different er results. For example, the first time the C±H 

insertion was tried with Rh2(S-PTAD)4, the er was 81:19, while the second attempt gave an er 

of 93:3 (Figure 2.20B entry 9-10). Therefore, it was concluded that a more exact temperature 

for the reaction needed to be used, where the reaction could be held at that temperature until it 

was fully complete. Due to qualitative color change observations, it was predicted that the C±

H insertion began to go at ±40 °C. When the C±H insertion was repeated at ±40 °C, Rh2(R-

PTAD)4 gave a single enantiomer of the unnatural product (148a) (Figure 2.20B entry 11), and 

Rh2(S-PTAD)4 yielded the natural occurring enantiomer (148b) in 98:02 er (Figure 2.29B entry 

12). 
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2.2.3 Right hemisphere: benzylic oxidation attempts 

 Now that the fused tricyclic core (148) has been made, we envisioned that oxidation of the 

secondary benzylic position to the ketone would afford us the best functional group handle to 

begin assembly of the two hemispheres. What was originally believed to be a relatively facile 

oxidation with considerable precedent for oxidation of tetrahydronapthalene to alpha tetralone 

turned out to be very difficult due to the electron-rich character of the ring system (Figure 2.21). 

The maximum yield obtained for the desired ketone (150) was 18% using DDQ as the oxidant 

(Table 2.2, entries 13-14). However, these conditions could never be scaled up, and the yield 

dropped to 7% when the scale was above 100 mg. The most common byproducts of the reaction 

were oxidation to quinone methides (153a/b). These quinone species showed up as bright blue 

UV active spots by TLC. If the reaction was worked up in neutral conditions and a 1H NMR 

spectrum was taken immediately, not in acidic deuterated solvents (i.e., taken in CD2Cl2 not 

CDCl3), then the quinones could be transiently observed by 1H NMR spectroscopy.  

 

Figure 2.21 Benzylic oxidation desired product and byproducts. 
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degrade after 1-5 minutes, and they could never be isolated since they were completely unstable 

on silica or alumina columns.  Two other common byproducts observed in the reaction were 

the oxidation of the tertiary benzylic position to the alcohol (152) or the elimination of the 

tertiary benzylic C±H to form the naphthalene core (151). Lastly, most often, oxidative 

conditions would lead to the degradation of the starting material (148), yielding a structurally 

indiscernible mixture by 1H NMR spectrum or LCMS trace. The path to degradation is 

hypothesized to be due to oxidative cleavage or over oxidation to quinone (153), which then 

rapidly decomposes. 

 Initial optimization of the benzylic oxidation was conducted by Christine Dimirjian (Table 

2.2).  Tert-butyl hydroperoxide and catalytic CuI in MeCN at 60 °C were the first oxidation 

conditions attempted. These conditions were successful and high-yielding for oxidation on a 

closely related dimethoxy-substituted tetralin system to a tetralone reported by Huang and 

coworkers.88,89  However, these conditions only afforded quinone (153) as the major product 

and degraded the remainder of the starting material (Table 2.2, entry 1). Next, attempts at 

sequential benzylic bromination and substitution to form the benzylic alcohol in situ, followed 

by oxidation to the ketone, were unsuccessful (Table 2.2, entry 2).90 All attempts resulted in 

bromination of the aryl ring at room temperature before the benzylic position could be 

functionalized.  Traditional oxidants, such as CAN, IBX, KMnO4, PCC, and CrO3, did not 

work either. Rather these oxidants favored quinone (153) as the sole product or degradation of 

the starting material (Table 2.2, entries 3-9). A couple of literature precedents using DDQ as 

an oxidant91,92 to selectively oxidize tetralin to tetralone rather than enone gave us hope, but 

repeating these conditions on our system only gave us degradation of the starting material 

(Table 2.2, entries 10-12). Excitingly, during optimization of the DDQ conditions, Christine 

discovered that adding acid into the reaction with DDQ in the form of formic acid or CHCl3 

yielded the desired ketone (150) in 18% yield (Table 2.2, entries 13-14). Unfortunately, it was 
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discovered that when these DDQ conditions were repeated on a scale larger than 100 mg, the 

yield dropped below 10% every time. It was impossible to isolate pure ketone (150) from the 

excess DDQ and reduced DDQ byproduct. Therefore, I continued screening for new benzylic 

oxidation conditions. 

Table 2.2 Oxidation screening conducted by Christine Dimirjian. 
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only the mild co-oxidants, such as MnO2, CuSO4, or oxone, gave little to no conversion of 

starting material (Table 2.3, entries 32-33). Reducing the equivalents of CrO3 and lowering the 

temperature from the conditions used by Christine gave ketone (150) in 2% yield (Table 2.3, 

entries 34-35). Combining PCC with celite as a solid support and heating to reflux in benzene 

yielded the ketone (150) in 8% yield (Table 2.3, entry 36). Adjusting the equivalents of IBX 

used still only afforded quinone (153).94 Meanwhile, DMP gave no conversion at all. 

Surprisingly, a PIDA and oxone co-oxidant system did not afford any product or byproduct 

when usually hypervalent iodides are commonly known to be used for quinone formation for 

phenolic systems.95  

Table 2.3 Benzylic oxidation screening for benzylic ketone (150) formation. 
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 At this point, many of the traditional oxidants and less complex oxidant systems had been 

exhausted with no promising improvements in yield. Therefore, transition metal-catalyzed, 

photochemical, and radical-based systems began to be explored (Table 2.4).  

Table 2.4 Benzylic oxidation screening for benzylic ketone (150) formation. 
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RuCl2(PPh)3, TEMPO, O2
K2S2O8, pyr

oxone, pyr, MnO2
oxone, pyr, Pd(OAc)2
1. oxone, pyr 2. DMP

1. oxone, pyr 2. CuSO4
KBr, oxone
KBr, oxone
KBr, oxone

[CoIII], Mes-Acr+, LiNO3
Fe(TPP)Cl, PhI(O)

CuBr2, TEMPO, KOtBu
TEMPO, CAN, O2
TEMPO, CAN, O2

TEMPO, NaClO, Co(OAc)2
CAN, O2
DMDO

TBHP, O2
TBHP, Bi, picolinic acid

Phthaloyl peroxide, NaHCO3

40 oC
rt

60 oC
rt
rt

0 oC to 60 oC
60 oC

100 oC
60 oC
60 oC
50 oC
rt, hv
rt, hv
rt, hv
80 oC
80 oC
80 oC
80 oC

rt
80 oC
40 oC

rt
100 oC
50 oC

DCE
MeCN
MeCN

MeCN/H2O
toluene
MeCN
MeCN
toluene
MeCN
MeCN
MeNO2

MeCN/H2O
CH2Cl2/H2O
MeCN/H2O
MeCN/H2O
MeCN/H2O

MeCN
MeCN
CH2Cl2

MeCN/H2O
acetone
DMSO

pyr/AcOH (10:1)
HFIP, MeOH

4 hr
0.5 hr
12 hr
24 hr
24 hr
48 hr
12 hr
24 hr
18 hr
18 hr
24 hr
24 hr
2 hr
6 hr

24 hr
24 hr
14 hr
24 hr
24 hr
18 hr
72 hr
0.5 hr
1 hr

24 hr

degradation
quinone (153)
no conversion
degradation

no conversion
no conversion
trace ketone

no conversion
no conversion
degradation

no conversion
degradation

no conversion
degradation
degradation
degradation

no conversion
no conversion
degradation

ketone
tertiary alcohol (152)

degradation
degradation

no conversion

-
0%**

-
-
-
-

ND*
-
-
-
-
-
-
-
-
-
-
-
-

11%
23%

-
-
-

* ND = yield not determined due to messy reaction and inability to purify
** quinone degrades on column
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catalytic oxygenation system developed by the Nicewicz group,100 and the well-known iron 

porphyrin catalyst first reported by the White group only degraded the starting material (Table 

2.4, entries 53-54). Catalytic TEMPO conditions also were found to be fruitless.101 Catalytic 

CAN conditions with an oxygen atmosphere to recycle the catalyst in aqueous MeCN at 80 °C 

yielded ketone (150) but only in 11% yield (Table 2.4, entry 59). Synthesis of fresh DMDO 

and its immediate use afforded the tertiary alcohol exclusively in 23% yield (Table 2.4, entry 

60).102 Very mild peroxide conditions with a bismuth catalyst103 or phthaloyl peroxide,104 

which had to be made in-house, were attempted in a last-ditch effort but did not yield any of 

the desired ketone (150) (Table 2.4, entries 62-63). 

Reaction conditions to go directly from alkane to ketone proved unsuccessful, so options 

for functionalizing the benzylic position were explored (Table 2.5). Sp3 C±H acetoxylation 

reactions with lead acetate gave no reaction. DDQ with acetic acid and PIDA with acetic acid 

yielded quinone (153) (Table 2.5, entries 64-66).105 Both thermal and photochemical radical 

benzylic bromination conditions were attempted, yet they only degraded the starting material 

(Table 2.5, entries 67-69). 

Table 2.5 Benzylic oxidation screening for a functionalized benzylic position. 

 
 

Benzylic oxidation screening: benzylic site w/ortho methoxy group

H3CO

OCH3

(148)

O
CH3

CH3

H
H3CO

OCH3

functionalized benzylic 
position (154a-b)

O
CH3

CH3

H

R1

64
65
66
67
68
69

quinone 
methide 
(153a)

tertiary 
alcohol 

(152)

naphthalene 
(151)

H3CO

OCH3

(153b)

O
CH3

CH3

H

Observed byproductsDesired product

oxidant, temperature

solvent, time

Entry Oxidant Temperature Solvent YieldMajor product

Pb3O4, AcOH
DDQ, AcOH

PIDA, NaBr, AcOH
NBS then silica
NBS then KOH

NBS then NaOtBu

80 oC
60 oC
40 oC
30 oC
rt, hv
rt, hv

benzene
CHCl3
CH2Cl2

dioxanes
CH2Cl2
CH2Cl2

-OC(O)CH3
-OC(O)CH3
-OC(O)CH3

-Br
-Br
-Br

no conversion
quinone (153)
quinone (153)
degradation
degradation
degradation

ND*
ND*
ND*
ND*
ND*
ND*

* ND = yield not determined due to messy reaction and inability to purify

R1
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 In conclusion, after screening about seventy different benzylic oxidation conditions, the best 

conditions could only afford ketone (150) in 18% yield on a 50 mg scale. This was determined 

to be an insurmountable obstacle for this initial route. Therefore, alternative re-routes that could 

enable alternative pathways around this oxidation problem began to be explored.  

 

2.2.4. Right hemisphere: Vilsmeier-Haack reaction 

 Even though it was determined that an alternative strategy needed to be found to circumvent 

the benzylic oxidation issue, there was still enough material to test late-stage transformations, 

a Claisen reaction with the late-stage ketone (150) and an ester version of the left hemisphere 

(162) was attempted once on a very small scale (see CAD dissertation), but it did not yield the 

desired dicarbonyl. Other xanthone formation conditions directly from the late-stage ketone 

(150) were explored by Christine, too, without any luck. Therefore, we tried a Vilsmeier-

Haack-Arnold (VHA) reaction on the late-stage ketone (150), which would form the E-chloro-

cinnamaldehyde (155). The formylation step in this mechanism would make the C±C bond on 

the dihydroxanthone core that the Claisen reaction could not.   

 
Figure 2.22 Vilsmeier-Haack-Arnold reaction. 

 

Small amounts of ketone (150) obtained from oxidation with DDQ in CHCl3/H2O were used 

in the VHA reaction to afford (155) in 13% yield. Notably, there was extreme difficulty in 

purifying the DDQ and its byproducts away from the ketone due to strong pi-stacking occurring 

between the highly electron-rich product and highly electron-deficient DDQ. This problem 

ensured that the ketone (150) was never close to being a completely pure product by 1H NMR 

spectroscopy. Therefore, the low yield in the VHA reaction could be due to impure starting 
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O
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CH3
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OCH3
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O
CH3
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material (150) and unproductive interactions between the POCl3 and DDQ. Albeit in low 

yields, the E-chloro-cinnamaldehyde (155) could be columned and isolated as a single pure 

product. The aldehyde (155) was then handed off to Christine to try initial attempts at joining 

the right hemisphere with a phenol version of the left hemisphere (168). 

 

2.2.5. Left hemisphere 

 The left hemisphere is a highly substituted 2H-chromene core, an incredibly common 

heterocycle in natural products derived from the polyketide pathway.106 There are multiple 

intra- and intermolecular routes to 2H-chromene formation, but they can all suffer from 

regioselectivity problems when there is high substitution on the aryl ring. However, in our 

synthetic strategy, poor regioselectivity would not be the worst outcome if the isomers were 

separable. Many of the natural product family members are only regioisomers of each other at 

the chromene core, and therefore our synthetic design could utilize both chromene isomers 

formed.  

 

2.2.5.1. Initial route: ester functionality  

 The first left hemisphere was designed as a 2H-chromene core with an ester and aryl triflate 

group. The ester could be used in a Claisen reaction with the late-stage ketone (150) on the 

right hemisphere to form the C±C bond of the dihydroxanthone core.  The triflate group could 

be employed in an intramolecular coupling reaction to make the C±O bond of the 

dihydroxanthone.  

 To start, 2,4,6-trihydroxybenxoic acid (156) was acetal protected to form 157. This initial 

protection would enable selective triflation and methylation later in the synthesis (Figure 2.23). 

Next, benzopyran (157) was formed from a Lewis acid-catalyzed tandem aldol reaction and 

SN�¶�F\FOL]DWLRQ�EHWZHHQ�157 and 3-methyl-2-butenal (159).107 Initial attempts using reported 

conditions resulted in a mix of regioisomers (158a and 158b).108,109 
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Figure 2.23 Left hemisphere initial route. 

 

Optimization by Christine Dimirjian and Jenna Molas found that refluxing in EtOH with CaCl2 

yielded the desired regioisomer (158a) matching a previously published 1H NMR spectrum.110 

Triflation of the free phenol111 afforded 160, whose acetal could be cleaved with BCl3 without 

clipping the triflate group to give 161 (see Christine 'LPLUMLDQ¶V� dissertation scheme 3.7). 

Finally, methylation of phenol and carboxylic acid yielded the desired left hemisphere (162).112 

Unfortunately, the model system attempts to form the dihydroxanthone C±C bond using D-

tetralone and 162 through a Claisen reaction or enolate addition did not work well (see 

&KULVWLQH�'LPLUMLDQ¶V dissertation). Therefore, we designed a re-route to a left hemisphere 

lacking the ester functional group (section 2.2.5.2). The new left hemisphere could serve as a 

nucleophile and undergo Michael addition to the Vilsmeier-Haack-Arnold product (155). 

2.2.5.2. Re-route: phenol functionality  

 The ester functional handle found on 162 was no longer needed due to the formylation that 

installs it on the right hemisphere (see Figure 2.22). Therefore, the 5-hydroxy-7-methoxyl 2H-

chromene (168) needed to be selectively accessed (Figure 2.24).  
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Figure 2.24 Left hemisphere re-route. 

 

From phloroglucinol (162), addition and cyclization with 3-methylbut-2-enoic (163) acid 

yields the flavanone (164).113,114 Following a literature precedent,114 the 7-hydroxy group can 

be selectively methylated in 81% yield (165). The same literature precedent reported that from 

flavanone 165, NaBH4 with 10% aqueous KOH at reflux in toluene could yield the 2H-

chromene core (168). However, upon repeating these results, no chromene (168) was obtained, 

only degradation of the starting material (165).  Luckily, another route reported by Trost115 on 

a similar system showed you could protect the phenol ortho to the ketone and then undergo the 

reduction and elimination reaction to get chromene. Applying these protection conditions to 

our substrate, 165 afforded the tosylated flavanone (166) in decent yield. Refluxing 166 in 

boron then reduced the ketone to the alcohol, which could be isolated or sequential addition of 

NaHSO4 would eliminate the alcohol to form the protected chromene core (167). Finally, 

removal of the tosyl group yielded the desired phenol (168) in a moderate 65% yield.116  

 

2.3 Results and Discussion: route scouting 

 The low yields from the benzylic oxidation and inability to scale the reaction was a 

roadblock that needed to be addressed before continuing late-stage attempts at joining the two 

hemispheres of the molecule.  It was hypothesized that the low yields were due to the high 
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electronic activation of the ring system since it possessed three ether-donating groups on the 

ring. Two possible solutions were to either temper the electronics of the ring system or protect 

the ketone rather than reducing it to the alkane in the second step of the synthesis so no late-

stage oxidation step would be needed.  

 

2.3.1. Protection of the benzylic ketone: acetal and thioacetal attempts 

 Although not previously reported by our group in any manuscript or dissertation, Christine 

Dimirjian and a former undergraduate student Jose Maldonado attempted to protect the 

benzylic ketone rather than reducing it to the alkane in the second step of the synthesis (Figure 

2.25).  

 

Figure 2.25 Benzylic ketone protection. 

Many possible protecting groups for ketones could be selected117. Acetal protection was the 

initial choice due to the ease with which acetals are installed and removed without disrupting 

late-stage functionalities.118±123  The Friedel-Crafts intermediate (148) was protected with both 

acyclic (169) and cyclic acetals (170). However, neither acetal survived cyclization conditions 
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to form the tetralone core. Jose then found conditions to thioacetal protect 138 to afford 172. 

The thioacetal (172) survived cyclization conditions to form tetralone (173), albeit in very poor 

yield. However, as soon as the tetralone 173 was placed in ortho-deprotection conditions with 

BCl3, the thioacetal was cleaved immediately to the 2,3-dihydro-1,4-napthoquinone (175) and 

then oxidized up to the 1,4-napthoquinone (176). 

 

2.3.2. Tempering of the ring system electronics: synthesis of ortho-bromine and ortho-

fluorine derivatives 

 Since the protection of the benzylic ketone was fruitless, I moved on to synthesizing less 

electronically activated ring systems.  Any methoxy group we replaced with a less 

electronically donating group needed to transform back into a phenol group for the final target.  

Therefore, considering linear step count and what was commercially available, we decided to 

see if replacing a single methoxy group with a halogen in the position ortho to the benzylic 

ketone would enable a successful oxidation reaction.  The 4-fluro-1,2-dimethoxybenzene 

(183b) and 4-bromo-1,2-dimethoxybenzene (183a) were commercially available and relatively 

cheap. The aryl bromide could be transformed to the phenol directly or indirectly through many 

different coupling reactions.124±131 Meanwhile, the aryl fluoride could be a good SNAr partner 

to reinstall the desired phenol group.132  

The 4-fluoro-(177b) and 4-bromo-(177a) 1,2-dimethoxybenzene rings were taken through 

the first-generation synthesis developed for the right hemisphere with little reaction 

optimization (Figure 2.26A). If either analog proved successful in the benzylic oxidation, the 

steps with lower yields would be optimized afterward. Due to decreased substrate reactivity, 

the first Friedel-Crafts acylation step in the synthesis took a hit in yield for both analogs, 78% 

(178a) and 34% (178b). While this was not ideal for bringing up starting material, it did suggest 

significant changes in electronic activation at the 5-position, which is exactly what we hoped 
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for. Reduction of the ketone to the alkane worked well for the bromine analog (179a), but the 

yield declined significantly with the fluorine analog (179b). 

 
Figure 2.26 A. Synthesis of bromine and fluorine analogs B. Bromine analog alkylation 

screening. 

Similarly to the Friedel-Crafts acylation, the TFA/TFAA cyclization to form tetralone was low 

yielding. The fluorine analog could only yield the desired tetralone (180b) in a 15% yield on a 
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2.0 g scale. Ortho deprotection of the tetralone analogs (180a-b) with BCl3 proceeded smoothly 

to afford 181a and 181b.  

Shockingly, alkylation with isopropyl bromide and Cs2CO3 yielded no desired ether (182a 

or 182b) (Figure 2.26B entry 1) even though the same conditions gave the analogous ether 

(145) on the triphenolic system near quantitatively (Figure 2.20).  Different bases and solvents 

did not amount to any conversion from the phenol (Figure 2.26B entries 2-4). Therefore, 

different electrophiles were screened in the reaction. The use of a tosylate leaving group had 

proved to be very effective in forming the more complex, hindered ether for artoindonesianin 

Z-2 (2) (see section 2.6). Therefore, the isopropyl tosylate was synthesized. The phenol was 

completely consumed overnight after subjecting the tosylate to the alkylation conditions with 

Cs2CO3. However, it was quickly discovered that the phenol (181a) was tosylated in near 

quantitative yield (Figure 2.26B entries 5). Luckily, the use of isopropyl iodide gave a more 

reactive electrophile resulting in the alkylation of the phenol (181a). The use of two equivalents 

of isopropyl iodide yielded ether 182a in 52% yield (Figure 2.26B entry 6). Increasing 

isopropyl iodide equivalents to four increased the isolated yield to 61% (Figure 2.26B entry 7). 

Using the optimized conditions from entry 7 with the fluoro-phenol analog (181b) afforded the 

fluoro-ether (182b) in 32% yield.  

Finally, hydrazone formation (183a-b) and one-pot sequential oxidation and C±H insertion 

yielded both the 4-bromo (184a) and 4-fluoro (184b) analogs of the insertion core with no 

drops in yield over those two steps when compared to the original substrate.  

 

2.3.2.1. Benzylic oxidation attempts 

Now that the modified insertion cores were in hand, a small screen of the best-yielding 

benzylic oxidation conditions for the original substrate (148) was tested against the less 

electron-rich analogs (Table 2.6). Unfortunately, neither the bromine (184a) nor the fluorine 

(184b) containing analogs produced any desired ketone (185a-b).DDQ conditions, which 
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Table 2.6 Benzylic oxidation screening of bromine and fluorine analogs. 

 
afforded ketone in 18% with the 4-methoxy substrate, gave only quinone methide (187a-b) and 

naphthalene (186a-b) byproducts for both analogs (Table 2.6, entries 1, 7). PCC mixed with 

celite yielded exclusively quinone methide (187a-b) in <10% (Table 2.6, entries 2, 8). All other 

oxidation conditions either did not convert the starting material to anything or rapidly degraded 

both molecules (Table 2.6, entries 2-6, 9). It was hypothesized that the PCC conditions with 

the analogs could be generating alcohol and ketone in situ, but upon workup, they were getting 

oxidized to quinone or degrading. Therefore, a one-pot sequential method was attempted to 

telescope the ketone directly into the Vilsmeier-Haack reaction. Only degraded starting 

material was observed by 1H NMR spectroscopy with this method (Table 2.6, entry 5). 
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system.  This change would give further insight into the role that electronic activation of the 

ring played in the overoxidation of the insertion core (148) to unwanted byproducts. 

The benzylic oxidation screens on the insertion core (148) (Figures 2.27) showcased the 

high acid sensitivity the tricyclic core had and the propensity for the aryl ring to be brominated 

even at cryogenic temperatures. Therefore, when we selected the initial demethylation 

conditions, the classic boron tribromide (BBr3) reagent was avoided since it generates the 

strong acid, HBr, and the robust bromination reagent, Br2.  Conversely, sodium ethane thiolate 

(NaSEt) is often used for demethylation reactions for base-stable molecules.133 Lower 

temperature conditions with NaSEt were attempted initially. First, the Lewis acid AlCl3 was 

added to a solution of 148 in CH2Cl2 at 0 °C to coordinate with the ether oxygen.  Then NaSEt 

was added to demethylate 148 through an SN2 attack.134 Unfortunately, as soon as AlCl3 was 

added to the solution of 148 in CH2Cl2, the reaction went from a light yellow to black.  Reaction 

work-up and 1H NMR spectrum elucidated that the Lewis acid immediately degraded the 

starting material (148) (Figure 2.27 entry 1).  Since we knew BCl3 did not degrade the molecule 

earlier in the synthesis, conditions were attempted that combined BCl3 and 

tetrabutylammonium iodide (TBAI) at ±78 °C and allowed the reaction to slowly warm to room 

temperature. After the reaction workup, the 1H NMR spectrum was indiscernible and was 

missing the expected aryl peak from the starting material or the product (Figure 2.27 entry 2). 

Next, higher temperature conditions were attempted.  Ten equivalents of NaSEt in DMF at 140 

oC did not demethylate any starting material (148) (Figure 2.27 entry 3). Using the same 

conditions while increasing the equivalents of NaSEt to fifteen yielded the mono-demethylated 

product (188) (Figure 2.27 entry 4).57 This was not surprising since regioselective aryl ether 

demethylation with NaSEt has been observed before.135,136 Modifying the reaction conditions 

to heat at 140 °C in the microwave in 30 min intervals yielded both mono- (188) and di- (189) 

demethylated products after 1.5 hours (Figure 2.27 entry 5).  
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Figure 2.27 Protecting group swap from methoxy to tosyl on insertion core 148. 

Column chromatography separated the mono-demethylated product (188) from the di-

demethylated product (189). The dihydroxy product (189) was then tosylated easily to yield 

about 20 mg of 190 and complete the protecting group swap. The 20 mg of 190 was split into 

two benzylic oxidation test reactions. PCC/celite in benzene at 80 °C and DDQ in dioxanes 

were tested since these were the top two oxidation conditions for the methoxy-protected 

substrate (148). However, both oxidative conditions only degraded the starting material (190), 

where no starting material (190) or desired ketone (191) was observed in the 1H NMR spectrum 

after workup. 

2.3.4. Unsubstituted ortho position 

 Adjusting the electronic activation of the aromatic ring on the fused tricyclic core did not 

aid the benzylic oxidation at all. Therefore, the hypothesis that electronics solely contributed 

to the overoxidation problem was ruled out, and a steric argument began to be explored. 

Potentially, the formation of the benzylic of the ketone could be disfavored over byproduct 

formation due to poor steric interactions between the benzylic ketone and the substituent at the 

4-position on the aryl ring. Leaving the 4-position unsubstituted and screening benzylic 

oxidation conditions would quickly test this hypothesis.  
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 At the time of the hypothesis, the bromo-analog insertion core (184a) was readily available.  

The aryl bromide (184a) was rapidly de-brominated in 30 minutes using H2, Pd/C in methanol 

at room temperature, giving the unsubstituted 4-position (192) in nearly quantitative yield 

(Figure 2.28).  

 

Figure 2.28 Initial formation and benzylic oxidation of unsubstituted fused tricyclic core. 

 

The fused tricyclic core (192) was then oxidized using DDQ in chloroform and water. First, 

the DDQ was stirred in water and chloroform and heated to 65 °C for 10 minutes turning the 

solution orange to red. The solution was cooled to 0 °C, then the starting material (192) was 

added, and the solution immediately turned a deep blue color. After 5 minutes, all the starting 

material was completely consumed by TLC, and the solution had changed color to a clear/black 

heterogeneous mixture. TLC showed spot-to-spot conversion of the starting material. 

However, 1H NMR spectrum revealed that the insertion core (192) had cleanly converted to 

the naphthalene byproduct (194) in 78% isolated yield. Next, PCC with celite was tried as an 

oxidant. Refluxing the starting material with PCC and celite in benzene overnight afforded the 

desired ketone (193) in 24% yield. This was the highest reported yield for the benzylic 

oxidation at the time. More importantly, the reaction yield was reproducible, and the crude 
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mixture was easy to purify, unlike the best DDQ conditions for the previous system (148) 

(Table 2.2).   

The PCC oxidation results with 192 lead us to believe that the overoxidation problem was 

caused by high electronic activation and unfavorable steric interactions between the desired 

ketone and any substituent at the 4-position on the aryl ring. Therefore, optimizing the benzylic 

oxidation on the unsubstituted tricyclic core (192) could theoretically yield the desired ketone 

in greater than 50% yield. However, the initial route to access the unsubstituted core (192) was 

not optimal. Starting from the 4-bromo-1,2-dimethoxybenzene (177a), it took nine linear steps 

to reach the desired ketone (193) in an overall yield of only 2.6%. The low yield made it 

difficult to bring up enough material to try subsequent reactions after oxidation. Also, the linear 

step count would continue to increase since the phenol in the 4-position had to be reinstalled. 

To reinstall this group, one probable method would be the bromination of the aryl ring followed 

by one of the transition metal-catalyzed C±O bond formation conditions mentioned earlier. 

Removing the bromine group to oxidize the benzylic center to only immediately reinstall the 

bromine group had a very poor atom economy, analogous to a protecting group swap. 

Going back to the beginning of the synthesis and starting with 1,2-dimethoxybenzene (195) 

was briefly considered as an option. However, the tetralone formation reaction would favor the 

incorrect regioisomer of tetralone (198) (Figure 2.29).  

 

Figure 2.29 Incorrect regioselectivity if 1,2-dimethoxybenzene is used as the starting material. 

For due diligence, the intramolecular cyclization of 196 with the TFA/TFAA system was 

attempted. If the regioselectivity was poor and gave a mix of separable tetralones 197 and 198, 
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this route could bring up the unsubstituted tricyclic core (197) in higher yields than the 

bromination route. Then, late-stage reactions after ketone formation could continue to be 

explored while a re-route to the unsubstituted core (197) was developed. Unfortunately, the 

intramolecular cyclization of the carboxylic acid 196 favored the undesired isomer (198) 

almost exclusively.  

With all these results in hand, we decided WKDW�WKH�LQLWLDO�³)ULHGHO-&UDIWV´�URXWH�KDG�WR�EH�

abandoned, and completely new routes to access the disubstituted tetralone (197) began to be 

explored. After searching the literature, two promising routes emerged for accessing the 8-

isopropoxy-7-methoxy-tetralone (199) (Figure 2.30).  

 

Figure 2.30 Retrosynthetic analysis for new ways to access the tetralone 199.  

7KH�ILUVW�URXWH��WKH�³WKLRDFHWDO�URXWH´��ZDV�ZKHUH�WKH�WHWUDORQH�VFDIIROG��209) is assembled 

by a tandem Michael-Claisen condensation between a benzylic thioacetal (207) and an acrylate 

(208). This reaction also leaves a thioacetal in the benzylic position, which could be hydrolyzed 

later in the synthesis to afford the benzylic ketone. The thioacetal (207) could be derived from 

commercially available 3,4-dimethoxy-benzaldehyde (205). The second route, the 
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³F\FORSURSDQH� URXWH´�� EXLOW� WKH� GHVLUHG� WHWUDORQH� VFDIIROG� �204) through a homoconjugate 

addition of an aryl Grignard to diethyl cyclopropane-1,1-dicarboxylate (202) followed by a 

decarboxylative Dieckmann annulation.  The aryl Grignard would be formed from an aryl-

iodide (201) mixed with a Turbo Grignard. The aryl-iodide (201) could be derived from 

commercially available 2,3-dimethoxybenzoic acid (200). 

 

2.3.5 Thioacetal route 

 Starting from 3,4-dimethoxy-benzaldehyde (205), the aldehyde must be protected to prevent 

self-addition in the next lithiation step (Figure 2.31A). Refluxing the aldehyde (205) with 

ethylene glycol and catalytic para-toluenesulfonic acid in toluene at 130 °C and a D.S. trap did 

not form any cyclic acetal (210a) (Figure 2.31B, entry 1). Keeping the same conditions but 

increasing the temperature to 170 °C helped push the reaction and afforded cyclic acetal (210a) 

in 68% yield.  We attempted to make the acyclic acetal (210b) to see if it could be a more 

suitable substrate for the ortho lithiation step. However, switching to methanol and refluxing 

in benzene only gave acyclic acetal (210b) in 17% yield (Figure 2.31B entry 2). Adding 

trimethoxymethane as a dehydrating reagent and refluxing the aldehyde (205) in methanol 

increased the yield of the acyclic acetal (210b) to 36% (Figure 2.31B, entry 3).  

 Next, an ortho lithiation with n-butyl lithium (n-BuLi) was attempted to install the ester 

group in the 2-position (206). The acyclic acetal (210b) was subjected to n-BuLi at ±78 °C to 

form the lithiate, then either methyl chloroformate or ethyl chloroformate was added. Both 

reactions exclusively gave unprotected aldehyde starting material (205) (Figure 2.31C, entries 

1-2). 
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Figure 2.31 Accessing the starting material acetal: A. Installing the ester group B. Acetal 

protection screening C. Ortho lithiation screening D. Byproduct recovery. 

 

Quenching the reaction after lithiate formation and before adding any electrophile yielded only 

starting acetal (205). Methyl and ethyl chloroformate are known to possess large amounts of 

HCl and H2O as they age and degrade over time, and the lab bottles were over 7 years old. It 

was hypothesized that the presence of additional water contributed to the conversion of acetal 

(210a) back to aldehyde (205). Therefore, acid-free and lower water content conditions were 
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explored by adding the lithiate to CO2 using crushed dry ice. These conditions also yield only 

aldehyde (205) (Figure 2.31C, entry 3), suggesting it was a substrate issue.  

 We switched to a different substrate, the cyclic acetal (210b).  Lithiate formation and 

addition to a brand-new bottle of ethyl chloroformate gave no reaction, and there was a 

complete mass recovery of the starting acetal (210b) (Figure 2.31C, entries 4). Finally, 

tetramethylethylendiamine (TMEDA) was added to increase the rate of metalation then milled 

dry ice washed with THF was added to the reaction.137 There was a successful addition to CO2 

and the formation of the carboxylic acid (211), but the carboxylic acid immediately 

tautomerized to the lactol (213).  The lactol (213) was the final compound isolated from the 

reaction in 25% yield (Figure 2.31C, entry 5). A reported reaction with K2CO3 and iodoethane 

in DMF was attempted to transform the lactol (213) to the desired ester (206) but only afforded 

the product in 10% yield.138 The small amount of ester material (206) isolated from the previous 

reaction was pushed forward into thioacetal protection. However, reported conditions using 

ZnCl2 and 1,2-ethanedithiol did not afford any of the desired product (207) (Figure 

2.31D).139,140   

 The ortho lithiation reaction was not working well, so we re-routed to brominating the 2-

position first to make a better lithiation substrate (Figure 2.32A). Starting from isovanillin 

(214), NBS in dichloromethane regioselectively brominates the 2-position (215).141 The free 

phenol can be methylated with K2CO3 and methyl iodide in 85% yield (216), followed by the 

previously optimized acetal formation conditions to give cyclic acetal (217) in 58% yield. Now 

lithium-halogen exchange with the bromine (217) and addition to ethyl chloroformate affords 

the desired ester (206) in 73% yield. Surprisingly, adding the lithiate to dry ice gave no desired 

carboxylic acid (211) or its corresponding lactol tautomer (213). Thioacetal protection 

conditions using iodide and 1,2-ethanedithiol in chloroform yielded the desired cyclic 

thioacetal (207) quantitively.142  
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Figure 2.32 A. Switching to an aryl bromide for Li-X exchange B. Initial attempts at 

thioacetal annulation reaction. 

 With the thioacetal starting material (207) in hand, the thioacetal annulation conditions 

could finally be attempted (Figure 2.32B).143 First, a solution of the thioacetal (207) in THF is 

cooled down to ±78 °C, and hexamethylphosphoramide (HMPA) and diisopropylamine 

(iPr2NH) were added. Then the addition of n-BuLi deprotonates the benzylic proton to form 

the thioacetal anion (218) in situ. An acrylate, in this case, tert-butyl acrylate (208), is added at 

±78 °C, and the reaction is allowed to warm slowly to room temperature as the substrates 

undergo the tandem reaction. The thioacetal anion will undergo Michael addition with the D,E-

unsaturated system in the acrylate, followed immediately by a Claisen condensation between 

the generated ester enolate and the ester in the 2-position affording the tetralone (209). 

However, it was discovered upon work-up that the reaction did not work.  At this point, the 
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³WKLRDFHWDO�URXWH´�WURXEOHVKRRWLQJ�DQG�RSWLPL]DWLRQ�ZDV�KDQGHG�RYHU�WR�JUDGXDWH�VWXGHQW�$QG\�

Hsieh. Andy later discovered that the cyclic thioacetal (207) could not successfully undergo 

the annulation reaction, but switching to an acyclic thioacetal solved the issue. After some short 

screening, Andy also found successful decarboxylation conditions.  At this point, though, the 

³WKLRDFHWDO�URXWH´�SRVVHVVHG�D�YHU\�ORZ-yielding, long linear step sequence, and the insertion 

core had not even been successfully accessed from it yet. The route was abandoned, and efforts 

ZHUH�SXW�LQWR�RSWLPL]LQJ�WKH�PRUH�SURPLVLQJ�³WHWUDORQH�URXWH,´�ZKLFK�HYROYHG�LQWR�WKH�FXUUHQW�

second-generation route for the right hemisphere.  

 

2.3.6 Cyclopropane route 

 Another route to the disubstituted tetralone core (199) was explored simultaneously with 

the optimization of the thioacetal route. 7KLV� ³F\FORSURSDQH´� URXWH� KLQJHG� RQ� D� NH\�

homoconjugate addition followed by a decarboxylative Dieckmann annulation strategy to 

access the tetralone core (Figure 2.30).144  The homoconjugate addition step required Grignard 

formation from an aryl iodide, while the Dieckmann annulation needed an aryl ester present. 

This iodo-ester (201) intermediate could be accessed in two steps from the commercially 

available 2,3-benzoic acid (200). Moving forward, stirring 200 with N-iodosuccinimide and 

TFA in acetonitrile at reflux afforded the mono-iodination product (219) (Figure 2.33A). The 

benzoic acid acts as a directing group to selectively iodinate the ortho position to the carboxylic 

acid.145  From there, the carboxylic acid (219) can be esterified to give desired ester 

intermediate (201). Surprisingly, the initial esterification conditions tried gave only low yields 

of the ester (201). Specifically, Fischer esterification with H2SO4 and ethanol at 70 °C afforded 

only 10% of the desired ester (201) (Figure 2.33B entry 1). While refluxing in thionyl chloride 

and ethanol yielded no product (Figure 2.33B entry 2). Stirring the carboxylic acid with oxalyl 

chloride in a 1:1 mixture of dimethylformamide and dichloromethane to pre-form the acyl 
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chloride, then adding ethanol and triethylamine and stirring overnight increased the isolated 

yield to 33% (Figure 2.33B entry 3).  Finally, deprotonation of the carboxylic acid (219) with 

potassium carbonate and then SN2 addition to iodoethane afforded the ester (201) 

 in 89% yield (Figure 2.33B entry 4). 

 
Figure 2.33 A. Accessing the iodo-ester (201) intermediate B. Esterification condition 

optimization. 

  

 Since the initial esterification was low yielding, another route to the iodo-ester (201) was 

explored. The hypothesis for the poor yielding esterification was that the large aryl iodine 

increased steric congestion around the electrophilic carbonyl site, thereby disfavoring 

nucleophilic attack by ethanol. Therefore, switching to an aryl bromide with a smaller atomic 
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radius may help increase the yield of the esterification (Figure 2.33A). The aryl bromide could 

subsequently be transformed into the aryl iodide through a Finkelstein reaction. Stirring 2,3-

dimethoxy-benzoic acid (200) in 1.4 M NaOH solution with N-bromosuccinimide (NBS) 

regioselectively gave the mono-brominated ortho product (220) n 92% yield.146  As soon as 

this aryl bromide-carboxylic acid (220) was made, the high-yielding K2CO3 with iodoethane 

esterification conditions with the aryl iodo-carboxylic acid (219) was discovered.  However, in 

case the aryl bromide analog would be needed for troubleshooting the homoconjugate addition 

step, it was pushed forward through esterification. The same K2CO3 with iodoethane conditions 

gave the aryl bromide-ester (221) intermediate in 79% yield. Some of that material was set 

aside, and the rest was transformed from the aryl bromide (221) to the aryl iodide (201).  The 

optimal Finkelstein reaction used oven-dried sodium iodide, catalytic copper iodide, and 

catalytic N,N-dimethylcyclohexane-1,2,-diamine refluxing in dioxanes to afford the aryl iodide 

(201) in 80% yield.  

 Now that the iodo-ester (201) intermediate was in hand, the homoconjugate addition could 

be attempted (Figure 2.34A). The aryl iodide (201) was pre-stirred with Turbo GrignardTM in 

THF at ±78 °C for 30 minutes. Then a heterogeneous mixture of copper (I) bromide dimethyl 

sulfide complex in THF and HMPA was added, followed by in-house synthesized147 diethyl 

cyclopropane-1,1-dicarboxylate (202). The reaction was left to stir overnight while allowing it 

to warm to room temperature. However, after 24 hours, the reaction had not converted to any 

of the desired product only the starting material (201) and proto-deiodination byproduct (224) 

was re-isolated. It was believed that the in-house synthesized cyclopropane must have 

possessed impurities that were interfering with the reaction. Therefore, after waiting a couple 

of weeks for the commercially available diethyl cyclopropane-1,1-dicarboxylate (202) to 

arrive, the reaction was attempted again and gave the desired dicarbonyl intermediate (203), 

and the proto-deiodination byproduct (224) in 45% and 48% yield, respectively. The 
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homoconjugate addition was not optimized further since the focus shifted to attempting to get 

the Dieckmann annulation to work. 

 
Figure 2.34 A. B-ketoester synthesis B. Decarboxylative Dieckmann annulation screening C. 

D-decarboxylation on tetralone core. 

 The dicarbonyl ester (203) intermediate could undergo a Dieckmann annulation to yield the 

desired tetralone core (204). However, the mild conditions reported in the paper utilizing 

magnesium bromide with triethylamine in Me-THF at reflux did not give any reaction on our 

substrate (203) (Figure 2.34B entry 1).144 Trying to force the reaction in the microwave also 

gave no reaction (Figure 2.34B entry 2).  In the published paper on the cyclization conditions, 
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none of the substrates possessed an electron-donating substituent ortho to the ester electrophile. 

We hypothesized that the decrease in electrophilicity of the ester, as well as the increased steric 

interactions in the product from this substitution pattern, was causing issues.  Therefore, the di-

carbonyl intermediate (203) was decarboxylated using Dowex-50 resin in water to yield the 

mono-ester intermediate (223) quantitively. Then both the mono- and di-carbonyl 

intermediates were screened against harsher annulation conditions to see if tetralone (204) 

could be formed (Figure 2.34B).  Using stronger bases, sodium ethoxide, and sodium hydride, 

with heat, gave no reaction for either substrate (Figure 2.34B entries 4-7). Switching to the 

Lewis acid AlCl3 with triethylamine enabled the intramolecular annulation to proceed in high 

yield with the di-carbonyl intermediate (203) (Figure 2.34B entry 8).  

 Finally, all that was left was to decarboxylate the alpha position on the tetralone (204) to 

give the desired tetralone intermediate to push forward to C±H insertion. However, the reported 

decarboxylation conditions with HCl refluxing in isopropanol only degraded the starting 

material (204) (Figure 2.34C). The failed decarboxylation, coupled with very limited precedent 

for other decarboxylation conditions, eventually led us to abandon this route in favor of 

proceeding forward with the promising ³WHWUDORQH´�URXWH� 

 

2.3.7 7-methoxytetralone route 

 Taking a step back to evaluate the pros and cons of the Friedel-Crafts route with halogen 

analogs route, the thioacetal annulation route, and the cyclopropane addition/decarboxylative 

annulation route, all three routes explored had one common roadblock. The formation of the 

tetralone with the ortho-methoxy already installed was proving difficult and low-yielding.  

Therefore, we began exploring whether we could start with the tetralone already formed and 

then install the aryl functionality en route to the fused tricyclic core (Figure 2.35). Once we 

stopped restricting ourselves to routes where the methoxy ortho to the ketone was pre-installed, 

it opened many more route options. Excitingly, I discovered that the 7-methoxytetralone (225) 
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was commercially available. From the 7-methoxytetralone (225), only the ortho C±O bond 

would need to be installed to access the desired tetralone (199) C±H insertion precursor.   

 
Figure 2.35 Retrosynthesis of tetralone (199) intermediate to 7-methoxytetralone (225). 

 

C±O bond formation could be done in one step from 7-methoxytetralone (225) by an 

oxidative coupling to give the sp2 alkoxylation product (199). However, the literature precedent 

was extremely limited and not feasible to be able to access other ether C±H insertion centers 

for related natural products in the sub-family.148±151 Another option would be direct sp2 

hydroxylation of tetralone 225 to form the phenol 227. Although there are many options for 

the hydroxylation of a benzene ring, PRVW�PHWKRGV� DUHQ¶W� VHOHFWLYH� IRU� WKH�PRUH� KLQGHUHG�

position on the aryl ring.152±161 Directing groups are usually needed to be selective for this 

position,162±164 however, WKH� WHWUDORQH� NHWRQH� LVQ¶W� DQ� LGHDl directing group. The carbonyl 

oxygen is a weaker sigma donor than oximes, amides, carboxylic acids, and ester directing 

groups.165 Also, many of the oxidation reactions require harsh oxidants prone to undesirable 

side reactions with the enolizable alpha protons on the tetralone or the alpha C±C bond, such 

as Baeyer-Villiger oxidation.166  

 A third option was the halogenation of the starting tetralone (225), which had direct 

precedent for regioselective fluorination167,168 and bromination169,170 of 7-methoxytetralone 

(225) to our desired halogenation 8-position (226). From the halogenated tetralone (226), the 

desired ether (199) could be directly formed through an SNAr reaction, where there are 
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analogous examples with hindered secondary alcohol nucleophiles and aryl rings possessing 

enolizable protons.169,171±173  Due to all the above factors, the halogenation to SNAr route was 

chosen to be explored first since it had the most robust and direct literature precedent.  

 

2.3.7.1 Fluorination of the 7-methoxytetralone 

 We decided first to fluorinate 7-methoxytetralone (225) since there was direct literature 

precedent,167 and fluorine would serve as the best leaving group for the subsequent SNAr 

reaction. Selectfluor in acetonitrile at 80 °C overnight regioselectively fluorinated the tetralone 

(224) in the 8-position yielding 7-methoxy-8-fluoro-tetralone (226a) in 87% yield (Figure 

2.36A). However, the 87% yield was obtained from a 100 mg scale reaction. Whenever the 

reaction was repeated on a gram scale or above, the reaction yield dropped to 31% (Figure 

2.36B entry 1). Interestingly, the remainder of the mass recovery was solely unreacted starting 

material. The fluorination reaction was the first reaction of the synthesis. Therefore it needed 

to be able to be run on a 10-20 gram scale ideally and minimally a 1 gram scale that could be 

run in a high-throughput batch set-up to bring material up.  Since the starting material ceased 

converting on a larger scale, we hypothesized that aggregation of the DABCO scaffold of the 

Selectfluor byproduct with either Selectfluor or the starting tetralone (225) interfered with the 

reaction.174 Reducing the temperature of the reaction to 60 °C and sonicating the reaction to 

help break up aggregates did not change the yield or conversion at all (Figure 2.36B entry 2). 

Portion-wise addition of Selectfluor over time only slowed the reaction rate and dropped the 

overall isolated yield (Figure 2.36B entry 3). Further solvent and temperature screens were 

conducted by Andy Hsieh, but these showed no improvement in yield. This was in agreement 

with reported process chemistry routes using Selectfluor, where acetonitrile was the optimal 

solvent, and the ideal temperature range for conversion was between 60 °C to 80 °C.175 

Switching to N-fluorobenzenesulfonimide (NFSI), a different electrophilic fluorine source, 
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gave no conversion of the starting material (225) (Figure 2.36B entry 4). Even Pd(OAc)2 and 

AgNO3 catalyzed conditions with NSFI showed no reaction with the tetralone core (225) 

(Figure 2.36B entry 5).176  

 
Figure 2.36 A. Initial fluorination and SNAr on tetralone core B. Scalable fluorination 

conditions screening C. Directed fluorination attempt D. SNAr optimization.  
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The ketone on the tetralone (225) was cleanly converted into the methyl-oxime (229), which 

would serve as a stronger directing group. The oxime (299) was subjected to palladium-

catalyzed directed fluorination with Selectfluor in acetonitrile at 80 °C. Unfortunately, these 

conditions only afforded the desired fluorinated oxime (230a) in 22% on a 1 gram scale (Figure 

2.36C).  

While the scalable fluorination conditions were being screened, the subsequent SNAr step 

was explored (Figure 2.36D). Initially, fluorinated tetralone (226a) was stirred at reflux in 

acetonitrile with isopropanol and K2CO3 or Cs2CO3, resulting in no conversion (Figure 2.36D 

entries 1-2). The base in the SNAr reaction was switched out for the stronger base, sodium 

hydride (NaH), and the desired ether (199) was obtained in 45% yield (Figure 2.36D entry 3). 

It was discovered that dropping the reaction temperature from 80 °C to room temperature 

slowed the starting material (226a) degradation pathway with NaH and increased the isolated 

yield to 66% (Figure 2.36D entries 4-5). Furthermore, pre-stirring NaH and isopropanol for 30 

minutes before adding the fluorinated tetralone (226a) gave the highest yield for the SNAr at 

73% (Figure 2.36D entry 6).  

However, even though the SNAr was working well, the inability of the fluorination reaction 

to be optimized on a 1 g scale or larger led us to abandon the fluorinated substrate and explore 

other halogenation reactions.  

 

2.3.7.2 Bromination and chlorination of the 7-methoxytetralone  

 Once the fluorinated tetralone (226a) was abandoned, we attempted to access the 

chlorinated, brominated, and iodinated versions of the tetralone.  7-methoxytetralone (225) can 

be stirred at room temperature with NBS in acetonitrile to yield the regioselective bromination 

product (226c). However, the analogous reaction with NCS or with NIS in TFA gave no 

reaction. Therefore, the tetralone (225) was converted to the O-methyl oxime (229). The oxime 
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(229) could then direct the palladium-catalyzed bromination or chlorination of the tetralone to 

yield the 8-bromo (230c) or 8-chloro (230b) substrates in 78% and 88%, respectively.177 The 

oxime (230) could be hydrolyzed back to the ketone by refluxing it with 2M HCl (aq) in 

dioxanes for 3 hours (Figure 2.37).  All the bromination and chlorination yields replicated on 

a 10-gram scale, allowing us to push forward to the ether formation step. 

 
Figure 2.37 Bromination and chlorination of the 7-methoxytetralone (225). 

 

 With the 8-bromo (226c) and 8-chloro (226b) tetralones in hand, we first attempted the 

working SNAr conditions used with the 8-fluoro tetralone (226a). However, NaH with iPrOH 

in DMF failed to yield any product with either halogen analog. Reported etherification 

conditions178 with the aryl bromide (226c) and CuI, lithium tert-butoxide, and isopropanol also 

only degraded the starting material (Figure 2.38A). 

 6LQFH�GLUHFW�LVRSURS\ODWLRQ�FRQGLWLRQV�ZHUHQ¶W�ZRUNLQJ��hydroxylation conditions were tried 

next. This would only add one step to the synthesis, and we already knew the alkylation of 

phenol (227) to get ether (199) worked well. First, literature precedent on quinone derivatives 

showed that an aryl chloride ortho to the quinone ketone could be selectively hydroxylated 

using NaH and benziloxime (231) in a dimethylacetamide and THF mixture at 50 °C.179 

Applying this system to the 8-chlorotetralone (226b) gave no conversion.   

N
H3CO
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OCH3OCH3O
H3CO
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NH2OCH3
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pyr

EtOH, reflux
99%

HCl

dioxanes, 110 oC
91%

O
H3CO

X = Br (226c)
X = Cl (226b)

X
NBS

MeCN, rt, 54%
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Figure 2.38 A. SNAr attempts B. Hydroxylation attempts C. Methoxylation attempts 

 

Next, a copper (I) iodide catalyzed hydroxylation was screened that used 

tertbutylammonium hydroxide (n-Bu4NOH) as the hydroxide source.180  The copper(I) iodide 

(CuI) could either be in a finely ground powder, or the optimal form were in synthesized 

nanoparticles with a radius of 110 nm. The increased surface area on the nanoparticles enabled 

A. Isopropylation

B. Hydroxylation

MeOH, NaH
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O
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H

O
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Br O
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iPrOH, NaH
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O
H3CO
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Cl

Entry Cu Catalyst Solvent Temperature Yield of X

1
2
3
4
5
6
7
8

CuI (powdered), 50 mol%
CuI (powdered), 50 mol%
CuI (powdered), 50 mol%
CuI (powdered), 5 mol%
CuI (powdered), 1 equiv
CuI (powdered), 1 equiv
CuI (powdered), 20 mol%
CuI (np110), 20 mol%

H2O
H2O
H2O
H2O
H2O

nBu4NOH
H2O:MeCN

H2O

80 oC
90 oC

100 oC
100 oC
100 oC
100 oC
100 oC
100 oC

0%
21%
19%
0%
33%
24%
0%
10%

Major Product

phenol 227
debromination 225
debromination 225
debromination 225

phenol 227
phenol 227
cyano 232
phenol 227

O
H3CO

(232)

CN

N
OH

benziloxime (231)

(226b) (227)

(226c) (227) byproducts

O
H3CO

Br O
H3CO

OH

(226c) (227)

O
H3CO

B

(233)

H3CO OCH3
1. secBuLi, TMEDA, 
THF, -78 oC

2. B(OCH3)3, 0 oC

3. H2O2 (35% solution), 
AcOH, rt
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better catalysis at a lower mol loading (5 mol%). The finely ground CuI required higher 

loadings ranging from 20 mol% to a full stoichiometric equivalent based on the substrate. Half 

of an equivalent of powdered CuI was used first in H2O at 80 °C, but no reaction occurred 

(Figure 2.38B, entry 1). Increasing the temperature to 90 °C afforded the desired phenol (x) in 

21% yield but gave a significant amount of the debromination byproduct (225) (Figure 2.38B, 

entry 2). Increasing the temperature to 100 °C did not improve the yield at all and only 

increased the rate of byproduct formation (Figure 2.38B, entry 3). Increasing the loading of the 

CuI to one equivalent only marginally increased the isolated yield of the phenol (227) to 33% 

(Figure 2.38B, entry 5). Running the reaction neat in only tetrabutylammonium hydroxide with 

1 equivalent of CuI showed no yield improvement (Figure 2.38B, entry 6). Because the reaction 

was run in aqueous conditions, the solvent system was switched to a 1:1 mixture of water and 

acetonitrile to help improve starting material (226c) solubility. Surprisingly, this led to full 

conversion to the 8-cyano tetralone (232) byproduct (Figure 2.38B, entry 7). Finally, the 

nanoparticles were synthesized according to the procedure published in the paper and 

employed in the reaction. Still, they gave the lowest yield thus far for the desired phenol (227) 

(Figure 2.38B, entry 8).  

Another route from the 8-bromo (226c) starting material to the phenol (227) used sec-butyl 

lithium and TMEDA to undergo lithium-halogen exchange to form the aryl lithiate at ±78 °C. 

Trimethoxyborane was then added to the lithiate solution. The reaction was warmed to 0 °C 

until the lithiate fully converted the aryl borate intermediate (233) in situ. Then hydrogen 

peroxide and acetic acid could be added to oxidize the borate (233) to the phenol (227) (Figure 

2.38B).181 After working up the reaction, only the debromination byproduct was observed 

(225), suggesting that the lithium-halogen exchange occurred, but an addition to 

trimethoxyborane never occurred.  
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Finally, since the direct isopropylation and hydroxylation on the 8-bromo (226c) and 8-

chloro (226b��VXEVWUDWHV�ZHUHQ¶W�ZRUNLQJ�ZHOO��PHWKR[\ODWLRQ�UHDFWLRQV�ZHUH�VFUHHQHG��)LJXUH�

2.38C). SNAr with methanol and NaH on the 8-chloro tetralone (226b) only led to the 

degradation of the starting material. Shockingly, reported conditions169 that transformed the 8-

bromo tetralone (226c) to the dimethoxytetralone (197) in near quantitative yield with sodium, 

copper (I) bromide, and methanol only afforded 6% of the desired product (197).  

 

2.3.7.3 Accidental discovery of direct hydroxylation of 7-methoxytetralone 

 Another possible route for functionalizing the tetralone (225) was direct sp2 hydroxylation 

in the 8-position (Figure 2.39). There was strong precedent for ortho hydroxylation to a 

ketone182,183 or other directing groups,155,162,184,185 but far less precedent for when the C±H bond 

of interest had two ortho substituents. One-step or one-pot sequential hydroxylation methods 

across various modes of C±H activation were attempted first, with the ketone on 225 serving 

as the directing group. Near quantitative reported conditions154 with a di-ortho substituted 

flavanone and IBX were attempted but gave no conversion from 7-methoxytetralone (225) 

(Figure 2.39 entry 1). Next, ketone-directed palladium-catalyzed hydroxylation conditions with 

potassium persulfate as the oxidant in TFA at 50 °C also gave no conversion (Figure 2.39 entry 

2). In this reported reaction, the aryl ring is acetoxylated with trifluoroacetate from TFA, which 

cleaves to the phenol upon workup.183 However, neither the acetoxylated intermediate nor the 

desired phenol (227) were observed in the 1H NMR spectrum after work-up.  Ortho lithiation 

with sec-butyl lithium and TMEDA, followed by an attack on trimethoxyborane, and oxidation 

of the borate to the phenol (227) only yielded starting material (225) (Figure 2.39 entry 3).152 

This result suggested that either the lithiate was not forming in the first place or the lithiate 

could not attack trimethoxyborane due to steric hindrance. Diradical C±H activation conditions 

using pthaloyl peroxide (234) can oxidize the phenyl ring through a reverse-rebound 

mechanism at low temperatures.157 However, pthaloyl peroxide (234) did not react with 7-
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methoxytetralone (225) (Figure 2.39 entry 4). The reaction could not be heated to higher 

temperatures due to known safety concerns with the peroxide (234). Finally, direct borylation 

with an iridium catalyst and silyl-ligand (235) never yielded the desired borate (Figure 2.39 

entry 5).186,187 

 
Figure 2.39 Direct hydroxylation attempts on tetralone (225). 

Around the same time the direct hydroxylation attempts were being made (Figure 2.39), we 

were working on making the fluorination of 7-methoxytetralone (225) scalable (Figure 2.36B). 

One of the conditions we tried was a direct fluorination where 7-methoxytetralone (225) was 

converted into the O-methyl oxime (229). The oxime (229) was subjected to fluorination 

conditions consisting of palladium(II) acetate (5 mol%), Selectfluor (serving as the 

electrophilic fluorinating reagent), and acetic acid at reflux. However, these conditions only 

yielded the desired 8-fluoro oxime (230a) in 19% yield. We did notice a second product spot 

by TLC in the organic layer after the work-up. Since the reaction was conducted on a one-gram 

scale, it was easy to isolate the unknown compound. 19F NMR spectrum revealed that the 

isolated compound possessed no fluorine atoms, and the 1H NMR spectrum confirmed that 

only the 8-position on the tetralone had been functionalized, and a phenol proton appeared to 

be present. We hypothesized that the substrate had undergone a palladium-catalyzed 

acetoxylation with acetic acid, where Selectfluor served as the oxidant to recycle the palladium 
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catalytic cycle.167 The acetyl group was then hydrolyzed in situ from water present in the acetic 

acid yielding the phenol (236) in 10% yield (Table 2.7, entry 1).  The use of Selectfluor as an 

oxidant in a palladium-catalyzed C±H hydroxylation is precedented.188 In the reported 

conditions, a nine-to-one mixture of trifluoroacetic acid (TFA) and trifluoroacetic anhydride 

(TFAA) is used as the solvent system. The more acidic solvent system helped increase reaction 

conversion significantly.  Therefore, we re-attempted the palladium acetate and Selectfluor 

conditions but swapped out acetic acid for the TFA/TFAA system. The solvent swap gave 

exclusively phenol (236) product in 23% yield (Table 2.7, entry 2). We also tried using NFSI 

since it has a similar oxidant potential as Selectfluor, but it did not yield any fluorinated or 

hydroxylated tetralone (Table 2.7, entries 3-5).  

Table 2.7 Discovery of hydroxylated oxime as a byproduct of directed fluorination conditions. 

 
The discovery of the hydroxylated byproduct gave us insight into why the previously 

discussed hydroxylation reactions ZHUHQ¶W�ZRUNLQJ��)LJXUH���39).  A stronger directing group, 

in this case the O-methyl oxime, must be needed to facilitate oxidative addition. The quick 

optimization to preference for the phenol byproduct (236) over the fluorinated product (230a) 

gave us hope that the hydroxylation reaction yield could be optimized.  

 

2.4. Results and Discussion: second-generation route  

 Once we realized we needed a stronger directing group to form the desired C±O bond, our 

retrosynthetic strategy changed slightly (Figure 2.40) from our exploratory retrosynthetic 
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1
2
3
4
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Pd(OAc)2
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AcOH
AcOH
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80 oC
50 oC
80 oC
80 oC
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19%
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Yield (236)
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0%
NR
0%

N
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F
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OCH3
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strategies (Figure 2.35).  Luckily, this retrosynthesis ended up being our final route toward the 

dihydroxybenzoxanthone natural product family.  The isopropyl ether intermediate (199) can 

come from the alkylation of phenol (227). The phenol (227) can be derived in two steps from 

C±H oxidation of the oxime (229) followed by hydrolysis of the oxime back to the ketone. The 

oxime (229) can easily be synthesized from the condensation of hydroxylamine on the ketone 

of 7-methoxytetralone (225).  

 
Figure 2.40 Revised retrosynthesis strategy. 

 

2.4.1 Directed hydroxylation attempts and screening 

Reaction optimization for the directed hydroxylation of the O-methyl oxime (229) began by 

screening different terminal oxidants, solvent systems, and -OH sources. The initial hit had 

used Selectfluor in a nine-to-one TFA/TFAA solvent mixture but only afforded phenol (236) 

in 23% (Table 2.8, entry 1). Doubling the catalyst loading had negligible effects on the yield 

(Table 2.8, entry 2). In the paper where the Rao group reported the TFA/TFAA conditions188, 

oxone (potassium persulfate) was also an effective terminal oxidant. However, using K2S2O8 

did not afford any conversion of oxime (229) across multiple different solvent systems (Table 

2.8 entries 3-5). Switching two other oxidants, N-fluorobenzenesulfonimide (NFSI) and 

[bis(trifluoroacetoxy)iodo]benzene (PhI(OTFA)2), did not give any reaction conversion either, 

even with varying the temperature, catalyst, and solvent system (Table 2.8 entries 7-13). The 

exception was NSFI in acetic acid (AcOH). Where this combination of oxidant and solvent 

with Pd(OAc)2 and Pd2(dba)3 gave a 16% and 23% yield of the desired product (236), 

respectively (Table 2.8, entries 6 & 14). A Wacker-type oxidation where copper (I) chloride 

served as the oxidant only afforded trace amounts of product (236) (Table 2.8, entries 16-17). 
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Table 2.8 Directed hydroxylation initial oxidant screen.  

 
 

The fact that oxone as an oxidant was not working for our reaction seemed odd, given how 

closely the reaction precedent was with oxone.185,188 However, upon closer investigation of one 

of those precedents, we noticed in the footer of a table that the Sanford group stated, ³IRU�PRVW�

substrates, Oxone and K2S2O8 afforded similar results; however, in some cases, significantly 

better yields were obtained with K2S2O8. The reasons for this difference in reactivity are 

XQFOHDU�DW�WKLV�WLPH´�185 The only difference between oxone and K2S2O8 is that oxone is the 

monomer, and K2S2O8 is the dimer of potassium persulfate. Therefore, we immediately re-tried 

the hydroxylation conditions with K2S2O8 rather than oxone, yet we still obtained no reactivity 

(Table 2.9, entries 1-3). Interestingly, we found direct hydroxylation conditions from the Jiao 

group that also only used K2S2O8 according to their SI and email correspondence, even though 

they refer to their oxidant as oxone in their paper.189 In their paper, they needed a ligand, either 

triphenylphosphine (PPh3) or diethyl azodicarboxylate (DEAD), in addition to palladium (II) 

acetate and a terminal oxidant to help catalyze the reaction. Adding PPh3 or DEAD to the 

reaction in DCE did not improve reactivity (Table 2.9, entries 4-6). Instead, switching the 

H3CO
N

OCH3

H3CO
N

OCH3OH
Pd cat., oxidant

acid, solvent, temperature

Entry Catalyst Oxidant Solvent Acid Temp Yieldmol%

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Pd(OAc)2
Pd(OAc)2
Pd(OAc)2
Pd(OAc)2
Pd(OAc)2
Pd(OAc)2
Pd(OAc)2
Pd(TFA)2
Pd(TFA)2
Pd(TFA)2
Pd(TFA)2
Pd(TFA)2
Pd(TFA)2
Pd2(dba)3
Pd2(dba)3

PdCl2
PdCl2

5 mol%
10 mol%
5 mol%
5 mol%
5 mol%
5 mol%
5 mol%
5 mol%
5 mol%
5 mol%
5 mol%
5 mol%
5 mol%
5 mol%
5 mol%
50 mol%
50 mol%

Selectfluor
Selectfluor

oxone
oxone
oxone
NFSI
NFSI
NFSI

PhI(OTFA)2
PhI(OTFA)2

NFSI
NFSI

selectfluor
NFSI

selectfluor
CuCl, air
CuCl, air

TFA:TFAA (9:1)
TFA:TFAA (9:1)

AcOH
TFA

TFA:TFAA (9:1)
DCE

MeCN
TFA
DCE
DCE

TFA:TFAA
DCE
DCE
AcOH
AcOH
AcOH

DMF:H2O

-
-
-
-
-

AcOH
AcOH

-
-

TFA
-

TFA:TFAA
TFA:TFAA

-
-
-

AcOH

50 oC
50 oC
80 oC
50 oC
50 oC
50 oC
50 oC
70 oC
50 oC
50 oC
50 oC
80oC
80 oC
80 oC
50 oC

rt
rt

23%
27%
0%
0%
0%
16%
0%
0%
0%
0%
0%
0%
0%
22%
9%
5%
2%

(229) (236)
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solvent to TCE so the reaction could be heated to higher temperatures proved successful. The 

addition of 5 mol% Pd(OAc)2, 10 mol% of PPh3, with K2S2O8 in TCE at 100 °C afforded the 

hydroxylated product in 25% yield (Table 2.9, entry 11). However, the 25% yield was not any 

improvement on the original conditions with Selectfluor. Excitingly, doubling the catalyst and 

ligand loading doubled the reaction yield to 47% on a 500 mg scale (Table 2.9, entry 12).   

Table 2.9 Second round of hydroxylation reaction condition screening. 

 
 A solvent screen found that acetonitrile marginally improved the yield to 51% of the desired 

product (236) and could do so on a relatively large scale (Table 2.9, entry 13). Unfortunately, 

as soon as the reaction was conducted on a one-gram scale or larger in acetonitrile, the yield of 

the reaction decreased significantly back to 22-30% (Table 2.9, entries 15-18).   

At this point, we hypothesized that the slow reaction conversion was due to issues with the 

reductive elimination step of the catalytic cycle. The reductive elimination step tends to be the 

N
H3CO

N
H3CO

OH
OCH3 OCH3

Pd(OAc)2 (mol%)
oxidant, ligand

solvent, temperature

Entry Catalyst 
Loading

Yield

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

SolventOxidant Temperature

5 mol%
5 mol%
5 mol%
30 mol%
5 mol%
30 mol%
5 mol%
5 mol%
5 mol%
5 mol%
5 mol%
10 mol%
5 mol%
5 mol%
5 mol%
5 mol%
10 mol%
15 mol%*
10 mol%
5 mol%
10 mol%
10 mol%

K2S2O8
K2S2O8
K2S2O8
DIAD

K2S2O8
K2S2O8

PhI(OTFA)2
PhI(OTFA)2

K2S2O8
oxone

K2S2O8
K2S2O8
K2S2O8

 K2S2O8*
K2S2O8
K2S2O8
K2S2O8
K2S2O8
K2S2O8
K2S2O8
K2S2O8
K2S2O8

TFA/TFAA (9:1)
AcOH
DCE
DCE
DCE
DCE
DCE
DCE
TCE
TCE
TCE
TCE

MeCN
MeCN
MeCN
MeCN
MeCN
MeCN

TCE, hexafluoropropanol
MeCN

tert-BuCN
tert-BuCN

50 oC
80 oC
80 oC
80 oC
80 oC
80 oC
80 oC
80 oC
80 oC
100oC
100oC
100 oC
90 oC
90 oC
90 oC
90 oC
90 oC
90 oC
90 oC
90 oC
100 oC
100 oC

0%
0%
0%
0%
0%
0%
0%
0%
0%
0%
25%
47%
51%
16%
35%
30%
28%
22%
19%
16%
28%
17%

(236)(229)

Ligand

-
-
-
-

PPh3
DEAD

-
PPh3
PPh3
PPh3
PPh3
PPh3
PPh3
PPh3
PPh3
PPh3
PPh3
PPh3
PPh3

BINAP
PPh3

BINAP

Ligand 
Loading

-
-
-
-

10 mol%
30 mol%

-
10 mol%
10 mol%
20 mol%
20 mol%
20 mol%
10 mol%
10 mol%
20 mol%*
 20 mol%
20 mol%
30 mol%
20 mol%
10 mol%
20 mol%
20 mol%

* portionwise addition of the reagent over 24 hours

Reaction 
scale
50 mg
50 mg
50 mg
50 mg
50 mg
50 mg
50 mg
50 mg
50 mg
200 mg
500 mg
425 mg
700 mg
50 mg
1.0 g
1.0 g
1.0 g
5.0 g

100 mg
50 mg
50 mg
50 mg
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highest energy step and is aided by increasing the electron density donated from the ligands on 

palladium. A wide variety of ligands were screened in place of triphenylphosphine. 

Table 2.10 Ligand screening. 

 
  

The bulkier DTBM-Garphos (240) and DACH-phenyl/naphthyl Trost (241a-b) ligands gave 

no reaction (Table 2.10, entries 7-9). The bidentate Xantphos (238), Segphos (239), and t-

N
H3CO

N
H3CO

OH
OCH3 OCH3

catalyst, ligand 
oxone (1.2 equiv)

TCE, 80 oC
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tBu-PHOX (237)
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BuBox (245) ligands afforded analogous yields compared to PPh3 (Table 2.10, entries 1, 3, 10). 

Tris(p-methoxyphenyl)phosphine gave the highest overall yield of hydroxylated product (236), 

but at only 37% (Table 2.10, entry 2), the reaction was still far from ideal.  

 

2.4.1.1. Product inhibition theory 

 The inability to push the hydroxylation reaction past a 20-30% yield across dozens of 

reaction conditions led us to hypothesize that the reaction was undergoing product inhibition. 

The proposed catalytic cycle by Liang and coworkers189  first has the triphenylphosphine ligand 

and Pd(OAc)2 combination forming the active PdII catalyst (246) (Figure 2.41). The 

coordination of the nitrogen on the O-methyl oxime (229) followed by C±H activation of the 

8-position of the tetralone produced intermediate 247. Intermediate 247 is oxidized by the 

active oxidant peroxymonosulfate (248) derived from K2S2O8 to form the PdIV species 249. 

The PdIV complex (249) undergoes reductive elimination to afford the desired hydroxylated 

product (236) and regenerate the active PdII complex (246). We propose that once the product 

reaches a certain concentration in solution, it effectively inhibits the palladium catalyst. The 

paper reports a high-yielding reaction with an unsubstituted D-tetralone oxime. Still, the key 

difference with our substrate is the highly electron-donating methoxy substituent ortho to the 

phenol in the product (236). The increase in electron density in the ring system would make 

the phenol a stronger Lewis basic site primed to coordinate to the palladium complex. The 

phenol, combined with the strong nitrogen coordination site on the oxime, must bind at a 

competitive rate to the starting oxime (229) and ligands in the solution. It is possible that 

product coordination to the palladium complex could also catalyze a degradation pathway for 

the product (236). Hence poor mass recovery was observed across many of the screening 

reactions even after full starting material (229) consumption.  
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Figure 2.41 Directed hydroxylation catalytic cycle.  

 

 The product inhibition could occur at multiple stages of the catalytic cycle. A few control 

experiments run during the previously mentioned optimization (Table 2.8) can help point 

toward the more likely stages.  Portion-wise addition of two equivalents of K2S2O8 over 6 hours 

decreased the yield and conversion of the reaction (16%, Table 2.8 entry 14). The slow addition 

of 15 mol% Pd(OAc)2 over 12 hours did not affect the yield or conversion of the reaction (22%, 

Table 2.8 entry 18). However, the portion-wise addition of 20 mol% PPh3 ligand over 12 hours 

slightly increased the overall yield of the reaction (35%, Table 2.8 entry 15).  Therefore, the 

addition of ligand over time suggests that extra PPh3 is helping to outcompete the unproductive 

product coordination to Pd(OAc)2. The definitive answer for where product inhibition occurs 

in the catalytic cycle remains unresolved. 
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2.4.2 Directed acetoxylation solution to product inhibition 

 The direct hydroxylation reaction capped out at 30% yield due to product inhibition from 

the tight binding of the newly formed phenol and O-methyl oxime in the product (236). One 

solution would be to acetylate the 8-position rather than hydroxylate (Figure 2.42). Therefore, 

the ester oxygen would not be as Lewis basic as the phenol and VKRXOGQ¶W�H[KLELW�WKH�VDPH�

product inhibition. 190 The acetyl group and oxime can then be hydrolyzed in the same step to 

afford the desired tetralone (227). This re-route would add no extra steps and can still be done 

in a one-pot sequential method from C±H functionalization to hydrolysis.  

 
Figure 2.42 Directed acetoxylation workaround for product inhibition problem 

 

 There was good precedent for a palladium-catalyzed sp2 acetylation with a benzylic O-

methyl oxime or free oxime from the Sanford group185,191±193 and nitrogen directing groups 

from Jin-Quan Yu¶V group.194  There were also reports of oxime directed sp2 acetylation on a 

tetralone core from the He group195 and the Sanford group.196 As well as sp2 acylation on a 

tetralone core from Wing-<LX� <X¶V� JURXS.197 Throughout these reports, O-methyl oxime 

directing groups had the highest yields, and almost every single procedure used 

(bis(trifluoroacetoxy)iodo)benzene (PIFA) or (diacetoxyiodo)benzene (PIDA) as the oxidant 

(Figure 2.43).  
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Figure 2.43 Palladium(II) acetate and PIDA oxime direct sp2 acetoxylation catalytic cycle. 

7-methoxytetralone (225) was quantitatively transformed into the O-methyl oxime (229). The 

oxime (229) was then subjected to acetoxylation conditions with 5 mol% palladium (II) acetate 

and one equivalent of PIFA in a 1:1 mixture of acetic anhydride (Ac2O) and acetic acid (AcOH) 

at 45 °C. However, this reaction only yielded the desired acetoxylated oxime (250) in 29% 

yield (Figure 2.44A). Right around the time that these test reactions were conducted, the 

Sarpong group published a string of natural product papers that used oxime-directed palladium-

catalyzed acetoxylation reactions in their syntheses of cephanolides A-D198 and longiborneol 

sesquiterpenoids.199,200  However, the oximes used were O-acetyl oximes. Adapting the 

procedure from Lusi and co-workers,199 7-methoxytetralone (225) was transformed to the O-

acetyl oximes (257) in 95% yield. The O-acetyl oxime (257) was then subjected to the same 
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acetoxylation conditions used with the O-methyl oxime (229). Gratifyingly this time, it 

afforded the desired acetoxylated product (258) in 73% yield. To confirm that the low yield for 

the hydroxylation reaction was indeed due to product inhibition and not the use of the wrong 

oxime, the O-acetyl oxime (257) was subjected to the best hydroxylation conditions. However, 

the reaction gave zero conversion of the starting material to the hydroxylated product.  

 The acetoxylation reaction was screened to get the yield as high as possible (Figure 2.44B). 

First, the equivalents of PIFA were varied, and it was found that 0.9 equivalents of PIFA gave 

the highest best conversion and highest isolated yield affording product (258) in 83% yield on 

85 mmol scale (Figure 2.44B, entries 1-6). Cutting the 1:1 Ac2O:AcOH solvent system with 

additional solvents was attempted to make large-scale work-ups easier. However, the original 

solvent system maintained the highest yield (Figure 2.44B, entries 7-9). Decreasing the 

temperature to room temperature gave little to no conversion of the starting material (257) 

(Figure 2.44B, entry 10). Increasing the temperature of the reaction to 70 °C decreased the 

reaction yield to 43%, where the rest of the mass recovery was oxime (257) hydroxylzed back 

to the tetralone (225) (Figure 2.44B, entry 11). 

PIDA was also screened as a possible oxidant in the catalytic cycle. However, in a 1:1 

mixture of AcOH/Ac2O, both 0.9 and 1.5 equivalents of PIDA only gave 29% and 45% yield, 

respectively (Figure 2.44B, entries 12-13). Switching to a 10:1 ratio of AcOH/Ac2O as the 

solvent system and using 1.5 equivalents of PIDA at 70 °C gave a comparable 85% yield to the 

PIFA conditions (Figure 2.44B, entry 14). These conditions were also scalable, and the yield 

was repeated on an 85 mmol scale.  
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Figure 2.44 A. O-methyl oxime (229) and O-acetyl oxime (247) directed acetoxylation B. 

Two-step and one-pot sequential sp2 acetoxylation and hydrolysis.  

Excitingly, the new 10:1 AcOH/Ac2O ratio was amendable to one-pot acetoxylation then 

hydrolysis conditions. On an 15g scale, the starting material (257) was subjected to the 

optimized acetoxylation conditions and heated overnight until the starting material was fully 

consumed to the product by TLC. Then 20 equivalents of HCl were added, and the reaction 
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was continued to be heated at 70 °C until all the acetoxylated product (258) was cleaved to the 

desired phenol (227). The one-pot sequential reaction afforded the desired phenol (227) in 76% 

yield, compared to the two-step procedure that gave a 79% yield over two steps.  The caveat is 

that the one-pot sequential procedure is a more onerous work-up on a larger scale due to the 

PIDA byproducts and palladium (II) acetate mixing with HCl.  

 

2.4.3 Right hemisphere: forward synthesis to insertion core  

 Now that the desired phenol intermediate (227) can be accessed reliably on a large scale in 

good yield, the synthesis of the right hemisphere could be continued (Figure 2.44). The phenol 

(227) was alkylated with isopropyl iodide and Cs2CO3 in MeCN at reflux to afford the ether 

(199) in a 93% yield. Next, condensation with hydrazine and acetic acid in ethanol at room 

temperature yielded hydrazone (259) quantitively. Using the one-pot sequential C±H insertion 

method, the hydrazone (259) was oxidized to diazo with MnO2 over 2 hours. The reaction was 

cooled to 0 °C, and a dirhodium catalyst was added to form metal carbene. The C±H insertion 

reaction is very fast and proceeds fully to completion in 5 minutes on a small scale and 30 

minutes on a larger scale, affording the fused tricyclic core (192) enantioselectivity in 91% 

yield.  See section 2.4.4 for further discussion on stereoselectivity optimization.  The fused 

tricyclic core can then be oxidized by a KMnO4/MnO2 (1:3 w/w) mixture to afford ketone (193) 

in 24% on a multi-gram scale. See section 2.4.5 for further discussion on benzylic oxidation 

screening. From the ketone (193), a selective ortho bromination with NBS affords the aryl 

bromide (260) in 81% yield. Then, through a two-step or one-pot procedure, the bromine is 

transformed into the aryl Bpin (261), followed by oxidation to the phenol (262). The one-pot 

method affords the phenol (262) in a moderate 65% yield. The phenol (262) is then methylated 

near quantitatively to give the final desired right hemisphere (150) in 9 linear steps with an 
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overall yield of 7%. Further discussion of late-stage methods screened to install the methoxy 

group can be found in section 2.4.6. 

 
Figure 2.45 Forward route from 7-methoxytetralone (225) to the right hemisphere (150). 

 

2.4.3.1 C±H insertion stereoselectivity optimization 

 Following the original right hemisphere conditions, the one-pot sequential C±H insertion 

reaction worked well on the new hydrazone precursor (259) (Figure 2.45). Gratifyingly, the 

reaction remained high yielding, affording the fused tricyclic core (192) in 91% yield on a 

multi-gram scale with 1 mol% of catalyst. On a multi-gram scale, the catalyst loading could be 
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dropped down to 0.01 mol%, and the yield only dipped to 76%. Like the previous route, a 

crystal structure of the ketone intermediate (192) after insertion was obtained and showed that 

the R-enantiomer of Rh2(PTAD)4 afforded the unnatural isomer (192a) (R stereocenter) (Table 

2.11). Therefore, optimization for the enantioselectivity began with Rh2(S-PTAD)4.   

Table 2.11 Enantioselectivity optimization for C±H insertion reaction. 

 

At 0 °C, Rh2(S-PTAD)4 afforded the desired S enantiomer of 192 as the major enantiomer in 

89:11 er (Table 2.11, entry 4). Dropping the temperature to ±40 °C increased the er to 94:06, 

but decreasing the temperature to ±78 °C only led to a slight increase to 96:04 er (Table 2.11, 

entries 6-7). Next, other dirhodium catalysts were screened, and excitingly Rh2(S-PTTL)4 

afforded the desired enantiomer of 192a in 94:06 er at 0 °C (Table 2.11, entry 11). Decreasing 

the temperature of the reaction to ±78 °C yielded the fused tricyclic core (192a) as a single 

enantiomer without affecting the yield (Table 2.11, entry 12). 

 

2.4.4 Right hemisphere: benzylic oxidation attempts and screening 

 The purpose of re-routing the left hemisphere synthesis was to access a fused tricyclic core 

that could undergo benzylic oxidation reliably on a large scale and in a moderate to good yield. 
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0 oC

-78 oC
0 oC

-5 oC
-40 oC
-78 oC

0 oC
0 oC
0 oC
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0 oC
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83%
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85%
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88%
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87:13
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<1 min
<1 min

5 min
<1 min

(192b)

* er determined by chiral HPLC



 193 

However, the benzylic oxidation on the new substrate (192) exhibited many of the same issues 

as before (section 2.2.2). The fused tricyclic core was prone to overoxidation, where oxidants 

would afford the naphthalene core (194), the tertiary alcohol (264), or the quinone methide 

(265) rather than the desired ketone (193) (Figure 2.46). Also, scaling the reaction proved 

difficult, where moderate yields were obtained with some conditions on the screening scale 

(25mg), but those yields did not repeat on a larger scale (1 gram). Finally, many of the oxidants 

screened degraded either the starting material or the products. Therefore, even when ketone 

(193) was very cleanly obtained as the major product, there was never any mass recovery 

resulting in low yields.  

 
Figure 2.46 Overview of the benzylic oxidation reaction for fused tricyclic core 192.  

 

 Starting with some of the best benzylic oxidation conditions on the old substrate (section 

2.2.3), a multitude of oxidants were screened. PCC with celite afforded ketone (193) in 24% 

yield with no mass recovery (Table 2.12, entry 1). Decreasing the equivalents of PCC and the 

reaction temperature did not improve yield or mass recovery (Table 2.12, entry 2). We knew 

from previous experiments that the insertion core (192) was acid-sensitive, and acid generated 

in the PCC reaction might be lending to the degradation pathways. Therefore, less acidic 

chromium oxidizing conditions were attempted by using a neutralizing reagent or PDC with 

mol sieves (Table 2.12, entries 3-4).198 However, neither condition gave any improvements in 
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yield and mass recovery. Iodosobenzene and KBr conditions gave ketone (193), but only in 

10% yield (Table 2.12, entry 5).201 IBX afforded ketone (193) in a comparable yield to PCC, 

21% yield, but there was no mass recovery (Table 2.12, entry 8). Changing the work-up to 

sodium sulfite or switching to the catalytic generation of IBX in situ did not yield any desired 

product (Table 2.12, entries 9-11).202  

Table 2.12 Screening of oxidants for the benzylic oxidation of 193.  
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Many mild oxidations of tetralin use oxone; however, when those oxone conditions were 

screened, they gave no reaction or degradation (Table 2.12, entries 12-15).97,99,203,204 

Excitingly, when a mixture of ground KMnO4/MnO2 (w/w) was used as a heterogenous oxidant 

in CH2Cl2, ketone (193) was yielded in 17%, and the starting material (192) was fully recovered 

(Table 2.12, entry 16).205 Interestingly, these oxidations conditions gave no reaction on the old 

insertion core (192). Switching out the MnO2 for MgSO4 afforded ketone in 22% yield but 

gave no starting material recovery (Table 2.12, entry 17). Other potassium permanganate and 

manganese-based oxidant systems afford no ketone (Table 2.12, entries 18-21).206±209 A 

ruthenium-catalyzed sp3 hydroxylation system by the Du Bois group210 was attempted, but it 

cleanly afforded naphthalene byproduct (194) (Table 2.12, entry 26). A cobalt-catalyzed singlet 

oxygen system by the Powers group,211 a catalytic HCl aerobic oxidation,212 and a Rose bengal 

photosensitizer singlet oxygen system213 all reported high yields for oxidation of tetralin to 

tetralone but afforded no reaction on our insertion core (192) (Table 2.12, entries 27-28, 31-

32). Iron-catalyzed systems such as the White-Chen aliphatic C±H oxidation catalyst214 (Table 

2.12, entry 35) and the Ir(III)-NHSI tandem oxidant system215 (Table 2.12, entries 29-30) only 

led to degradation. Finally, a tandem TEMPO/Ceric Ammonium Nitrate (CAN) aerobic 

oxidation method gave the best yield to date.216 The reaction afforded the desired ketone in 

63% isolated yield and 86% based on recovered starting material (Table 2.12, entry 23). 

 The TEMPO/CAN oxidant system was promising on a small scale (40 mg), affording the 

ketone (193) in 63%, the nitration byproduct (266) in 13%, and the rest of the mass recovery 

being unreacted starting material (192) (Table 2.13, entry 2). However, when the results were 

repeated on the same scale, only the nitrated byproduct was isolated (Table 2.13, entry 3). CAN 

is reported to nitrate electron-rich aromatic rings at room temperature. It was hypothesized that 

in the first reaction addition of CAN occurred while the reaction was already close to 90 °C, 

and in the second reaction, CAN addition occurred at room temperature. Therefore, the 
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nitration pathway was favored over oxidation. The reaction was repeated on a larger scale, and 

CAN was added once the reaction had reached 90 °C. However, these conditions still gave the 

nitrated byproduct (266) as the major product in 50% yield, and the ketone was the minor 

product in 37% yield (Table 2.13, entry 4). The reaction was attempted without CAN since, 

feasibly, O2 is a strong enough oxidant to re-oxidize TEMPO. The absence of the secondary 

oxidant, CAN, gave no reaction (Table 2.13, entry 5). Alternative secondary oxidants were 

then screened, ranging from I2217, cerium(IV) ammonium sulfate (CAS), cerium(III) chloride, 

and many others. Unfortunately, none of these secondary oxidants gave any reaction (Table 

2.13, entries 6-14). 

Table 2.13 TEMPO/CAN reaction optimization. 

 
 

 The TEMPO/CAN system optimization was abandoned, and optimization of the 

KMnO4/MnO2 conditions began since it was one of the few oxidations screened that gave close 

to full mass recovery (Table 2.14). The main issue with the oxidation system was the poor 
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conversion of the starting material (192) to ketone (193). Leaving the reaction for an extended 

amount of time was not ideal because, over time, the KMnO4 would no longer be active, or the 

ketone (193) would continue to be oxidized to the tertiary alcohol byproduct (264).  The ratio 

of KMnO4 to MnO2 is by weight, and the reported conditions use a 1:3 ratio.205 Therefore, the 

ratio of KMnO4 to MnO2 was varied across multiple different organic solvent systems (Table 

2.14, entries 1-22).  

Table 2.14 KMnO4/MnO2 oxidation optimization. 

 
Unfortunately, the conditions that increased the conversion of starting material (192) to ketone 

(193) also significantly increased the conversion of ketone (193) to byproduct (264). Using 

only organic solvents meant the reaction was a heterogenous reaction dependent on surface 
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chemistry. Therefore, many other factors, such as the reaction vessel and stir bar surface area 

contact, could contribute to poor conversion. 

Miscible organic/aqueous solvent systems were then attempted to allow the starting material 

to be fully soluble and the KMnO4. This strategy significantly decreased the reaction time. A 

dioxanes/water solvent system resulted in full starting material consumption after 4 hours but 

exclusively afforded the overoxidation byproduct (264) (Table 2.14, entry 23). Acetonitrile as 

one of the better solvents for conversion in the earlier screens, therefore a MeCN/H2O solvent 

system was selected. After an extensive screen (not shown) it was found that decreasing the 

temperature to 0 °C and buffering the reaction pH to temper the reactivity of the KMnO4 gave 

full starting material consumption after 1 hour.  

 Next, the optimized oxidation conditions were repeated to obtain isolated yields (Figure 

2.47). On a small scale (20.2 mg), the ketone (193) was isolated in 61% yield and the byproduct 

(264) in only 13% yield. However, as the oxidation scale increased and the overall reaction 

time increased, the mass recovery from the reaction declined. This meant that even though the 

starting material was fully consumed after a couple of hours, a degradation pathway destroyed 

the fused tricyclic core. No degradation byproducts were ever able to be isolated from the 

reaction. It is hypothesized that adding water as a solvent enables an oxidative cleavage 

degradation pathway of the starting material and product by KMnO4.  

 
Figure 2.47 Poor mass recovery as KMnO4/MnO2 reaction scale increases. 
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Currently, the KMnO4/MnO4 (1:3 w/w) in MeCN/phosphate buffer(aq) conditions are the best 

oxidations conditions on a gram scale to convert the insertion core (192) to the benzylic ketone 

(193). These conditions on a 1 to 5-gram scale consistently afford the benzylic ketone (193) in 

~25% yield and the tertiary alcohol byproduct (264) in ~15% yield. So far, mild deoxygenation 

FRQGLWLRQV� KDYHQ¶W� VXFFHVVIXOO\� WDNHQ the tertiary alcohol (264) back to the desired ketone 

(193).218±220 Rather, the conditions led to naphthalene (194) formation or degradation. 

 We screened over 200 different benzylic oxidations conditions (150 conditions shown in 

this dissertation), and the highest yield of ketone (193) obtained on a gram scale was 25%. 

Other groups have reported similar difficulty oxidizing a complex tetralin core in a natural 

product and KDYHQ¶W� EHHQ� DEOH� WR� JHW� DERYH� D� ���� \LHOG� IRU� WKH� R[LGDWLRQ�87,198,206,221,222 

Chemical oxidants did not seem to hold the solution to this problem, but there are many highly 

selective enzymatic C±H oxidations that could successfully oxidize the fused tricyclic core 

(192).223±226 We currently have a collaboration underway with Dr. Mike Di Maso at Merck-

Process to do a high-throughput screen across their large enzyme library to assess if enzymatic 

oxidation will be effective.  

 

2.4.5 Late-stage sp2 methoxylation 

 The final bond to make on the right hemisphere was oxidizing the aryl Csp2±H bond ortho 

to the ketone (193) (Figure 2.48). Theoretically, many of the same methods explored for the 

first step of the right hemisphere re-route could be used again to install the needed C±O bond. 

We began by attempting the most direct functionalization. From the ketone (193), reported 

palladium-catalyzed methoxylation185 and hydroxylation183 conditions were attempted, but 

none gave any reaction. Next, the late-stage ketone (193) was transformed into the O-methyl 

oxime (267a) and the O-acetyl oxime (267b) in 99% and 89% yield, respectively.  The highest-

yielding hydroxylation conditions from our earlier screenings were attempted (Table 2.8, 

entries 12 & 13) but afforded no product (268). Both oximes (267a-b) were subjected to the  
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Pd(OAc)2, PIDA, and AcOH/Ac2O acetoxylation conditions used in the first step of the final 

synthesis (Figure 2.44). The O-methyl oxime (267a) did not yield the desired product (269). 

However, the O-acetyl oxime (267b) afforded the desired acetoxylated product (270) in 32% 

isolated yield. This route was not pursued further because another functionalization route 

succeeded in a higher yield.  

 This other route started with bromination of the late-stage ketone (193) with NBS in 

dichloromethane in 81% yield. None of the attempts at C±O cross-coupling between the aryl 

bromide (260) and different alcohols afforded the desired products (150 or 271).227,228 Finally, 

a one-pot sequential Miyaura borylation229,230 and oxidation sequence from the Sarpong 

group198 transformed the aryl bromide (260) to the phenol (262) in 65% yield. The phenol (262) 

can be methylated to afford the final right hemisphere (150) quantitively. 

 
Figure 2.48 Csp2±H functionalization attempts. 
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2.5 Results and Discussion: final steps to join two hemispheres 

2.5.1 Claisen strategy 

 One strategy to combine the left and right hemispheres is first to make the dihydroxanthone 

C±C bond through a Claisen reaction, then form the C±O bond using a coupling or addition 

reaction. Right hemisphere (150) was stirred with NaH in THF at ±40 °C for 30 minutes to 

form the enolate (Figure 2.49). Then left hemisphere (162) was added, and the reaction was 

stirred for 1 hour at ±40 °C. No addition to the ester occurred after one hour. Therefore, the 

reaction was allowed to warm to room temperature over 3 hours. However, after 3 hours no 

reaction had happened. The reaction was heated up to 50 °C, and bubbling was observed. This 

suggested that the NaH had not reacted with the ketone (150) to form the enolate at ±40 °C, 

and enolate formation with NaH required heating. After the bubbling was observed, two new 

spots on TLC were observed. The reaction was stirred until the left hemisphere (162) was fully 

consumed by TLC and worked up. One of the newly formed spots by TLC was the desired 1,3-

dicarbonyl (272), which was isolated in 13% yield. The other spot was the left hemisphere 

(162), with the triflate group cleaved back to the phenol. The small amount of dicarbonyl (272) 

isolated also had the triflate group cleaved. The product (272) was pushed forward to C±O 

bond formation using a pyrrolidine-catalyzed addition, yet none of the desired dihydroxanthone 

core (273) was isolated. 

 
Figure 2.49 Claisen reaction attempt with left (162) and right (150) hemispheres 
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2.5.2 1,4-addition strategy 

 Another strategy to make the desired dihydroxanthone core is first to form the C±O bond 

using a 1,4-addition followed by a Friedel-Crafts-like acylation to make the C±C bond. To 

start, the right hemisphere ketone (150) can undergo a Vilsmeier-Haack-Arnold (VHA) 

reaction to afford the D,E-unsaturated aldehyde (155). The VHA reaction is prone to byproduct 

formation, specifically, the vinyl chloride (277) resulting from chloride anion attacking the 

activated VHA intermediate before formylation can occur (Table 2.15).  

Table 2.15 Vilsmeier-Haack-Arnold reaction optimization 

 

Optimization for the desired product (155) proved to be temperature dependent. First, the 

addition of the ketone (150), 2 equivalents of phosphorous (V) chloride (POCl3), and DMF to 

a vial, then heating the reaction to 40 °C afforded the desired product (155) in 31% yield (Table 

2.15, entry 1). Decreasing the equivalents of POCl3 decreased the reaction yield to 23% (Table 

2.15, entry 2). Next, adding the ketone (150) and DMF to the reaction vessel first, heating the 

solution to 40 °C, then adding 1.3 equivalents of POCl3 increased the yield to 45% (Table 2.15, 

entry 3). Maintaining this order of addition strategy but increasing the amount of POCl3 in the 

reaction to 10 equivalents increased the yield even further to afford the desired product in 76% 

yield (Table 2.15, entry 4). Notably, attempts to pre-form the Vilsmeier reagent first and then 
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add the ketone (150) to the solution failed to yield any desired product (155). Instead, this order 

of addition exclusively afforded the vinyl chloride byproduct (277) (Table 2.15, entry 5).  

Now that the D,E-unsaturated aldehyde (155) could be readily accessed, we attempted the 

1,4-addition reaction (Table 2.16). First, one equivalent of tricyclic aldehyde (150) was heated 

with excess left hemisphere (168) and potassium carbonate in DMF (Table 2.16, entries 1-2). 

Only trace product (275) was detected by LC-MS but was not isolated due to difficulty 

separating the product from the large excess of the left hemisphere (168). Rather than waste 

precious late-stage material (150), a bicyclic model system (278) was synthesized to screen 

reactions.  

Table 2.16 1,4-addition optimization 

 

The bicyclic starting material (278) was stirred with cesium carbonate (Cs2CO3) and 2 

equivalents of phenol (168) in MeCN at 90 °C, yielding the desired ether (279) in 24% yield 
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the desired ether (275) was isolated in 23% yield (Table 2.16, entry 7). I hypothesized that the 

reaction equilibrium favored the reverse reaction. Therefore, one way to push the equilibrium 

forward would be to remove the chloride anions from the solution after they are displaced. To 

test this hypothesis, 1.0 equivalent of silver nitrate (AgNO3) was added to the reaction. The 

silver nitrate would react with the chloride anions to form silver chloride (AgCl) salts that 

would immediately crash out of the reaction mixture, thereby driving the reaction forward. 

Gratifying, adding 1.0 equivalent of AgNO3 increased the reaction yield to 50% (Table 2.16 

entry 7). 

 Starting from the right hemisphere ketone (150), a VHA reaction afforded the D,E-

unsaturated aldehyde (155) in 76% yield (Figure 2.50). The left hemisphere phenol (168) and 

its bromine analog (274) were added to the aldehyde (155) to afford ethers 275 and 276 in 50% 

and 53% yield, respectively.  Current efforts focus on screening reaction conditions to make 

the final C±C bond (273).  

 

Figure 2.50 1,4-addition dihydroxanthone formation strategy. 
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intermediate (Figure 2.51). Instead of using isopropyl iodide to make the achiral ether (199) 

for cycloartobiloxanthone (1), a chiral electrophile could be alkylated onto a phenol 

intermediate (144) in an SN2 fashion to afford an enantiopure chiral ether (281).  

 

 
Figure 2.51 Retrosynthesis for artoindonesianin Z-2 (2). 

 

2.6.1. Synthesis of enantiopure ether 

 Using the first right hemisphere route, the same Friedel-Crafts acylation with succinic 

anhydride (130) gave intermediate 138. A mild ketone reduction on intermediate 138 afforded 

carboxylic acid 141. The carboxylic acid (141) then undergoes a Lewis acid-mediated 

cyclization to yield tetralone (143). An ortho methoxy deprotection of tetralone 143 yields the 

common phenol intermediate (144) (Figure 2.52). From there, we envisioned the isopropyl 

iodide used in the main route could be swapped out with chiral ether electrophiles. However,  

this alkylation to make the chiral ether intermediate (282), which we initially believed would 

be straightforward, turned out to be much more difficult. 
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Figure 2.52 Initial top half route to artoindonesianin Z-2 alkylation. 

 

The di-ortho substituted ether created a highly hindered nucleophile and subsequent ether 

(282). Therefore, finding a reactive enough electrophile that was not too sterically hindered 

took extensive screening (Figure 2.53). Propane-1,2-diol (283) was initially selected since its 

enantiopure versions were commercially available. Following literature precedent,231,232 the 

primary alcohol on 283 was selectively TBDPS protected to yield 284. The alcohol (284) was 

then used in a Mitsunobu reaction with phenol (144), but no reaction occurred, and only 

unreacted starting material was obtained back after the work-up (Figure 2.53B, entries 1-2). It 

was hypothesized that the TBDPS electrophile (284) was too bulky. Using a more reactive 

alkyl phosphine was also unsuccessful (Figure 2.53B, entry 3).233 Therefore, the Mitsunobu 

was attempted again with the smaller allylic alcohol, but-3-en-2-ol (288), and the alkynal 

alcohol, but-3-yn-2-ol (290). However, no reaction was obtained again (Figure 2.53B, entries 

4-5), even with reported sonication conditions for hindered ether formation (Figure 2.53B, 

entries 6-7).234 Changing the solvent in the reaction from THF to a 1:1 mix of THF:toluene 

afforded a small amount of ether 282b in a 4:1 ratio of starting material:product (Figure 2.53B, 

entry 8).  It was concluded that the Mitsunobu to form a sterically hindered ether was not 

favorable on phenol 144, a commonly known reaction limitation.235,236  
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Figure 2.53 A. Electrophile synthesis B. Chiral ether formation screening 

Next, the TBDPS alcohol (284) was converted to the bromide (285) using PBr3. This 

bromide (285) was used in an alkylation reaction with phenol (144), but only phenol (144) and 

alcohol (284) were isolated after the work-up (Figure 2.53B, entries 9-10). The triflate version 

of the TBDPS alcohol (287) was also used but only afforded phenol and desilylated alcohol 

(Figure 2.53B, entry 11).  Attempts to make the tosylated version of the TBDPS alcohol (286) 

were unsuccessful.  
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 A reported procedure237 for rhodium-catalyzed allylic etherification with ortho-substituted 

phenols appeared promising. After making the needed carbonate (289) from allylic alcohol 

(288), this reaction was attempted, but only starting material and unidentified byproducts were 

obtained from the reaction (Figure 2.53B, entry 12).238 CuCl2 and catalyzed ether formation 

with but-3-yn-2-ol (x) also did not give any reaction (Figure 2.53B, entry 13). 

 Finally, but-3-yn-2-ol (290) was tosylated to yield 292 in 89% yield. 292 was then 

successfully alkylated onto phenol (144) with Cs2CO3 in MeCN at reflux, affording ether 

(282c) in 16% yield (Figure 2.53B, entry 14). The low yield was due to the tosylate (292) being 

fully consumed before reacting with the phenol (144). Therefore, after some optimization, it 

was found that the sequential addition of 3.0 equiv of the tosylate over 3 hours helped push the 

reaction to full conversion. The alkyne ether (282c) was isolated in 53% yield (Figure 2.53B, 

entry 15).  Now that a chiral ether could be made, the alkyne must be transformed to the -

CH2OH found in artoindonesianin Z-2. One route would be to take 282c through C±H insertion, 

then reduce and oxidatively cleave the alkyne to the needed -CH2OH group.  However, 

attempts at hydrazone formation to make 293 from 282c were unsuccessful (Figure 2.54). The 

second route would be to reduce and oxidatively cleave the alkyne to the -CH2OH group, then 

push it through C±H insertion. 5HGXFWLRQ�RI� WKH�DON\QH�ZLWK�/LQGODU¶V�FDWDO\VW afforded the 

desired alkene in 29% yield, but it co-eluted with the over-reduced alkane byproduct and 

cleavage byproduct to the phenol. 

 
Figure 2.54 Alkyne ether functionalization. 

The inability to functionalize the alkyne meant that this route had to be abandoned, even 

though it was the first successful formation of a chiral ether on the phenol core. Therefore, I 
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returned to the drawing board and hypothesized that the alkylation with the tosyl-alkyne 

electrophile (292) was successful due to the stability of the tosylated and the small steric bulk 

offered by the alkyne group. To test this hypothesis, a protected diol electrophile was designed 

where the primary alcohol was methylated then the secondary alcohol was tosylated to form 

the good leaving group (296) (Figure 2.55A). Phenol 144 was successfully alkylated with this 

electrophile (295) in nearly quantitative yield (98%) using Cs2CO3 in MeCN reflux and 

sequentially adding the electrophile over 3-4 hours.  

 

Figure 2.55 Synthesis of protected diol electrophiles: A. Methyl protected primary alcohol B. 

PMB-protected primary alcohol. 

 

While the discovery of high-yielding alkylation conditions to form the highly sterically 

hindered ether was exciting, the methyl-protected electrophile (281a) was not ideal since it was 

not available commercially as a single enantiomer and deprotection of the methyl group would 

be very difficult. However, 2-methyloxirane (296) was cheap and available commercially as 

the racemic mix, the single R enantiomer, and the single S enantiomer. The epoxide could be 

opened under basic conditions with any alcohol nucleophile we chose without eroding the 

stereocenter. PMB-alcohol was selected as the initial nucleophile since the PMB group 

provided two mild orthogonal deprotection conditions that would be needed later in the 
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synthesis. The addition of PMB alcohol to 2-methyloxirane (296) proceeded smoothly and was 

easily scalable (5 g scale), affording the diol (297) in 72% yield. 297 could then be tosylated 

(298, 54% yield) and used in the previous alkylation conditions to give ether 281b in 91% yield 

(Figure 2.55B). It was discovered that the tosylate (298) was not bench stable past 2-3 days 

and decomposed back to the alcohol (297).  Therefore, moving forward, the material was kept 

at the alcohol stage (297) and only tosylated when it could be used immediately after 

purification in the alkylation step.  

 

2.6.2. C±H Insertion stereoselectivity data from first-generation route 

 Now that the chiral ether insertion center could be obtained, the ether (281b) was pushed 

forward to access if the stereoselectivity trends observed for the reported C±H insertion into 

stereogenic centers methodology4 would hold true for a more complex substrate.  Hydrazone 

formation conditions from previously reported papers from the group used hydrazine and acetic 

acid in ethanol at 80 °C over 12 hours to condense hydrazine onto a ketone. Applying these 

conditions to ketone (281b) only afforded hydrazone (299) in 43-57% yield. Reducing the 

temperature to room temperature afforded hydrazone (299) in 90% yield in 2 hours (Figure 

2.56A). Similar increases in yield were observed for the formation of hydrazones for analogous 

aryl-alkyl ketones.239  

 When hydrazone 299 was subjected to the one-pot sequential C±H insertion conditions, 

similar stereoselectivity trends were observed to our previously published methodology.4 

Racemic hydrazone (299) with Rh2(R-PTAD)4 gave about a 1:1 mix of diastereomers in 

moderate yield (Figure 2.56 entry 1). Racemic starting material (299) with the achiral catalyst 

Rh2(mes)4 preferred the cis diastereomer (80:20 dr, Figure 2.56, entry 2) in high yield. All 

racemic hydrazone (299) led to racemic products (300-301). Enantiopure hydrazone (R-299) 

yielded enantiopure product, always with the S stereochemistry at the fused carbon, regardless 
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of the catalyst used (Figure 2.56 entries 3-4). The R enantiomer of hydrazone (R-299) appeared 

to EH�WKH�³PDWFK´�ZLWK�5K2(R-PTAD)4, preferring the cis diastereomer in 83:17 dr and 79% 

yield (Figure 2.56, entry 3). Meanwhile, the R enantiomer of hydrazone (R-299) appeared to 

EH� WKH�³PLV-PDWFK´�ZLWK�5K2(S-PTAD)4, preferring the trans diastereomer in 19:81dr and a 

much lower yield of 56% yield (Figure 2.56, entry 4). 

 
Figure. 2.56 A. Chiral C±H insertion core synthesis with PMB-protected alcohol B. 

Stereoselectivity data for C±H insertion. 

 

2.7 Conclusion 

 I have developed a unifying convergent synthetic strategy to access the 

furanodihydrobenzoxanthone natural product family. A key donor/donor C±H insertion forms 

the unique fused 6/6/5 tricyclic core stereoselectively and enables the rapid synthesis of the 

natural and unnatural stereoisomers. Current work on the total synthesis of 

cycloartobiloxanthone (1) and artoindonesianin Z-2 (2) focuses on finding conditions to make 

the final bond of the dihydroxanthone core. If those conditions are found, then global 
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deprotection would afford the final natural products. Synthetic access to this natural product 

family will enable future collaborative efforts to test the natural products, and their fused 

tricyclic pharmacophore for that many reported biological activities. 

 
2.8 Experimental section 

 

2.8.1 Right hemisphere: first-generation route  

 

 
(131) 3,4-Diisopropoxybenzaldehyde  

Following literature procedure, to a solution of 3,4-dihydroxybenzaldehyde (2.5 g, 18.4 mmol) 

in CH3CN (92 mL, 0.2 M) was added K2CO3 (7.6 g, 55.2 mmol) and isopropyl bromide (8.6 

mL, 92 mmol). The solution was heated at 80 °C overnight when an additional portion of 

isopropyl bromide (1.8 mL) was added. The solution was cooled, filtered, and concentrated in 

vacuo. The crude residue was purified by flash column chromatography on silica gel (80:20 

hexanes:EtOAc) to afford the product (3.8 g, 93%): 1H NMR (599 MHz, CDCl3��į�������V��

1H), 7.44 (d, J = 5.1 Hz, 2H), 6.99 (d, J = 8.6 Hz, 1H), 4.64 (dd, J = 12.1, 6.0 Hz, 1H), 4.54 

(dd, J = 12.1, 6.0 Hz, 1H), 1.46±1.36 (m, 6H), 1.36 (s, 6H). 1H NMR data of purified compound 

was consistent with the reported literature values.80 

 

 

(134) 1,2,4-triisopropoxybenzene 
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To a solution of 133 (431 mg, 2.0 mmol) in CH3CN (20 mL, 0.1 M) was added Cs2CO3 (1.3 g, 

4.0 mmol) and isopropyl bromide (0.28 mL, 3.0 mmol). The solution was heated at 80 °C 

overnight, and then cooled, filtered and concentrated in vacuo. The crude residue was purified 

by flash column chromatography on silica gel (95:5 hexanes:EtOAc) to afford the product 

(3420 mg, 81%): 1H NMR (599 MHz, CDCl3��į�������G��J = 8.7 Hz, 1H), 6.49 (d, J = 2.4 Hz, 

1H), 6.40 (dd, J = 8.6, 2.5 Hz, 1H), 4.56 ± 4.36 (m, 2H), 4.29 (dt, J = 12.1, 6.1 Hz, 1H), 1.51 

± 1.11 (m, 17H). 1H NMR data of purified compound was consistent with the reported literature 

values.80 

 

(135) 4-oxo-4-(2,4,5-triisopropoxyphenyl)butanoic acid 

A solution of 134 (252 mg, 1.0 mmol) in CH2Cl2 (5 mL, 0.05 M) and nitrobenzene (5 mL, 0.05 

M) was cooled to 0 °C. Succinic anhydride (110 mg, 1.1 mmol) was added, followed by AlCl3 

(332 mg, 2.5 mmol). The solution was allowed to warm to room temperature and then cooled 

before quenched with ice-cold DI H2O (50 mL). The solution was then acidified with 1M HCl 

(2 mL) to pH = 1. The organic was then extracted with Et2O (70 mL), dried over Na2SO4 and 

concentrated in vacuo. The product was carried to the next reaction with no further purification: 

1H NMR (400 MHz, CDCl3��į�������V���+���������V���+�������- 4.49 (m, 2H), 4.46 ± 4.23 (m, J 

= 6.3 Hz, 1H), 3.33 (t, J = 6.6 Hz, 2H), 2.72 (t, J = 6.6 Hz, 2H), 1.40 (d, J = 6.0 Hz, 6H), 1.37 

(d, J = 6.0 Hz, 6H), 1.30 (d, J = 6.0 Hz, 7H).  

 

 
(136) 4-(2,4,5-triisopropoxyphenyl)butanoic acid 
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To a solution of 135 (143.6 mg, 0.41 mmol) in CH2Cl2 (4.1 mL, 0.1 M) was added TFA (0.31 

mL, 4.1 mmol) followed by Et3SiH (0.19 mL, 1.2 mmol). Upon completion, the solution was 

diluted with CH2Cl2 (20 mL) and DI H2O (20 mL). The solution was basified by adding 10% 

NaOH (2 mL), and the aqueous was separated and then basified by 1 M HCl. The organic 

product was extracted with CH2Cl2 (5 x 10 mL), dried over Na2SO4, and concentrated in vacuo 

and used without further purification (80.8 mg, 59%). 1H NMR (400 MHz, CDCl3��į�������V��

1H), 6.48 (s, 1H), 4.35-4.22 (m, 3H), 2.57 (t, J = 7.2 Hz, 2H), 2.35 (t, J = 7.3 Hz, 2H), 1.89 (p, 

J = 7.2 Hz, 2H), 1.29-1.20 (m, 18H).  

 

 
(139) methyl 4-oxo-4-(2,4,5-trimethoxyphenyl)butanoate 

To a solution of 1,2,4-trimethoxybenzene (3.4 mL, 22.8 mmol, 1.0 equiv) dissolved in CH2Cl2 

(114mL, 0.2M) was added methyl 4-chloro-4-oxobutanoate (4.1 g, 27.4 mmol, 1.2 equiv). The 

solution was cooled to 0 °C and solid crystalline AlCl3 (3.6 g, 27.4 mmol, 1.2 equiv) was 

crushed and added over two portions. The solution was allowed to warm to room temperature 

overnight. A color change from dark brown to dark green was observed. The solution was 

quenched with 1 M HCl (50 mL) and extracted with CH2Cl2 (3 x 100 mL). Extracts change 

from olive green to pink in color. The combined organic extracts were dried over Na2SO4 and 

concentrated in vacuo. The crude residue was purified by flash column chromatography on 

silica gel (66:34 hexanes:EtOAc) to afford the product 139 (6.7 g, 97%): 1H NMR (599 MHz, 

CDCl3��į�������V���+���������V���+���������G��J = 13.8 Hz, 6H), 3.87 (s, 3H), 3.71 (s, 3H), 3.32 

(t, J = 6.1 Hz, 2H), 2.70 (t, J = 6.2 Hz, 2H).  
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(138) 4-oxo-4-(2,4,5-trimethoxyphenyl)butanoic acid 

To a flame dried round bottom flask backfilled with argon was added CH2Cl2 (150 mL, 0.2 M), 

1,2,4- trimethoxybenzene (4.5 mL, 30.1 mmol, 1 equiv), and freshly recrystallized succinic 

anhydride (3.6 g, 36.1 mmol, 1.2 equiv). The solution was cooled to 0 °C and solid crystalline 

AlCl3 (9.6 g, 72.2 mmol, 2.4 equiv) was crushed and added over three portions. The solution 

was allowed to warm to room temperature overnight and then was acidified with 1 M HCl (50 

mL) and the flask was washed with DI H2O. The organic product was extracted with CH2Cl2 

(5 x 50 mL) and then organic solvent was reduced to half by concentration in vacuo. The 

remaining organic layer was made basic with 10% NaOH (150 mL) and the aqueous layer was 

separated and acidified with 1 M HCl (350 mL). The organic product was extracted with 

CH2Cl2 (5 x 150 mL), dried over Na2SO4, and concentrated in vacuo. The resulting tan colored 

solid 138 was used without further purification (5.7 g, 71%): 1H NMR (400 MHz, CDCl3��į�

7.48 (s, 1H), 6.50 (s, 1H), 3.96 (s, 3H), 3.93 (s, 3H), 3.87 (s, 3H), 3.32 (t, J = 6.5 Hz, 2H), 2.74 

(t, J = 6.5 Hz, 2H); 13C NMR (101 MHz, CDCl3��į�������������������������������������������

112.5, 96.2, 56.2, 56.1, 56.1, 38.7, 28.8; AMM m/z calcd for C13H17O6+ (M + H)+ 269.1020, 

found 269.1017.  

 

 

(142) methyl 4-(2,4,5-trimethoxyphenyl)butanoate 
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To a flame dried round bottom flask backfilled with argon was added a solution of methyl 4-

oxo-4- (2,4,5-trimethoxyphenyl)butanoate 139 (380.9 mg, 1.3 mmol, 1 equiv) in CH2Cl2 (13.0 

mL, 0.1 M). Trifluoroacetic acid (TFA, 1.0 mL, 13.0 mmol, 10.0 equiv) was slowly added and 

a color change was observed from red to dark purple. Triethylsilane (5.1 mmol, 4.5 equiv) was 

added dropwise, and a reversal in color change from dark purple to red was seen. Upon 

competition, the reaction was quenched with DI H2O (15 mL) and extracted with CH2Cl2 (3 x 

25 mL), dried over Na2SO4, and concentrated in vacuo. The crude residue was purified by flash 

column chromatography on silica gel (66:34 hexanes:EtOAc) to afford a clear oil (276.0 mg, 

76%): 1H NMR (599 MHz, CDCl3��į�������V���+���������V���+���������V���+���������V���+��������

(s, 3H), 3.67 (s, 3H), 2.59 (t, J = 6.6 Hz, 2H), 2.33 (t, J = 6.5 Hz, 2H), 1.89 (t, J = 7.1 Hz, 2H).  

 

 

(141) 4-(2,4,5-trimethoxyphenyl)butanoic acid 

From 142: To a solution of 142 (272.3 mg, 1.0 mmol) in methanol (2.5 mL, 0.4 M), was added 

dropwise 1 M NaOH solution (2.5 mL). The solution was allowed to stir for 1 hour, and then 

was acidified with 1 M HCl (5 mL), extracted with CH2Cl2 (3 x 10 mL), dried over Na2SO4, 

and concentrated in vacuo. The resulting solid was used without further purification (244.3 mg, 

96%). 

 

From 138:  To a flame dried round bottom flask backfilled with argon was added a solution of 

138 (4.75 g, 17.7 mmol, 1 equiv) in CH2Cl2 (37.4 mL, 0.5 M). Trifluoroacetic acid (TFA, 7.2 

mL, 93.5 mmol, 5.0 equiv) was slowly added and a color change was observed from orange to 

dark green. Triethylsilane (78.8 mmol, 4.5 equiv) was added dropwise, and a color change to 
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brownish-red was seen. Upon competition, the reaction was quenched with DI H2O (50 mL) 

and extracted with CH2Cl2 (3 x 70 mL), dried over Na2SO4, and concentrated in vacuo. The 

crude residue was purified by flash column chromatography on silica gel (66:34 

hexanes:EtOAc) to afford a white flaky solid (3.5 g, 77%): 1H NMR (400 MHz, CDCl3��į������

(s, 1H), 6.51 (s, 1H), 3.88 (s, 3H), 3.83 (s, 3H), 3.79 (s, 3H), 2.62 (t, J = 7.3 Hz, 2H), 2.37 (t, J 

= 7.4 Hz, 2H), 1.91 (p, J = 7.3 Hz, 2H); AMM m/z calcd for C13H19O+ (M + H)+ 255.1227, 

found 255.1377.  

 

 

(143) 5,7,8-trimethoxy-3,4-dihydronaphthalen-1(2H)-one 

To a flame dried round bottom flask backfilled with argon was added 141 (2.0 g, 8.0 mmol, 

1.0 equiv) and CH2Cl2 (20 mL, 0.4 M). The solution was cooled to 0 °C and TFA (1.2 mL, 

16.0 mmol, 2.0 equiv) was added. A portion of trifluoroacetic anhydride (TFAA, 2.3 mL, 16.0 

mmol, 2.0 equiv) was added over 3 minutes. The solution was allowed to warm to room 

temperature overnight. The reaction was then made basic with 10% NaOH solution, extracted 

with CH2Cl2 (3 x 50 mL), dried over Na2SO4, and concentrated in vacuo. The crude residue 

was purified by flash column chromatography on silica gel (66:34 hexanes:EtOAc) to afford 

the product 143 (1.2 g, 61%); 1H NMR (400 MHz, CDCl3��į�������V���+���������V���+���������V��

3H), 3.83 (s, 3H), 2.80 (t, J = 6.2 Hz, 2H), 2.69 ± 2.51 (m, 2H), 2.04 (p, J = 6.4 Hz, 2H); 13C 

NMR (101 MHz, CDCl3��į��������������������������������������������������������������������

40.9, 22.9, 22.5; AMM m/z calcd for C13H17O4+ (M + H)+ 237.1121, found 237.1119.  

Note: On 0.8 mmol scale, 75% yield.  
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(144) 8-hydroxy-5,7-dimethoxy-3,4-dihydronaphthalen-1(2H)-one 

Compound 143 was split over three flame-dried round bottom flasks. The product (972.9 mg, 

4.1 mmol, 1 equiv) was added to flame-dried flasks and backfilled with argon and dissolved 

CH2Cl2 (40 mL, 0.1 M). The solution was cooled to 0 °C and BCl3 (1 M in CH2Cl2, 4.9 mmol, 

1.2 equiv) was added dropwise. The solution was kept at 0 °C until the reaction was complete 

(2-3 hours) and then quenched with saturated NH4Cl. All fractions were combined, and the 

organic layer was extracted with CH2Cl2 (3 x 50 mL), washed with H2O, brine, dried over 

Na2SO4, and concentrated in vacuo. The crude residue was purified by flash column 

chromatography on silica gel (80:20 hexanes:EtOAc) to afford the product (758 mg, 83%): 1H 

NMR (599 MHz, CDCl3��į��������G��J = 8.7 Hz, 1H), 6.80 (d, J = 8.5 Hz, 1H), 3.92 (d, J = 8.8 

Hz, 3H), 3.82 (d, J = 8.8 Hz, 3H), 2.84 (s, 2H), 2.67 (d, J = 5.4 Hz, 2H), 2.16 ± 2.01 (m, 2H); 

13C NMR (151 MHz, CDCl3��į���������������������������, 123.6, 117.0, 105.6, 77.4, 77.2, 

57.1, 56.8, 39.3, 22.60, 22.59; AMM m/z calcd for C12H15O4+ (M + H)+ 223.0965, found 

223.0961. 

Note: For best yields, each batch was kept around 1.3-1.4 mmol. 

 

 

(145) 8-isopropoxy-5,7-dimethoxy-3,4-dihydronaphthalen-1(2H)-one 
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To a solution of 144 (580 mg, 2.61 mmol, 1 equiv) in CH3CN (26 mL, 0.1 M) split into two 

batches in flame-dried 20mL PW vials, was added Cs2CO3 (2.55 g, 7.83 mmol, 3.0 equiv) and 

isopropyl bromide (1.47 mL, 15.7 mmol, 6.00). The solution was heated to 80 °C overnight, 

and then cooled, filtered, and concentrated in vacuo. The crude residue was purified on silica 

by flash column chromatography (90:10 to 80:20 hexanes:EtOAc) to afford the product (586 

mg, 85%): 1H NMR (599 MHz, CDCl3��į�������G��J = 2.3 Hz, 1H), 4.38 ± 4.18 (m, 1H), 3.86 

(d, J = 2.6 Hz, 3H), 3.84 (d, J = 2.5 Hz, 3H), 2.81 (dd, J = 8.2, 4.1 Hz, 2H), 2.58 (dd, J = 9.1, 

4.1 Hz, 2H), 2.12 ± 1.95 (m, 2H), 1.29 (d, J = 2.5 Hz, 3H), 1.28 (d, J = 2.6 Hz, 3H); 13C NMR 

(151 MHz, CDCl3��į��������������������������������������������������������������������������

23.2, 22.5, 22.3; AMM m/z calcd for C15H21O4+ (M + H)+ 265.1434, found 265.1434.  

 

(146) (8-isopropoxy-5,7-dimethoxy-3,4-dihydronaphthalen-1(2H)-ylidene)hydrazine 

To a solution of 145 (78 mg, 0.249 mmol, 1.0 equiv) in EtOH (0.83 mL, 0.3 M) was added 

N2H4 (0.063 mL, 1.99 mmol, 8.0 equiv) and acetic acid (0.028 mL, 0.498 mmol,  2.0 equiv). 

The solution was stirred at room temperature for 2-3 hours. The reaction was diluted with Et2O 

(15 mL), washed with DI H2O (10 mL), and extracted with Et2O (2 x 15 mL). The combined 

organic layer was washed with NaCl (aq, sat), dried over Na2SO4, and concentrated in vacuo. 

The crude residue was purified on silica by flash column chromatography (80:20 to 60:40 

hexanes:EtOAc) to afford the product (75 mg, 93%): 1H NMR (599 MHz, CDCl3��į�������V��

1H), 6.06 (s, 2H), 4.10 (s, 1H), 3.87 (d, J = 7.3 Hz, 3H), 3.81 (d, J = 10.7 Hz, 3H), 2.71 ± 2.49 

(m, 3H), 2.46 (s, 1H), 1.95 (s, 1H), 1.77 (s, 1H), 1.24 ± 1.19 (m, 6H); AMM m/z calcd for 

C15H23N2O3+ (M + H)+ 279.1703, found 279.1701.  
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(148) 6,8-dimethoxy-2,2-dimethyl-2a,3,4,5-tetrahydro-2H-naphtho[1,8-bc]furan 

To a solution of 146 (80 mg, 0.244 mmol, 1.0 equiv) in CH2Cl2 (15 mL, 0.015 M) was added 

MnO2 (169 mg, 1.96 mmol, 8.0 equiv), and the solution was allowed to stir until all the 

hydrazone had converted to diazo noted by TLC and a pink color (its very important to make 

sure all the hydrazone has been oxidized before moving to the next step or else left over 

hydrazone will react with carbene to form unwanted byproducts). 

The solution was then cooled to ±40 °C. The dirhodium catalyst Rh2(PTAD)4 (3.80 mg, 

0.00244 mmol, 0.01 equiv) was added, and the solution was kept at ±40 °C until the reaction 

was complete. The suspension was then filtered over Celite and concentrated in vacuo. The 

crude residue was purified on silica by flash column chromatography (90:10 hexanes:EtOAc) 

to afford the product (59.0 mg, 81%, 99:1 e.r.): 1H NMR (599 MHz, CDCl3��į�������V���+�� 

3.87 (s, 3H), 3.77 (s, 3H), 3.01 (d, J = 11.3 Hz, 1H), 2.69 (d, J = 17.5 Hz, 1H), 2.39 (s, 1H), 

2.13 (s, 1H), 1.97 ± 1.84 (m, 1H), 1.63 (s, 3H), 1.60 (s, 1H), 1.30 (d, J = 12.4 Hz, 1H), 1.14 (s, 

3H); 13C NMR (151 MHz, CDCl3��į�����������������������������115.7, 97.0, 93.5, 56.9, 56.2, 

49.4, 27.5, 23.3, 23.2, 21.8, 21.1; AMM m/z calcd for C15H21O3+ (M + H)+ 249.1486, found 

249.1482. 

 

2.8.2 Right hemisphere: second-generation route 

 

 

N
OCH3

H3CO
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(229) 7-methoxy-3,4-dihydronaphthalen-1(2H)-one O-methyl oxime Following a modified 

literature precedent,177 7-methoxytetralone (20.0 g 113 mmol) and methoxyamine 

hydrochloride (11.8 g, 170 mmol) were added to a round bottom flask. Pyridine (22.9 mL, 284 

mmol) and ethanol (227 mL, 0.5 M) were added, then the reaction was refluxed at 80 °C for 3 

hours. After cooling down, the reaction was concentrated and rediluted in CH2Cl2, then washed 

sequentially with 1 M HCl (1 x 50 mL), NaHCO3(sat) (1 x 50 mL), and brine (1 x 50 mL). The 

organic layer was dried over Na2SO4, filtered, and concentrated in vacuo. The crude reaction 

mixture required no further purification after workup affording oxime 229 as a light yellow 

solid (21.7 g, 93%): 1H NMR (400 MHz, CDCl3) į�������G��J = 2.7 Hz, 1H), 7.04 (d, J = 8.4 

Hz, 1H), 6.84 (dd, J = 8.4, 2.8 Hz, 1H), 3.99 (s, 3H), 3.83 (s, 3H), 2.73 ± 2.63 (m, 4H), 1.87 ± 

1.76 (m, 2H). 1H NMR data was consistent with literature values.177 

 
(236) 8-hydroxy-7-methoxy-3,4-dihydronaphthalen-1(2H)-one O-methyl oxime  

Following a modified literature procedure,189 oxime 229 (1.00 g, 4.87 mmol), Pd(OAc)2 (0.054 

g, 0.24 mmol, 5 mol%), triphenylphosphine (0.255 g, 0.974 mmol), and MeCN (16.3 mL, 

0.3M) were added to a round bottom flask and stirred at room temperature for 30 minutes. Then 

K2S2O8 (3.59 g, 5.84 mmol) was added to the reaction, and it was heated at 95 °C for 44 hours. 

The reaction was cooled down and filtered through a pad of celite.  

 

Note: Specifically, K2S2O8 (the dimer) was used not the related OxoneTM, there is an observed 

difference in reactivity for this substrate where no reaction is observed with OxoneTM. This has 

been reported before by the Sanford group.185 

 

N
OCH3

H3CO
OH
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The crude product was solid loaded onto silica and purified by flash column chromatography 

(80:20 Hexanes:EtOAc) affording the hydroxylated oxime 236 as a yellow solid (Gram scale: 

0.381 g, 35%, 500mg scale: 47%) 1H NMR (400 MHz, CDCl3��į��������V���+�����81 (d, J = 8.1 

Hz, 1H), 6.60 (d, J = 8.2 Hz, 1H), 3.99 (s, 3H), 3.88 (s, 3H), 2.78 (t, J = 6.6 Hz, 2H), 2.72 (t, J 

= 5.6 Hz, 2H), 1.83 (p, J = 6.5 Hz, 2H). 13C NMR (101 MHz, CDCl3��į�������������������������

132.57, 118.18, 114.58, 113.28, 62.58, 56.47, 29.64, 24.56, 21.54. AMM (ESI) m/z calcd for 

C12H16NO3+[M+H]+ 222.1130, found 222.1130 

 

 

 
(257) 7-methoxy-3,4-dihydronaphthalen-1(2H)-one O-acetyl oxime 

Following a modified literature procedure,199 7-methoxytetralone (30.0 g, 170 mmol, 1.0 

equiv), hydroxylamine hydrochloride (17.7 g, 225 mmol, 1.5 equiv), EtOH (77 mL, 2.2 M), 

and pyridine (38 mL, 476 mmol, 2.8 equiv) were added to a round bottom flask. The reaction 

was heated at 60 °C for 10 hours, then it was cooled down to room temperature. Acetic 

anhydride (32.1 mL, 340 mmol, 2.0 equiv), DMAP (0.207 g, 1.7 mmol, 0.01 equiv), and 

pyridine (77 mL) were added. The reaction was stirred at room temperature for 16 hours. The 

solution was neutralized with NaHCO3 (sat.) (50 mL), diluted with H2O (100 mL), and 

extracted with EtOAc (3 x 70 mL). The organics were combined and washed with brine (2 x 

20 mL) and H2O (2 x 20 mL), dried over Na2SO4, and concentrated in vacuo. Often the product 

is pure after work-up, but if byproducts do remain, it can be purified. The crude product was 

purified by flash column chromatography (15:85 EtOAc:hexanes) affording O-acetyl oxime 

257 as a white solid (37.6 g, 95%): 1H NMR (400 MHz, CDCl3��į�������G��J = 2.8 Hz, 1H), 

7.09 (d, J = 8.5 Hz, 1H), 6.93 (dd, J = 8.4, 2.8 Hz, 1H), 3.83 (s, 3H), 2.87 ± 2.81 (m, 2H), 2.75 

± 2.70 (m, 2H), 2.27 (s, 3H), 1.87 (p, J = 6.7 Hz, 2H).1H NMR data was consistent with 

N
OAc

H3CO
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literature values.240 13C NMR (101 MHz, CDCl3��į�����������������������������������������

129.67, 118.74, 108.42, 55.54, 28.76, 25.51, 21.57, 19.90. AMM (ESI) m/z calcd for 

C13H16NO3+[M+H]+ 234.1125, found 234.1128. 

 

 
(258) 8-(acetoxyimino)-2-methoxy-5,6,7,8-tetrahydronaphthalen-1-yl acetate 

Following a modified literature procedure,198,200 257 (10.0 g, 42.9 mmol, 1.0 equiv), PIDA 

(21.4 g, 64.3 mmol, 1.5 equiv), Pd(OAc)2 (0.480 g, 2.14 mmol, 5 mol%), and AcOH/Ac2O 

(10:1 v/v, 0.4 M) were added to a flame-dried round bottom flask.  The reaction was heated to 

70 °C for 24 hours, cooled down to room temperature, and diluted in H2O. The mixture was 

extracted with EtOAc (3 x 100 mL), dried over Na2SO4, and concentrated in vacuo. The crude 

product was solid-loaded onto celite, and purified by flash column chromatography (0%-50% 

gradient of EtOAc:hexanes) affording acetoxylated oxime 258 as a yellow-orange solid (10.4 

g, 83%): 1H NMR (300 MHz, CDCl3��į�������G��J = 8.4 Hz, 2H), 6.98 (d, J = 8.4 Hz, 1H), 3.82 

(s, 3H), 2.86 (t, J = 6.7 Hz, 2H), 2.71 (t, J = 6.1 Hz, 2H), 2.42 (s, 3H), 2.19 (s, 3H), 1.83 (bs, 

2H).1H NMR data was consistent with literature values.191,192 

 
 

 
(227) 7-methoxy-8-hydroxy-3,4-dihydronaphthalen-1(2H)-one 

258 (3.52 g, 12.1 mmol, 1.0 equiv) and dioxanes (40.3 mL, 0.3M) were added to a round-

bottom. Concentrated HCl (~3 mL) was added to solution, then the reaction was heated at 

reflux for 3 hours. The reaction was cooled down and slowly quenched with NaHCO3(sat.) (20 

mL). The mixture was diluted in H2O, extracted with EtOAc (3 x 20 mL), dried over Na2SO4 

and concentrated in vacuo. The crude product was purified by flash column chromatography 
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(30:70 EtOAc:hexanes) affording phenol 227 as a light yellow solid (2.18 g, 94%): 1H NMR 

(400 MHz, CDCl3��į��������V���+���������G��J = 8.1 Hz, 1H), 6.66 (d, J = 8.2 Hz, 1H), 3.88 (s, 

3H), 2.92 ± 2.84 (m, 2H), 2.72 ± 2.64 (m, 2H), 2.09 (p, J = 6.3 Hz, 2H). 1H NMR data was 

consistent with literature values.241 13C NMR (101 MHz, CDCl3��į�������������������������

136.23, 117.76, 117.60, 117.00, 56.34, 39.07, 29.24, 23.27. AMM (ESI) m/z calcd for 

C11H13O3+[M+H]+ 193.0864, found 193.0863. 

 
 

 
 
(199) 8-isopropoxy-7-methoxy-3,4-dihydronaphthalen-1(2H)-one  

227 (0.733 g, 3.83 mmol, 1.0 equiv) and Cs2CO3 (3.73 g, 11.5 mmol, 3.0 equiv) were added to 

a flame-dried 20 mL microwave vial. The vial was sealed and backfilled with Ar x 3. MeCN 

(12.7 mL, 0.3M) then iPr-I (0.76 mL, 7.66 mmol, 2.00 equiv) were added to the vial. The 

solution was heated at 80 °C overnight.  The reaction was cooled down to room temperature, 

Cs2CO3 was filtered off, and the filtrate was concentrated in vacuo. The crude product was 

purified by flash column chromatography (20:80 EtOAc:Hexanes), affording isoproylated 

tetralone 199 as a yellow oil (0.771 g, 86%): 1H NMR (400 MHz, CDCl3) į�������G��J = 8.4 

Hz, 1H), 6.91 (d, J = 8.3 Hz, 1H), 4.41 (hept, J = 6.2 Hz, 1H), 3.82 (s, 3H), 2.87 (t, J = 6.1 Hz, 

2H), 2.59 (t, J = 6.6 Hz, 2H), 2.04 (p, J = 6.5 Hz, 2H), 1.31 (s, 3H), 1.30 (s, 3H).13C NMR (101 

MHz, CDCl3��į������������������������������������������������������������������������������

30.31, 23.21, 22.42(2). AMM (ESI) m/z calcd for C14H19O3+[M+H]+ 257.1147, found 

257.1153. 
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(259) 8-isopropoxy-7-methoxy-3,4-dihydronaphthalen-1(2H)-ylidene hydrazine  

199 (100. mg, 0.427 mmol, 1.0 equiv) in anhydrous EtOH (1.42 mL) was addd to a flame-dried 

round bottom flask backfilled with Ar. Acetic acid (0.049 mL, 0.854 mmol, 2.0 equiv) then 

hydrazine (0.080 mL, 2.56 mmol, 6.0 equiv) were added. The reaction was stirred at room 

temperature for 2 hours. The mixture was dumped into H2O (5 mL), extracted with EtOAc (3 

x 5 mL), dried over Na2SO4, and concentrated in vacuo. The crude reaction mixture required 

no further purification after workup affording hydrazone 259 as a light yellow oil (105 mg, 

99%): 1H NMR (400 MHz, CDCl3��į�������V���+���������bs, 2H), 4.27 ± 4.17 (m, 1H), 3.82 (s, 

3H), 2.59 ± 2.52 (m, 3H), 2.46 (t, J = 6.7 Hz, 2H), 1.87 ± 1.78 (m, 2H), 1.23 (d, J = 6.2 Hz, 

7H). 13C NMR (101 MHz, CDCl3��į��������������������������������������������������������

57.02, 30.50, 25.10, 22.37(2), 22.16. 

 
 

 
(192) 8-methoxy-2,2-dimethyl-2a,3,4,5-tetrahydro-2H-naphtho[1,8-bc]furan  

To a solution of 259 (3.31 g, 13.3 mmol, 1.0 equiv) in CH2Cl2 (133 mL, 0.1 M) was added 

MnO2 (6.88 g, 80.0 mmol, 6.0 equiv), and the solution was allowed to stir until all the 

hydrazone had converted to diazo noted by TLC and a pink color, about 3 hours (its very 

important to make sure all the hydrazone has been oxidized before moving to the next step or 

else left over hydrazone will react with carbene to form unwanted byproducts). The solution 

was then cooled to 0 °C. The dirhodium catalyst Rh2(S-PTAD)4 (208 mg, 0.133 mmol, 0.01 
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equiv) was added, and the solution was allowed to warm to room temperature until the reaction 

was complete (complete in 30 mins but can be left to stir overnight without issue). The 

suspension was then filtered over Celite and concentrated in vacuo. The crude residue was 

purified on silica by flash column chromatography (80:20 hexanes:EtOAc) to afford the 

product 192 as a clear oil (2.64 g, 91% with 1 mol% catalyst; yield drops to 78% if 0.02 mol% 

of catalyst used):  1H NMR (400 MHz, CDCl3��į�������G��J = 7.3 Hz, 1H), 6.57 (d, J = 8.2 Hz, 

1H), 3.84 (s, 3H), 3.05 (dddd, J = 12.1, 5.7, 2.0, 1.0 Hz, 1H), 2.74 (ddd, J = 17.0, 6.6, 1.3 Hz, 

1H), 2.56 (dddt, J = 17.0, 11.8, 6.7, 1.6 Hz, 1H), 2.10 (ddddd, J = 13.4, 6.6, 4.2, 2.8, 1.5 Hz, 

1H), 1.91 (dtd, J = 11.7, 4.4, 3.0 Hz, 1H), 1.79 ± 1.67 (m, 1H), 1.65 (s, 3H), 1.34 (dtd, J = 13.1, 

12.0, 2.8 Hz, 1H), 1.16 (s, 3H). 13C NMR (101 MHz, CDCl3��į���������������������������������

119.44, 112.50, 94.03, 56.40, 49.21, 27.63, 25.00, 23.79, 23.56, 21.82. 

 

 

 
(193) 8-methoxy-2,2-dimethyl-2,2a,3,4-tetrahydro-5H-naphtho[1,8-bc]furan-5-one 

A solution of 192 (1.34 g, 6.14 mmol, 1.0 equiv) in MeCN/H2O (5/1 v/v, 0.1M) was cooled to 

0 °C. A ground mixture of KMnO4/MnO2 (1:3 w/w, 12.3 g, 2 g per 1 mmol of 192) was added 

and the reaction was stirred at 0 °C for 6 hours. The reaction was filtered through a celite and 

alumina plug and diluted in EtOAc. The filtrate was washed with H2O (3 x 30 mL) and brine 

(3 x 50 mL), dried over Na2SO4, and concentrated in vacuo. The crude product was purified 

immediately by flash column chromatography (40:60 EtOAc:hexanes) affording ketone 193 as 

a white solid (0.331 g, 23%): 1H NMR (400 MHz, CDCl3��į�������G��J = 8.5 Hz, 1H), 6.83 (d, 

J = 7.7 Hz, 1H), 3.94 (s, 3H), 3.42 (dd, J = 12.5, 4.6 Hz, 1H), 2.74 (ddd, J = 17.4, 4.0, 2.5 Hz, 
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1H), 2.54 (ddd, J = 17.4, 13.7, 4.7 Hz, 1H), 2.14 (ddt, J = 12.2, 4.7, 2.4 Hz, 1H), 2.06 ± 1.92 

(m, 1H), 1.72 (s, 3H), 1.26 (s, 3H). 13C NMR (101 MHz, CDCl3��į 196.13, 148.58, 144.07, 

139.15, 123.69, 119.28, 112.75, 94.14, 56.31, 48.60, 38.91, 27.90, 25.49, 22.35. 

 

 
(264) 2a-hydroxy-8-methoxy-2,2-dimethyl-2,2a,3,4-tetrahydro-5H-naphtho[1,8-

bc]furan-5-one  

Alcohol 264 was the byproduct of the KMnO4/MnO2 oxidation reaction. It was isolated after 

the same column of the crude product purified by flash column chromatography 40:60 

EtOAc:hexanes affording byproduct 264 as a yellow solid: 1H NMR (400 MHz, CDCl3��į������

(d, J = 8.4 Hz, 1H), 6.95 (d, J = 8.5 Hz, 1H), 3.98 (s, 3H), 3.14 (ddd, J = 18.0, 12.6, 5.5 Hz, 

1H), 2.65 (ddd, J = 17.7, 4.5, 2.1 Hz, 1H), 2.35 ± 2.20 (m, 2H), 1.89 (s, 1H), 1.70 (s, 3H), 1.32 

(s, 3H). 13C NMR (76 MHz, CDCl3��į����������������������������������23.29, 120.01, 114.14, 

96.47, 77.03, 56.42, 35.04, 29.99, 24.30, 20.92. 

 

 
(260) 6-bromo-8-methoxy-2,2-dimethyl-2,2a,3,4-tetrahydro-5H-naphtho[1,8-bc]furan-5-

one 

193 (0.330 g, 1.42 mmol, 1.0 equiv) and freshly recrystallized NBS (0.278 g, 1.56 mmol, 1.1 

equiv) were added to a flame-dried round bottom flask and it was backfilled with Ar x 3. 

Anhydrous CH2Cl2 (4.7 mL, 0.3 M) was added and the reaction was stirred at room temperature 
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overnight. The reaction was concentrated in vacuo, then purified by flash chromatography 

(40:60 EtOAc:hexanes) to afford the aryl bromide 260 as an orange solid (358 mg, 81%): 1H 

NMR (400 MHz, CDCl3��į�������G��J = 0.7 Hz, 1H), 3.93 (s, 3H), 3.46 ± 3.38 (m, 1H), 2.85 ± 

2.74 (m, 1H), 2.55 (ddt, J = 17.4, 13.8, 5.3 Hz, 1H), 2.09 (dtd, J = 12.2, 4.8, 2.4 Hz, 1H), 2.02 

± 1.91 (m, 1H), 1.71 (s, 3H), 0.88 (s, 3H). 

 

 

 
(262) 6-hydroxy-8-methoxy-2,2-dimethyl-2,2a,3,4-tetrahydro-5H-naphtho[1,8-bc]furan-

5-one 

Aryl bromide 260 (91 mg, 0.292 mmol, 1.0 equiv), PdCl2dppf (2.38 mg, 0.0292 mmol, 10 

mol%), B2pin2 (297 mg, 1.17 mmol, 4.0 equiv), and KOAc (230 mg, 2.34 mmol, 8.0 equiv) 

were added to a flame-dried microwave vial and backfilled with Ar x 3. Anhydrous toluene 

(3.65 mL, 0.08 M) was added, then the reaction was heated to 100 °C for 45 minutes. The 

reaction was cooled down, diluted in H2O (5 mL), and extracted with CH2Cl2 (3 x 5 mL). The 

organics were concentrated in vacuo and the crude aryl Bpin product was pushed immediately 

into the next reaction.  

The crude aryl Bpin in MeCN (2.92 mL, 0.1 M) was added to a round bottom flask. H2O (2.92 

mL, 0.1M) was added followed by NaBO3
.4H2O (462 mg, 2.92 mmol, 10 equiv). The reaction 

was stirred at room temperature for 2 hours. The mixture was diluted with NaS2O3(sat.) (5 mL) 

and H2O (5 mL), then extracted with EtOAc (3 x 10 mL). The organics were combined, dried 

over Na2SO4, and concentrated in vacuo.  The crude product was solid loaded on silica and 

purified by flash chromatography (30:70 EtOAc:hexanes) to afford phenol 262 as a light yellow 
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solid (47.1 mg, 65% over 2 steps): AMM (ESI) m/z calcd for C15H18O4+[M+H]+ 249.1122, 

found 249.1122.  

 

 
(150) 6,8-dimethoxy-2,2-dimethyl-2,2a,3,4-tetrahydro-5H-naphtho[1,8-bc]furan-5-one 

Cs2CO3 (200 mg, 0.568 mmol, 3.00 equiv) was added to a flame-dried microwave vial and 

backfilled with Ar x 3. Phenol 262 (47 mg, 0.189 mmol, 1.0 equiv) in MeCN (1.89 mL, 0.1M) 

was added, followed by methyl iodide (0.024 mL, 0.378 mmol, 2.0 equiv). The reaction was 

heated to 50 °C for 2 hours. The reaction was cooled down, filtered, and concentrated in vacuo. 

The crude product was purified by flash chromatography (40:60 EtOAc:hexanes) to afford 150 

(47.1 mg, 95%): 1H NMR (600 0+]��&'&O���į�������V���+���������V���+���������V���+��������± 

3.30(m, 1H), 2.78 ± 2.67 (m, 1H), 2.51 (td, J = 13.6, 6.7 Hz, 1H), 2.10 ± 2.00 (m, 1H), 1.99 ± 

1.87 (m, �+���������V���+���������V���+�����&�105������0+]��&'&O���į����������������������

139.5, 112.4, 96.6, 92.6, 56.6, 56.3, 49.4, 40.0, 27.6, 24.5, 22.1; AMM m/z calcd for 

C15H19O4+ (M + H)+ 263.1278, found 263.1276. 

 

 
(155) (S)-5-chloro-6,8-dimethoxy-2,2-dimethyl-2a,3-dihydro-2H-naphtho[1,8-bc]furan-

4-carbaldehyde 

150 (16 mg, 0.061 mmol, 1.0 equiv) in DMF (0.294 mL, 3.05 mmol, 50 equiv) was added to a 

flame-dried microwave vial under Ar and the solution was heated to 40 °C. POCl3 (0.071 mL, 
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0.610 mmol, 10 equiv) was added and the reaction was continued to be heated for 30 minutes. 

The reaction was cooled down to room temperature, quenched with a saturated K2CO3(aq) 

solution (1 mL), and stirred at room temperature for 5 minutes. The mixture was extracted with 

Et2O (3 x 5 mL), dried over Na2SO4, and concentrate in vacuo. The crude product 155 was 

used without further purification (14.3 mg, 76%): 1H NMR (300 MHz, CDCl3��į��������V���+���

6.77 (dd, J = 9.9, 0.7 Hz, 1H), 6.12 (s, 1H), 6.09 (dd, J = 2.3, 0.7 Hz, 1H), 5.80 (d, J = 2.3 Hz, 

1H), 5.55 (d, J = 9.9 Hz, 1H), 3.87 (s, 4H), 3.65 (s, 3H), 3.49 (s, 3H), 3.46 ± 3.32 (m, 2H), 2.98 

(dd, J = 15.3, 6.9 Hz, 1H), 2.27 (t, J = 15.5 Hz, 1H), 1.49 (s, 6H), 1.46 (s, 4H), 1.33 (s, 4H). 

 

 

 

 
(277) 5-chloro-6,8-dimethoxy-2,2-dimethyl-2a,3-dihydro-2H-naphtho[1,8-bc]furan 

150 (58 mg, 0.221 mmol, 1.0 equiv) in DMF (0.736 mL, 0.3 M) was added to a flame-dried 

microwave vial under Ar.  POCl3 (0.027 mL, 0.287 mmol, 1.3 equiv) was added dropwise then 

the reaction was heated to 40 °C for 1 hour. The reaction was cooled down to room temperature, 

quenched with a saturated K2CO3(aq) solution (1 mL), and stirred at room temperature for 5 

minutes. The mixture was extracted with EtOAc (3 x 5 mL), dried over Na2SO4, and 

concentrate in vacuo. The crude product was purified by flash chromatography (20:80 

EtOAc:hexanes) to afford the vinyl chloride byproduct 277 as a bright yellow oil (45 mg, 66%) 

that degrades quickly overnight: 1H NMR (400 MHz, CDCl3��į�������G��J = 0.9 Hz, 1H), 5.89 

(dd, J = 7.0, 2.8 Hz, 1H), 3.88 (s, 3H), 3.81 (s, 3H), 3.37 (dd, J = 15.0, 8.0 Hz, 1H), 2.36 ± 2.18 

(m, 2H), 1.61 (s, 3H), 1.27 (s, 4H). 
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(267b) 8-methoxy-2,2-dimethyl-2,2a,3,4-tetrahydro-5H-naphtho[1,8-bc]furan-5-one O-

acetyl oxime 

193 (0.086 g, 0.370 mmol, 1.0 equiv), hydroxylamine-HCl (0.103 g, 1.48 mmol, 4.0 equiv), 

and pyridine (12.3. mL, 0.03 M) were added to a round bottom flask and the reaction was 

heated to 80 °C overnight. The reaction was cooled down then DMAP (0.023 g, 0.185 mmol, 

0.5 equiv) and Ac2O (3.78 mL, 3.70 mmol, 10.0 equiv) were added and the reaction was stirred 

at room temperature overnight. The reaction was quenched with NaHCO3 (aq) (20 mL) and 

extracted with EtOAc (3 x 20 mL) and dried over Na2SO4 and concentrated in vacuo. The crude 

product was purified by flash column chromatography (50:50 EtOAc:hexanes) affording 8-

methoxy-2,2-dimethyl-2,2a,3,4-tetrahydro-5H-naphtho[1,8-bc]furan-5-one O-acetyl oxime 

(267b) as a white solid (0.081 g, 76%): 1H NMR (300 MHz, CDCl3��į�������G��J = 8.5 Hz, 1H), 

6.79 (d, J = 9.4 Hz, 1H), 3.91 (s, 3H), 3.50 ± 3.37 (m, 1H), 3.17 (dd, J = 12.6, 4.5 Hz, 1H), 

2.47 ± 2.32 (m, 1H), 2.26 (s, 3H), 2.02 (td, J = 4.8, 2.4 Hz, 1H), 1.69 (s, 4H), 1.67 ± 1.53 (m, 

1H), 1.22 (s, 4H). 

 

 
(270) 5-(acetoxyimino)-8-methoxy-2,2-dimethyl-2a,3,4,5-tetrahydro-2H-naphtho[1,8-

bc]furan-6-yl acetate 
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267b (0.060 g, 0.207 mmol, 1.0 equiv), Pd(OAc)2 (0.014 g, 0.062 mmol, 0.3 equiv), PIDA 

(0.133 g, 0.414 mmol, 2.0 equiv), and 10:1 mix of AcOH/Ac2O (1.90mL:0.191mL, 0.1M) were 

added to a microwave vial. The reaction was heated to 80 °C overnight. The reaction was 

quenched with NaHCO3 (1 mL), diluted in H2O (2 mL), and extracted with EtOAc ( 3 x 2 mL). 

The combined organics were dried over Na2SO4. The crude product was purified by flash 

column chromatography (50:50 Et2O:pentanes) affording 5-(acetoxyimino)-8-methoxy-2,2-

dimethyl-2a,3,4,5-tetrahydro-2H-naphtho[1,8-bc]furan-6-yl acetate 270 as a light yellow solid 

(0.023 g, 32%):  1H NMR (400 MHz, CDCl3��į�������V���+���������V���+��������± 3.37 (m, 1H), 

3.22 ± 3.13 (m, 1H), 2.42 (s, 3H), 2.42 ± 2.31 (m, 3H), 2.18 (s, 3H), 1.99 (dtd, J = 12.1, 4.9, 

2.4 Hz, 1H), 1.67 (s, 3H), 1.63 ± 1.57 (m, 1H), 1.24 (s, 3H). 

 

2.8.3 Left hemisphere: phenol functionality 

 
(164) 5,7-dihydroxy-2,2-dimethylchroman-4-one  

Adapted from a reported procedure114, phloroglucinol (5.00 g, 39.6 mmol, 1.0 equiv) and 3-

methylcrotonic acid (4.75g, 47.5 mmol, 1.2 equiv) were added to a flame dried microwave vial, 

and then it was backfilled with argon. To the solution was added BF3-Et2O (19.6 mL, 158.4 

mmol, 4.0 equiv), then the reaction was heated to 80 °C for 10 minutes. The reaction was 

cooled down to room temperature and left to stir overnight (yellow solution to orange 

solution). The reaction was poured into an ice water solution adjusted to a pH ~10 using 10% 

KOH (aq). The aqueous layer was washed with EtOAc (3 x 10 mL), then it was acidified with 

10% HCl (aq) to a pH ~1 and stirred for 10 minutes. The solution was filtered, washed with 

H2O, and the precipitate was collected affording 5,7-dihydroxy-2,2-dimethylchroman-4-one 

(164) as a white solid (7.80 g, 95%). 

OH

OHO

O

H3C
H3C
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Note: Add anhydrous Et2O if small scale and more solvent is needed. 

1H NMR (400 MHz, CDCl3��į��������������������������������������������������������������������

2.68, 2.66, 2.14, 2.12, 2.11, 2.10, 2.09, 2.07, 2.07, 2.06, 2.05, 2.05, 0.00. 

 

 

 

(165) 5-hydroxy-7-methoxy-2,2-dimethylchroman-4-one 

Adapted from a reported literature procedure114, add 5,7-dihydroxy-2,2-dimethylchroman-4-

one (0.369 g, 1.77 mmol, 1.0 equiv), K2CO3 (0.489 g, 3.54 mmol, 2.0 equiv), and acetone (4.0 

mL, 0.5M) to flame dried round bottom flask fitted with a reflux condenser. To the solution 

was added methyl iodide (0.154 mL, 2.48 mmol, 1.4 equiv), then it was heated to reflux (55 

°C) for 1 hr. The reaction was cool down to room temperature, filtered, and the filtrate was 

concentrated in vacuo. The crude product was diluted in H2O and extracted with hexanes (3 x 

10 mL). The combined organics were dried over Na2SO4, and concentrate in vacuo affording 

5-hydroxy-7-methoxy-2,2-dimethylchroman-4-one (165) as a light orange solid (0.320 mg, 

81%): 1H NMR (400 MHz, CDCl3��į��������V���+���������G��J = 2.3 Hz, 1H), 5.94 (d, J = 2.3 

Hz, 1H), 3.80 (s, 3H), 2.68 (s, 2H), 1.45 (s, 7H).  1H NMR data was consistent with literature 

values114,242 

 

 

(166) 7-methoxy-2,2-dimethyl-4-oxochroman-5-yl 4-methylbenzenesulfonate 

OH

OCH3O

O

H3C
H3C

OTs

OCH3O
H3C

H3C

O
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Adapted from a reported literature procedure114, 165 (0.260 g, 1.17 mmol, 1.0 equiv), tosyl 

chloride (0.223 g, 1.17 mmol, 1.0 equiv), and acetone (4.0 mL, 0.3M) were added to a flame 

dried round bottom flask under argon. A reflux condenser was added then the reaction was 

refluxed at 60 °C for 3 hours. The reaction was cooled down, K2CO3 was filtered off, and the 

filtrate was concentrated in vacuo. The crude product was purified by flash column 

chromatography (50:50 EtOAc:hexanes) affording 7-methoxy-2,2-dimethyl-4-oxochroman-5-

yl 4-methylbenzenesulfonate (166) as a clear oil (0.294 g, 67%): 1H NMR (599 MHz, cdcl3��į�

7.89 (dt, J = 8.4, 1.9 Hz, 2H), 7.32 (d, J = 7.9 Hz, 2H), 6.44 (s, 1H), 6.33 (s, 1H), 3.80 (t, J = 

1.9 Hz, 4H), 2.54 (s, 3H), 2.43 (s, 4H), 1.36 (t, J = 1.9 Hz, 8H). 13C NMR (101 MHz, CDCl3) 

į� �������� �������� �������� �������� �������� �������� ����������� ����������� �������� ��������

100.77, 79.45, 55.82, 49.54, 26.34(2), 21.71. IR (thin film) 2976, 1689, 1614, 1433, 1197 cm-

1. AMM (ESI) m/z calcd for C19H21O6S+[M+H]+ 377.1058, found 377.1023. 

 

 

(166-int) 4-hydroxy-7-methoxy-2,2-dimethylchroman-5-yl 4-methylbenzenesulfonate  

166 (0.260 g, 0.691 mmol, 1.0 equiv) in THF (25 mL, 0.03M) was added to a flame-dried round 

bottom flask under argon. BH3.THF (0.889 mL, 0.829 mmol, 1.2 equiv) was added and stirred 

at 40 °C for 1.5 hrs. The reaction was quenched with H2O (1 mL), then extracted with Et2O (3 

x 5 mL), dried over Na2SO4, and concentrated in vacuo. The crude product was purified by 

flash column chromatography (30:70 EtOAc:hexanes) affording 4-hydroxy-7-methoxy-2,2-

dimethylchroman-5-yl 4-methylbenzenesulfonate (166-int) as a white solid (0.261 g, 99%): 1H 

NMR (300 MHz, CDCl3��į�������G��J = 8.4 Hz, 2H), 7.38 (d, J = 8.1 Hz, 2H), 6.29 (d, J = 2.5 

Hz, 1H), 6.18 (d, J = 2.4 Hz, 1H), 4.86 ± 4.78 (m, 1H), 3.69 (s, 3H), 2.90 (s, 1H), 2.47 (s, 3H), 

2.03 (dd, J = 14.3, 4.1 Hz, 1H), 1.87 (dd, J = 14.4, 5.5 Hz, 1H), 1.45 (s, 3H), 1.32 (s, 3H). 13C 

OTs

OCH3O
H3C

H3C

OH
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NMR (76 MHz, CDCl3�� į� �������� �������� �������� �������� �������� ����������� �����������

110.61, 101.65, 100.98, 75.29, 59.43, 55.45, 40.07, 28.69, 26.63, 21.77. IR (thin film) 3203, 

1623, 1373, 1178, 1141 cm-1. AMM (ESI) m/z calcd for C19H23O6S+[M+H]+ 401.1029, 

found 401.1035 

 

 

(167) 7-methoxy-2,2-dimethyl-2H-chromen-5-yl 4-methylbenzenesulfonate  

166-int (0.261 g, 0.690 mmol, 1.0 equiv) and p-TsOH (0.026 g, 10mg/100 mg of 166-int), and 

THF (0.3M) were added to a round bottom flask. The reaction was refluxed at 70 °C overnight. 

Then the reaction was quenched with H2O (1.0 mL), extracted with Et2O (3 x 5 mL), dried over 

Na2SO4, and concentrated in vacuo. The crude product was purified by flash column 

chromatography (30:70 EtOAc:hexanes) affording 7-methoxy-2,2-dimethyl-2H-chromen-5-yl 

4-methylbenzenesulfonate 167 as a clear oil (0.248 g, 99%): 1H NMR �����0+]��'062��į�

7.74 (d, J = 8.3 Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 6.34 (d, J = 1.7 Hz, 1H), 6.14 (d, J = 2.4 Hz, 

1H), 6.10 (d, J = 9.3 Hz, 2H), 5.49 (d, J = 10.0 Hz, 1H), 3.66 (s, 3H), 2.40 (s, 3H), 1.24 (s, 6H). 

13C NMR ����0+]��'062��į��������� �������� �������� �������� �������� ����������� ��������

128.38(2), 114.98, 108.20, 101.08, 100.95, 76.57, 55.50, 27.20(2), 21.12. IR (thin film) 2976, 

1622, 1374, 1178, 1140 cm-1. AMM (ESI) m/z calcd for C19H21O5S+[M+H]+ 361.1109, found 

361.1110. 

 

 

(168) 7-methoxy-2,2-dimethyl-2H-chromen-5-ol 

OTs

OCH3O
H3C

H3C

OH

OCH3O
H3C

H3C
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168 (0.042 g, 0.117 mmol, 1.0 equiv), KOH(aq) (1.7 mL, 1 M), and EtOH (1.7 mL, 0.7 M) 

were added to a microwave vial under argon. The reaction was heated at 80 °C for 1 hour. After 

cooling the solution to room temperature, the reaction was acidified with 1M NaHSO4(aq) and 

extracted with Et2O (3 x 5 mL). The combined organics were washed with NaHCO3 (1 x 5 mL) 

and brine (1 x 5 mL), then dried over MgSO4 and concentrated in vacuo. The crude product 

was purified by flash column chromatography (30:70 EtOAC:hexanes) affording 7-methoxy-

2,2-dimethyl-2H-chromen-5-ol 168 as a dark orange solid (0.016 g, 65%): 1H NMR (300 MHz, 

CDCl3��į�������G��J = 9.2 Hz, 1H), 6.03 (d, J = 1.6 Hz, 1H), 5.91 (d, J = 2.3 Hz, 1H), 5.46 (d, 

J = 9.9 Hz, 1H), 3.72 (s, 3H), 1.42 (s, 7H). 13C NMR (76 MHz, CDCl3��į�����������������

152.09, 126.46, 116.15, 103.26, 95.00, 94.80, 76.35, 55.32, 27.76(2). IR (thin film) 3443, 2975, 

1617, 1580, 1115 cm-1. AMM (ESI) m/z calcd for C12H15O3+[M+H]+ 207.1021, found 

207.1021. 

 

(274) 6-bromo-7-methoxy-2,2-dimethyl-2H-chromen-5-ol 

168 (100 mg, 0.485 mmol, 1.00 equiv) and CH2Cl2 (4.85 mL, 0.1 M) were added to a flame 

dried round bottom flask. NBS (86.4 mg, 0.485 mmol, 1.0 equiv) was added and the reaction 

was stirred at room temperature for 2 hours. The mixture was washed with H2O (3 x 5 mL), 

dried over Na2SO4, and concentrated in vacuo. The crude product was purified by flash 

chromatography to afford aryl bromide 274 as an orange solid (83%): 1H NMR (400 MHz, 

CDCl3��į�������G��J = 9.9 Hz, 1H), 6.08 (s, 1H), 5.67 (s, 1H), 5.47 (d, J = 9.9 Hz, 1H), 3.83 (s, 

3H), 1.42 (s, 6H). 
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2.8.4 Left hemisphere: ester functionality 

 

 
(157) 5,7-dihydroxy-2,2-dimethyl-4H-benzo[d][1,3]dioxin-4-one  

2,4,6-trihydroxybenzoic acid (2.0 g, 10.7 mmol) and acetone (3.94 mL, 53.2 mmol) were added 

to a round bottom flask. Then TFA (7.10 mL, 1.5 M) and TFAA (2.94 mL, 21.3 mmol) were 

added sequentially and the reaction was stirred overnight at rt. The mixture was diluted in H2O, 

then washed with EtOAc (3 x 20 mL). The organics were combined and washed with H2O (3 

x 10 mL) then dried over Na2SO4 and concentrated in vacuo. The crude product was purified 

by flash column chromatography (60:40 Hexanes:EtOAc) affording acetal 157 as a yellow 

solid (2.04 g, 91%): 1H NMR �����0+]��$FHWRQH��į�������G��J = 1.9 Hz, 1H), 6.02 (d, J = 2.0 

Hz, 1H), 1.71 (s, 7H). 1H NMR data was consistent with literature values243 

 

 

 
(158a) 5-hydroxy-2,2,8,8-tetramethyl-4H,8H-[1,3]dioxino[5,4-g]chromen-4-one  

To a solution of 157 (1.37 g, 6.5 mmol) in EtOH (22 mL, 0.3 M) was added CaCl2 (600 mg, 

5.4 mmol), Et3N (3.0 mL, 21.5 mmol), and 3-methylbut-2-enal (1.25 mL, 13.0 mmol). The 

solution was then heated to 80 °C for 1 hour. The reaction was cooled and acidified with 1M 

HCl (10 mL). A color change was noticed as the solution changed from dark brown to lighter 

brown, with a precipitate forming. The organic layer was extracted with EtOAc (3 x 30 mL), 

washed with DI H2O (30 mL), dried over Na2SO4, and concentrated in vacuo. The crude 
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residue was purified by flash column chromatography (80:20 hexanes:EtOAc) to afford the 

product (1.2 g, 66%): 1H NMR (400 MHz, CDCl3��į��������V���+���������G��J = 10.1 Hz, 1H), 

5.91 (s, 1H), 5.51 (d, J = 10.1 Hz, 1H), 1.72 (s, 6H), 1.45 (s, 6H). 1H NMR data of purified 

compound was consistent with the reported literature values.110 

 

 
(160) 2,2,8,8-tetramethyl-4-oxo-4H,8H-[1,3]dioxino[5,4-g]chromen-5-yl 

trifluoromethanesulfonate  

Following a modified literature procedure,111 to a solution of 158a (1.2 g, 4.2 mmol) in CH2Cl2 

(42 mL, 0.1 M) was added Et3N (2.9 mL, 21 mmol) and DMAP (513 mg, 4.2 mmol). The 

solution was cooled to 0 °C, and trifluoroacetic anhydride (2.1 mL, 12.6 mmol) was added 

dropwise. The solution was observed to change color from yellow to red. The solution was 

allowed to warm to room temperature overnight, and then was quenched with Na2HCO3 (10 

mL). The organic product was extracted with CH2Cl2 (3 x 40 mL), washed with NaCl, dried 

over Na2SO4, and concentrated in vacuo. The residue was then purified on flash column 

chromatography (90:10 to 80:20 hexanes:EtOAc) to afford the product (1.4 g, 79%): 1H NMR 

(599 MHz, CDC13��į�������G��J = 10.1 Hz, 1H), 6.39 (s, 1H), 5.79 (d, J = 10.1 Hz, 1H), 1.75 

(s, 6H), 1.48 (s, 6H).  
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(161) 7-hydroxy-2,2-dimethyl-5-(((trifluoromethyl)sulfonyl)oxy)-2H-chromene-6-

carboxylic acid  

A solution of 161 (261.5 mg, 0.64 mmol) in CH2Cl2 (6.4 mL, 0.1 M) was cooled to 0 °C. BCl3 

(1.0 M in CH2Cl2, 3.2 mL, 3.2 mmol) was added dropwise. The solution was left stirring 

overnight, and then cooled to 0 °C before quenching with NH4Cl (aq, sat.). After drying over 

Na2SO4 and concentrating in vacuo, the residue was purified by flash column chromatography 

(50:50 hexanes:EtOAc) to afford the product (116 mg, 50%): 1H NMR (400 MHz, CDCl3��į�

6.47 (d, J = 10.2 Hz, 1H), 6.45 (s, 1H), 5.68 (d, J = 10.0 Hz, 1H), 3.88 (s, 3H), 3.84 (s, 3H), 

1.45 (s, 6H).  

 

 
(162) methyl 7-methoxy-2,2-dimethyl-5-(((trifluoromethyl)sulfonyl)oxy)-2H-chromene-

6-carboxylate  

To a solution of 162 (105.6 mg, 0.29 mmol) in reagent grade dry acetone (1.0 mL, 0.3 M) was 

added K2CO3 (160.3 mg, 1.2 mmol) and CH3I (0.18 mL, 2.9 mmol). The reaction was allowed 

to stir overnight, and then diluted with DI H2O (10 mL), and extracted with EtOAc (3 x 10 

mL). The organic layer was dried over Na2SO4 and concentrated in vacuo. The product was 

carried onto the next reaction without further purification (54.3 mg, 48%): 1H NMR (400 MHz, 

CDCl3��į�������G��J = 10.2 Hz, 1H), 6.45 (s, 1H), 5.68 (d, J = 10.0 Hz, 1H), 3.88 (s, 3H), 3.84 

(s, 3H), 1.45 (s, 6H).  
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2.8.4 Final steps: joining the two hemispheres 

 

 

(275) 8-��Ȝ1-oxidaneyl)-Ȝ5-methyl)-6-methoxy-5-((7-methoxy-2,2-dimethyl-2H-chromen-

5-yl)oxy)-2,2-dimethyl-2a,3-dihydro-2H-naphtho[1,8-bc]furan-4-carbaldehyde 

Left hemisphere 168 (33 mg, 0.162 mmol, 2.5 equiv), Cs2CO3 (68.8 mg, 0.194 mmol, 3.0 

equiv), and AgNO3 (11 mg, 0.0648 mmol, 1.0 equiv) were added to a flame-dried microwave 

vial under Ar. A solution of right hemisphere 155 (20 mg, 0.0648 mmol, 1.0 equiv) in MeCN 

(~1 mL, 0.1 M) was added, and the sealed vial was heated to 60 °C overnight. The reaction 

was cooled down to room temperature, filtered, and concentrated in vacuo. The crude product 

was purified by flash chromatography (50:50 EtOAc:hexanes) to afford ether 275 as yellow 

solid (14.9 mg, 48%): 1H NMR (300 MHz, CDCl3��į��������V���+���������GG��J = 9.9, 0.7 Hz, 

1H), 6.12 (s, 1H), 6.09 (dd, J = 2.3, 0.7 Hz, 1H), 5.80 (d, J = 2.3 Hz, 1H), 5.55 (d, J = 9.9 Hz, 

1H), 3.87 (s, 4H), 3.65 (s, 3H), 3.49 (s, 3H), 3.46 ± 3.32 (m, 2H), 2.98 (dd, J = 15.3, 6.9 Hz, 

1H), 2.27 (t, J = 15.5 Hz, 1H), 1.49 (s, 6H), 1.46 (s, 4H), 1.33 (s, 4H). 

 
 

H3CO

CH3O

O
H3C CH3

O

O

OCH3

O

H3C CH3
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(273) 4-(5-hydroxy-7-methoxy-2,2-dimethyl-2H-chromene-6-carbonyl)-6,8-dimethoxy-

2,2-dimethyl-2,2a,3,4-tetrahydro-5H-naphtho[1,8-bc]furan-5-one 

Add right hemisphere ketone 150 (20 mg, 0.076 mmol,  1.0 equiv) in THF (0.760 mL, 0.1 M) 

to a flame-dried round bottom flask under Ar. Cool to ±40 °C. Add NaH (3.35 mg, 0.084 mmol, 

1.1 equiv) and stir for 30 minutes. Add Claisen left hemisphere 162 (36 mg, 0.091 mmol, 1.2 

equiv) in THF (0.073 mL, 0.5 M). Stir while allowing to warm to room temperature. No 

reaction was occurring so 1.0 equiv of NaH was added, then the reaction was heated to 40 °C 

overnight. The reaction was quenched with NH4Cl(sat.), diluted in H2O, and washed with 

EtOAc (3 x 5 mL). The crude product was purified using flash chromatography (40:60 

EtOAc:hexanes) to yield the Claisen product with the triflate cleaved as white solid (3.3 mg, 

9%): 1H NMR (300 MHz, CDCl3��į��������V���+���������GG��J = 10.0, 0.6 Hz, 1H), 6.31 (s, 2H), 

5.99 (s, 1H), 5.50 (d, J = 10.0 Hz, 1H), 4.01 (s, 3H), 3.95 (d, J = 0.8 Hz, 5H), 3.88 (s, 5H), 3.45 

± 3.37 (m, 1H), 2.47 (dtd, J = 13.5, 6.7, 4.3 Hz, 1H), 2.12 ± 2.03 (m, 2H), 1.45 (s, 6H), 1.27 (t, 

J = 3.6 Hz, 4H), 1.22 (s, 6H). 
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A.1 Quantitative structure-selectivity reaction model 

A.1.1 Introduction 

 Lucas Souza in collaboration with the Sigman Lab at The University of Utah wanted to 

develop a quantitative structure-selectivity reaction model for the Shaw Lab’s C–H insertion of 

donor/donor carbenes methodology. The main objective was to be able to computationally predict 

the diastereoselectivity and enantioselectivity of a C–H insertion substrate with a catalyst of 

choice.1,2 A predictive computational model would aid current experimental optimization and help 

drive novel reaction and catalyst design strategies. For instance, running a substrate in the model 

first would indicate the best catalyst to use for the desired stereoselective outcome.3 Thereby, the 

wet-bench reaction screening of new C–H insertion donor/donor carbene substrate classes is 

greatly streamlined. Feasibly, the model could inform new ligand designs to access novel reactivity 

and stereoselectivity helping to expand the chemical space for donor/donor C–H insertion 

reactions.4 

 

A.1.2 Results and Discussion 

A large amount of experimental donor/donor C–H insertion stereoselectivity data was needed 

to form the training sets that the computational model could be built and tested upon. Lucas Souza 

enlisted the help of a couple of colleagues in the Shaw Lab to help generate the training set data. I 

was tasked with synthesizing a cyclohexene (6) insertion center and a fused benzodihydrofuran 

substrate with a tertiary, stereogenic C–H insertion center (8) to be used to test the limitations of 

the generated model.  The cyclohexene hydrazone precursor (6) was synthesized over 4 steps 

(Figure A1.1). First, methyl-1-cyclohexene-1-carboxylate (1) was reduced to the allylic alcohol 

(2) with diisobutylaluminium hydride (DIBAL-H). Then the alcohol (2) was transformed into the 
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allylic bromide (3) with phosphorous tribromide in a near quantitative yield. Alkylation of 2-

hydroxybenzophenone (4) with allylic bromide (3) followed by hydrazine condensation afforded 

the desired hydrazone precursor (6). 

 

Figure A1.1 Synthesis of cyclohexene hydrazone precursor. 

The intramolecular C–H insertion of 6 was highly diastereoselective (Table A1.1).  Regardless 

of the enantiomer of the catalyst used the substrate (6) always yielded a single cis diastereomer 

(7a) of the product. Varying the solvent had no effect on the stereoselectivity. 

Table A1.1 Allylic C–H insertion site stereoselectivity outcomes. 

 

Conversely, the fused chiral benzodihydrofuran substrate (8) showed catalyst control over the 

diastereomeric ratio (dr) (Table A1.2).5 Racemic starting material (8) with an achiral catalyst 

OCH3

O

OH

1. DIBAL-H, DCM
-78 oC, 2h 

2. MeOH, Rochelle’s salt
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afforded the cis diastereomer (9a) in an 80:20 dr (Table A1.2 entry 1). Switching to the chiral 

catalyst Rh2(R-PTAD)4, the cis diastereomer (9a) is still the major stereoisomer in an 83:17 dr 

(Table A1.2 entry 2). The opposite enantiomer of catalyst, Rh2(S-PTAD)4, preferences the trans 

diastereomer (9b) in 81:19 dr (Table A1.2 entry 3). When a single enantiomer of starting material 

(8) is used, the resulting major diastereomer of the product (9a/b) is in high enantioselectivity. 

Table A1.2 C–H insertion of a fused bicyclic donor/donor carbene into a stereogenic center. 

 

 

 A colleague Ben Bergstrom was gathering data for homobenzylic 1,6-C–H insertion center 

substrates that could be employed in the synthesis of the drug candidate CantrixilTM (BDB 

dissertation A2).6 Initial C–H insertion screens with homobenzylic substrates 10 and 12 found that 

the 1,5-C–H insertion was favored over the 1,6-C–H insertion across a wide variety of dirhodium 

catalysts.  Therefore, the homobenzylic substrates would not be useful in the synthesis of 

CantrixilTM, but they did provide excellent data to be used as a test substrate of the quantitative 

structure-selectivity relationship (QSSR) model. Ben initially reported stereoselectivity data where 

dichloromethane was used as the solvent in the C–H insertion reaction. However, the QSSR model 

was built using acetonitrile in the solvent model. Therefore, I was tasked with repeating all the C–

H insertion catalyst screening data with acetonitrile as the solvent. Since these results in the context 
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of the QSSR model are still in progress, they will only be reported below with minor commentary 

(Table A1.3-4). Interestingly, we observed a couple of changes in stereoselectivity from the 

reaction solvent swap. When Rh2(R-PTAD)4 was used with acetonitrile, the diastereomeric ratio 

increased for both substrates 10 and 12 (Tables A1.3-4 entries 1-2). Conversely, there was an 

erosion of diastereomeric ratio for substrate 10 in acetonitrile with both Rh2(S-TCPTTL)4 and 

Rh2(S-BTPCP)4 (Table A1.3 entries 3-4, 7-8).  

Table A1.3 C–H insertion results for homobenzylic insertion substrate 10. 
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Table A1.4 C–H insertion results for homobenzylic insertion substrate 12. 

 

 

A.1.3 Experimental section 

 

 

(2) cyclohex-1-en-1-ylmethanol 

2 was synthesized by following a literature procedure.7 Methyl-1-cyclohexene-1-carboxylate (1.0 

g, 7.13 mmol, 1.0 equiv) and CH2Cl2 (23.8 mL, 0.3 M) were added to a flame-dried round bottom 

under Ar and cooled to –78 oC. DIBAL-H (1.0 M in THF, 15.7 mL, 15.7 mmol, 2.2 equiv) was 

added and the reaction was stirred at -78 oC for 2h. Then methanol (14.3 mL, 0.5 M) and Rochelle’s 

salt (aq) (14.3 mL, 0.5 M) were added, and the solution was stirred overnight while allowing the 
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reaction to warm to room temperature. The reaction was quenched with H2O, and extracted with 

CH2Cl2 (2 x 10 mL). The organics were combined and concentrated in vacuo to yield the desired 

product 2 (789 mg, 97%) as a clear oil. SND-VI-043. 1H NMR matched reported data.7 

  

 

(3) 1-(bromomethyl)cyclohex-1-ene 

2 (789 mg, 7.13 mmol, 1.0 equiv) and Et2O (28.5 mL, 0.25 M) were added to a round bottom and 

cooled to 0 oC. PBr3 (0.339 mL, 3.57 mmol, 0.5 equiv) was added to the solution and the reaction 

was stirred overnight while allowing it to warm to room temperature. The reaction was poured into 

a solution of K2CO3 (aq) then extracted with Et2O (2 x 10 mL). The organics were combined and 

washed with brine (1 x 10 mL), dried over Na2SO4 and concentrated in vacuo to afforded the 

desired product 3 (1.25 g, 99%) as a light yellow oil. SND-VI-047. 1H NMR matched literature 

precedent.7 

 

 

(5) (2-(cyclohex-1-en-1-ylmethoxy)phenyl)(phenyl)methanone 

2-hydroxybenzophenone (567 mg, 2.86 mmol, 1.0 equiv) in MeCN (9.53 mL, 0.3 M) were added 

to a flame-dried microwave vial under Ar charged with Cs2CO3 (2.79 g, 8.57 mmol, 3.0 equiv). 

Allylic bromide 3 (1.00 g, 5.71 mmol, 2.0 equiv) was added then the reaction was heated to 80 oC 

overnight. The reaction was cooled down and Cs2CO3 was filtered off. The filtrate was 

concentrated in vacuo to afford ether 5 (790 mg, 95%) as a light-yellow oil. SND-VI-048. 

Br

O O
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(6) ((2-(cyclohex-1-en-1-ylmethoxy)phenyl)(phenyl)methylene)hydrazine 

5 (400 mg, 1.37 mmol, 1.0 equiv) in EtOH (4.57 mL, 0.3 M) was added to a flame-dried microwave 

vial under Ar. Acetic acid (0.157 mL, 2.74 mmol, 2.00 equiv) then hydrazine (0.344 mL, 10.95 

mmol, 8.0 equiv) were added to the solution. The reaction was heated to 80 oC overnight. Once 

the reaction was cooled down to room temperature, the solution was dumped into H2O (5 mL) and 

extracted with EtOAC (3 x 5 mL). The organics were dried over Na2SO4 and concentrated in vacuo 

to afford hydrazone 6 (99%) as a yellow oil. SND-VI-050. 

 

 

(7) 2-(cyclohex-1-en-1-yl)-3-phenyl-2,3-dihydrobenzofuran 

Hydrazone 6 (20 mg, 0.065 mmol, 1.0 equiv) in CH2Cl2 (4.33 mL, 0.015 M) was added to a flame-

dried scintillation vial. MnO2 (45 mg, 0.522 mmol, 8.0 equiv) was added and the reaction was 

stirred at room temperature until all of 6 was fully consumed. Then the reaction was cooled down 

to 0 oC and Rh2(R-PTAD)4 (1.0 mg, 0.00065 mmol, 1 mol%) was added and stirred until all the 

diazo was fully consumed. The reaction was filtered over celite, concentrated in vacuo, and 

purified by flash column chromatography (90:10 hexanes:EtOAc) to afford 7 as a light yellow oil. 

SND-VI-054-058. 

N O
H2N

O

Ph
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(S1) (2-phenethoxyphenyl)(phenyl)methanone 

S1 was synthesized by following a modified literature procedure,8 by preparing a suspension of 

NaH (0.337 g, 8 mmol, 4 equiv) in THF (0.25 M). 2-phenylethanol (0.479 mL, 4 mmol, 2 equiv) 

and 2-fluorobenzophenone (0.400 g, 2 mmol, 1 equiv) were then added and the mixture was heated 

to 60 oC with stirring overnight. The reaction was then cooled to room temperature, quenched with 

sat. aq. ammonium chloride (5 mL), washed with brine (10 mL), dried over sodium sulfate, 

concentrated in vacuo, and purified by flash column chromatography (80:20 hexanes:EtOAc) to 

afford S1 (SND-VI-083) as a yellow oil. 1H NMR (400 MHz,CDCl3) δ 7.80 (d, J = 6.8 Hz, 2H), 

7.56 (t, J = 7.4 Hz, 1H), 7.46 – 7.37 (m, 4H), 7.18 – 7.12 (m, 3H), 7.03 (t, J = 7.4 Hz, 1H), 6.99 – 

6.90 (m, 3H), 4.08 (t, J = 6.9 Hz, 2H), 2.71 (t, J = 6.9 Hz, 2H); 13C NMR (100 MHz, CDCl3) δ 

196.9, 156.8, 138.4, 138.1, 132.9, 132.1, 129.8, 129.8, 129.3, 129.0, 128.5, 128.3, 126.5, 120.9, 

112.5, 69.5, 35.6; IR (neat) 3061, 3028, 2928, 2873, 1663, 1598, 1450, 1315, 1295, 1240 cm-1; 

AMM (ESI) m/z calcd C21H19O2+ [M+H]+ 303.1380, found 303.1382. 

 

 

(S2) (2-(3,4-dimethoxyphenethoxy)phenyl)(phenyl)methanone  

S2 was synthesized by following a modified literature procedure,8 by preparing a suspension of 

NaH (0.337 g, 8 mmol, 4 equiv) in THF (0.25 M). 2-(3,4-dimethoxy)phenylethanol (0.729 g, 2 

O O OCH3

OCH3

O O
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mmol, 2 equiv) and 2-fluorobenzophenone (0.400 g, 2 mmol, 1 equiv) were then added and the 

mixture was heated to 60 oC with stirring overnight. The reaction was then cooled to room 

temperature, quenched with sat. aq. ammonium chloride (5 mL), washed with brine (10 mL), dried 

over sodium sulfate, concentrated in vacuo, and purified by flash column chromatography (80:20 

hexanes:EtOAc) to afford S2 (SND-VI-084) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 7.79 

(d, J = 6.9 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.45 – 7.36 (m, 4H), 7.03 (t, J = 7.5 Hz, 1H), 6.94 (d, 

J = 8.4 Hz, 1H), 6.67 (d, J = 8.0 Hz, 1H), 6.58 (d, J = 1.9 Hz, 1H), 6.53 (dd, J = 8.0, 2.1 Hz, 1H), 

4.08 (t, J = 6.8 Hz, 2H), 3.82 (s, 3H), 3.78 (s, 3H), 2.68 (t, J = 6.8 Hz, 2H); 13C NMR (101 MHz, 

CDCl3) δ 196.7, 156.8, 148.8, 147.7, 138.3, 132.9, 132.1, 130.8, 129.8, 129.2, 128.3,120.9, 120.8, 

112.6, 112.4, 111.2, 69.7, 56.0, 55.9, 35.2; IR (neat) 2935, 2834, 1663, 1597, 1259, 1234 cm-1; 

AMM (ESI) m/z calcd C23H23O4 + [M+H]+ 363.1591, found 363.1595. 

 

 

(12) ((2-(3,4-dimethoxyphenethoxy)phenyl)(phenyl)methylene)hydrazine  

S3 was synthesized by preparing a solution of S2 (0.120 g, 0.397 mmol, 1 equiv) in EtOH (0.3 M), 

adding hydrazine (0.100 mL, 3.18 mmol, 8 equiv), glacial acetic acid (0.045 μL, 0.794 mmol, 2 

equiv), and heating the mixture to 80 oC overnight in a microwave vial. Cooling the mixture to 

room temperature, the reaction was diluted with diethyl ether (10 mL), washed with water (5 mL), 

washed with brine (5 mL), dried over sodium sulfate, concentrated in vacuo, to afford 12 (SND-

VI-092) as a yellow oil without further purification. 1H NMR (400 MHz, CDCl3) δ 7.46 (dd, J = 

7.5, 2.4 Hz, 1H), 7.42 – 7.37 (m, 1H), 7.27 (dd, J = 5.2, 2.2 Hz, 2H), 7.13 (dd, J = 7.5, 1.9 Hz, 1H), 

N O
H2N

OCH3

OCH3
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7.01 (d, J = 8.4 Hz, 1H), 6.67 – 6.64 (m, 1H), 5.32 (s, 1H), 4.12 (s, 1H), 3.82 (s, 2H), 3.77 (s, 2H), 

2.83 (t, J = 6.6 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 156.1, 148.8, 147.7, 147.4, 138.7, 131.0, 

130.6, 130.5, 128.2, 128.0, 126.3, 122.1, 121.7, 121.1, 112.8, 112.6, 111.2, 69.7, 56.0, 55.9, 35.5; 

IR (neat) 3402, 2932, 1596, 1516, 1488, 1261 cm-1. 

 

 

(10) ((2-phenethoxyphenyl)(phenyl)methylene)hydrazine 

S1 (0.170 g, 0.469 mmol, 1 equiv) in EtOH (0.3 M) was added to a microwave vial under Ar. Then 

hydrazine (0.118 mL, 3.75 mmol, 8 equiv) and glacial acetic acid (54 μL, 0.938 mmol, 2 equiv), 

were added and the reaction was heated to 80 oC overnight. Cooling the mixture to room 

temperature, the reaction was diluted with diethyl ether (10 mL), washed with water (5 mL), 

washed with brine (5 mL), dried over sodium sulfate, concentrated in vacuo, to afford 10 (SND-

VI-093) as a yellow oil without further purification.1H NMR (400 MHz, CDCl3) δ 7.50 – 7.44 (m, 

2H), 7.42 – 7.36 (m, 1H), 7.32 – 7.25 (m, 3H), 7.19 – 7.13 (m, 3H), 7.13 – 7.07 (m, 3H), 7.05 (d, 

J = 7.4 Hz, 1H), 7.01 (d, J = 8.3 Hz, 1H), 5.26 (s, 2H), 4.14 (t, J = 6.6 Hz, 2H), 2.89 (t, J = 6.6 Hz, 

2H); 13C NMR (101 MHz, CDCl3) δ 155.9, 147.6, 138.6, 138.2, 130.5, 130.4, 129.1, 128.3, 128.1, 

127.9, 126.4, 126.2, 122.0, 121.6, 112.6, 69.3, 35.7; IR (neat) 3406, 3027, 2926, 2873, 1597, 1488, 

1444, 1240 cm-1. 

 

 

N O
H2N

O

Ph

Ph
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11a (2R,3R)-2-benzyl-3-phenyl-2,3-dihydrobenzofuran  

10 (0.010 g, 0.032 mmol, 1 equiv) in DCM (0.015 M) were added to a scintillation vial and 

manganese dioxide (0.022 g, 0.253 mmol, 8 equiv) was added. This heterogenous mixture was 

stirred at room temperature for 4 hours before cooling to 0 °C. Rh2(R-PTAD)4 (0.001 g, 0.00032 

mmol, 1 mol%) was then added and the mixture was allowed to stir to room temperature overnight. 

The reaction was then filtered through celite, concentrated in vacuo, and purified by flash column 

chromatography (95:5 hexanes:EtOAc) to afford 11a (84%) as a crystalline white solid. 1H NMR 

(400 MHz, CDCl3) δ 7.29 – 7.22 (m, 5H), 7.21 – 7.15 (m, 2H), 7.11 – 7.04 (m, 3H), 7.04 – 6.99 

(m, 2H), 6.91– 6.84 (m, 2H), 5.15 (td, J = 9.1, 4.9 Hz, 1H), 4.57 (d, J = 8.3 Hz, 1H), 2.71 (dd, J = 

14.6, 9.1 Hz, 1H), 2.52 (dd, J = 14.6, 4.7 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 159.8, 139.6, 

138.4, 131.5, 129.4, 129.2, 128.8, 128.5, 128.4, 127.3, 126.5, 125.8, 121.1, 110.1, 87.6, 51.8, 38.0; 

IR (neat) 3029, 2922, 1478, 1453, 1231, 728 cm-1 

 

 

(11b) (2S,3R)-2-benzyl-3-phenyl-2,3-dihydrobenzofuran 

10 (0.010 g, 0.032 mmol, 1 equiv) in DCM (0.015 M) were added to a scintillation vial and 

manganese dioxide (0.022 g, 0.253mmol, 8 equiv) was added. This heterogenous mixture was 

stirred at room temperature for 4 hours before cooling to 0 oC. Rh2(S-TCPTTL)4 (0.001 g, 0.00032 

mmol, 1 mol%) was then added and the mixture was allowed to stir to room temperature overnight. 

The reaction was then filtered through celite, concentrated in vacuo, and purified by flash column 

chromatography (95:5 hexanes:EtOAc) to afford 11b (79%) as a a clear oil. 1H NMR (400 MHz, 

CDCl3) δ 7.29 – 7.21 (m, 8H), 7.16 (t, J = 7.7 Hz, 1H), 7.03 (d, J = 6.6 Hz, 2H), 6.93 (d, J = 7.4 

O

Ph

Ph
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Hz, 1H), 6.85 (dd, J = 10.2, 7.6 Hz, 2H), 4.84 (td, J = 7.4, 5.4 Hz, 1H), 4.32 (d, J = 7.3 Hz, 1H), 

3.18 (dd, J = 14.2, 7.5 Hz, 1H), 3.07 (dd, J = 14.2, 5.4 Hz, 1H); 13C NMR (101 MHz, CDCl3) δ 

159.7, 142.7, 137.3, 130.6, 129.7, 128.8, 128.7, 128.6, 128.2, 127.1, 126.8, 125.5, 120.9, 109.9, 

92.1, 53.8, 41.0; IR (neat) 3029, 2922, 1478, 1453, 1231, 728 cm-1. 

. 

 

(13a) (2R,3R)-2-(3,4-dimethoxybenzyl)-3-phenyl-2,3-dihydrobenzofuran  

12 (0.010 g, 0.027 mmol, 1 equiv) in DCM (0.015 M) were added to a scintillation vial and 

manganese dioxide (0.019 g, 0.216 mmol, 8 equiv) was added. This heterogenous mixture was 

stirred at room temperature for 4 hours before cooling to 0 °C. Rh2(R-PTAD)4 (0.001 g, 0.00027 

mmol, 1 mol%) was then added and the mixture was allowed to stir to room temperature overnight. 

The reaction was then filtered through celite, concentrated in vacuo, and purified by flash column 

chromatography (90:10 hexanes:EtOAc) to afford 13a (78%) as a crystalline white solid. 1H NMR 

(300 MHz, CDCl3) δ 7.30 – 7.23 (m, 3H), 7.18 (t, J = 7.7 Hz, 1H), 7.08 – 6.98 (m, 3H), 6.93 –6.84 

(m, 2H), 6.77 (d, J = 8.3 Hz, 1H), 6.66 (dd, J = 8.2, 2.1 Hz, 1H), 6.55 (d, J = 2.1 Hz, 1H), 5.13 (td, 

J = 8.7, 5.2 Hz, 1H), 4.55 (d, J = 8.3 Hz, 1H), 3.85 (s, 3H), 3.81 (s, 3H), 2.69 (dd, J = 14.5, 8.8 

Hz, 1H), 2.49 (dd, J = 14.5, 5.2 Hz, 1H).; 13C NMR (76 MHz, CDCl3) δ 159.7, 148.7, 147.6, 139.6, 

131.6, 130.8, 129.4, 128.7, 128.4, 127.2, 125.8, 121.1, 121.0, 112.6, 111.2, 110.0, 87.7, 56.0, 55.8, 

51.6, 37.4; IR (neat) 2932, 2834, 1666, 1515, 1479, 1461, 1261, 1231, 1141, 1028 cm-1; AMM 

(ESI) m/z calcd C23H23O3 + [M+H]+ 347.1642, found 347.1643. 

O

Ph

H3CO OCH3
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(13b) (2S,3R)-2-(3,4-dimethoxybenzyl)-3-phenyl-2,3-dihydrobenzofuran  

12 (0.010 g, 0.027 mmol, 1 equiv) in DCM (0.015 M) were added to a scintillation vial and 

manganese dioxide (0.019 g, 0.216 mmol, 8 equiv) was added. This heterogenous mixture was 

stirred at room temperature for 4 hours before cooling to 0 oC. Rh2(S-TCPTTL)4 (0.001 g, 0.00027 

mmol, 1 mol%) was then added and the mixture was allowed to stir to room temperature overnight. 

The reaction was then filtered through celite, concentrated in vacuo, and purified by flash column 

chromatography (90:10 hexanes:EtOAc) to afford 13b (68%) as a crystalline white solid. 1H NMR 

(300 MHz, CDCl3) δ 7.31 – 7.24 (m, 3H), 7.19 – 7.13 (m, 1H), 7.08 – 7.03 (m, 2H), 6.93 (dt, J = 

7.4, 1.5 Hz, 1H), 6.88 – 6.84 (m, 1H), 6.84 – 6.75 (m, 4H), 4.84 (td, J = 7.3, 5.5 Hz, 1H), 4.31 (d, 

J = 7.4 Hz, 1H), 3.86 (s, 3H), 3.81 (s, 3H), 3.12 (dd, J = 14.3, 7.2 Hz, 1H), 3.03 (dd, J = 14.3, 5.5 

Hz, 1H); 13C NMR (76 MHz, CDCl3) δ 159.7, 148.9, 147.9, 142.7, 130.6, 129.8, 128.8, 128.7, 

128.3, 127.1, 125.5, 121.8, 120.9, 112.9, 111.3, 109.8, 92.1, 56.0, 55.9, 53.7, 40.4. 
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A.2 Progress towards the total synthesis of pseudorigols A and pseudorigol B 

A.2.1 Introduction 

 Sesquiterpenes are a vast group of natural products found across a wide variety of plants and 

insects. They are characterized by containing three isoprene units originating from the 15-carbon 

farnesyl pyrophosphate (FPP) chain. Many of the sesquiterpene structures are cyclic and possess 

complex highly saturated scaffolds resulting from enzymatic oxidation or rearrangement 

reactions.1 These challenging ring system structures in combination with high biological activity 

have made sesquiterpenes popular targets for total synthesis efforts.2–6 Some of these natural 

product family members have been isolated from marine-derived sources, specifically soft coral 

species that are prolific producers of these bioactive metabolities.7 The Roussis group has become 

highly interested in isolating the bioactive products from the soft coral Pseudopterogorgia rigida 

found in the Caribbean.8,9 In 2016, Georgantea and co-workers isolated pseudorigidol A (14) and 

pseudorigidol B (15) from the extract of the Caribbean gorgonian coral.10 These two natural 

products contained a 6/6/5 fused tricyclic core that was nearly identical to the tricyclic core we 

were targeting in the dihydrobenzoxanthone natural product family (see Chapter 2).  Pseudorigidol 

A and B (14-15) are diastereomers of each other, and only the relative stereochemistry was 

assigned in the original isolation paper. Interestingly, the Roussis group reported that both natural 

products (14-15) contained good activity against CDC25 phosphatases, a very popular cancer 

target in drug discovery.11,12  Therefore, we became interested in targeting these two natural 

products by repurposing synthetic routes already developed to access the left hemisphere of the 

dihydrobenzoxanthones (see Chapter 2).  

 Initially, there are two main ways the original Friedel-Crafts route to the left hemisphere 

(Chapter 2.2.2) could be repurposed to access the desired fused tricyclic core with a methyl group 
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in the benzylic position (Figure A2.1). Strategy A is to install the benzylic methyl group early in 

the synthesis (17) before tetralone formation. Strategy B is to build the tricyclic core (19) first, 

then undergo late-stage C–C bond formation at the benzylic position to install the methyl group. 

There are very few reported strategies to make the Csp3–Csp3 bond. The best precedent originates 

from the Stahl group, which developed a radical C(sp3)–H functionalization and cross-coupling 

reaction in 2021.13,14  However, this strategy did not report promising yields for highly electron-

donating ring systems such as intermediate 19. Therefore, we began our initial synthetic efforts 

with strategy A, where the methyl group could be installed by Grignard addition or Wittig reaction 

on the benzylic ketone (21) followed by reduction to afford the tertiary carbon (17).  

 

Figure A2.1 Retrosynthetic strategies to access pseudorigidol A and B.  

 

A.2.2 Results and Discussion 

 This project was going to be handed off to graduate student Linda Ung, therefore the forward 

synthesis reported below was strictly for exploratory purposes.  The goal of the exploratory 
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chemistry was to make sure the hydrazone precursor with the benzylic methyl group (16) could be 

accessed through strategy A (Figure A2.2), but no further optimization was conducted on each 

step.  

 

Figure A2.2 Forward synthesis for pseudorigidols.  

Starting from 1,4-dimethoxy-2-methylbenzene (18), a Friedel-crafts with succinic anhydride 

gives the carboxylic acid (21) in 34% yield. The addition of methyl Grignard to the benzylic ketone 

(21) affords the tertiary alcohol (22), which was telescoped straight into reduction with 

triethylsilane to afford the benzylic methyl group (17) in 24% yield over two steps.  A 
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trifluoroacetic acid and trifluoroacetic anhydride mixture catalyzes the intramolecular EAS 

reaction to yield the desired tetralone (23) in a moderate 56%.  

At this point in the synthesis, the project was handed off to Linda Ung. However, the 

remaining steps consisted of selective ortho deprotection to form the phenol (24), followed by 

alkylation with isopropyl iodide to make the ether (25). Hydrazine condensation will form the 

desired hydrazone precursor (16). Since the hydrazone precursor at the benzylic stereocenter is 

racemic the C–H insertion can make all four possible stereoisomers of the fused tricyclic core (26-

27). If stereoselectivity trends follow those observed in Chapter 2, then the C–H insertion with 

Rh2(R-PTAD)4 will afford two enantiopure diastereomers. Whereas Rh2(S-PTAD)4 will make the 

opposite enantiomers of each diastereomer.  Therefore, each enantiomer of pseudorigidol A (14) 

and pseudorigidol B (15) can be selectively accessed to aid in the absolute stereochemical 

assignment of both natural products as well as biological testing. 

 

A.2.3 Conclusion and Future Work 

 Current work on this total synthesis has been conducted by Linda Ung. She optimized two 

key areas of the reported forward synthesis. First, the yield of the Friedel-Crafts reaction with 

succinic anhydride affording the carboxylic acid (21) was unable to be optimized. Switching to a 

Friedel-Crafts reaction with methyl 4-chloro-4-oxobutanoate yielded the analogous ester in 97% 

yield. The ester could then be cleaved back to the desired carboxylic acid. Second, Grignard 

addition and reduction remained low yielding too. Instead, a Wittig reaction on the benzylic ketone 

was used to make an alkene. Then reduction of the alkene with hydrogen and palladium on carbon 

afforded the methyl group. This Wittig route has proven to be a more reliable and scalable route 

to installing the methyl group. Finally, the fused tricyclic core for pseudorigidol A and B has been 
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made, and all that remains is methoxy deprotection to afford the final natural products! A route to 

install the methyl group in an enantiopure fashion is currently under development.15  

 

A.2.4 Experimentals 

 

(21) 4-(2,5-dimethoxy-4-methylphenyl)-4-oxobutanoic acid 

18 (2.99 g, 19.6 mmol, 1.0 equiv), succinic anhydride (3.66 g, 27.5 mmol, 1.4 equiv), and CH2Cl2 

(65 mL, 0.3M) were added to a flame-dried round bottom. The solution was cooled to 0 oC, then 

AlCl3 (2.35 g, 23.5 mmol, 1.2 equiv) was added portionwise over 10 minutes. The reaction was 

stirred overnight while allowing it to warm to room temperature. Then it was diluted in H2O (100 

mL), acidified to a pH <1 with 1M HCl, and extracted with CH2Cl2 (3 x 30 mL). The organics 

were combined, dried over Na2SO4, and concentrated in vacuo. The crude reaction was purified 

by column chromatography (50:50 hexanes:EtOAc) to afford the desired product (1.76 g, 34%) as 

a yellow solid. SND-VII-032.  

 

 

(22) 4-(2,5-dimethoxy-4-methylphenyl)-4-hydroxypentanoic acid 

21 (500 mg, 1.98 mmol, 1.0 equiv) in Et2O (0.1M) was added to a flame-dried round bottom under 

Ar. The reaction was cooled to 0 oC, then methyl Grignard (1.45 mL, 3M in Et2O, 2.2 equiv) was 

H3C

OCH3

OCH3O

OH

O
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added, and the reaction was stirred until the starting material was fully consumed (~30 minutes). 

The reaction was quenched with NH4Cl (sat), extracted with CH2Cl2 (3 x 15 mL), dried over 

Na2SO4, and concentrated in vacuo to afford the desired alcohol which was telescoped 

immediately into the next reaction. SND-VII-034.  

*Note: methyl lithium can also be used instead of methyl Grignard. This reaction afforded the 

tertiary alcohol in 42% yield (SND-VII-067). 

 

 

(17) 4-(2,5-dimethoxy-4-methylphenyl)pentanoic acid 

22 (395 mg, 1.47 mmol, 1.0 equiv), Et3SiH (0.706 mL, 4.42 mmol, 3.0 equiv), TFA (0.338, 4.42 

mmol, 3.0 equiv), and DCM (0.1M) were all added to a round bottom. The reaction was stirred 

overnight at room temperature, then it was quenched with NaHCO3(sat), extracted with CH2Cl2 (3 

x 10 mL), and concentrated in vacuo. The crude was purified by column chromatography (40:60 

hexanes:EtOAc) to afford the desired product (209 mg, 56%) as a yellow solid. SND-VII-070. 

 

 

(23) 5,8-dimethoxy-4,7-dimethyl-3,4-dihydronaphthalen-1(2H)-one 

17 (200 mg, 0.793 mmol, 1.0 equiv), TFA (0.121 mL, 1.59 mmol, 2.0 equiv), TFAA (0.221 mL, 

1.59 mmol, 2.0 equiv), and DCM (0.1M) were added to a round bottom and stirred overnight at 

H3C

OCH3

OCH3CH3

O
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room temperature. The reaction was basified with 1M NaOH to a pH >9, then extracted with DCM 

(3 x 10 mL), and concentrated in vacuo. The crude was purified by column chromatography (80:20 

hexanes:EtOAc) to afford the desired product (63%) as a light yellow oil. SND-VII-071 
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