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Abstract 
 The synthesis of natural product-inspired oxygen heterocycles has long been hindered by 

the development of enantioselective methods for forming important cores, such as chromane and 

xanthone cores. Through the investigation of enantioselective methods for the synthesis of 

tetrahydroxanthones, a method was developed using copper bisoxazoline catalysis. This method 

utilized [4+2] cycloaddition to set two stereocenters at once, one of which is a quaternary carbon. 

This product can be further derivatized to an intermediate of morphine and provides opportunity 

for the synthesis of natural product-inspired chromane and xanthone cores. The tolerance of this 

method shows its amenability to a structure activity relationship study. This reaction mechanism 

was investigated using a Linear Free Energy Relationship Study. Hammett plots revealed that a 

positive charge was built up during the reaction which agreed with our proposed mechanism. 

However, it appeared that when a more substituted ligand was used, the more sterically 

demanding environment decreased the effect of the electronic properties of the substrate on the 

reaction.  
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Introduction 
Bioactive Targets 

 Oxygen heterocycles are a common structural feature in many natural products. A 

common core within these heterocycles is chromane structure. These chromane core molecules 

often possess desirable bioactive properties. Rhododaurichromic acids A (1) and B (2) are 

examples of natural products with chromane cores that were originally isolated from the leaves 

and twigs of Rhododendron dauricum.1 These two compounds have potent anti-HIV activity in 

acutely affected H9 cells. Rhododaurichromic Acid A was found to have an EC50 value of 0.37 

mg/mL and a therapeutic index of 91.9 making it a promising anti-HIV agent.1 Beyond anti-HIV 

potential,  (+)-psiguadial B (3), a natural product isolated from the leaves of Psidium guajva by 

the Shao group, has antiproliferative activity against hepatoma cells.2 Other secondary 

metabolites which have been isolated from Psidium guajva have very desirable bioactivies.3 4,5-

diepipsidial A (4) and guajadial B (5) both showed strong cytotoxicity against A549 cells, a 

human cancer line, with IC50 values of 160 nM and 150 nM respectively.3 Also from the same 

meroterpenoid family, psiguajavadials A (6) and B (7) both showed potent antiproliferative 

effects in human cancer cell line HCT-116.3  

While these structures possess valuable bioactivities, they are structurally challenging 

from a synthetic perspective. All structures possess a chromane core (highlighted in blue in Fig. 

1). 1, 2, and 3 have been successfully synthesized, allowing for further study.1,2 However, 4, 5, 6, 

and 7 still remain to be synthesized. The extra challenge which is 

presented in these molecules arising from the presence of an 

enantioenriched quaternary center at either the 2 or 3 position of the 

chromane (circled in blue in Fig. 2). The quaternary center at the 3 

position is particularly difficult to establish due to the lack of 

publications on this chemistry.  
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 Another promising oxygen-heterocycle core is the xanthone core. There are many 

natural products which have been isolated with a xanthone core, including several which possess 

desirable bioactivities (Figure 3). Dimeric xanthones have been isolated from endophytes and 

fungi.4 For example, ascherxanthone A (8), isolated from the mycelia of Aschersonia sp. BCC 

8401, has anticancer activity against three cancer cell lines, KB, BC, and NCI-H187 with IC50 

values between 1.7 and 0.16 μg/mL.4,5 The dicerandrols are another family of dimeric xanthones 

which can be isolated from Phomopsis longicolla.4 Dicerandrol A (9), B (10), and C (11) all 

have been found to have activity against both the HCT-116 and A549 cancer cell lines. More 

specifically, 11 possesses increased cytotoxicity against human breast cancer, colon cancer, lung 

cancer, liver cancer, and breast epithelial cell lines when compared with 9 and 10.4 The 

phomoxanthones are another family of dimeric xanthones that offer wealth of biological activity. 

Isolated from Phomopsis sp. BCC 1323, phomoxanthone A (12) and B (13) both showed 

antimalarial, antitubercular, and cytotoxicity against KB cell, BC-1 cell, and Vero cell lines. 12 

has been further studied to reveal that it can inhibit the proliferation of lymphoma cell line 

L5178Y and some cisplatin resistant cell lines, with cytotoxicity of 12 towards lymphoma cells 

increased 100-fold in comparison to healthy cells. This indicates great potential for the medicinal 

application of 12.4  
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The promising biological activities along with the synthetic challenge offered by these 

dimeric xanthones has not gone unnoticed by the chemistry community and a limited number of 

investigators have studied the total synthesis of these types of natural products. The first 

synthesis of a dimeric tetrahydroxanthone was reported in 2013 by Porco and coworkers.4 

Utilizing a copper didestannylative coupling, Porco was able to synthesize secalonic acids A (14) 

and D (15) from chromone ester starting material (16) (Scheme 1).6,7 This synthesis took nine 

steps to reach both 14 and 15. The method used by Porco and co-workers emphasized the 

importance of chromone starting materials and their usage in the synthesis of natural product-

inspired xanthone dimers. This synthesis of 14 and 15 shows the synthetic challenge presented 

by dimeric xanthones. Similar to the natural products with a chromane core, it is challenging to 

set multiple stereogenic centers including the tertiary ether stereocenter at the 2 position of the 2-

alkylchroman-4-one (highlighted in blue in Figure 4). Beyond this, the biaryl bond has also 
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proved complicated for form due to the steric hinderance surrounding it from the bulky 

tetrahydroxanthone monomers (circled in blue in Figure 4).  

In addition to both the chromane and xanthone oxygen heterocycles, there is another 

promising group of molecules, the morphine alkaloids. The morphine alkaloids have a long 

history of use as medicinal agents. After morphine’s (17) original isolation from the latex of the 

opium poppy in 1806, it took 21 years for Merck to put 17 on the market in 1825.8,9 17 is still 

today is one of the most potent analgesic agents available and is often used for cancer patients.9 

Derivatives of 17 also have important medicinal applications. naltrexone (18) and naloxone (19) 

both have been used to treat opiate overdoses and drug or alcohol addiction.10 Codeine (20), 

another derivative of 17 has similar properties and is often used as an analgesic agent for 

moderately severe pain. Thebaine (21) and oripavine (22) are both important intermediates for 

the synthesis of 17 and 20. 
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While the structure of 17 has been known since 1925 and the first total synthesis was 

completed in 1952, the majority of the worlds’ morphine is still 

extracted due to the production cost.8,9 The need for a commercially 

applicable synthetic route is obvious despite over thirty routes already 

existing.8 The synthetic challenge posed by 17 and its derivatives 

arises from the complex pentacyclic framework with five continuous 

stereocenters (highlighted in blue in Figure 6).9 Additionally, there is 

a quaternary carbon center, which is synthetically challenging to build 

(circled in Figure 6). The lack of a commercially applicable synthetic 

route is extremely disconcerting as 17’s importance as a medical 

agent is extreme.  

Structure Activity Relationship Studies 

 Structure activity relationship (SAR) studies attempt to understand how biological 

activity is related to chemical structure. Often times during these studies derivatives of one key 

compound are tested to see if they have similar bioactivities. After an in-depth study the 

pharmacophore, the chemical structure whose electronic and steric properties are responsible for 

their bioactivity, can be found. When looking at the case of 17, a study was completed by 

Breanden, Eddy, and Halbach in 1955 where the hydroxyl groups, saturation of the alicyclic ring, 

modification of the nitrogen, substituents on the aromatic or acyclic ring, and opening of the 

oxygen bridge were all explored synthetically in order to determine the moieties which 

contributed to the analgesic properties of 17.11 Within this study they found the important 

moieties to be the tertiary 

nitrogen, with a small R group, 

the quaternary carbon, the phenyl 

group connected to the quaternary 

carbon, and that maximum 

bioactivity is found when the 

nitrogen is connected to the 

quaternary carbon by a two 

carbon chain.11 This pharmacophore (23) is found in 20 and 21 (highlighted in blue in Figure 7).  

One of the benefits from completing an SAR study is the ability to develop more structurally 

simple molecules which still possess similar bioactivities. In 

the case of 20 and 17, Tramadol (24) and M1 (25) 

respectively, are examples of this (Figure 8).12 Beyond this 

substitution to 25 with N-phenyl-carbon chains saw in an 

increase in binding affinity with a two-carbon chain in 

comparison to 17.12  

 When considering completing a SAR study, it is important 

to have a method which allows for functionalization of the 

target molecule. Whether this means that the synthetic 

method tolerates multiple functional groups or that the 

target molecule can withstand functionalization is important and necessary. Additionally, there 
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are times when synthetic analogs of highly bioactive target compounds have increased 

bioactivities, less side effects, and more specific binding within the body, making them better 

candidates for medicinal applications.  

Enantioselective Tetrahydroxanthone Synthesis  

  There is a lack of effective methods to establish both the 2 and 3 stereocenters observed 

in the chromane and xanthone cores. A chromenone (26a) provides an attractive starting material 

for the enantioselective synthesis of tetrahydroxanthones, a common core in bioactive molecules 

as see above. 

This has 

sparked 

interest within 

the synthetic 

field, although 

there has not 

been the development of a method which can establish both stereocenters. In pursuit of the 

development of a method which could set both stereocenters at once and allow for the 

functionalization of the molecule making it amenable to SAR studies, we envisioned the addition 

of 26a and diene (27) via a [4+2] cycloaddition which could provide access natural product-

inspired tetrahydroxanthones (Scheme 2).   

Literature precedent inspired our investigation of the enantioselective [4+2]-type 

cycloaddition reactions of 26a and 27. In 1987, Cremins and co-workers investigated the 

cycloaddition of 26a and Danishefsky’s diene (28).13 This method afforded them with the 
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cycloadducts (29) which they found to be unstable at room temperature. Under treatment with 

hydrochloric acid in tetrahydrofuran 29 yielded product (30) racemically (Scheme 3). A similar 

investigation was completed by Akiba and co-workers in 1994.14 Beginning with 26a and diene 

(31), they were unable to complete the cycloaddition with diastereoselectivity.  For example, the 

cycloaddition reaction of chromanone (32) with diene 31 afforded desired product (33) with 

greater than 98% d.e (Scheme 3).14 While this is impressive selectivity, the reaction relies on a 

stoichiometric amount of a chiral auxiliary. 

One of the first publications describing a catalytic, enantioselective [4+2]-type 

cycloaddition reaction of chromenones was reported in  2012 from Jørgensen and co-workers.15 

Using substituted 2,4-dienals (34) and 3-cyanochromones (35) they were able to achieve high 

enantioselectivity and diastereoselectivity, up to 94% e.e. and 20:1 d.r., using a squareamide 

hydrogen donor catalyst (36) in the synthesis of 37 (Scheme 3).15 Over the course of their studies 

it was found that the use of a cyano substituent in the 3-position of the chromenone starting 

material was necessary to achieve this high enantiomeric excess, likely due electronic its 

properties, ultimately limiting the scope of the reaction. While this demonstrated that activated 

chromones are able to undergo enantioselective [4+2] cycloadditions, it still left unanswered the 

synthetic challenge of a general [4+2] approach for enantioselective tetrahydroxanthone 

synthesis.  

Copper Bisoxazoline Catalysis 

 Copper (II) BOX catalysis has been utilized in many enantioselective reactions, including 

cycloadditions, Aldol, Michael, and carbonyl ene reactions.15 The usage of copper has been 

found to be key over other metals. Copper (II) forms a more stable ligand-metal complexes than 

other metals such as manganese, iron, cobalt, nickel, and zinc.16 Beyond this, there is not a 

problem with the disassociation of the copper from the BOX ligands. The anion is another 

extremely important factor. It is important to choose an anion which is a weak bonding anion, 

allowing for dissociation and ligand binding to occur. In addition to this, the bisoxazoline 

framework allows for catalyst tuning. The ability to substitute different groups on the pyrrole 

ring and on the bridged backbone allows for the testing of a variety of ligands with different 

steric and electronic properties. Beyond this, BOX ligands are synthetically accessible with an 

established route that provides high enantioselectivity.16 Copper BOX catalysis offers an 

attractive asymmetric catalytic system due to the substrate tolerance, catalytic tunability, and the 

chiral environment which it creates. 

 There are many literature examples of the application of copper bisoxazoline catalysis to 

affect enantioselectivity. In 2013, Nakada and co-workers found that applying copper (II) BOX 

catalysis to [4+2] cycloadditions of α-alkylidene β-keto imides (38) with diene (39) afforded 

them product (40) with 99% e.e. and 92% yield (Scheme 2).17 However, in order to achieve this 

high enantioselectivity, the usage for hydrogen bonding of the long side chain was necessary for 

orientation of the substrate when coordinated to copper. This limits the options for future 

derivatization. Similarly, Sarpong and co-workers were able to achieve cycloaddition of diene 

(41) and β-keto ester (42) affording them the product (43) with 72% e.e. through the addition of 

a hydrogen bond donor additive, methanol (Scheme 2).18 While this method was able to address 

the long side chain which Nakada needed to increase selectivity with the copper BOX catalyst 

system, it still was unable to achieve high enantioselectivity.19 Additionally, Sarpong and co-

workers did not test the tolerance of their reaction on other dienes or dienophiles. Inspired by the 

extensive literature surrounding copper bis(oxazoline) catalysis15,17,18, the Mattson group has 
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found success constructing chromanones with high enantiomeric excesses under the influence of 

copper bisoxazoline catalysis (44). Specifically, in 2020, the Mattson group reported the 

alkynylation of benzopyrilium ions (45) affording product (46, Scheme 4) in up to 98% 

enantiomeric excess (e.e.).19 Further functionalization of 46 (R = OMe) yielded 47 which has 

direct applications to bioactive compound synthesis.  

 These literature examples show that copper bisoxazoline catalysis can be used to afford 

products with high selectivity. Due to the prevalence of copper bisoxazoline catalysis in the 

literature there have been 

investigations into the 

mechanism. In 2000, Evans 

and co-workers investigated 

the mechanism of the addition 

of enolsilanes (48) to 

alkylidene malonates (49) 
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catalyzed by copper bisoxazoline catalysis to afford them 50 with up 99% e.e. (Scheme 5).20 

Through crystal structures of the alkylidene malonate and copper bisoxazoline catalyst complex, 

Evans and co-workers identified that there is two-point binding of the alkylidene malonate   

through the carbonyl moieties. Additionally, this crystal structure shows that coordination 

complex geometry is a distorted octahedral geometry where the counterions are weakly bound to 

the copper. This 

distorted 

octahedral 

geometry is seen 

phenyl and tert-

butyl bisoxazoline 

ligands are used.20 

They proposed a 

catalytic cycle 

where the addition 

of the enolsilane to 

the alkylidene 

malonate proceeds 

through an open 

transition state and 

can form a 

zwitterion or close 

to form a 

cylobutane (Figure 

9). This 

intermediate is 

then resolved with 

hexafluoro-2-

propanol as a 

proton acceptor, 

generating a 

neutral complex 

which disassociates from the copper.20 

 In 2018, Nagorny and co-workers investigated the Michael reaction between β-keto acids 

(51) and enones (52), which can undergo aldolization when in the presence of copper 

bisoxazoline catalysis to afford highly functionalized chiral cyclohexenones (53) in up to 94% 

e.e. (Scheme 6).21 

Additionally, they 

proposed a catalytic 

cycle where once 

coordinated to the 

copper bisoxazoline 

catalyst the β-keto 

acid forms an 

activated complex 

with which increases reactivity (Figure 10). Once this species is formed, the enone is activated 
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either through protonation or hydrogen bonding. This newly activated enone can undergo a 

Michael reaction with the coordinated activated β-keto acid. This step is followed by 

decarboxylation and aldol condensation affording them with highly functionalized chiral 

cyclohexenones.21 These mechanistic investigations provide insight into how copper 

bisoxazoline catalysis affords extreme selectivity over a broad range of reactions.  
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Linear Free Energy Relationship Studies 

 Linear free energy relationship (LFER) studies can provide insight into the mechanism of 

a reaction. These studies are extremely useful when the mechanism is being investigated or there 

is interest in why the reaction provides certain selectivity. LFER studies take advantage of the 

steric and electronic affects which different functional groups have on a reaction. LFER studies 

originated through the correlation of the change in rate constant of reaction a to the change in 

rate constant of reaction b in order to determine the energy change in reaction b when compared 

to reaction a. This relationship can be expressed through equation 1 where Gi
AB describes the 

sensitivity of reaction a and b to change from xo to xi and Xi describes the impact of the change 

on reaction a.22  

log(ki/ko)B  =  Gi
AB Xi                                                         (1) 

This relationship is applied to all LFER studies which look to investigate what the impact of 

change on a reaction in comparison to a reference reaction can reveal about the mechanism of a 

reaction. These relationships are developed through the study of specific reactions which lead to 

the development of parameters related to different substituents.  

 The Hammett Equation, represented by equation 2, is based on the study of the impact of 

meta and para substituents on the disassociation constant of benzoic acid. 

log(ki/ko) = ρ σ                                                             (2) 

Hammett originally used equilibrium constants when investigating this relationship, but the σ 

values can be applied to rate constant as well as enantiomeric ratio (e.r.). These σ values are 

derived from the electronic influence which the substituent has on the acid disassociation of 

benzoic acid. Electron donating substituents have a negative σ value, electron withdrawing 

substituents have a positive σ value, and hydrogen has a σ value of zero. The information 

regarding the charge in the transition state is provided by the ρ value (Table 1).22  

 

Table 1:  ρ value meanings 

ρ > 1 Negative charge is built up 

0 < ρ < 1 Weak negative charge is built or loss of 

positive charge 

ρ = 0 No charge is built or lost 

-1 < ρ < 0 Weak positive charge is built or loss of 

negative charge 

 ρ < -1  Positive charge is built up 

This information regarding the charge which is built up in the reaction provides key information 

regarding the mechanism of the reaction which can help lead to better catalyst tuning, therefore 

improving the selectivity of a reaction. 
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Project Goal 

 The goal of this project was to address the synthetic knowledge gap in the 

enantioselective synthesis of tetrahydroxanthones with two key stereocenters utilizing a method 

which allowed further derivatization and was amenable to SAR and LFER studies. Previous 

work completed by Cremins and co-workers showed that the cycloaddition of 26a and 28 was 

chemically possible. Recent work within the Mattson group showed the enantiocontrol which the 

Copper (II) BOX catalytic system was able to effect on the alkynylation or benzopyrilium ions. 

With both of these in mind, the formal [4+2] cycloaddition of 26a and 27 using a copper BOX 

catalytic system to yield 

deprotected product with 

high enantioselectivity (54a) 

was envisioned (Scheme 7). 

The investigations in this 

work focused on the 

optimization of the synthesis 

of chromenone substrates, 

synthesis of key 

tetrahydroxanthones, 

optimization of the 

deprotection reaction, and a 

mechanistic investigation via 

Hammett Plot Analysis.  
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Results and Discussion 

Chromenone Synthesis 

 The chromenones (26) were synthesized through a three-step synthetic route (Scheme 8).  

The treatment of with acetophenone derivative 55 with POCl3 and DMF gave rise to chromenone 

56 containing and aldehyde in the 3-position. The oxidation of the aldehyde to the carboxylic 

acid 57 was affected with sulfamic acid and NaClO2. The esterification of the carboxylic acid 

afforded the methyl ester under acidic conditions with HCl in methanol.  

   The scope of this synthetic route to generate the chromenone substrates was broad, 

tolerating electron donating, electron withdrawing, and sterically demanding groups at nearly 

every position (Figure 11). Electron withdrawing and weakly electron donating groups were 

tolerated at the 7 position, but stronger electron donating groups, such as methoxy were not 

tolerated at the 7 position for the first step of the synthesis. Additionally, disubstituted substrates 

(26k, 26l, 26m, and 26n) were not 

as stable or reactive as the 

monosubstituted substrates. 

Coupling reactions were attempted 

on the chromenone substrates in 

order to expand the substrate scope 

(Scheme 8). However, both of these 

couplings led to material that was 

PhB(OH)2, Pd(PPh3)4, K2CO3

Toluene, 20hr

Br

O

OMe

OO

Ph

O

OMe

OO

Pd(PPh3)4, CuI, PPh3

Et3N, THF, 20hr

Br

O

OMe

OO

O

OMe

OO

+

Scheme 8: Attempted Couplings
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unstable and decomposed as seen by TLC. In order to successfully complete couplings, the initial 

starting material, acetophenone, must be protected and then it can be coupled. Despite this set 

back, this route still provides access to a variety of substrates with different handles for further 

functionalization.  

Tetrahydroxanthone Synthesis 

 The chromenone substrates were used as starting material for the enantioselective 

synthesis of tetrahydroxanthones via a formal [4+2] cycloaddition. This cycloaddition was 

completed using a copper BOX catalytic system. The reaction conditions were previous 

optimized by Jon Attard, a 5th year graduate student in the Mattson group (Scheme 9). Six key 

substrates were 

chosen which 

represented electron 

donating groups and 

electron withdrawing 

groups in order to 

complete a linear free 

energy relationship 

study. Initially, these 

substrates were tested 

using bisoxazoline 

ligand 58, which was 

good but ultimately 

not the best ligand 

structure identified 

for this reaction. Substrates 26c, 26d, and 26e all gave lower yields and enantiomeric excess in 

comparison to substrates 26a, 26b, and 26f (Table 2). 26c gave such extremely low yields that 

there was not enough material to take an HPLC spectra in order to determine enantiomeric 

excess. Additionally, copper-58 complex was not stable which resulted in the decomposition of 

the ligand which could lead to the deprotection of the product. This decomposition would leave 

free copper in the solution which could decrease both the yield of the reaction and the 

enantioselectivity of the reaction. This issue led to the usage of bisoxazoline ligand 59, the most 

optimal ligand for the reaction system, affording greater enantioselectivity. 59 proved to be more 

stable, even allowing for the recovery of the ligand after purification of the adducts. The yields 

were easily reproducible with 53 and enough material was made to determine enantiomeric 

excess for all substituents (Table 2). However, the enantiomeric excess of 54b was lower with 59 

then with 58. This could be due to the increased steric constraints of 59 or changed electronic 

properties in the transition state due to the increased pi system of the ligand.   
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Table 2: Average Yield and Enantiomeric Ratio for 58 and 59
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Ligand 58 

R Starting Material Product Average Yield Average Enantiomeric 

Ratio 

H 26a 54a 61% 91:1 

MeO 26b 54b 67% 92:8 

F 26c 54c 14% N/A 

Br 26d 54d 12% 89:11 

Cl 26e 54e 12% 81:19 

Me 26f 54f 45% 93:7 

Ligand 59 

H 26a 54a 89% 92:8 

MeO 26b 54b 43% 87:13 

F 26c 54c 35% 93:7 

Br 26d 54d 33% 94:6 

Cl 26e 54e 42% 94:6 

Me 26f 54f 40% 93:7 

 

The deprotection conditions still needed to be optimized in order to achieve the desired 

product. A racemic adduct was subjected to four different conditions summarized in Table 4. 

Conditions A, B, and D all ran for twenty-four hours, while condition C only required four hours 

for conversion as judged by TLC and produced the desired compound with a 35% yield with 

little impurity, as observed by 1H-NMR. Upon further analysis condition D did not provide the 

deprotected product as observed by TLC and only starting material remained. Condition A 

provided product in a 44% yield with a significant amount of ring opened phenolic impurities 

due to side reactions. Condition B only yielded 2% of the desired product and a significant 

amount of starting material remained, as observed by 1H-NMR spectroscopy. The main 

comparison in order to determine the optimized deprotection methods was in comparing purity 

of the crude product as the phenolic impurities are hard separate from the desired product. 

Condition C provided the cleanest reaction as indicated by 1H-NMR spectroscopy of the crude 

product. Thus, the deprotection step we used for the remainder of the study was condition c.   
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Table 3: Optimization of Deprotection Conditions
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The product generated by this new enantioselective [4+2] method sets two stereocenters 

in a tetrahydroxanthone core (starred in Scheme 10), one of which is a quaternary carbon. 

Additionally, this product allows for further derivatization, such as the synthesis of 

dihyrdobenzofurans with biological relevance (Scheme 10). There are also future possibilities for 

the further derivatization of the decarboxylated product. This product can used in the synthesis of 

natural product-inspired chromane and tetrahydroxanthone molecules. The tolerance of the 

process is seen as it has been applied to chromenones with electron donating, electron 

withdrawing, and sterically challenging groups around the ring system. 

Hammett Plot Analysis  
 The six key tetrahydroxanthones, 26a-f, were used to complete Hammett plot analysis. 

Their corresponding Hammett parameters were the σmeta values (Table 4)20. For analysis, plots 

were made from the reactions with both ligands 58 and 59. Four 

plots were made in total, comparing the log of yield of each reaction 

to the σmeta value and comparing the log of the enantiomeric ratio to 

the σmeta value. For the plot comparing the log of yield of each 

reaction to the σmeta value, adduct yield was used. For ligand 58, a 

minimum of three trials were completed for all substrates, but 

HPLC traces were only able to be gathered for 54a, 54b, 54d, and 

54f. For 54e, only one trial yielded enough material for a HPLC 

trace and no HPLC traces were able to be collected for 54c. For 

ligand 59, two trials were completed for all substrates. These trials 

were compared with previously collected data. All trials yielded 

enough material for HPLC traces. These values were then plotted as 

previously described.  
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Graph 1: Ligand 58 Yield Hammett Plot 

 

 

Graph 2: Ligand 59 Enantiomeric Ratio Hammett Plot 
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Graph 3: Ligand 59 Yield Hammett Plot 

 

 

Graph 4: Ligand 59 Enantiomeric Ratio Hammett Plot 
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There are clear trends when considering the data collected from ligand 58 reactions. The 

ρ values were both negative. The log(yield) plot had a negative ρ value less than negative one 

and the log (er) plot had a negative ρ value greater than negative one but less than zero. This 

indicates that a positive charge is throughout the reaction.  Additionally, the R2 values of the 

log(yield) plot and log(er) plot for ligand 58 was 0.9287 and 0.7164 respectively. This shows a 

strong correlation between the σmeta Hammett parameters and the yield and the enantiomeric 

ratio. This indicates that the yield and the selectivity of the reaction are impacted by electronic 

effects from the substituent.  

 When considering the plots made with the ligand 59 there is not a clear trend. However, 

the R2 values of the log(yield) plot and log(er) plot for ligand 59 were 0.3303 and 0.2481 

respectively. This shows there is not a strong linear correlation between the σmeta Hammett 

parameters and the yield or enantiomeric ratio. This means that the electron donating or electron 

withdrawing nature of substituent does not strongly impact the yield or selectivity of the reaction 

which can be confirmed by comparing the differences in yield and selectivity between substrates. 

As seen in reactions using 58 the yield is much more dependent on the substituent. The 

selectivity is also seen to depend on the substituent, but not as significantly. The opposite is seen 

when look at the yield and selectivity of the reaction using 59. While yield still shows minimally 

more dependency on substituent than selectivity, there is little to no dependency on the electronic 

properties of the substituents. The greatest impact can be seen when looking at the enantiomeric 

ratio of 54b. This could be due to the difference in steric environment which is made. One reason 

for this difference could be the steric environment which is generated by 59 versus the 

environment which is generated by 58. The increase in ligand size limits the ability of the 

substrate to rotate when coordinated to the copper. This would lead to an increase in yield and 

selectivity, which is seen. Additionally, if the substrate is bound and held in a specific position 

due to steric control, this could potentially decrease the dependence of the reaction on the 

electronic properties of substrate. Beyond this, the distance which the substituent is from the site 

where the reaction occurs could impact its ability to affect the yield and selectivity of the 

reaction, therefore decreasing the dependency of the reaction on electronic properties. However, 

further studies are needed to determine if this theory is applicable.  

 A plausible mechanism for this cycloaddition is proposed in Figure 12. This mechanism 

begins with the association of the bisoxazoline ligand to the copper forming complex 60. This 

visually can be seen as the reaction mixture will change from a clear color to a green color. Upon 

addition of 26a, complex 61 will form with the coordination between 26a and copper occurring 

through the two-point binding of the carbonyl moieties.20 61 has a resonance structure 62, where 

an enolate is formed through the bonding of one of the carbonyl oxygen atoms to the copper.21 

62 is a very reactive species that upon the addition of 27 undergoes nucleophilic attack. This [4 + 

2] addition proceeds through a stepwise addition yielding 63. The ring then closes through 

nucleophilic attack on the enolate, and the carbonyl is reformed, the neutral species is able to 

disassociate from the copper.20 We propose that the enantio-determining step is the addition of 

27 to 62. This addition is sterically controlled by the bisoxazoline ligand, which blocks the top 

face of 26a, forcing addition to occur on the bottom face. According to Wallace and co-workers, 

the ring closure occurs on the same face as the addition, leading a sin product, therefore the side 

which 27 adds to determines the stereochemistry.13 The buildup of positive charge in the 

transition as indicated by Hammett analysis, agree with this proposal. The buildup of positive 

charge is seen in 62 where there is a positive charge on the benzopyrilium during the transition 

from 62 and 63. It is this positive charge that affords the enantioselective addition of 27. 



 20 
 

Additionally, only the electronic effects of the chromenone were studied so the results of 

Hammett analysis must relate to a positive charge buildup on the chromenone.  The results of the 

Hammett analysis agree with our proposed mechanism and proposed enantio-determining step.   
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Conclusions 

 Access to chromane and tetrahydroxanthone cores with enantioselectivity is an area within 

organic synthesis that possess a significant gap. Previous work has shown that tetrahydroxanthones 

can be synthesized using a chromenone starting material and dienes via a [4+2] cycloaddition. 

However, there lacks a method to effectively synthesize these tetrahydroxanthones with selectivity 

and the possibility for further functionalization or derivatization. Within the Mattson group, 

progress has been seen regarding the application of copper bisoxazoline catalysis for 

enantioselective synthesis. Beyond this, copper bisoxazoline catalysis has been used for various 

[4+2] cycloadditions with high enantioselectivities. Herein, copper bisoxazoline catalysis was 

applied to the [4+2] cycloaddition of chromenones and dienes selectively affording 

tetrahydroxanthones with two stereocenters.  

 Our studies found that the chromenones could be synthesized from acetophenones through 

a three-step synthetic route. These chromenones were then subjected to previously optimized 

conditions to selectively yield a set of adducts. The deprotection step was optimized to yield a 

tetrahydroxanthone product with the least amount of impurity. Six key substrates were chosen in 

order to complete Hammett plot analysis. These substrates were evaluated in the reaction using 

two bisoxazoline ligands. The less sterically demanding environment created by the less 

substituted ligand showed greater susceptibility to changes in electronic properties of the substrate. 

These Hammett plots showed that there was positive charge build up during the transition state of 

the reaction, which appears to support the proposed reaction mechanisms. However, there seemed 

to be less of a relation between the electronic properties and the yield and selectivity of the reaction 

when a more sterically demanding environment was created by the tetranaphthyl substituted 

ligand. The method which was developed provides a product which can be further derivatized to 

an intermediate of morphine. Additionally, the decarboxylated product provides the possibility of 

further derivatization to natural product-inspired chromane and tetrahydroxanthone cores with the 

setting of two key stereocenters. The tolerance of this method shows the amenability of this method 

to a SAR study.   
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Appendix 1: Procedures 
General Methods 

Anhydrous toluene and dichloromethane were dried using a pure process technologies 

solvent system. All other reagents were used directly as received from the manufacturer unless 

otherwise noted. Preparative silica gel chromatography was performed using SiliaFlash F60 

silica gel (40 - 63 µm). Analytical thin layer chromatography was performed using Analtech 250 

µm silica gel HLF plates and visualized under UV 254nm. All 1H NMR spectra were acquired 

using a Bruker BioSpin 500 MHz Avance III Digital NMR spectrometer and calibrated using the 

solvent signal (CDCl3 7.26 ppm). J Coupling constants are reported in Hz. Multiplicities are 

reported as follows: s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; m, multiplet; b, broad; 

dd, doublet of doublets; ddd, doublet of doublet of doublets; td, triplet of doublets; ddt, doublet 

of doublet of triplets; dtd, doublet of triplet of doublets. Chiral HPLC analysis was performed 

using an Agilent 1260 equip with a diode array detector using Chiralcel OD-H or AD-H 

columns.  

A – VILSMEIR-HAACK 

  

 3-formylchromone (55a) was prepared according to an established procedure.13 To a 

100 mL round bottom flask was added dimethyl formamide (10 mL) and POCl3 (2.75 mL, 29 

mmol, 4.0 eq).  Reaction mixture was heated at 50C for 1 h. A solution of Acetophenone 55a 

(1.0 g, 0.88 mmol, 1.0 eq) in dimethyl formamide (14 mL) was added dropwise to the reaction 

mixture. Reaction mixture was heated at 50C for 2 h, heat was removed, and allowed to react 

for 16 h. The reaction solution was recrystallized from ice water, and then filtered and washed 

with water to afford an off white solid 56a (69% yield).  

B – OPTIMIZED VILSMEIER-HAACK 

  

 To a 100 mL round bottom flask was added acetophenone 55a (7 g, 51 mmol, 1.0 eq) and 

dimethyl formamide (31 mL). The reaction was cooled to 0C and POCl3 (14.4 mL, 154 mmol, 

3.0 eq) was added dropwise and allowed to react for 16 h. The reaction solution was 

recrystallized from ice water, and then filtered and washed with water to afford an off white solid 

56a (75% yield). 



 25 
 

3-formylchromone (56a): Prepared according to procedure B, using 

acetophenone 55a (7 g, 51 mmol), DMF (31 mL), and POCl3 (14.4 mL, 154 

mmol). 56a was isolated as an off white solid (0.883 g, 5.07 mmol, 69% 

yield). Rf = 0.48 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d), δ 

10.39 (s, 1H), 8.55 (s, 1H), 8.31 (d, J= 7.8, 1H),  7.76 (t, J = 10.8 Hz, 1H) 

7.55 – 7.49  (m, 2H). 

3-formyl-6-methoxychromone (56b): Prepared according to procedure B, 

using acetophenone 55b (5.12 g, 31 mmol), DMF (19 mL), and POCl3 (8.7 

mL, 93 mmol). 56b was isolated as an off white solid (5.1 g, 25 mmol, 80% 

yield). Rf = 0.56 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 

10.41 (s, 1H), 8.53 (s, 1H), 7.66 (dd, J = 3.1 Hz, 1H), 7.48  (d, J = 9.2 Hz, 

1H), 7.34 – 7.31 (m, 1H), 3.93 (s, 3H). 

6-fluoro-3-formylchromone (56c): Prepared according to procedure B, using 

acetophenone 55c (5.4 g, 35 mmol), DMF (22 mL), and POCl3 (9.8 mL, 105 

mmol). 56c was isolated as an off white solid (6.4 g, 33 mmol, 95% yield). Rf 

= 0.60 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 10.38 (s, 

1H), 8.55 (s, 1H), 7.95 (dd, J = 7.9, 3.1 Hz, 1H), 7.58 – 7.55 (m, 1H), 7.50 – 

7.47 (m, 1H).  

6-bromo-3-formylchromone (56d): Prepared according to procedure B, 

using acetophenone 55d (5.2 g, 24 mmol), DMF (15 mL), and POCl3 (6.7 

mL, 72 mmol). 56d was isolated as an off white solid (5.6 g, 24 mmol, 100% 

yield). Rf = 0.78 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 

10.37 (s, 1H), 8.54 (s, 1H), 8.43 (d, J = 2.5 Hz, 1H), 7.84 (dd, J = 8.9, 2.5 Hz, 1H), 7.44 (d, J = 

8.9 Hz, 1H).  

6-chloro-3-formylchromone (56e): Prepared according to procedure B, 

using acetophenone 55e (3 g, 17.5 mmol), DMF (11 mL), and POCl3 (4.9 mL, 

53 mmol). 56e was isolated as an off white solid (3.3 g, 16.1 mmol, 92% 

yield). Rf = 0.54 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 

10.37 (s, 1H), 8.54 (s, 1H), 8.27 (d, J = 2.5 Hz, 1H), 7.70 (dd, J = 9.0, 2.5 Hz, 

1H), 7.51 (d, J = 8.5 Hz, 1H).  

3-formyl-6-methylchromone (56f): Prepared according to procedure B, using 

acetophenone 55f (1.5 g, 10 mmol), DMF (6.2 mL), and POCl3 (2.8 mL, 30 

mmol). 56f was isolated as an off white solid (1.5 g, 8 mmol, 80% yield). Rf = 

0.6 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 10.39 (s, 1H), 

8.53 (s, 1H), 8.08 (d, J = 1 Hz, 1H),  7.56 – 7.54 (m, 1H), 7.43 (d, J = 8.6 Hz, 

1H), 2.49 (s, 3H). 
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7-fluoro-3-formylchromone (56g): Prepared according to procedure A, using 

acetophenone 55g (0.5 g, 3.24 mmol), DMF (13 mL), and POCl3 (1.2 mL, 13 

mmol). 56g was isolated as a yellow solid (0.282 g, 1.47 mmol, 45% yield). Rf 

= 0.70 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 10.39 (s, 

1H), 8.53 (s, 1H), 8.36 – 8.33  (m, 1H), 7.25 (d, J = 8.6 Hz, 2H). 

7-bromo-3-formylchromone (56h): Prepared according to procedure A, 

using acetophenone 55h (1.0 g, 4.65 mmol), DMF (18 mL), and POCl3 (1.7 

mL, 18.6 mmol). 56h was isolated as a tan solid (1.04 g, 4.10 mmol, 88% 

yield). Rf = 0.81 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 

10.37 (s, 1H), 8.59 (s, 1H), 8.16 (d, J = 8.5 Hz, 1H), 7.74 (d, J = 1.8 Hz, 1H), 

7.63 (dd, J = 8.6, 1.8 Hz, 1H). 

3-formyl-7-methylchromone (56i): Prepared according to procedure B, 

using acetophenone 55i (3.8 g, 25 mmol), DMF (16 mL), and POCl3 (7 mL, 

75 mmol). 56i was isolated as an orange solid (4.7 g, 24.8 mmol, 99% yield). 

Rf = 0.46 (4:1 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 10.39 

(s, 1H), 8.51 (s, 1H), 8.19 (d, J = 8 Hz, 1H), 7.33 (d, J = 9.6 Hz, 2H), 2.52 (s, 

3H). 

5,6-benzo-3-formylchromone (56j): Prepared according to procedure B, 

using acetophenone 55j (3.5 g, 18.7 mmol), DMF (12 mL), and POCl3 (5.3 

mL, 57 mmol). 56j was isolated as a white solid (4.2 g, 18.5 mmol, 99% 

yield). Rf = 0.66 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 

10.52 (s, 1H), 10.00 (d, J = 10.8 Hz, 1H), 8.57 (s, 1H), 8.17 (d, J = 9.1 Hz, 

1H), 7.96 (d, J = 10 Hz, 1H), 7.82 (t, J = 10.6 Hz, 1H), 7.69 (t, J = 10.1 Hz, 1H), 7.53 (d, J = 11.3 

Hz, 1H).  

7,8-benzo-3-formylchromone (56k): Prepared according to procedure A, 

using acetophenone 55k (1.5 g, 8.06 mmol), DMF (28 mL), POCl3 (3 mL, 32 

mmol). 56k was isolated as an orange solid (1.66 g, 7.41 mmol, 92% yield). 

Rf = 0.71 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 10.48 

(s, 1H), 8.73 (s, 1H), 8.53 – 8.50  (m, 1H), 8.24 – 8.22 (m, 1H), 7.99 – 7.97 

(m, 1H), 7.89 – 7.87 (m, 1H), 7.78 – 7.72 (m, 2H). 

 
6,8-bromo-3-formylchromone (56l): Prepared according to procedure A, 

using acetophenone 55l (1.0 g, 3.40 mmol), DMF (15 mL), and POCl3 (1.3 

mL, 13.6 mmol). 56l was isolated as an off white solid (1.10 g, 3.30 mmol, 

97% yield). Rf = 0.76 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-

d) δ 10.35 (s, 1H), 8.59 (s, 1H), 8.36 (d, J = 2.4 Hz, 1H), 8.10 (d, J = 2.4 Hz, 

1H). 
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8-bromo-6-chloro-3-formylchromone (56m): Prepared according to 

procedure A, using acetophenone 55m (1.0 g, 4.00 mmol), DMF (16 mL), and 

POCl3 (1.5 mL, 16 mmol). 56m was isolated as an off white solid (0.821 g, 

2.86 mmol, 71% yield). Rf = 0.64 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, 

Chloroform-d) δ 10.35 (s, 1H), 8.59 (s, 1H), 8.22 (d, J = 2.5 Hz, 1H), 7.96 (d, J 

= 2.5 Hz, 1H).  

3-formyl-5-methoxychromone (56n): Prepared according to procedure B, using 

acetophenone 55n (3 g, 18 mmol), DMF (11 mL), and POCl3 (5.1 mL, 54 

mmol). 56n was isolated as an off white solid (2.67 g, 13.1mmol, 73% yield). Rf 

= 0.24 (3:2 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 10.36 (s, 

1H), 8.39 (s, 1H), 7.62 (t, J = 8.4, 1H), 7.07 (dd, J = 8.5, 0.9 Hz, 1H), 6.90 (d, J = 

8.4 Hz, 1H), 4.02 (s, 3H). 

 

C – PINNICK OXIDATION 

  

To a 250 mL round bottom flask was added chromone 56a (0.75 g, 4.3 mmol, 1.0 eq) and 

dichloromethane (86 mL). A solution of sulfamic acid (0.84 g, 8.6 mmol, 2.0 eq) in water (15 

mL) was added and the reaction was cooled to 0C. A solution of technical grade NaClO2 (1.5 g, 

17.2 mmol, 4.0 eq) in water (69 mL) was added dropwise and allowed to react for 16 h. The 

reaction mixture was extracted with dichloromethane (3 x 50 mL), dried over anhydrous NaSO4, 

and the solvent was removed under vacuum to obtain the crude product. The crude product was 

washed with diethyl ether to afford an off white solid 57a (54% yield).  

D – OPTIMIZED PINNICK OXIDATION 

  

To a 500 mL Erlenmeyer flask was added chromone 56a (75 mg, 4.3 mmol, 1.0 eq) and 

dichloromethane (172 mL). A solution of sulfamic acid (6.7 g, 69 mmol, 2.0 eq) in water (86 

mL) was added and the reaction was cooled to 0C. A solution of technical grade NaClO2 (7.8 g, 

69 mmol, 2.0 eq) in water (86 mL) was added dropwise and allowed to react for 16 h. The 

reaction mixture was extracted with dichloromethane (3 x 100 mL), dried over anhydrous 

NaSO4, and the solvent was removed under vacuum to obtain the crude product. The crude 

product was washed with diethyl ether to afford an off white solid 57a (54% yield). 
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3-carboxychromone (57a): Prepared according to procedure D, using 3-

formylchromone 56a (6 g, 34.5 mmol), sulfamic acid (6,7 g, 69 mmol), 

NaClO2 (7.8 g, 69 mmol), DCM (172 mL), and water (172 mL). The crude 

product was washed with diethyl ether to afford an off white solid 57a (3.5 

g, 18.6 mmol, 5% yield). Rf = 0.21 (3:2 Hexanes:EtOAc), 1H NMR (500 

MHz, Chloroform-d) δ 13.39 (s, 1H), 0.2 (s, 1H), 8.35 (dd, J = 8, 1.5 Hz, 1H), 7.89 – 7.85 (m, 

1H), 7.66 (dd, J = 8.5, 0.55 Hz, 1H), 7.62 – 7.59 (m, 1H).  

3-carboxy-6-methoxychromone (57b): Prepared according to procedure 

D, using 3-formylchromone 56b (4.8 g, 24 mmol), sulfamic acid (4.7 g, 48 

mmol), NaClO2 (5.4 g, 48 mmol), DCM (117 mL), and water (117 mL). 

The crude product was washed with diethyl ether to afford an off white 

solid 57b (3.1 g, 13.9 mmol, 58% yield). Rf = 0.15 (3:2 Hexanes:EtOAc), 
1H NMR (500 MHz, Chloroform-d) δ 13.51 (s, 1H), 8.99 (s, 1H), 7.64 – 7.51 (m, 2H), 7.44 (d, J 

= 7.9 Hz, 1H), 3.95 (s, 3H). 

3-carboxy-6-fluorochromone (57c): Prepared according to procedure D, 

using 3-formylchromone 56c (6.0 g, 31 mmol), sulfamic acid (6.0 g, 62 

mmol), NaClO2 (6.9 g, 62 mmol), DCM (155 mL), and water (155 mL).  

The crude product was washed with diethyl ether to afford an off white 

solid 57c (1.8 g, 8.6 mmol, 28% yield). Rf = 0.14 (3:2 Hexanes:EtOAc), 1H 

NMR (500 MHz, Chloroform-d) δ 13.15 (s, 1H), 9.02 (s, 1H), 7.97 (dd, J = 7.7, 3.1 Hz, 1H), 

7,67 (dd, J = 9.2, 4.1 Hz, 1H), 7.62 – 7.59 (m, 1H).  

3-carboxy-6-bromochromone (57d): Prepared according to procedure D, 

using 3-formylchromone 56d (5.6 g, 22 mmol), sulfamic acid (4.7 g, 48 

mmol), NaClO2 (5.4 g, 48 mmol), DCM (120 mL), and water (120 mL). 

The crude product was washed with diethyl ether to afford an off white 

solid 57d (2.7 g, 9.9 mmol, 45% yield). Rf = 0.17 (3:2 Hexanes:EtOAc), 1H 

NMR (500 MHz, Chloroform-d) δ 13.09 (s, 1H), 9.01 (s, 1H), 8.47 (d, J = 2.4 Hz, 1H), 7.95 (dd, 

J = 8.9, 2.4 Hz, 1H), 7.55 (d, J = 8.9 Hz, 1H). 

3-carboxy-6-chlorochromone (57e) Prepared according to procedure D, 

using 3-formylchromone 56e (3.0 g, 14.4 mmol), sulfamic acid (2.8 g, 29 

mmol), NaClO2 (3.3 g, 29 mmol), DCM (72 mL), and water (72 mL). The 

crude product was washed with diethyl ether to afford an orange solid 57e 

(1.6 g, 7.2 mmol, 50% yield). Rf = 0.1 (3:2, Hexanes:EtOAc), 1H NMR 

(500 MHz, Chloroform-d) δ 13.09 (s, 1H), 9.01 (s, 1H), 8.30 (d, J = 2.5 Hz, 1H), 7.81 (dd, J = 

9.0, 2.6 Hz, 1H), 7.62 (d, J = 9.0 Hz, 1H).  
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3-carboxy-6-methylchromone (57f): Prepared according to procedure D, 

using 3-formylchromone 56f (0.14 g, 0.75 mmol), sulfamic acid (0.15 g, 

1.5 mmol), NaClO2 (0.17 g, 1.5 mmol), DCM (3.7 mL), and water (3.7 

mL). The crude product was washed with diethyl ether to afford an off 

white solid 57f (0.088 g, 0.43 mmol, 57% yield). Rf = 0.08 (3:2 

Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 13.48 (s, 1H), 8.99 (s, 1H), 8.11 (s, 1H), 

7.68 – 7.65 (m, 1H), 7.54 (d, J = 8.6 Hz, 1H), 2.53 (s, 3H).  

3-carboxy-7-fluorochromone (57g): Prepared according to procedure C, 

using 3-formylchromone 56g (0.50 g, 2.6 mmol), sulfamic acid (0.51 g, 5.2 

mmol), NaClO2 (0.94 g, 10.4 mmol), DCM (52 mL), and water (51 mL). 

The crude product was washed with diethyl ether to afford an off white 

solid 57g (0.172 g, 0.826 mmol, 32% yield). Rf = 0.23 (3:2 

Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 13.24 (s, 1H), 8.99 (s, 1H), 8.30-8.36 

(m, 1H), 7.35 – 7.31 (m, 2H). 

7-bromo-3-carboxychromone (57h): Prepared according to procedure C, 

using 3-formylchromone 56h (0.90 g, 3.56 mmol), sulfamic acid (0.69 g, 

7.1 mmol), NaClO2 (1.3 g, 14.2 mmol), DCM (71 mmol), and water (69 

mL). The crude product was washed with diethyl ether to afford a yellow-

orange solid 57h (0.683 g, 2.54 mmol, 71% yield). Rf = 0.13 (3:2 

Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 13.15 (s, 1H), 8.97 (s, 1H), 8.20 (d, J = 

8.6 Hz, 1H), 7.85 (d, J = 1.7 Hz, 1H), 7.72 (dd, J = 8.6, 1.7 Hz, 1H). 

3-carboxy-7-methylchromone (57i): Prepared according to procedure D, 

using 3-formylchromone 56i (4.4 g, 24 mmol), sulfamic acid (4.66 g, 48 

mmol), NaClO2 (5.4 g, 48 mmol), DCM (117 mL), and water (117 mL). 

The crude product was washed with diethyl ether to afford an off white 

solid 57g (0.172 g, 0.826 mmol, 32% yield). Rf = 0.16 (3:2 

Hexanes:EtOAc),  1H NMR (500 MHz, Chloroform-d) δ 13.52 (s, 1H), 8.97 (s, 1H), 8.22 (d, J = 

8.2 Hz, 1H), 7.43 – 7.39 (m, 2H), 2.57 (s, 3H).  

5,6-benzo-3-carboxychromone (57j): Prepared according to procedure D, 

using 3-formylchromone 56j (0.65 g, 2.9 mmol), sulfamic acid (0.56 g, 5.8 

mmol), NaClO2 (0.65 g, 5.8 mmol), DCM (15 mL), and water (15 mL). The 

crude product was washed with diethyl ether to afford a white solid 57j 

(0.38 g, 1.6 mmol, 54% yield). Rf = 0.34 (3:2 Hexanes:EtOAc), 1H NMR 

(500 MHz, Chloroform-d) δ 13.71 (s, 1H), 9.92 (d, J = 8.7Hz, 1H), 9.08 (s, 1H), 8.28 (d, J = 9.1 

Hz, 1H), 8.01(d, J = 7.6 Hz, 1H), 7.88 (t, J = 8.5 Hz, 1H), 7.66 (d, J = 9.1 Hz, 1H).  
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7,8-benzo-3-carboxychromone (57k): Prepared according to procedure C, 

using 3-formylchromone 56k (1.5 g, 6.69 mmol), sulfamic acid (1.3 g, 13.4 

mmol), NaClO2 (2.4 g, 27 mmol), DCM (134 mL), and water (129 mL). The 

crude product was washed with diethyl ether to afford a yellow solid 57k 

(1.05 g, 4.38 mmol, 66% yield). Rf = 0.06 (3:2 Hexanes:EtOAc), 1H NMR 

(500 MHz, Chloroform-d) δ 13.69 (s, 1H), 9.19 (s, 1H), 8.58 (d, J = 8.2 Hz, 

1H), 8.22 (d, J = 8.8 Hz, 1H), 8.02 (d, J = 7.6 Hz, 1H), 7.95 (d, J = 8.8 Hz, 1H), 7.85 – 7.78 (m, 

2H). 

6,8-bromo-3-carboxychromone (57l): Prepared according to procedure D, 

using 3-formylchromone 56l (0.25 g, 0.74 mmol), sulfamic acid (0.14 g, 1.5 

mmol), NaClO2 (0.17 g, 0.15 mmol), DCM (3.7 mL), and water (3.7 mL). The 

crude product was washed with diethyl ether to afford an off white solid 57l 

(0.099 g, 0.28 mmol, 38% yield). Rf = 0.06 (3:2 Hexanes:EtOAc), 1H NMR 

(500 MHz, Chloroform-d) δ 12.87 (s, 1H), 9.06 (s, 1H), 8.41 (d, J = 2.4 Hz, 

1H), 8.20 (d, J = 2.4 Hz, 1H). 

8-bromo-6-chloro-3-carboxychromone (57m): Prepared according to 

procedure D, using 3-formylchromone 56m (0.39 g, 1.4 mmol), sulfamic acid 

(0.27 g, 2.8 mmol), NaClO2 (0.31 g, 2.8 mmol), DCM (6.8 mL), and water 

(6.8 mL). The crude product was washed with diethyl ether to afford an off 

white solid 57m (0.25 g, 0.85 mmol, 61% yield). Rf = 0.30 (3:2 

Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 12.84 (s, 1H), 9.06 (s, 

1H), 8.25 (d, J = 2.5 Hz, 1H), 8.06 (d, J = 2.5 Hz, 1H). 

3-carboxy-5-methoxychromone (57n): Prepared according to procedure C, 

using 3-formylchromone 56n (1.3 g, 6.4 mmol), sulfamic acid (1.2 g, 13 

mmol), NaClO2 (2.3 g, 25 mmol), DCM (128 mL), and water (123 mL). The 

crude product was washed with diethyl ether to afford an off white solid 57n 

(1.11 g, 5.04 mmol, 79% yield). Rf = 0.06 (3:2, Hexanes:EtOAc), 1H NMR 

(500 MHz, Chloroform-d) δ 13.75 (s, 1H), 8.88 (s, 1H), 7.75 (t, J = 8.5 Hz, 1H),  7.18 (dd, J = 

8.5, 0.85 Hz, 1H), 6.98 (d, J = 8.1 Hz, 1H), 4.05 (s, 3H).  

E – FISCHER ESTERIFICATION 

  

 To a 100 mL round bottom flask was added 3-carboxychromone 57a (0.56 g, 2.95 mmol, 

1.0 eq) and methanol (29 mL). Reaction was cooled to 0C and acetyl chloride (3.29 mL, 48 

mmol) added dropwise, allowed to react for 16 h. Solvent was removed under vacuum and 

reaction mixture was extracted with EtOAc (3 x 20 mL), washed with saturated NaHCO3, 

washed with saturated NaCl, and dried over anhydrous NaSO4. Solvent was removed under 
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vacuum to afford the crude product. The crude product was purified by column chromatography 

on silica gel with Hexanes:EtOAc (3:2) to afford an off white solid 26a (85%).  

Methyl-4H-chromen-4-one-3-carboxylate (26a): Prepared according to 

procedure E, using 3-carboxychromone 57a (0.56 g, 2.95 mmol), acetyl 

chloride (3.3 mL), and methanol (29 mL). The crude product was purified by 

column chromatography on SiO2 (8:2 EtOAc:DCM), to afford an off-white 

solid 26a (0.512 g, 2.51 mmol, 85% yield). Rf = 0.71 (8:2 EtOAc:DCM), 1H 

NMR (500 MHz, Chloroform-d) δ 8.69 (s, 1H), 8.30 (d, J = 8.0, 1.4 Hz, 1H), 7.73 – 7.69 (m, 

1H), 7.51 – 7.45 (m, 2H), 3.95 (s, 3H). 

6-methoxy-methyl-4H-chromen-4-one-3-carboxylate (26b): Prepared 

according to procedure E, using 3-carboxychromone 57b (2.8 g, 13 mmol), 

acetyl chloride (52 mL), and methanol (435 mL). The crude product was 

purified by column chromatography on SiO2 (3:2 Hexanes:EtOAc) to afford 

an off white solid 26b (2.6 g, 11.3 mmol, 87% yield). Rf = 0.28 (3:2 

Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 8.67 (s, 1H), 7.65 (d, J = 3.1 Hz, 1H), 

7.43  (d, J = 9.2 Hz, 1H), 7.28 (dd, J = 9.1, 3.2 Hz, 1H), 3.93 (s, 3H), 3.91 (s, 3H). 

6-fluoro-methyl-4H-chromen-4-one-3-carboxylate (26c): Prepared 

according to procedure E, using 3-carboxychromone 57c (1.6 g, 7.8 mmol), 

acetyl chloride (31 mL), and methanol (263 mL). The crude product was 

purified by column chromatography on SiO2 (3:2 Hexanes:EtOAc) to afford 

a pink solid 26c (1.4 g, 6.4 mmol, 82% yield). Rf = 0.34 (3:2 

Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 8.68 (s, 1H), 7.92 (dd, J = 8.1, 3.1 Hz, 

1H), 7.53 (dd, J = 9.2, 4.1 Hz, 1H), 7.44 (t, J = 9.2 Hz, 1H), 3.92 (s, 3H). 

6-bromo-methyl-4H-chromen-4-one-3-carboxylate (26d): Prepared 

according to procedure E, using 3-carboxychromone 57d (1.9 g, 7.1 mmol), 

acetyl chloride (30 mL), and methanol (250 mL). The crude product was 

purified by column chromatography on SiO2 (3:2 Hexanes:EtOAc) to afford 

a tan solid 26d (1.3 g, 4.8 mmol, 67% yield). Rf = 0.43 (3:2 

Hexanes:EtOAc),1H NMR (500 MHz, Chloroform-d) δ 8.68 (s, 1H), 8.40 (d, J = 2.4 Hz, 1H), 

7.78 (dd, J = 8.9, 2.5 Hz, 1H), 7.40 (d, J = 8.9 Hz, 1H), 3.93 (s, 3H). 

6-chloro-methyl-4H-chromen-4-one-3-carboxylate (26e): Prepared 

according to procedure E, using 3-carboxychromone 57e (1.0 g, 4.45 

mmol), acetyl chloride (5.4 mL), and methanol (45 mL). The crude 

product was purified by column chromatography on SiO2 (8:2 

EtOAc:DCM) to afford an off white solid 26e (0.607 g, 2.54 mmol, 57% 

yield). Rf = 0.80 (8:2 EtOAc:DCM),1H NMR (500 MHz, Chloroform-d) δ 8.68 (s, 1H), 8.24  (d, 

J = 2.5 Hz, 1H), 7.65 (dd, J = 8.9, 2.6 Hz, 1H), 7.47 (d, J = 8.9 Hz, 1H), 3.94 (s, 3H). 
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6-methyl-methyl-4H-chromen-4-one-3-carboxylate (26f): Prepared 

according to procedure E, using 3-carboxychromone 57f (0.9 g, 4.4 

mmol), acetyl chloride (11 mL), and methanol (88 mL). The crude 

product was purified by column chromatography on SiO2 (8:2 

EtOAc:DCM) to afford an off white solid 26f (0.72 g, 3.3 mmol, 74% 

yield). Rf = 0.75 8:2 EtOAc:DCM) 1H NMR (500 MHz, Chloroform-d) δ 8.66 (s, 1H), 8.05 (s, 

1H), 7.51 (dd, J = 8.5, 1.8 Hz, 1H), 7.39 (d, 8.6 J = Hz 1H), 3.93 (s, 3H) 2.47 (s, 3H).  

7-fluoro-methyl-4H-chromen-4-one-3-carboxylate (26g): Prepared 

according to procedure E, using 3-carboxychromone 57g (0.08 g, 0.38 

mmol), acetyl chloride (1 mL), and methanol (8 mL). The crude product 

was purified by column chromatography on SiO2 (8:2 EtOAc:DCM) to 

afford an off white solid 26g (0.083 g, 0.29 mmol, 99% yield). Rf = 0.65 

(8:2 EtOAc:DCM), 1H NMR (500 MHz, Chloroform-d) δ 8.66 (s, 1H), 8.31 – 8.29 (m, 1H), 7.20 

– 7.18 (m, 2H), 3.93 (s, 3H). 

7-bromo-methyl-4H-chromen-4-one-3-carboxylate (26h): Prepared 

according to procedure E, using 3-carboxychromone 57h (0.4 g, 1.5 

mmol), acetyl chloride (3.6 mL), and methanol (30 mL). The crude 

product was purified by column chromatography on SiO2 (8:2 

EtOAc:DCM) to afford a tan solid 26h (0.35 g, 1.3 mmol, 84% yield). Rf 

= 0.75 (8:2 EtOAc:DCM), 1H NMR (500 MHz, Chloroform-d) δ 8.64 (s, 1H), 8.15 (d, J = 8.5 

Hz, 1H), 7.70 (d, J = 1.7 Hz, 1H), 7.59 – 7.57 (m, 1H), 3.93 (s, 3H). 

7-methyl-methyl-4H-chromen-4-one-3-carboxylate (26i): Prepared 

according to procedure E, using 3-carboxychromone 57i (1.6 g, 8.3 

mmol), acetyl chloride (33 mL), and methanol (280 mL). The crude 

product was purified by column chromatography on SiO2 (3:2 

Hexanes:EtOAc) to afford an off white solid 26i (1.2 g, 5.3 mmol, 64% 

yield). Rf = 0.38 (3:2 Hexanes:EtOAc) 1H NMR (500 MHz, Chloroform-d) δ 8.64 (s, 1H), 8.18 

(d, J = 7.9, 1H), 7.28 – 7.26 (m, 2H), 3.93 (s, 3H), 2.49 (s, 3H).  

5,6-benzo-methyl-4H-chromen-4-one-3-carboxylate (26j): Prepared 

according to procedure E, using 3-carboxychromone 57j (0.24 g, 1 

mmol), acetyl chloride (4.2 mL), and methanol (36 mL). The crude 

product was purified by column chromatography on SiO2 (3:2 

Hexanes:EtOAc) to afford an off white solid 26j (0.09 g, 0.35 mmol, 

35% yield). Rf = 0.45 (3:2 Hexanes:EtOAc)  1H NMR (500 MHz, Chloroform-d) δ 8.67 (s, 1H), 

8.13 (d, J = 9.1 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.79 (t, J = 7.2 Hz, 1H), 7.66 (t, J = 6.9 Hz, 

1H), 7.53 (d, J = 9.1 Hz, 1H), 3.97 (s, 3H). 
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7,8-benzo-methyl-4H-chromen-4-one-3-carboxylate (26k): Prepared 

according to procedure E, using 3-carboxychromone 57k (0.90 g, 3.75 

mmol), acetyl chloride (8.9 mL), and methanol (75 mL). The crude 

product was purified by column chromatography on SiO2 (8:2 

EtOAc:DCM) to afford an orange solid 26k (0.506 g, 1.99 mmol, 53% 

yield). Rf = 0.68 (8:2 EtOAc:DCM), 1H NMR (500 MHz, Chloroform-

d) δ 8.86 (s, 1H), 8.48 (d, J = 8.0 Hz, 1H), 8.23 (d, J = 8.8 Hz, 1H), 7.95 (d, J = 7.8 Hz, 1H), 7.83 

(d, J = 8.7 Hz, 1H), 7.74 – 7.70 (m, 2H), 3.97 (s, 3H). 

6,8-dibromo-methyl-4H-chromen-4-one-3-carboxylate (26l): 

Prepared according to procedure E, using 3-carboxychromone 57l (0.09 

g, 0.25 mmol), acetyl chloride (1.6 mL), and methanol (14 mL). The 

reaction solution was worked up to afford a tan solid 26l (3.2 mg, 0.009 

mmol, 36% yield). Rf = 0.28 (4:1 Hexanes:EtOAc),1H NMR (500 MHz, 

Chloroform-d) δ 8.74 (s, 1H), 8.35 (d, J = 2.4 Hz, 1H), 8.06 (d, J = 2.4 

Hz, 1H), 3.94 (s, 3H).  

8-bromo-6-chloro -methyl-4H-chromen-4-one-3-carboxylate (26m): 

Prepared according to procedure E, using 3-carboxychromone 57m 

(0.23 g, 0.75 mmol), acetyl chloride (3 mL), and methanol (25 mL). 

The crude product was purified by column chromatography on SiO2 

(3:2 Hexanes:EtOAc) to afford a tan solid 26m (0.083 mg, 0.26 mmol, 

35% yield). Rf = 0.39 (3:2 Hexanes:EtOAc),1H NMR (500 MHz, 

Chloroform-d) δ 8.74 (s, 1H), 8.19 (d, J = 2.5 Hz, 1H), 7.19 (d, J = 2.5 Hz, 1H), 3.94 (s, 3H).  

5-methoxy-methyl-4H-chromen-4-one-3-carboxylate (26n): Prepared 

according to procedure E, using 3-carboxychromone 57n (1.0 g, 4.5 

mmol), acetyl chloride (11 mL), and methanol (91 mL). The crude 

product was purified by column chromatography on SiO2 (8:2 

EtOAc:DCM) to afford an off white solid 26n (0.76 g, 3.3 mmol, 72% 

yield). Rf = 0.80 (8:2 EtOAc:DCM),  1H NMR (500 MHz, Chloroform-d) δ 8.47 (s, 1H), 7.56 (t, 

J = 8.4 Hz, 1H), 7.02 (dd, J = 8.4, 0.9 Hz, 1H), 6.85 (d, J = 7.8, 1H), 3.96 (s, 3H), 3.90 (s, 3H). 

F – ENANTIOSELECTIVE CYCLOADDITION   

 
O

O O

OMe

1.                                   (2.5 eq)
Methanol (10 mol%)
Cu(OTf)2 (10 mol%)
Ligand (12 mol%)
Toluene: CPME (2:1)
 -55 oC, 16h

2. Cu(OTf)2, DCM, OoC, 2h
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 To a flame dried 2 dram vial was added methyl-4H-chromen-4-one-3-carboxylate 26a 

(20.4 mg, 0.1 mmol, 1.0 eq), Cu(OTf)2 (3.6 mg, 0.01 mmol, 0.1 eq), ligand 59 (10.07 mg, 0.012 

mmol, 0.12 eq), toluene (1.33 mL), methanol (0.4 μL), and cyclopentyl methyl ester (0.66 mL). 

Reaction mixture was stirred until green color appeared indicating the formation of the copper-

ligand complex. Reaction mixture was cooled to -55C, (1,1-Dimethylethyl)[(3-methoxy-1-

methylene-2-propen-1-yl)oxy]dimethylsilane 27 was added (60 μL, 0.25 mmol, 2.5 eq), and was 

allowed to react for 16 h. Reaction mixture was quenched with water (1 mL), extracted with 

diethyl ether (2.5 mL), washed with water (3 x 2 mL), and dried over anhydrous NaSO4. The 

solvent was removed under vacuum to afford the crude product. The crude product was purified 

by preparative thin layer chromatography with Hexane:EtOAc (9:1) to yield a yellow oil of 

adducts. The yield of the desired product was determined by 1H-NMR spectroscopy using 1,3,5-

trimethoxy benzene as the reference (82%). The purified adducts were added to a 1 dram vial 

with Cu(OTf)2 (3.6 mg, 0.01 mmol, 0.1 eq) and dichloromethane (1 mL). The reaction mixture 

was allowed to react at -18C for 2 h. Reaction mixture was quenched with water (0.5 mL), 

washed with 1.0 M NaOH (3 x 5 mL), dried over NaSO4, and flushed through a silica plug with 

EtOAc. The solvent was removed under vacuum to afford the crude product. The crude product 

was purified by preparative thin layer chromatography with Hexane:EtOAc (6:4) to afford an off 

white solid 54a (42%). 

 

Methyl (4aR,9aR)-3,9-dioxo-4,4a-dihydro-3H-xanthene-9a(9H)-

carboxylate (54a): Prepared according to procedure F, using methyl-4H-

chromen-4-one-3-carboxylate 26a (20.4 mg, 0.1 mmol, 1.0 eq), ligand 59 

(10.07 mg, 0.012 mmol, 0.12 eq), and (1,1-Dimethylethyl)[(3-methoxy-1-

methylene-2-propen-1-yl)oxy]dimethylsilane 27 (60 μL, 0.25 mmol, 2.5 

eq). Purified by preparative thin layer chromatography with Hexanes:EtOAc (9:1) to yield a 

yellow oil (82%).  54a was isolated after deprotection as a white solid (42%). Rf = 0.33 (4:1 

Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 7.95 (dd, J = 7.9, 1.7 Hz, 1H), 7.57 (t, J 

= 8.5 Hz, 1H), 7.10 (t, J = 8.1 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 6.66 (dd, J = 10.1, 2.0 Hz, 1H), 

6.29 (d, J = 10.1 Hz, 1H), 5.42 – 5.39 (m, 1H), 3.87 (s, 3H), 3.03 (dd, J = 16.2, 3.6 Hz, 1H), 2.71 

(dd, J = 17.3, 2.7 Hz, 1H).  

 

Methyl (4aR,9aR)-7-methoxy-3,9-dioxo-4,4a-dihydro-3H-xanthene-

9a(9H)-carboxylate (54b): Prepared according to procedure F, using 6-

methoxy-methyl-4H-chromen-4-one-3-carboxylate 26b (23.4 mg, 0.1 

mmol, 1.0 eq), ligand 59 (10.07 mg, 0.012 mmol, 0.12 eq), and (1,1-

Dimethylethyl)[(3-methoxy-1-methylene-2-propen-1-

yl)oxy]dimethylsilane 27 (60 μL, 0.25 mmol, 2.5 eq). Purified by preparative thin layer 

chromatography with Hexanes:EtOAc (9:1) to yield a yellow oil (39%). 54b was isolated after 

deprotection as a white solid (41%). Rf = 0.23 (4:1 Hexanes:EtOAc), 1H NMR (500 MHz, 

Chloroform-d) δ 7.32 (d, J = 3.2 Hz, 1H), 7.18 (dd, J = 9.1, 3.2 Hz, 1H), 6.94 (d, J = 9.1 Hz, 1H), 

6.64 (dd, J = 10.1, 4.3 Hz, 1H), 6.29 (d, J = 10.1 Hz, 1H), 5.35 – 5.33 (m, 1H), 3.87 (s, 1H), 3.81 

(s, 1H), 3.01 (dd, J = 17.2, 4.6 Hz, 1H), 2.67 (dd, J = 17.2, 2.7 Hz, 1H). 
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Methyl (4aR,9aR)-7-fluoro-3,9-dioxo-4,4a-dihydro-3H-xanthene-

9a(9H)-carboxylate (54c): Prepared according to procedure F, using 6-

fluoro-methyl-4H-chromen-4-one-3-carboxylate 26c (22.2 mg, 0.1 mmol, 

1.0 eq), ligand 59 (10.07 mg, 0.012 mmol, 0.12 eq), and (1,1-

Dimethylethyl)[(3-methoxy-1-methylene-2-propen-1-yl)oxy]dimethylsilane 

27 (60 μL, 0.25 mmol, 2.5 eq). Purified by preparative thin layer chromatography with 

Hexanes:EtOAc (9:1) to yield a yellow oil (32%). 54c was isolated after deprotection as a white 

solid (43%). Rf = 0.24 (4:1 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 7.59 (dd, J = 

7.9, 3.2 Hz, 1H), 7.31 – 7.26 (m, 1H), 7.01 (dd, J = 9.1, 4.1 Hz, 1H), 6.64 (dd, J = 9.1, 2.1 Hz, 

1H), 6.30 (d,  J = 10.1 Hz, 1H), 5.39 – 5.38 (m, 1H), 3.87 (s, 1H), 3.02 (dd, J = 17.3, 4.7 Hz, 

1H), 2.71 (dd, J = 17.3, 2.7 Hz, 1H). 

 

Methyl (4aR,9aR)-7-bromo-3,9-dioxo-4,4a-dihydro-3H-xanthene-

9a(9H)-carboxylate (54d): Prepared according to procedure F, using 6-

bromo-methyl-4H-chromen-4-one-3-carboxylate 26d (28.3 mg, 0.1 mmol, 

1.0 eq), ligand 59 (10.07 mg, 0.012 mmol, 0.12 eq), and (1,1-

Dimethylethyl)[(3-methoxy-1-methylene-2-propen-1-

yl)oxy]dimethylsilane 27 (60 μL, 0.25 mmol, 2.5 eq). Purified by preparative thin layer 

chromatography with Hexanes:EtOAc (9:1) to yield a yellow oil (40%). 54d was isolated after 

deprotection as a white solid (42%). Rf = 0.38 (4:1 Hexanes:EtOAc), 1H NMR (500 MHz, 

Chloroform-d) δ 8.04 (d, J = 2.5 Hz, 1H), 7.64 (dd, J = 8.9, 2.5 Hz, 1H), 6.92 (d, J = 8.9 Hz, 1H), 

6.64 (dd, J = 10.1, 2.0 Hz, 1H), 6.29 (d, J = 10.1 Hz, 1H), 5.40 – 5.38 (m, 1H), 3.87 (s, 3H), 3.02 

(dd, J = 17.3, 4.8 Hz, 1H), 2.71 (dd, J = 17.3, 2.8 Hz, 1H).  

 

Methyl (4aR,9aR)-7-chloro-3,9-dioxo-4,4a-dihydro-3H-xanthene-

9a(9H)-carboxylate (54e): Prepared according to procedure F, using 6-

chloro-methyl-4H-chromen-4-one-3-carboxylate 26e (28.3 mg, 0.1 mmol, 

1.0 eq), ligand 59 (10.07 mg, 0.012 mmol, 0.12 eq), and (1,1-

Dimethylethyl)[(3-methoxy-1-methylene-2-propen-1-yl)oxy]dimethylsilane 

27 (60 μL, 0.25 mmol, 2.5 eq). Purified by preparative thin layer chromatography with 

Hexanes:EtOAc (9:1) to yield a yellow oil (29%). 54e was isolated after deprotection as a white 

solid (42%). Rf = 0.24 (4:1 Hexanes:EtOAc), 1H NMR (500 MHz, Chloroform-d) δ 7.89 (d, J = 

2.7 Hz, 1H), 7.51 (dd, J = 12.0, 2.7 Hz, 1H), 6.98 (d, J = 8.9 Hz, 1H), 6.64 (dd, J = 10.1, 2.0 Hz, 

1H), 6.29 (d, J =10.1 Hz, 1H), 5.40 – 5.38 (m, 1H), 3.87 (s, 3H), 3.02 (dd, J = 17.3, 4.7 Hz, 1H), 

2.72 (dd, J = 17.3, 2.7 Hz, 1H). 

 

Methyl (4aR,9aR)-7-methyl-3,9-dioxo-4,4a-dihydro-3H-xanthene-

9a(9H)-carboxylate (54f): Prepared according to procedure F, using 6-

methyl-methyl-4H-chromen-4-one-3-carboxylate 26f (28.3 mg, 0.1 mmol, 

1.0 eq), ligand 59 (10.07 mg, 0.012 mmol, 0.12 eq), and (1,1-

Dimethylethyl)[(3-methoxy-1-methylene-2-propen-1-

yl)oxy]dimethylsilane 27 (60 μL, 0.25 mmol, 2.5 eq). Purified by preparative thin layer 

chromatography with Hexanes:EtOAc (9:1) to yield a yellow oil (42%). 54f was isolated after 

deprotection as a white solid (56%). Rf = 0.36 (4:1 Hexanes:EtOAc), 1H NMR (500 MHz, 

Chloroform-d) δ 7.71 (s, 1H), 7.37 (dd, J = 8.5, 1.9 Hz, 1H), 6.90 (d, J = 8.5 Hz, 1H), 6.65 (dd, J 
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= 10.1, 2.0 Hz, 1H), 6.28 (d, J = 10.1 Hz, 1H), 5.37 – 5.35 (m, 1H), 3.87 (s, 3H), 3.01 (dd, J = 

17.3, 4.7 Hz, 1H), 2.69 (dd, J = 17.3, 2.7 Hz, 1H), 2.32 (s, 3H).  

 

H – DEPROTECTION OPTIMIZATION  

 
 Methyl 3,9-dioxo-4,4a-dihydro-3H-xanthene-9a(9H)-carboxylate was prepared 

according to an established procedure.13, 23 To a 2 dram vial was added methyl-4H-chromen-4-

one-3-carboxylate 26a (50 mg, 0.25 mmol, 1.0 eq), (1,1-Dimethylethyl)[(3-methoxy-1-

methylene-2-propen-1-yl)oxy]dimethylsilane 27 (90 μL, 0.38 mmol, 1.5 eq), and 5 mL toluene. 

Reaction solution was heated to 100C and allowed to react for 16 hours. The solvent was 

removed under reduced pressure and the crude material was purified by column chromatography 

on SiO2 with Hexanes:EtOAc (9:1) to afford a yellow oil (89%). Adducts were divided and 

subjected to four methods: 

A) To a 1 dram vial was added adducts (27.8 mg, 0.066 mmol, 1.0 eq), and DCM (0.66 

mL). Reaction solution was cooled to 0C and Cu(OTf)2 (2.4 mg, 0.0066 mmol, 0.1 eq) 

was added and allowed to react for 48 h. Reaction solution was quenched with water. (0.5 

mL), washed with 1.0 M NaOH (3 x 5 mL), dried over NaSO4, and flushed through a 

silica plug with EtOAc. The solvent was removed under vacuum to afford the crude 

product. The yield of the desired product was determined by 1H-NMR spectroscopy using 

1,3,5-trimethoxy benzene as the reference (44%). 

B) To a 1 dram vial was added adducts (21.8 mg, 0.052 mmol, 1.0 eq), and toluene (0.15 

mL). Reaction solution was cooled to 0 and premixed solution of Yb(OTf)3 (0.64 mg, 

0.00104 mmol, 0.02 eq), MeOTMS (0.7 μL, 0.0052 mmol, 0.1 eq) in toluene (0.15 mL) 

was added and allowed to react for 48 h. Reaction solution was quenched with water. (0.5 

mL), washed with 1.0 M NaOH (3 x 5 mL), dried over NaSO4, and flushed through a 

silica plug with EtOAc. The solvent was removed under vacuum to afford the crude 

product. The yield of the desired product was determined by 1H-NMR spectroscopy using 

1,3,5-trimethoxy benzene as the reference (2%). 

C) To a 1 dram vial was added adducts (30.9 mg, 0.074mmol, 1.0 eq), and toluene (0.25 

mL). Reaction solution was cooled to 0 and premixed solution of Yb(OTf)3 (0.92 mg, 

0.00147 mmol, 0.02 eq), MeOTMS (1 μL, 0.0074 mmol, 0.1 eq) in acetone (0.25 mL) 

was added and allowed to react for 4 h. Reaction solution was quenched with water. (0.5 

mL), washed with 1.0 M K2CO3 (3 x 5 mL), dried over NaSO4, and flushed through a 

silica plug with EtOAc. The solvent was removed under vacuum to afford the crude 

product. The yield of the desired product was determined by 1H-NMR spectroscopy using 

1,3,5-trimethoxy benzene as the reference (35%). 

O

O O

OMe

1.                                   (1.5 eq)

DCM, 100oC, overnight

2. 
A: Cu(OTf)2, DCM, 0oC, 24 hr
B: Yb(OTf)3, MeOTMS, Toluene, 0oC, 24hr
C: Yb(OTf)3, MeOTMS, Acetone, Toluene, 0oC, 4hr
D: Sc(OTf)3, DCM, 0oC, 24hr
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D) To a 1 dram vial was added adducts (12.5 mg, 0.029 mmol, 1.0 eq), and DCM (0.3 

mL). Reaction solution was cooled to 0C and Sc(OTf)3 (1.4 mg, 0.0029 mmol, 0.1 eq) 

was added and allowed to react for 48 h. No conversion was seen via TLC 

 

Methyl 3,9-dioxo-4,4a-dihydro-3H-xanthene-9a(9H)-carboxylate was 

prepared according to procedure Ha, using methyl-4H-chromen-4-one-3-

carboxylate 26a (50 mg, 0.25 mmol, 1.0 eq) and (1,1-Dimethylethyl)[(3-

methoxy-1-methylene-2-propen-1-yl)oxy]dimethylsilane 27 (90 μL, 0.38 

mmol, 1.5 eq). Purified by column chromatography on SiO2 with 

Hexanes:EtOAc (9:1) to afford a yellow oil (89%). Deprotection method A yielded Methyl 3,9-

dioxo-4,4a-dihydro-3H-xanthene-9a(9H)-carboxylate (44%). Rf = 0.33 (4:1 Hexanes:EtOAc), 1H 

NMR (500 MHz, Chloroform-d) δ 7.95 (dd, J = 7.9, 1.7 Hz, 1H), 7.57 (t, J = 8.5 Hz, 1H), 7.10 (t, 

J = 8.1 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 6.66 (dd, J = 10.1, 2.0 Hz, 1H), 6.29 (d, J = 10.1 Hz, 

1H), 5.42 – 5.39 (m, 1H), 3.87 (s, 3H), 3.03 (dd, J = 16.2, 3.6 Hz, 1H), 2.71 (dd, J = 17.3, 2.7 Hz, 

1H).  
 

Methyl 3,9-dioxo-4,4a-dihydro-3H-xanthene-9a(9H)-carboxylate was 

prepared according to procedure Hb using methyl-4H-chromen-4-one-3-

carboxylate 26a (50 mg, 0.25 mmol, 1.0 eq) and (1,1-Dimethylethyl)[(3-

methoxy-1-methylene-2-propen-1-yl)oxy]dimethylsilane 27 (90 μL, 0.38 

mmol, 1.5 eq). Purified by column chromatography on SiO2 with 

Hexanes:EtOAc (9:1) to afford a yellow oil (89%). Deprotection method B yielded Methyl 3,9-

dioxo-4,4a-dihydro-3H-xanthene-9a(9H)-carboxylate (2%). Rf = 0.33 (4:1 Hexanes:EtOAc), 1H 

NMR (500 MHz, Chloroform-d) δ 7.95 (dd, J = 7.9, 1.7 Hz, 1H), 7.57 (t, J = 8.5 Hz, 1H), 7.10 (t, 

J = 8.1 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 6.66 (dd, J = 10.1, 2.0 Hz, 1H), 6.29 (d, J = 10.1 Hz, 

1H), 5.42 – 5.39 (m, 1H), 3.87 (s, 3H), 3.03 (dd, J = 16.2, 3.6 Hz, 1H), 2.71 (dd, J = 17.3, 2.7 Hz, 

1H).  
 

Methyl 3,9-dioxo-4,4a-dihydro-3H-xanthene-9a(9H)-carboxylate was 

prepared according to procedure Hc, using methyl-4H-chromen-4-one-3-

carboxylate 26a (50 mg, 0.25 mmol, 1.0 eq) and (1,1-Dimethylethyl)[(3-

methoxy-1-methylene-2-propen-1-yl)oxy]dimethylsilane 27 (90 μL, 0.38 

mmol, 1.5 eq). Purified by column chromatography on SiO2 with 

Hexanes:EtOAc (9:1) to afford a yellow oil (89%). Deprotection method C yielded Methyl 3,9-

dioxo-4,4a-dihydro-3H-xanthene-9a(9H)-carboxylate (35%). Rf = 0.33 (4:1 Hexanes:EtOAc), 1H 

NMR (500 MHz, Chloroform-d) δ 7.95 (dd, J = 7.9, 1.7 Hz, 1H), 7.57 (t, J = 8.5 Hz, 1H), 7.10 (t, 

J = 8.1 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H), 6.66 (dd, J = 10.1, 2.0 Hz, 1H), 6.29 (d, J = 10.1 Hz, 

1H), 5.42 – 5.39 (m, 1H), 3.87 (s, 3H), 3.03 (dd, J = 16.2, 3.6 Hz, 1H), 2.71 (dd, J = 17.3, 2.7 Hz, 

1H).  
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Appendix 2: Analytical Methods 

Characterization of Compounds 

 1H-NMR spectroscopy was primarily used to confirm the composition of the starting 

materials and products. 1H-NMR (Proton Nuclear Magnetic Spectroscopy) uses magnetic fields 

to verify the organization of hydrogens within a molecule. The molecules of interest in this 

investigation could be reliably identified using characteristics of the spectra such as number of 

peaks, chemical shift, and splitting patterns (See Appendix 1 for the identification of the protons 

in each compound). All 1H-NMR spectra were obtained in CDCl3 solutions.  

 1H-NMR spectroscopy was also used to determine the yield of the addition reaction. A 

known quantity (between 0.005-0.010 g) of the internal standard, 1, 3, 5-trimethoxy benzene, 

was added to the crude of the product prior to purification via preparative TLC. This standard 

produces a peak representing 3 protons in the 1H NMR spectra at 6ppm. The integration of that 

signal was calibrated to 3. A peak known to be only corresponding to the desired product was 

subsequently integrated and the yield of the desired product was calculated. 

Determination of Enantioselectivity 

 The enantioselectivity of the cycloaddition to the 2 and the 3 position of the chromenone 

was determined using High Performance Liquid Chromatography (HPLC). In this method, 

products 54c-54f were purified and 

flushed through the HPLC using a 90% 

Hexanes and 10% IPA solution in an AD-

H column. After approximately, 20 

minutes, both enantiomers become 

separated. This is evident in the spectra 

that shows 2 separate and distinct peaks as 

shown in figure 13a. Peak 1 corresponds 

to the S,S enantiomer and peak 2 

corresponds to the R,R enantiomer. In this 

method, product 54a was purified and 

flushed through the HPLC using an 80% 

Hexanes and 20% IPA solution in an OD-

H column. After approximately, 20 

minutes, both enantiomers become 

separated. This is evident in the spectra 

that shows 2 separate and distinct peaks as 

shown in figure 13b. Peak 1 corresponds 

to the R,R enantiomer and peak 2 

corresponds to the S,S enantiomer. In this 

method, product 54b was purified and 

flushed through the HPLC using a 70% 

Hexanes and 30% IPA solution in an OD-

H column. After approximately 30 minutes, both enantiomers become separated. This is evident 

in the spectra that shows 2 separate and distinct peaks as shown in figure 13c. Peak 1 

corresponds to the R,R enantiomer and peak 2 corresponds to the S,S enantiomer. 
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Appendix 3: Characterization Data 

1H-NMR SPECTRA 
56a 
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HPLC DATA 
 

Entry Compound Ligand Area % 

R,R S,S 

JN103 54a 58 90 10 

JN117 54a 58 91.5 8.5 

JN123 54a 58 91.5 8.5 

JN108 54b 58 89.5 10.5 

JN119 54b 58 94 6 

JN125 54b 58 93.5 6.5 

JN76 54d 58 92 8 

JN109 54d 58 73.5 26.5 

JN121 54d 58 77 23 

JN106 54e 58 89 11 

JN86 54f 58 94 6 

JN107 54f 58 94.5 5.5 

JN120 54f 58 91.5 8.5 

JN132 54a 59 92.4 7.6 

JN137 54a 59 91.5 8.5 

JN134 54b 59 85.1 14.9 

JN140 54b 59 88 12 

JN131 54c 59 93.4 6.6 

JN142 54c 59 92.9 7.1 

JN135 54d 59 94.4 5.6 

JN138 54d 59 93.6 6.7 

JN129 54e 59 94.5 5.5 

JN141 54e 59 94.5 5.5 

JN133 54f 59 93.5 6.5 

JN139 54f 59 92.8 7.2 
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