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ABSTRACT 

Yu, Arvin Zillion, M.S., Department of Chemistry and Biochemistry, College of Science 
and Mathematics, North Dakota State University, December 2009. Diastereoselective 
Conjugate Radical Additions to ~-Pyrones. Major Professor: Dr. Mukund P. Sibi. 

A convenient protocol for functionalization of ~-pyrones has been developed. 

Conjugate radical addition and tandem addition-trapping protocols allowed accessing 

highly substituted pyrones in a single operation with high selectivity. Different radical 

sources were utilized in the reaction. nOe experiments were performed to confirm the 

relative stereochemistry of the substituents in the conjugate addition products. Initial 

studies on the enantioselectivity of the reaction were carried out. Unfortunately, the 

catalysts chosen for the initial studies did not show any promise regarding 

enantioselectivity. 
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1. INTRODUCTION 

One of the many uses of radical reactions is in the formation of multiple bonds in a 

single operation. 1
•
2 The selective formation of carbon-carbon bonds is one of the main 

goals of organic synthetic chemists. There has been numerous publications regarding the 

development of both diastereoselective and enantioselective organic reactions.3 These 

reactions are typically ionic. Due to this nature, it leads to potential problems. Protection 

and deprotection of sensitive functional groups and removal of water need to be 

considered. These are usually not issues with radical reactions. 

For a time, radicals were thought of as not useful for selective chemistry due to 

their high reactivity. Despite this, they are compatible with functional groups. Protection 

for functional groups such as carbonyls, hydroxyls, amines, and other reactive ones are not 

a requirement for radical reactions. For this reason, the development of diastereoselective 

and enantioselective free radical chemistry has grown rapidly.4 

Lewis acids play important roles in organic chemistry.5 The use of acyclic 

molecules as substrates is often problematic in stetroselective reactions. The flexibility of 

acyclic molecules often creates low levels of stereocontrol. One of the ways to alleviate this 

problem is with the aid of Lewis acids. Lewis acid complexation with Lewis basic sites 

decreases the rotational degrees of freedom of flexible molecules, thus enhancing the 

difference in energy between competing transition states. Lewis acids can also influence a 

reaction by adjusting the electronic and steric factors of functionalities adjacent to the 

chemical transformation site. 

Conjugate addition to p-pyrones has been studied and typically these reactions 

involve the use of a chiral catalyst in order to obtain enantioselectivity for the product. P-
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Pyrones are very versatile molecules. Some of their applications are in conjugate additions, 

cycloaddition reactions and as building blocks for the synthesis of large biologically active 

molecules. 6 They are ideal intermediates because they can be easily functionalized or 

transformed into different groups. 

The use of pyranones in cycloadditions reactions has been reported in the literature. 

Bashiardes and co-workers7 reported regio- and enantioselective synthesis of novel 

functionalized pyranopyrrolidines by 1,3-dipolar cycloaddition of carbohydrates (Scheme 

1). Delgado and co-workers8 also performed a similar type of reaction (Scheme 2). A [5+2] 

oxidopyrrylium-cyclopropenone acetal cycloaddition followed by ring opening of the 

cyclopropane of the adduct led to highly functionalized 1,5-oxa-bridged cyclooctenes 

consisting of up to four stereocenters. The protocol formally constitutes a [5+ 3] annulation 

process. 

R~ ,R2 

y~· R3 0 
' 

Et 

OH 

Scheme 1. Synthesis of a Pyranopyrrolidine by 1,3-Dipolar Cycloaddition. 

1.~)< 
CO 2. NaBH

4 
Ac~O 

AcO O -3-.-A-c-
2
0-,-'-T-M_S_O_T_f_ ~ 

-, O /\ OAc 

OAc 

Scheme 2. Stereoselective Synthesis of a Highly Functionalized 1,5-0xa-Bridged 

Cyclooctene. 
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One of the most common strategies used in organic synthesis is utilization of 

advanced intermediates as one of the key steps in order to shorten the overall synthesis of a 

compound. O'Doherty and co-workers6 utilized a pyrone as an intermediate to synthesize 

digitoxin. They used a convergent and stereocontrolled route to bring together two natural 

products to obtain digitoxin, which possesses potent cardiac and anticancer activities 

(Scheme 3). 

0 

~o 

BocOAO~ 

Scheme 3. Retrosynthetic Pathway for the Synthesis of Digitoxin from Digitoxigenin. 

Sugawara and co-workers9 performed a transformation utilizing a pyrone as an 

intermediate (Scheme 4) to eventually synthesize hexahydro-TMC-69 (Figure 1). This is an 

example of establishing a stereocenter in a pyranone and carrying out further 

transformations to the molecule . 

.ao 
TBSO 0 

Meli, CuCN, TMSCI, THF 

trans-selective 

,,DO 
TBSO.. 0 

Scheme 4. Trans-selective Methylation of a 13-Pyrone. 
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N 
I 

hexahydro-TMC-69 
OH 

Figure 1. Structure ofHexahydro-TMC-69. 
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2. OBJECTIVE 

The initial objective of this project was the exploration of different conjugate 

radical additions to pyromeconic acid derivatives. The goal was to study the effects of 

varying the different side groups and investigate the trends or behaviors based on variations 

in steric bulk and electronic properties. During the course of synthesizing the parent 

compound, pyromeconic acid, we noticed an interesting intermediate (Scheme 5). This 

intermediate seemed like a close relative of pyromeconic acid, which is a y-pyrone. The 

interesting intermediate was a P-pyrone. 

0 

°' 
NaHCO3 ~Me 

H)lOH co 
Br2/MeOH Meo 0 RT, 1 h 

OH -30°C -RT OH H3CO 0 

p-pyrone 

Br 0 

1. Br2 lf° CF3COOH crOH 
2. Et3N reflux, 2 h I 
0°C to RT, 2 h H3CO 0 0 

Scheme 5. Synthesis of Pyromeconic Acid from 2-(Hydroxymethyl)furan. 

Therefore the focus of the project changed to investigating p-pyrones in radical 

reactions. The advantage to utilizing this compound is that the synthesis is three steps 

shorter and does not have any regioselective issues in the conjugate addition. In addition, 

the enantioselective reactions were investigated. 

The Sibi group has recently demonstrated that y-pyrones such as pyromeconic and 

kojic acid derivatives undergo highly efficient conjugate radical additions. 10 As mentioned 

5 



above, we have been interested in extending this chemistry to the functionalization of P

pyrones (Scheme 6). Feringa and co-workers reported that an ethyl radical derived from 

diethylzinc/oxygen adds to 1 (R == Ph) in good yield and selectivity (Scheme 7). 11 

R2 co - RDO 
RCOO 0 RCOO 0 

1 2 

R2 

tX Rxx -RCOO 0 RCOO 0 
3 4 

Scheme 6. Functionalization of P-Pyrones Through Addition to the Double Bond. 

C o ___ E_t_2Z_n_,_a_ir __ __ 

toluene, 0°C 
RO 0 

1 

Scheme 7. Conjugate Addition to P-Pyrones Using Diethylzinc/Oxygen. 

Hoveyda and co-workers have demonstrated that enantioselective conjugate 

additions are possible with p-pyrones as substrates (Table 1 ). 12 Several organic solvents 

were screened and dialkyl zinc was used as the alkylating agent. With THF as solvent, their 

best enantioselective ethylation was performed with 66% yield and 98% enantiomeric 

excess. With the same solvent, their best methylation had 58% yield and >98% 

enantiomeric excess. 
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Table 1. Enantioselective Conjugate Addition to P-Pyrones Utilizing Dialkylzinc Reagents. 

i-Pr H 0 

~N~N0NHnBu 

~PPh2 O "Ph 
0 

6 
0 

5mol% 6 
2 mol % (CuOTfh•C5H5 

___ R_
2
_Z-n,-s-o-lv-e-nt-, --3-0-°C-.-3-h ____ 0 ·,,R 

Entry R2Zn Solvent Yield(%? 
1 Et2Zn toluene nd 
2 Et2Zn EtiO nd 
3 Et2Zn THF 66 
4 Me2Zn toluene nd 
5 Me2Zn THF 5 8 

a Yields are for isolated and column-purified materials. 
b Ees were determined by chiral GC. 

ee (%) 
64 
72 
98 
56 

>98 

The initiator for our free radical reactions was triethylborane in the presence of 

oxygen (Scheme 8). This combination produces ethyl radical that can abstract a hydrogen 

atom from tributyltin hydride to generate a tributy1tin radical. The corresponding tin radical 

efficiently reacts with alkyl halides to produce the corresponding alkyl radical (Path A). 

Alternatively, the ethyl radical can abstract an iodine atom from the alkyl halide to generate 

an alkyl radical (Path B). Through this pathway, it is possible to form radicals that are more 

stable than the initial ethyl radical. The alkyl radical then undergoes a conjugate addition to 

the substrate and generates another radical intermediate. This intermediate abstracts a 

H-atom from tributyltin hydride, yields the product, and regenerates the chain carrier. 
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Et3B +02-

lnitiator 

------ 0 
Path B ,----·::· --"" • 0 ~ 

,- R-~ R ) )l ,,,l__) 

' I 

_,-'' Ph O 0 

/ Path A ,, rr· 0 Et. Bu3SnH., Bu3Sn• o 
Chain Carrier )l 

Ph O 0 

Scheme 8. Intermolecular Radical Conjugate Addition. 
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3. RESULTS AND DISCUSSION 

This study showed that p-pyrones 1 underwent conjugate addition reactions with a 

wide variety of nucleophilic radicals and gave products in good yields and high 

diastereoselectivities. Similarly, tandem protocols such as radical addition/allyl stannane 

trapping also proceed in good yield and selectivity to provide 2. Currently, the 

methodology allows for the preparation of highly functionalized pyrones 4 in 

enantioenriched form (see Scheme 6). 13 

This work began with the identification of reaction conditions for conjugate radical 

additions to 6-benzoyloxy-2,3-dihydro-6H-pyran-3-one (P-pyrone) 5 (Table 2). 14 Initial 

experiments began with standard conditions using isopropyl iodide as the radical source, 

triethylborane/oxygen as a radical initiator, and tributyltin hydride as a H-atom source as 

well as the chain carrier (Table 2 entry 1 ). Within 15 minutes, the reaction was complete 

providing product 6a in good yield and high selectivity. At higher temperatures, it was 

found that reactions were equally efficient without any compromise in diastereoselectivity 

( entries 2 and 3 ). It is generally necessary to use 5 or more equivalents of tributyltin 

hydride at low temperatures to maintain reaction efficiency and obtain good yields. Noting 

that the reaction was efficient at room temperature, interest came in evaluating the 

minimum amount of tin hydride required for an efficient reaction. Lowering the amount of 

tin hydride from 5 equivalents to 2 equivalents did not diminish the yield or selectivity 

(entry 4). It was found that a further reduction in the amount of tin hydride led to lower 

yields and a small decrease in selectivity ( entries 5 and 6). In the synthetic community, it is 

well recognized that tin hydride is toxic and removal of tin byproducts from the reaction 

products is often difficult. 15 Due to this, two environmentally benign silanes were evaluated 
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as H-atom sources and chain carriers. Results indicated that the two silanes were inferior 

compared to reaction with tributyltin hydride ( compare entry 4 with entries 7 and 8). The 

Table 2. Optimization of Reaction Conditions for Conjugate Radical Addition to P-Pyrone 
5. 

Do i-Prl, Bu3SnH ;.•,-oo 
PhJlO 0 

0 . 
Et3B /02 

PhAO 0 CH2C1 2, 15 min 

5 6a 
Racemic 

Entry Bu3SnH/Et3B (equiv) Temp Yield (%)3 dr 
1 5 -78 °C 65 99:1 
2 5 0°C 62 98:2 
3 5 RT 75 97:3 
4 2 RT 69 97:3 
5 1.5 RT 40 93:7 
6 1 RT 44 92:8 
7 PhSiH3 (2 equiv) RT 47 88:12 
8 Ph2SiH2 (2 equiv) RT 47 88:12 

a Yields are for isolated and column-purified materials. 
b Diastereomeric ratios were determined by NMR. 

reactions with the silanes resulted in a decrease in diastereoselectivity from 97:3 to 88:12 

and even after 15 minutes, the reaction was still incomplete. 

After establishing reasonable reaction conditions for conjugate addition to 5, we 

then evaluated the scope of the radical precursors. The results from these experiments are 

shown in Table 3. Modestly nucleophilic primary radicals were not efficient (entries 1-3). 

Addition of ethyl radical using ethyl iodide as a precursor gave the product in good yield 

and excellent diastereoselectivity. This result is similar to that obtained by Feringa using 

diethylzinc as a radical precursor. 11 However, the products from reactions with propyl and 

butyl radicals were contaminated with ethyl radical addition product (from triethylborane). 

Products 6c and 6d proved to be inseparable from ethyl addition product 6b. Their 

10 



Table 3. Conjugate Radical Addition to P-Pyrone S 

Entry 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

~o 

PhJOAO) 
5 

Racemic 

RI (10 equiv) 
Bu3SnH (2 equiv) 
Et3B (2 equiv), 0 2 

CH 2Cl2,15 min 

RI Product Yield (¾t 
Etl 6b 62 

n-Prl 6c 42 (26, Et) (1.6:1) 
n-BuI 6d 47 (25, Et) (1.9: 1) 
i-Prl 6a 69 
t-BuI 6e 63 

c-Pentyll 6f 70 
c-Hexyll 6g 69 

adamantyll 6h 57 

~Cl 6i 58 

2-iodoethanol 6j 
5-iodopentene 6k 

a Yields are for isolated and column-purified materials. 
b Diastereomeric ratios were determined by NMR. 

6a-k 

dr 
>99:1 

>99: 1 (>99: 1) 
>99: 1 (>99: 1) 

97:3 
>99:1 
94:6 
95:5 

>99:1 

97:3 

respective diastereomeric ratios were estimated by NMR. Reaction with the secondary 

isopropyl radical was more efficient providing 6a in good yield and selectivity (entry 4). 

Similarly, addition of tertiary butyl radical was also efficient and the diastereoselectivity 

was the highest observed for the different precursors examined ( entry 5). Cyclic secondary 

and tertiary radicals were also effective in conjugate addition to 5 ( entries 6-9). Although 

the yields varied in these reactions, the level of diastereoselectivity was high in all cases. 

Reaction with functionalized butyl radical was efficient giving the product in good yield 

and high selectivity ( entry 10). In contrast, reactions with functionalized primary radicals 

were not efficient ( entries 11 and 12). 16 In these reactions only the ethyl addition product 

was observed. These results demonstrate that a variety of radicals participate in conjugate 

additions to P-pyrones. As previously established in the work of Feringa, the relative 

stereochemistry for the radical addition is anti. 11 The anomeric acyloxy group controls the 

11 



relative stereochemistry of the radical addition. 17 One of the most common explanations of 

the anomeric effect is that the lone pairs of the polar atom connected to the carbon can be 

stabilized by overlapping with an antibonding orbital of the bond between the carbon and 

the other polar atom (Figure 2). Other sources of nucleophilic radical precursors such as 

chloroiodomethane and 2-bromo-1-chloro-2-methylpropane were tried attempted but they 

gave none of the desired products. 

~ 
OR 

Figure 2. Illustration of the Anomeric Effect. 

After establishing the reaction conditions for successful conjugate additions to ~

pyrones, we next examined the feasibility of tandem radical reactions. It is well established 

in the literature that allyl stannanes function as efficient allyl group transfer reagents as 

well as radical chain carriers. 18 Tandem experiments using isopropyl iodide, allyl stannane, 

and triethylborane/oxygen as an initiator at -78 °C gave only the isopropyl addition product 

6a in 62% yield (89:11 dr). Reaction at room temperature also gave none of the 

addition/trapping product. Only the addition product was obtained in 62% yield (91 :9 dr). 

Successful addition/trapping protocols were finally developed at reflux temperatures using 

AIBN as a radical initiator. Results from these experiments are tabulated in Table 4. For 

these experiments in benzene at reflux temperature, 10 equivalents of the radical precursor, 

12 



4 equivalents of allyl stannane, and 0.5 equivalents of AIBN were used. Addition trapping 

experiment with ethyl radical was successful in giving the allylated product in modest yield 

Table 4. Radical Addition-Trapping Experiments with P-Pyrone 5. 

R-1 (10 equiv) 

0 ao ~ 0 R,,. 0 

Ph)lO 0 

8u3Sn (4 equiv) 

Ph)lO AIBN (0.5 equiv) 
benzene, reflux, 2 h 

5 7a-e 
Racemic 

Entry RI Product Yield (o/ol dr 
1 Etl 7a 45 88: 12 
2 i-PrI 7b 65 93:7 
3 t-BuI 7c 60 94:6 
4 c-Pentyl-1 7d 48 98:2 
5 c-Hexyl-1 7e 59 90:10 

a Yields are for isolated and column-purified materials. 
b Diastereomeric ratios were determined by NMR. 

and good diastereoselectivity ( entry 1 ). Reaction with the more nucleophilic isopropyl 

radical gave the addition/trapping product in good yield and selectivity ( entry 2). Tertiary 

butyl radical also gave the addition/trapping product in good yield and selectivity (entry 3). 

Cyclic secondary radicals, cyclopentyl and cyclohexyl, were also efficient in the 

addition/trapping experiments giving products in good yield and selectivity (entries 4 and 

5). It is important to note that in these experiments three contiguous chiral centers are 

established. The relative stereochemistry for the addition/trapping product was established 

by NMR. The major diastereomer has the anti/anti configuration. 

Additional substituted (3-pyrones in enantioenriched form (Scheme 9) were 

prepared to further demonstrate the utility of the radical chemistry. Compounds 8 and 9 

were prepared in good overall yields starting from 2-acetylfuran using the protocols 

developed by O'Doherty.21 Under reductive conditions, isopropyl radical addition to 8 gave 

13 



0 

0 

H Phph 

(i:o 
\ 

ex ~ 
OH no HO''(X~ 0 NaHCO3 HO O ,, 

NaOAc•3H2O 
NBS 

C( ,C( OH 
0 ~ THF/H2O (3:1) 

~ 0°C,, 1 h HO''. 0 HO 0 

9 

Scheme 9. Synthesis of Enantioenriched Substrates. 

the pyranone 10 in 71 % yield (Scheme 10). The product was formed in a 96:4 

diastereomeric ratio. Addition/trapping experiment with 8 was also successful using 

isopropyl iodide and allylstannane furnishing 11 m modest yield and high 

diastereoselectivity. Pyrone 9, diastereomer of 8 also underwent addition/trapping 

furnishing 12 in high diastereoselectivity. These were unoptimized experiments (11 ➔ 12). 

The anomeric acyloxy group is the primary determinant of relative stereochemistry in 

transformations with 2-substituted-6-acyloxy-3-pyranones. 18 We expect a similar scenario 

in our addition and addition/trapping reactions. nOe experiments were also carried out on 

pyrones 11 and 12 (Figures 3 and 4) to further support the anti/anti configuration. The 
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results described show that highly functionalized pyrans can be accessed in enantioenriched 

form using tandem radical reactions. 

0 .(XO i-Pr-1 (10 equiv) 

ft):J.o Bu3SnH (2 equiv} 

Ph)lO O ·•,,, 
Et3B/O2 (2 equiv} Ph)lO O ··,,, 
CH2Cl2, RT, 15 min 

8 (>95%ee) 70% yield; 96:4 dr 10 

i-Pr-1 (10 equiv) 
i-Pr,, o .(XO ~ 0 

Bu3Sn (4 equiv} 0 

Ph)lO O ·,,, Ph)lO AIBN (0.5 equiv) 

8 (>95%ee) 
benzene, reflux, 2 h 

11 52% yield; 97:3 dr 

i-Pr-1 (10 equiv) 

0 ;:( 
~ 

i-Pr ,, 
Bu3Sn (4 equiv) 0 

Ph)lO 0 Ph)lO AIBN (0.5 equiv) 
benzene, reflux, 2 h 

9 (>92% ee) 12 
38% yield, 97:3 dr 

Scheme 10. Radical Addition-Trapping Experiments with Enantioenriched Substrates. 

3.7% 

--McHd 
I 

5.9% 

,,He 0 

OH 

~oH• 

Figure 3. nOe Data for Addition-trapping Product 11. 
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6.1% 

H\_-f 
0 . 

Hb Hd 
'-...,./ 

2.3% 

Figure 4. nOe Data for Addition-trapping Product 12. 

These reactions were further investigated to determine if they can be carried out 

enantioselectively. Reactions using different catalysts were performed using standard 

procedures. The choices for the catalysts to be investigated were based on previous success 

on enantioselective studies from the Sibi group. The first catalyst investigated was the salen 

catalyst 13 (Table 5). For both aluminum and chromium as the metal, the reactions resulted 

in comparable result (Table 5, entries 1 and 2) in terms of chemical efficiency and 

diastereoselectivity as in entry 1 in Table 1 but without enantioselectivity. 

The second catalyst investigated was the indanol-derived bisoxazoline ligand 14 

(Table 5 entries 3-7) paired with different Lewis acids that had been established to provide 

high enantioselectivity with different substrates. In the same manner as its 

diastereoselective counterpart, the reaction proceeded well and provided high 

diastereoselectivities. Unfortunately, no enantioselectivity resulted from these reactions. 

Due to the success of Barry Trost in his dinuclear zinc catalysis in aldol reactions20
, 

his ligand 15 was also investigated (Table 6). Instead of forming a dinuclear zinc catalyst, 

we were curious to know if it is possible to have a different mode of coordination of this 

ligand. Because of the presence of nitrogen atoms, we thought it would behave similar to 

the indanol-derived bisoxazoline ligand 14. Various Lewis acids that were good pairs with 
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ligand 14 were investigated and paired with Trost's ligand. Similar to the previous 

attempts, none gave any promise of enantioselectivity although the chemical yield and 

diastereoselectivities seem to remain unaffected by these catalysts. 

Table 5. Initial Enantioselective Investigation Using Different Combinations of 13/metal 
and 14/Lewis Acid Catalysts. 

I-< Catalyst 

Bu3SnH / Et38 / 0 2 
10 eq Seq Seq 

CH2Cl2, -78°C, 15 min 

Catalysts: 

Entry Mor LA Ligand Yield (%l ee (%) dr 
l Al-Cl 13 58 None 95:5 
2 Cr-Cl 13 60 None 93:7 
3 Mg(NTf2h 14 60 None 99:1 
4 Mg(ClO4)2 14 68 None 95:5 
5 Mg(OTf)2 14 67 None 95:5 
6 Zn(OTf)2 14 55 None 95:5 
7 Sc(OTf)3 14 63 None 98:2 

a Yields are for isolated and column-purified materials. 
b Diastereomeric ratios were determined by NMR. 

17 



Table 6. Initial Enantioselective Investigation Using Trost's ligand 15 with Various Lewis 
Acids (LA). 

Ph 
Ph HOEh 

Ph~OH 

~N OH N 

~ 
1~A 

I-< Bu3SnH / Et3B / 0 2 
10 eq 5 eq 5 eq 

CH2Cl2, -78°C, 15 min 

Entry LA Yield (%)8 ee (%) dr 
I Zn(OTt)2 56 None 96:4 
2 Al(OTt)3 70 None 94:6 
3 Eu(OTt)3 69 None 95:5 
4 Tb(OTt)3 42 None 95:5 
5 Pr(OTt)3 71 None 97:3 
6 Gd(OTt)3 58 None 96:4 

a Yields are for isolated and column-purified materials. 
b Diastereomeric ratios were determined by NMR. 

.. 
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4. CONCLUSIONS 

Efficient protocols for functionalization of !3-pyrones were developed. Radical 

additions and tandem reactions proceed with high diastereoselectivity allowing access to 

highly substituted pyrones. Various nucleophilic radicals were utilized and nOe 

experiments proved the relative stereochemistry of the substituents in the products. 

Currently, there is no catalyst found to work with these types of systems to provide 

enantioselectivity. For future work, the utilization of the newly developed radical 

methodology in the preparation of molecules of biological interest is underway in the 

laboratory. 
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5. EXPERIMENTAL SECTION 

5.1. General Experimental Details 

Dichloromethane was distilled from calcium hydride prior to use. HPLC grade 

benzene was utilized to carry out other reactions. Thin layer chromatographic separations 

were performed on silica gel Whatmann-60F glass plates, and components were visualized 

by illumination with UV light or by staining with phosphomolybdic acid and potassium 

permanganate. Flash chromatography was performed using E. Merck silica! gel 60 (230-

400 mesh). All glassware was oven-dried, assembled hot, and cooled under a stream of dry 

nitrogen before use. 

1H NMR was recorded on a Varian Unity/Inova-500 NB (500 MHz) or a Varian 

Unity/Inova-400 NB (400 MHz). Chemical shifts are reported in parts per million (ppm) 

downfield from TMS, and residual CDCI3 (7.27 ppm) is used as an internal standard. Data 

were reported as follows: chemical shift, multiplicity (s singlet, d = doublet, t triplet, q 

= quartet, dd = doublet of doublets, tt = triplet of triplets, m = multiplet, b broad), 

coupling constant(s), and integration. 13C NMR was recorded on a Varian Unity/Inova-500 

NB (125 MHz) or a Varian Unity/Inova-400 NB (100 MHz) spectrometer using broad band 

proton decoupling. Chemical shifts are reported in parts per million downfield from TMS, 

and the middle resonance of CDCI3 (77.0 ppm) was used as an internal standard. High 

Resolution Mass Spectra (HRMS) were performed in-house on an electron spray ionization 

high resolution mass spectrometer. 
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5.2. Procedure for Substrate Synthesis 

Compound 5 was prepared in racemic form using a literature procedure [Caddick, S.; 

Khan, S.; Frost, L. M.; Cheung, S.; Pairaudeau, G. Tetrahedron 2000, 56, 8953]. 

5.3. General Procedure for Conjugate Radical Addition 

The substrate (0.20 mmol) was dissolved in CH2Cb (6 mL) and stirred at rt for 15 

minutes in a 6 dram vial. The reaction was then initiated by sequential addition of the 

halide (2.0 mmol), Bu3SnH (0.40 mmol), Et3B (0.40 mmol, I M solution in hexanes) and 

oxygen (introduced via syringe). The reaction was monitored by TLC (30% EtOAc in 

hexane) and when judged complete (15 min) was quenched with silica gel (2 g), 

concentrated, washed with hexanes and extracted with ether. The ether extract was 

concentrated over silica gel and purified by silica gel chromatography (hexane-ethyl 

acetate) to give the products (6a-i). 

5.4. General Procedure for Tandem Radical Addition 

The substrate (0.20 mmol) and AIBN (0.10 mmol) were dissolved in benzene (6 

mL). Allyltributyltin (0.80 mmol) and the halide (2.0 mmol) were then added to the 

mixture and the reaction was refluxed. The reaction was monitored by TLC (30% EtOAc in 

hexane) and when judged complete (2 h) was quenched with silica gel (2 g), concentrated, 

washed with hexanes and extracted with ether. The ether extract was concentrated over 

silica gel and purified by column chromatography (hexane-ethyl acetate) to give the 

products (7a-e ). 
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(2S,3S)-Tetrahydro-3-isopropyl-5-oxo-2H-pyran-2-yl benzoate 

(6a): 1H-NMR (500 MHz, CDCh): 8 = 8.07 (dd, J = 1.5, 8.5 Hz, 

2H), 7.60 (t, J= 7.5 Hz, lH), 7.47 (t, J= 7.5 Hz, 2H), 6.40 (d, J= 

6.0 Hz, lH), 4.29 (d, J 17.5 Hz, lH), 4.03 (d, J = 17.5 Hz, lH), 

2.56 (dd, J 5.0, 16.0 Hz, lH), 2.51 (dd, J= 11.0, 16.0 Hz, lH), 2.18-2.12 (m, lH), 1.92-

1.85 (m, lH), 1.01 (d, J = 7.0 Hz, 3H), 0.99 (d, J 7.0 Hz, 3H). 13C-NMR (125 MHz, 

CDCh): 6 = 209.6, 165.6, 133.8, 130.0, 129.8, 128.8, 94.4, 68.0, 43.8, 37.2, 29.7, 20.2, 

(2S,3R)-3-Ethyl-tetrahydro-5-oxo-2H-pyran-2-yl benzoate 

(6b): 1H-NMR (400 MHz, CDCh): 8 8.05-8.02 (m, 2H), 7.59-

7.55 (m, lH), 7.46-7.42 (m, 2H), 6.26 (d, J= 5.2 Hz, lH), 4.27 (d, 

J 17.2 Hz, lH), 4.02 (d, J = 17.2 Hz, lH), 2.67 (dd, J 4.8, 16.0 

Hz, lH), 2.43 (dd, J = 9.4, 16.2 Hz, lH), 2.27-2.19 (m, lH), 1.71-1.60 (m, lH), 1.54-1.43 

(m, lH), 0.97 (t, J = 7.6 Hz, 3H). 13C-NMR (125 MHz, CDCh): 8 = 208.3, 165.6, 133.8, 

130.0, 129.8, 128.8, 95.3, 68.6, 39.6, 39.5, 25.6, 11.3. ESI-HRMS: m/z calc'd for 

(2S,3R)-Tetrahydro-5-oxo-3-propyl-2H-pyran-2-yl benzoate 

(6c): 1H-NMR (500 MHz, CDCh): 6 8.09 (dd, J 1.5, 8.5 Hz 

2H), 7.63 (tt, J= 1.5, 7.5 Hz, lH), 7.51-7.48 (m, 2H), 6.30 (d, J= 

5.0 Hz, lH), 4.32 (d, J 17.5 Hz, lH), 4.08 (d, J 17.5 Hz, lH), 

2.72 (dd, J = 5.0, 16.0 Hz, lH), 2.48 (dd, J 9.0, 16.0 Hz, lH), 2.40-2.33 (m, lH), 1.68-
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1.60 (m, lH), 1.52-1.37 (m, 3H), 0.96 (t, J 7.0 Hz, 3H). 13C-NMR (125 MHz, CDCb): 8 

= 208.3, 165.6, 133.8, 130.0, 129.8, 128.8, 95.5, 68.6, 39.9, 37.8, 34.8, 19.9, 14.2. ESI-

(2S,3R)-3-Butyl-tetrahydro-5-oxo-2H-pyran-2-yl benzoate 

(6d): 1H-NMR (500 MHz, CDCh): 8 8.10-8.08 (m, 2H), 7.64-

7.61 (m, lH), 7.49 (t, J 7.5 Hz, 2H), 6.30 (d, J = 5.0 Hz, lH), 

4.32 (d, J 17.5 Hz, lH), 4.08 (d, J = 17.0 Hz, lH), 2.73 (dd, J= 

4.5, 16.0 Hz, lH), 2.48 (dd, J 9.5, 16.0 Hz, IH), 2.38-2.31 (m, 

lH), 1.68-1.62 (m, lH), 1.53-1.46 (m, lH), 1.44-1.33 (m, 4H), 0.91 (t, J = 7.0 Hz, 3H). 

13C-NMR (125 MHz, CDCb): 8 = 208.2, 165.6, 133.8, 130.0, 129.8, 128.8, 95.5, 68.6, 

39.9, 38.1, 32.3, 28.8, 22.8, 14.l. ESI-HRMS: mlz calc'd for C16H200 4•Na+: 299.1254; 

found: 299.1247. 

(2S,3S)-3-Tertbutyl-tetrahydro-5-oxo-2H-pyran-2-yl benzoate t-BuDO 0 ,, 

)l (6e): 1H-NMR (400 MHz, CDCb): 8 = 8.04-8.01 (m, 2H), 7.56 (tt, J 
Ph O 0 

C16H200 4 = 1.6, 7.6 Hz, lH), 7.45-7.41 (m, 2H), 6.41 (d, J= 5.6 Hz, lH), 4.21 
Mol. Wt.: 276.3276 

(d, J = 18.0 Hz, lH), 3.98 (d, J 17.6 Hz, UI), 2.50 (d, J 8.4 Hz, 

2H), 2.04 (dt, J 6.0, 8.8 Hz, lH), 0.95 (s, 3H). 13C-NMR (125 MHz, CDCh): 8 = 210.9, 

165.4, 133.8, 130.0, 129.8, 128.8, 93.3, 67.3, 47.5, 36.7, 32.4, 27.4. ESI-HRMS: mlz calc'd 
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(2S,3S)-3-Cyclopentyl-tetrahydro-5-oxo-2H-pyran-2-yl 

benzoate (6t): 1H-NMR (400 MHz, CDCb): 8 = 8.04-8.02 (m, 

2H), 7.56 (tt, J 1.2, 7.0 Hz, lH), 7.43 (tt, J = 1.6, 9.2 Hz, 2H), 

6.34 (d, J 4.8 Hz, lH), 4.25 (d, J 17.6 Hz, lH), 4.00 (d, J 

17.2 Hz, lH), 2.66 (dd, J 4.8, 16.0 Hz, lH), 2.50 (dd, J = 10.0, 16.0 Hz, lH), 2.18-2.11 

(m, lH), 1.93-1.78 (m, 3H), 1.65-1.48 (m, 4H), 1.23-1.09 (m, 2H). 13C-NMR (125 MHz, 

CDCb): 8 = 208.9, 165.5, 133.8, 130.0, 129.8, 128.8, 95.1, 68.3, 43.3, 43.1, 39.3, 30.6, 

30.56, 25.3, 24.8. ESI-HRMS: m/z calc'd for C17H200 4•Na+: 311.1254; found: 311.1268. 

(2S,3S)-3-Cyclohexyl-tetrahydro-5-oxo-2H-pyran-2-yl benzoate 

(6g): 1H-NMR (500 MHz, CDCb): 8 = 8.08 (dd, J = 1.5, 8.5 Hz, 

2H), 7.61 (t, J= 7.5 Hz, lH), 7.48 (t, J= 8.0 Hz, 2H), 6.42 (d, J 

5.5 Hz, lH), 4.29 (d, J 18.0 Hz, IH), 4.04 (d, J= 17.5 Hz, lH), 

2.60-2.50 (m, 2H), 2.19-2.13 (m, IH), 1.83-1.66 (m, SH), 1.55-1.49 (m, lH), 1.29-1.09 (m, 

4H), 1.04-0.96 (m, lH). 13C-NMR (125 MHz, CDCb): 8 = 209.8, 165.6, 133.8, 130.0, 

129.9, 128.8, 94.3, 68.0, 43.1, 39.7, 37.4, 30.5, 29.8, 26.5, 26.43, 26.4. ESI-HRMS: m/z 

(2S,3S)-3-(5-Chloro-2-methylpentan-2-yl)-tetrahydro-S-oxo-

2H-pyran-2-yl benzoate (6i): 1H-NMR (400 MHz, CDCb): 8 

8.04-8.01 (m, 2H), 7.58 (t, 7.2 Hz, lH), 7.45 (t, J 7.6 Hz, 2H), 

6.46 (d, J = 5.6 Hz, IH), 4.23 (d, J = 18.0 Hz, lH), 4.00 (d, J = 18.0 

Hz, IH), 3.39 (t, J = 6.8 Hz, 2H), 2.57-2.44 (m, 2H), 2.18-2.12 (m, 
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lH), 1.78-1.65 (m, 2H), 1.41-1.37 (m, 2H), 0.96 (s, 6 H). 13C-NMR (125 MHz, CDCb): 6 = 

209.6, 165.3, 133.9, 130.0, 129.6, 128.8, 93.0, 67.3, 45.7, 45.4, 37.5, 36.3, 34.7, 27.3, 24.6, 

24.4. ESI-HRMS: mlz calc'd for C 18H23ClO4•Na+: 361.1177; found: 361.1174. 

(2S,3R,4R)-4-Allyl-3-ethyl-tetrahydro-5-oxo-2H-pyran-2-yl 

benzoate (7a): 1H-NMR (500 MHz, CDCb): 6 8.06 (dd, J = 4.5, 

7.5 Hz, 2H), 7.62 (t, J 1.2 Hz, lH), 7.49 (t, J 7.5 Hz, 2H), 6.38 

C17H200 4 (d, J= 5.0 Hz, IH), 5.86-5.78 (m, lH), 5.15-5.09 (m, 2H), 4.32 (d, J 
Mal. wt.: 288.3383 

= 17.5 Hz, lH), 4.12 (d, J 17.5 Hz, lH), 2.65-2.57 (m, lH), 2.48-

2.43 (m, IH), 2.14-2.08 (m, IH), 1.78-1.63 (m, 3H), 1.03 {t, J = 7.5 Hz, 3H). 13C-NMR 

(125 MHz, CDCh): 6 = 210.0, 165.5, 135.0, 133.8, 130.0, 129.7, 128.9, 117.9, 95.8, 68.2, 

47.1, 42.1, 30.8, 23.6, 10.3. ESI-HRMS: mlz calc'd for C17H20O4•Na+: 311.1254; found: 

311.1274. 

0 

(2S,3R,4R)-4-Allyl-tetrahydro-3-isopropyl-5-oxo-2H-pyran-2-

yl benzoate (7b): 1H-NMR (500 MHz, CDCh): 6 8.07-8.05 (m, 

2H), 7.64-7.60 (m, lH), 7.51-7.47 (m, 2H), 6.45 (d, J = 4.0 Hz, 

C18H220 4 lH), 5.88-5.80 (m, lH), 5.15-5.08 (m, 2H), 4.30 (d, J 17.5 Hz, 
Mal. Wt.: 302.3649 

lH), 4.11 (d, J= 17.5 Hz, lH), 2.70-2.60 (m, 2H), 2.45-2.39 (m, 

lH), 2.13-2.07 (m, 2H), 1.08 (d, J = 6.5 Hz, 3H), 0.99 (d, J = 6.5 Hz, 3H). 13C-NMR (125 

MHz, CDCb): o = 210.7, 165.2, 135.1, 133.8, 130.0, 129.8, 128.8, 117.9, 93.3, 68.0, 46.1, 

46.0, 30.8, 27.5, 20.7, 16.8. ESI-HRMS: m/z calc'd for C 18H22O4•Na+: 325.1410; found: 

325.1415. 

25 



Q 

(2S,3S,4R)-3-Tert-Butyl-4-allyl-tetrahydro-5-oxo-2H-pyran-2-yl 

benzoate (7c): 1H-NMR (500 MHz, CDCh): o = 8.04-8.03 (m, 2H), 

7.64-7.61 (m, IH), 7.49 (t, J= 8.0 Hz, 2H), 6.53 (d, J= 2.0 Hz, IH), 

c19H24o4 5.81-5.73 (m, lH), 5.06-5.02 (m, 2H), 4.31 (d, J = 17.5 Hz, lH), 
Mal. Wt .. 316.3915 

4.15 (d, J = 17.5 Hz, lH), 2.71-2.58 (m, 3H), 2.06-2.05 (m, lH), 

1.07 (s, 9H). 13C-NMR (125 MHz, CDCh): o = 209.9, 164.9, 135.4, 133.8, 130.0, 129.7, 

128.9, 118.4, 93.9, 68.3, 51.0, 46.5, 38.1, 33.7, 28.0. ESI-HRMS: mlz calc'd for 

(2S,3R,4R)-4-Allyl-3-cyclopentyl-tetrahydro-5-oxo-2H-pyran-

o 2-yl benzoate (7d): 1H-NMR (500 MHz, CDCh): o = 8.04 (dd, J 

1.5, 8.5 Hz, 2H), 7.62 (t, J = 7.5 Hz, lH), 7.49 (t, J = 8.0 Hz, 2H), 

C20H2404 6.42 (d, J = 3.0 Hz, IH), 5.85-5.75 (m, lH), 5.11-5.07 (m, 2H), 4.32 
Mol. Wt.: 328.4022 

(d, J 17.5 Hz, lH), 4.14 (d, J = 17.5 Hz, lH), 2.66-2.60 (m, 2H), 2.57-2.51 (m, lH), 2.22-

2.14 (m, lH), 1.94-1.88 (m, lH), 1.83-1.54 (m, 6H), 1.47-1.41 (m, IH), 1.25-1.19 (m, lH). 

13C-NMR (125 MHz, CDCh): o = 209.9, 165.2, 135.4, 133.8, 130.1, 130.0, 128.8, 118.0, 

94.5, 68.1, 48.2, 45.0, 41.5, 33.3, 30.6, 28.7, 25.4, 25.2. ESI-HRMS: mlz calc'd for 

(2S,3R,4R)-4-Allyl-3-cyclohexyl-tetrahydro-5-oxo-2H-pyran-2-

o yl benzoate (7e): 1H-NMR (500 MHz, CDCh): o = 8.05 (d, J = 8.5 

Hz, 2H), 7.62 (t, J = 7.5 Hz, lH), 7.49 (t, J = 7.5 Hz, 2H), 6.47 (d, J 

C21H2s04 = 4.5 Hz, lH), 5.88-5.79 (m, lH), 5.15-5.08 (m, 2H), 4.27 (d, J 
Mal. Wt.: 342.4287 
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17.5 Hz, lH), 4.10 (d, J= 17.5 Hz, lH), 2.74-2.70 (m, lH), 2.62-2.57 (m, lH), 2.46-2.41 

(m, lH), 2.08-2.05 (m, lH), 1.77-1.69 (m, SH), 1.32-1.08 (m, 6H). 13C-NMR (125 MHz, 

CDCh): 6 210.8, 165.3, 135.2, 133.8, 130.0, 129.8, 128.8, 117.8, 93.7, 67.9, 46.1, 45.5, 

38.1, 31.1, 27.3, 27.1, 26.6, 26.5. ESI-HRMS: mlz calc'd for C21H26O4•Na+: 365.1723; 

found: 365.1714. 

(2S,6S)-5,6-Dihydro-6-methyl-5-oxo-2H-pyran-2-yl benzoate (8): 

1H-NMR (300 MHz, CDCh): 8 8.08 (d, J= 7.5 Hz, 2H), 7.63 (t, J 

= 7.5 Hz, lH), 7.49 (t, J = 7.5 Hz, 2H), 7.03 (dd, J 3.6, 10.2 Hz, 

lH), 6.77 (d, J= 3.9 Hz, IH), 6.30 (d, J= 10.5 Hz, lH), 4.73 (q, J= 

6.9 Hz, lH), 1.45 (d, J = 6.9 Hz, 3H). 13C-NMR (100 MHz, CDCh): 6 = 196.2, 165.3, 

141.9, 133.9, 130.4, 130.1, 128.8, 128.7, 87.8, 72.7, 15.6. ESI-HRMS: m/z calc'd for 

(2S,6R)-5,6-Dihydro-6-methyl-5-oxo-2H-pyran-2-yl benzoate 
0 

Jl (9): 1H-NMR (500 MHz, CDCh): o = 8.10 (d, J= 7.5 Hz, 2H), 7.64 
Ph O 0 

C13H1204 
MoL Wt.: 232.232 

(t, J = 7.5 Hz, lH), 7.50 (t, J = 7.5 Hz, 2H), 7.04 (dd, J = 2.5, 10.0 

Hz, lH), 6.85 (dd, J = 1.0, 2.5 Hz, lH), 6.32 (dd, J 1.0, 10.5 Hz, lH), 4.49 (q, J = 7.0 Hz, 

lH), 1.59 (d, J 7.5 Hz, 3H). 13C-NMR (100 MHz, CDCh): 6 = 196.3, 165.2, 143.5, 

134.0, 130.2, 129.3, 128.9, 128.5, 88.5, 76.1, 19.1. ESI-HRMS: m/zcalc'd for 
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(2S,3S,6S)-Tetrahydro-3-isopropyl-6-methyl-5-oxo-2H-pyran-

2-yl benzoate (10): 1H-NMR (500 MHz, CDCh): o = 8.09 (d, J 

7.0 Hz, 2H), 7.64-7.61 (m, lH), 7.50 (t, J = 7.50 Hz, 2H), 6.42 (d, J 

= 5.5 Hz, lH), 4.38 (q, J= 7.0 Hz, lH), 2.55-2.52 (m, 2H), 2.22-2.17 (m, lH), 1.91-1.85 

13 (m, lH), 1.34 (d, J = 6.5 Hz, 3H), 1.03 (d, J = 7.0 Hz, 3H), 1.01 (d, J = 7.0 Hz, 3H). C-

NMR (125 MHz, CDCh): o 211.8, 165.6, 133.7, 130.04, 130.01, 128.8, 94.7, 73.0, 44.3, 

36.7, 29.8, 20.3, 19.3, 15.6. ESI-HRMS: mlz calc'd for C16H20O4•Na+: 299.1254; found: 

299.1240. 

0 

(2S,3R,4R,6S)-4-Allyl-tetrahydro-3-isopropyl-6-methyl-5-oxo-

2H-pyran-2-yl benzoate (11): 1H-NMR (500 MHz, CDCh): o = 

8.06 (d, J= 7.0 Hz, 2H), 7.62 (t, J= 7.5 Hz, IH), 7.49 (t, J= 7.5 Hz, 

C19H240 4 2H), 6.45 (d, J = 4.0 Hz, lH), 5.88-5.79 (m, 1 H), 5.14-5.08 (m, 
Mol. Wt.: 316.3915 

2H), 4.35 (q, J 7.0 Hz, IH), 2.71-2.67 (m, lH), 2.63-2.58 (m, lH), 

2.43-2.37 (m, 1 H), 2.13-2.07 (m, 2H), 1.35 (d, J = 7.0 Hz, 3H), 1.07 (d, J = 6.5 Hz, 3H), 

0.985 (d, J 7.0 Hz, 3H). 13C-NMR (125 MHz, CDCh): o 213.1, 165.2, 135.2, 133.7, 

130.0, 129.9, 128.8, 117.7, 93.1, 73.0, 46.6, 44.7, 30.7, 27.5, 20.8, 16.7, 16.6. ESI-HRMS: 

(2S,3R,4R,6R)-4-Allyl-tetrahydro-3-isopropyl-6-methyl-5-oxo-

2H-pyran-2-yl benzoate (12): 1H-NMR (400 MHz, CDC13): o 

7.99-7.97 (m, 2 H), 7.57 (tt, J = 1.6, 7.6 Hz, lH), 7.46-7.42 (m, 2H), 

6.32 ( d, J = 4.4 Hz, 1 H), 5.82-5. 70 (m, 1 H), 5 .11-5 .02 (m, 2H), 4.25 
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(q, J 6.8 Hz, lH), 2.57-2.52 (rn, lH), 2.52-2.45 (rn, 2H), 2.13-2.06 (rn, 1 H), 1.99-1.91 

13 (rn, 1 H), 1.36 (d, J 6.8 Hz, 3H), 1.04 (d, J 6.8 Hz, 3H), 0.98 (d, J 6.8 Hz, 3H). C-

NMR (125 MHz, CDCh): o = 211.3, 165.2, 135.5, 133.7, 130.0, 129.8, 128.8, 117.9, 94.0, 

76.5, 48.6, 47.1, 34.4, 29.4, 20.6, 18.6, 18.4. ESI-HRMS: rn/z calc'd for C19H24O4•Na+: 

339.1567; found: 339.1579. 
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