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1. Introduction 

 

In 1980, Sharpless and Katsuki discovered a system for the asymmetric 

epoxidation of primary allylic alcohols that utilizes Ti(OPr-i)4, a dialkyl tartrate 

as a chiral ligand, and tert-butyl hydroperoxide as the oxidant. (1) Notably, this 

reaction exhibits high levels of enantioselectivity (usually > 90% ee). Like other 

metalcatalyzed epoxidations, this reaction also proceeds under mild conditions 

with good chemical yield and with high regio- and chemoselectivity. Various 

aspects of this reaction, including its mechanism, (2) early synthetic 

applications, (3-6) and further transformations of the epoxy alcohol product, (7) 

have been reviewed. In the following sections, the full scope and limitations of 

this reaction, its synthetic applications, and typical experimental conditions are 

described. 
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2. Asymmetric Epoxidation with the 

Titanium(IV)–Tartrate Catalyst 
 

The combination of Ti(OPr-i)4, a dialkyl tartrate, and tert-butyl hydroperoxide 

(hereafter referred to as TBHP) epoxidizes most allylic alcohols in good 

chemical yield and with predictably high enantiofacial selectivity according to 

the empirical rule illustrated in scheme 1. When an allylic alcohol (R4, R5 = H) 

is drawn in a plane with the hydroxymethyl group positioned at the lower right, 

the delivery of oxygen occurs from the bottom side of the olefin to give the 

(2S)-epoxide if an (R,R)-dialkyl tartrate is used as the chiral auxiliary. Of 

course, when an (S,S)-dialkyl tartrate is employed, oxygen is delivered from 

the top side. The enantiofacial selectivity of the reaction is > 90% ee 

(usually > 95% ee) for substrates without a Z olefinic substituent (R3 = H). The 

degree of facial selectivity for a Z allylic alcohol depends on the nature of the Z 

substituent R3. The enantioselectivity for substrates with unbranched R3 

substituents ranges from 80 to 94% ee, but that for substrates with a branched 

substituent is lower. (2) Representative examples of epoxidations of allylic 

alcohols with diethyl tartrate (DET) as the chiral auxiliary are shown in Eqs. 

1–4. (1, 8, 9)  
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 (4)   

scheme 1.  

 
This reagent combination is also effective for the kinetic resolution of racemic 

secondary allylic alcohols (R4 = H, R5 = alkyl and R4 = alkyl, R5 = H). When 

(R,R)-tartrate is used as the chiral auxiliary, the S enantiomer (R5 = H) of the 

allylic alcohol reacts faster than the R enantiomer (R4 = H), and the R 

enantiomer may be recovered with high enantiomeric purity (Eq. 5). (10) The 

relative reaction  

   

 

 (5)   

 

rates (kfast/kslow) for enantiomeric pairs usually range from 15 to 700, (2, 10-16) 

except for peculiar substrates like allyl-tert-butylcarbinol and cyclohexenol. 

This kinetic resolution is an effective way of obtaining sec-allylic alcohols of 

high optical purity. The relationship between the enantiomeric purity of the 

unreacted allylic alcohol, the relative reaction rate of a pair of enantiomers, and 

percent conversion of the starting racemic allylic alcohol is described in the 
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section on the kinetic resolution of secondary allylic alcohols. This reaction is 

also effective for preparing epoxy alcohols. The epoxy alcohol derived from the 

fast-reacting enantiomer, except for substrates with Z olefinic substituents, 

possesses the erythro configuration. (10) This is consonant with the empirical 

rule defining the stereo-chemical outcome of the reaction presented at the 

beginning of this section. 

 

By adding molecular sieves to the reaction system, the asymmetric 

epoxidation and kinetic resolution processes can be carried out with a catalytic 

amount of the titanium—tartrate complex without impairing the 

enantioselectivity of the reaction. (17-19) 

 

The titanium—tartrate complex and its modified relatives have also been 

employed for the asymmetric oxidation of heteroatoms like nitrogen, (20, 21) 

sulfur, (22-25) and selenium. (26) 
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3. Mechanism 

 

The reaction sequence proposed for the metal-catalyzed epoxidation of allylic 

alcohols is shown in scheme 2. (27-30) 
scheme 2.  

 

Metal alkoxides generally undergo rapid ligand exchange with alcohols. When 

a metal alkoxide, an allylic alcohol, and an alkyl hydroperoxide are mixed, 

ligand exchange occurs to afford a mixture of complexes 

M(OR)n – x – y-(OCH2CH = CH2)x(OOR)y. Among them, only species such as 1, 

bearing both allylic alkoxide and alkyl hydroperoxide groups, are responsible 

for the epoxidation. The incorporated alkyl hydroperoxide is thought to be 

further activated by coordination of the second oxygen atom (O-2) to the metal 

center (see structures 2 and 3). That the ensuing transfer of O-1 to the double 

bond of the allylic alcohol occurs in an intramolecular fashion is supported by 

comparison of the epoxidation rate of allyl alcohol with that of allyl methyl ether. 

(31) However, controversy still surrounds the oxygen transfer process (2 ® 5). 

One suggestion is that the double bond first coordinates to the metal center 

and then inserts into the μ 2-alkyl hydroperoxide ligand to give an epoxide via 

the peroxometallocycle intermediate 4. (32-34) An alternative proposal is that 

the double bond attacks the distal oxygen along the axis of the O - O bond that 

is broken. (2,30,35–39) Frontier molecular orbital treatment of peroxometal 

complexes also suggests that d transition metal complexes of ROO—exhibit 

electrophilic behavior. (40) Finally, exchange of tert-butoxide and the epoxy 
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alkoxide so formed with allylic alcohol and alkyl hydroperoxide completes the 

reaction cycle. 

 

The titanium—tartrate mediated asymmetric epoxidation of allylic alcohols also 

follows the same basic reaction pathway of scheme 2. Therefore, the 

remaining mechanistic question is how oxygen is transferred 

enantioselectively to substrates. To answer this question, structures of 

titanium—dialkyl tartrate complexes, (37–38,41–45) as well as those prepared 

from Ti(OPr-i)4 and (R,R)-N,N¢-dibenzyltartramide and from Ti(OEt)4, 

(R,R)-diethyl tartrate, and PhC(O)-N(OH)Ph were determined. (46-48) Based 

on the X-ray analysis of these complexes, the structure of the asymmetric 

epoxidation catalyst has been proposed as 6.  

   

 

When structure 6 is viewed down the distal peroxide oxygen—titanium bond 

axis (O1-Ti), the symmetry of the tartrate “windmill arms” becomes apparent. 

Within this model, conformer 7, in which the allylic alcohol  

   

 

and the TBHP-ligand align meridionally and the TiO - C -C = C dihedral angle 

is as small as 30°, has been suggested as a transition state. (2) 
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This conformer experiences severe steric interactions only when R5 ¹ H. This 

explains the high efficiency of kinetic resolution of racemic secondary allylic 

alcohols where one enantiomer (R4 = alkyl, R5 = H) reacts much faster than 

the other isomer (R4 = H, R5 = alkyl). The poor reactivity of tertiary allylic 

alcohols (R4 and R5 = alkyl) is rationalized analogously. (49) We also see that 

the Z olefinic substituent (R3) is close to the hydroxymethyl group bound to 

titanium because of the small O—C—C = C dihedral angle. These interactions 

destabilize conformer 8 and lower the reactivity of this complex. The C-2 

substituent (R2) in  

   

 

7 is also in the vicinity of the titanium complex, and only the E olefinic 

substituent (R1) projects toward an open quadrant. 

 

This model explains the following three observations. First, bulky Z olefinic 

substituents retard epoxidation reactions, and substrates with branched Z 

substituents exhibit poor reactivity and decreased enantioselectivity. This may 

be rationalized by the conformational requirement for minimization of allylic 

strain due to the small C = C—C—OTi dihedral angle. (2) That is, the 

conformation in which H is in the plane of the olefin (H in-plane conformation) 

is energetically more accessible than the other two conformations (R and R¢ 

in-plane conformations). (50) Thus the disposition of an alkyl group (R¢) to the 

bottom side raises the energy of the transition state depicted as 8 [using 

(R,R)-tartrate], causing retardation of the reaction and decreased 

enantioselectivity. When R ¹ R¢, each enantiomer of a racemic substrate has 

different reactivity and treatment of such a racemic mixture with 

Ti(OPr-i)4-tartrate effects kinetic resolution. 

 

Second, because the C-2 substituent is near the Ti—tartrate moiety, its 

chirality also affects substrate reactivity. Thus enantiomers of a racemic 

substrate bearing a chiral C-2 substituent have different reactivities, and in 

some cases a good level of kinetic resolution is observed. 

 

Third, except for a few examples, the E substituent, which is located in an 

open quadrant, has little effect on the stereoselectivity of the reaction. 

Therefore, the epoxidation of chiral E allylic alcohols should proceed with the 

same high level of enantioselectivity seen with achiral E allylic alcohols. (51) 

 

Although a proposal that the dimeric titanium tartrate complex is in equilibrium 
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with a monomeric ion pair which catalyzes epoxidation has been presented, 

(52) kinetic studies of the epoxidation reaction seem to exclude the possibility 

that the active catalyst species is monomeric. (36) 
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4. Scope and Limitations 

4.1. Asymmetric Epoxidation of Achiral Primary Allylic Alcohols  
There are two general procedures for asymmetric epoxidation: stoichiometric 

and catalytic. These procedures exhibit similar stereo-, chemo-, and 

regioselectivities. However, the catalytic procedure provides several practical 

advantages over the stoichiometric one: a) ease of isolating the product, b) 

extended scope due to use of a catalytic amount of Lewis acidic titanium 

catalyst, and c) more economical. General features of asymmetric epoxidation 

are discussed first, and the advantage of the catalytic procedure is described 

later in this section. 

4.1.1. Substrate Reactivity  
The reactivity of allylic alcohols changes with the level of olefinic substitution 

(Table A). (2, 4, 43, 44) Like epoxidation reactions with peracids or other 

metal-catalyzed epoxidations, the reactivity of the substrates generally rises as 

the olefinic electron density increases.  

  

Table A. Substrate Reactivity  
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The reactivity of cinnamyl alcohols changes with the electronic nature of the 

aromatic substituent. This trend indicates the nucleophilic nature of the olefin 

(entries 4–7). However, the level of reactivity of the 4-chloro derivative is 

curious (entry 6). 

 

A Z-olefinic substituent decreases substrate reactivity (Eqs. 6, 7), (18) 

especially when it is branched at C-4 (see section on mechanism).  

   

 

 (6)   

 

   

 

 (7)   

 

 

 

Epoxidations of tertiary allylic alcohols are usually sluggish, though 

(E)-2,5-dihydroxy-2,5-dimethylhex-3-ene is epoxidized smoothly to give the 

corresponding epoxide with moderate enantioselectivity (Eq. 8). (53)  

   

 

 (8)   

 

 

 

However, the epoxidation of dimethyl(2-phenylvinyl)silanol (9) proceeds with 

high enantioselectivity (85–95% ee), whereas that of 

diphenyl(2-phenylvinyl)silanol (10) exhibits an enantioselectivity of only 20%. 

(54)  
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The presence of a coordinating functional group adjacent to the allylic hydroxy 

group sometimes decreases the reactivity of the allylic alcohol below useful 

levels (Eq. 9). (55)  

   

 

 (9)   

 

 

4.1.2. Stereoselectivity  
The stereochemistry of this reaction can be predicted by the empirical rule 

shown in scheme 1, except for a few substrates bearing bulky chiral 

substituents near the site of epoxidation. There have been no exceptions for 

achiral substrates to date. Thus the reaction has been used to assign or verify 

absolute configuration. For example, the (–)-(E)-cycloalkenemethanol 11 was 

assigned the S configuration by chemical correlation to a substance whose 

stereochemistry had been determined on the basis of an ORD curve. However, 

the (–)-enantiomer [(–)-11] did not react under the titanium-mediated 

epoxidation conditions using (R,R)-diethyl tartrate, although the 

(+)-enantiomer [(+)-11)] reacted smoothly. The empirical rule therefore 

indicates that (–)-11  
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should have the R, not the S, configuration. In fact, a different and 

unambiguous chemical correlation later established that the conclusion based 

on the empirical rule was correct. (56) 

 

The following examples illustrate the effect of allylic alcohol substitution on 

stereoselectivity. The asymmetric epoxidation of a substrate with an E 
tert-butyl group exhibits normal enantioselectivity (Eq. 10). (57) This confirms 

that E allylic  

   

 

 (10)   

 

alcohols are good substrates for this titanium-mediated asymmetric 

epoxidation, and there are many such examples (Eq. 11).  

   

 

 (11)   

 

 

 

The reaction with 2-tert-butylallyl alcohol gives lower enantioselectivity (Eq. 12). 

However, the optical purity (85% ee) determined for the product is  
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 (12)   

 

probably the lower limit, since the major enantiomer of the alcohol is 

preferentially attacked and consumed by an alcoholic nucleophile under the 

influence of the chiral titanium catalyst. (57) 

 

The propensity for large C-2 substituents to erode enantioselectivity is also 

illustrated by the epoxidation of compound 12. (58) This reaction shows 

diminished  

   

 

 

enantioselectivity (70% ee), though that of the parent 2-phenylcinnamyl 

alcohol exhibits high enantioselectivity (>95% ee). Although these examples 

are consonant with the mechanistic view that places the C-2 substituent in the 

vicinity of the titanium—tartrate complex, the effect of an achiral C-2 

substituent on enantioselectivity is usually small. Consequently, the 

epoxidation of most C-2 substituted allylic alcohols proceeds with high 

enantioselectivity (>90% ee) (Eqs. 13, 14).  

   

 

 (13)   
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 (14)   

 

 

 

In spite of the high enantioselectivity of the titanium—tartrate complex, 

substandard stereoselectivity is observed for some sterically crowded allylic 

alcohols. The enantioselectivity of the epoxidation of Z-olefinic substrates with 

C-4 branched substituents decreases as the substituent become larger (Eqs. 4, 

15, 16, 17, 18). (8,57,59–61) A substrate with a Z tert-butyl group undergoes 

epoxidation with very poor asymmetric induction, although face selection for 

this substrate is still in the normal direction (Eq. 18). (57)  

   

 

 (15)   

 

   

 

 (16)   

 

   

 

 (17)   

 

   

 

 (18)   
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Asymmetric epoxidation of some allylic alcohols proceeds with diminished 

enantioselectivity. In many cases, however, the product epoxy alcohols are 

crystalline compounds that can be recrystallized to optical purity. As an 

example, alcohol 13 produces epoxy alcohol 14 in 86% ee, and 

recrystallization of 14 affords  

   

 

 

only a single enantiomer in 79% yield. (62) Noncrystalline epoxy alcohols can 

often be converted to crystalline derivatives such as 15, (18) 16, (63, 64) and 

17, (65) which also  

   

 

allow enhancement of enantiomeric purity through recrystallization. These 

derivatives can be obtained by catalytic asymmetric epoxidation and 

subsequent in situ derivatization (vide infra). (18, 66, 67) Unfortunately, 

increases in enantiomeric purity by recrystallization are not universal. Some 

compounds like 18 decrease in enantiomeric purity upon repeated 

recrystallization. (67)  

   

 

 

 

Epoxidation of bisallylic alcohols possessing Cs symmetry provides diepoxy 

products of high enantiomeric purity together with a small amount of meso 
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isomer. (68-72) For example, if epoxidation of each allylic alcohol group in 

compound 19 proceeded with the usual enantioselectivity (95% ee), the 

product should be a mixture of (2S,3S,10S,11S)-20, (2R,3R,10R,11R)-20, and 

meso-21 isomers in the  

   

 

 

ratio 361:1:38. Actually, the reaction of 19 gives a mixture of 20 and 21 in a 

ratio of 9:1, though the enantiomeric purity of 20 has not been determined. (68) 

4.1.3. Chemoselectivity  
One of the important features of this metal-catalyzed epoxidation is its high 

chemoselectivity. Allylic alcohols bearing other functional groups such as ether 

(22), (73, 74) epoxide (23), (75-78) acetal [e.g., acetonide (22), (73) 

tetrahydropyranyl (THP) ether (24), (79) 1,3-dioxane (25), (80) and ethoxyethyl 

(EE) ether (26) (81)], silyloxy (23), (77, 78, 82-89) carbonyl (27), (90) enone 

(23), (77, 78) ester (28) (1, 91) α , β -unsaturated ester (29), (92, 93) carbonate 

(30), (94) urethane (31), (95-97) toluenesulfonamide (32), (98) acetylene (33), 

(99-104) 4,5-diphenyloxazole (34), (105) nitrile (35), (106-108) 

nonfunctionalized olefin (36), (1, 109, 110) vinylsilane (37), (111) 

trialkylsilyl-acetylene (38), (112) allylsilane (29), (93) tert-allylic alcohol (39), 

(113) furan (40) (114) (except for furfuryl alcohol) (114), and lactim ether (41) 

(115) units, as exemplified by the structures in Fig. 1, can be successfully 

epoxidized without interference from the other resident functional group. 

However, when a carbonyl group (116) (including ester (117) and amide 

carbonyls), a 4,5-diphenyloxazole, or a hydroxy group (117-119) is located in 

an appropriate position for intramolecular attack on the epoxide that is formed, 

a subsequent epoxide-opening reaction often occurs in situ or during workup 

to give a cyclic product (Eq. 19) (116) or a mixture of unidentified products 

other than the desired epoxide (Eq. 20). (105)  
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 (19)   

 

   

 

 (20)   

fig 1.  
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Asymmetric epoxidation of phenol 42 proceeds with diminished 

enantioselectivity (53% ee), possibly because of the strong coordination of 

phenols to titanium(IV). (120, 121) The epoxidation of compound 43, in which 

the phenolic hydroxy groups are protected, proceeds with high 

enantioselectivity. (122)  

   

 

 

   

 

 

 

 

Certain functional groups in the vicinity of the reacting site may affect the 

stereoselectivity. For example, asymmetric epoxidation of ether 44 using 

(R,R)-and (S,S)-diethyl tartrate gives 3:1 and 1:3 mixtures of 45 and 46, 

respectively. (123)  
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The asymmetric epoxidation of alcohol 47, however, proceeds with high 

selectivity. (124)  

   

 

 

 

4.1.4. Regioselectivity  
In metal-catalyzed epoxidation reactions, the reactivity of allylic alcohols is 

superior to that of homoallylic alcohols when both substrates have the same 

substitution pattern. (125) Although there is no detailed study on the 

regioselectivity of titanium(IV)-tartrate epoxidation, the above trend in 

regioselectivity probably holds in this reaction. However, when the degree of 

substitution of a homoallylic alcohol is greater than that of an allylic alcohol, the 

homoallylic alcohol (e.g., 48) can be epoxidized preferentially. (126) Olefins 

without coordinating  

   

 

 

����������������������������������������������������

� � � � � � � � � � � � � � � 




functional groups are inert to the titanium(IV) mediated asymmetric 

epoxidation reaction conditions. 

4.1.5. Product Stability  
The epoxy alcohol product is usually stable to the reaction conditions for 

titanium-mediated asymmetric epoxidation. However, the stoichiometric 

titanium-mediated asymmetric epoxidation (1) has some limitations. For 

example, the unsubstituted conjugated dienol 49 reacts slowly but the desired  

   

 

 

epoxide is not obtained because of its instability. (2, 19, 102) However, the 

C2-substituted dienol 50 (4) gives the desired epoxide in good yields. A related 

secondary  

   

 

 

dienol 51 (127) also gives the desired epoxides 52 with an erythro:threo ratio 

(>13:1), though product yields are not given.  

   

 

 

 

 

Epoxidation of p-methoxycinnamyl alcohol also does not give the desired 

epoxide because of product instability due to the presence of the p-methoxy 

group (Eq. 21), (2, 128) though meta-substituted compound 53 is a good 
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substrate (Eq. 22). (129) Product instability due to the presence of a 

neighboring nucleophilic  

   

 

 (21)   

 

   

 

 (22)   

 

functional group has already been discussed (Eqs. 19 and 20). In addition, 

epoxy alcohols lacking substituents at C-3 are sensitive to nucleophilic 

opening, (17, 18) and this sensitivity is enhanced by complexation to a metal 

ion. For example, the reaction of 2-tert-butylallyl alcohol 54 with 

Ti(OPr-i)4-tartrate gives predominantly  

   

 

 

the isopropanol substitution product. (130-132) Use of Ti(OBu-t)4 instead of 

Ti(OPr-i)4, however, improves the yield of the epoxy alcohol. Epoxidation of 

2-alkyl-2-cyclopropylidenethanols provides 

2-alkyl-2-hydroxymethylcyclobutanones, probably via a labile epoxy alcohol 

(Eq. 23). (133, 134)  
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4.1.6. Catalytic Asymmetric Epoxidation  
Since the principal difficulties (isolation of unstable and/or water-soluble epoxy 

alcohols) with the stoichiometric reaction are mainly attributed to the mild 

Lewis acidity of titanium alkoxide and the aqueous workup required for 

hydrolysis of the stoichiometric catalyst, it is not surprising that these problems 

are minimized when the reaction is conducted in a catalytic manner. In 1986, it 

was discovered that addition of molecular sieves to the reaction mixture allows 

epoxidation to proceed to completion in the presence of only 5–10% of the 

Ti(IV)—tartrate complex. (17, 18) A catalyst with 5 mol% Ti(OPr-i)4 and 

6 mol% tartrate has been recommended as the most widely applicable system 

for asymmetric epoxidation. Below the 5 mol% level, the enantioselectivity of 

the reaction decreases remarkably. The amount of tartrate ester must be 

carefully controlled, because a large excess of tartrate (>100% excess) 

decreases the reaction rate [the titanium—tartrate (1:2) complex is inactive], 

while with too little tartrate (<10% excess) the enantioselectivity may suffer. 

 

By using the catalytic procedure, the unstable and water-soluble glycidol (Eq. 

24) and low molecular weight 2-substituted glycidols are obtained in moderate  

   

 

 (24)   

 

to good yields. (19, 131, 132) Other unstable epoxy alcohols like 

3-arylglycidols and 3-vinylglycidols (Eq. 25), which decompose under 

stoichiometric conditions, are  
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 (25)   

 

also isolated in acceptable yields via the catalytic procedure. (19) These 

examples demonstrate several advantages of the catalytic procedure 

(economy, mildness of conditions, ease of product isolation, and increased 

yield) over the stoichiometric procedure, though enantioselectivity is often 

reduced by 1–5% relative to stoichiometric reactions. 

 

Furthermore, epoxy alcohols produced by the catalytic procedure can be 

converted in situ into p-nitrobenzoates or p-toluenesulfonates, which are more 

easily isolated than the parent epoxy alcohols and can serve as versatile 

intermediates for further transformations (Eq. 26). (18, 135-137) The 

combination of asymmetric  

   

 

 (26)   

 

epoxidation and in situ titanium-mediated epoxide-opening reactions also 

provides access to diol derivatives without isolating unstable and/or 

water-soluble epoxy alcohols. For example, allyl alcohol can be converted to 

(2S)-propranolol 55 without isolating the glycidol. (135, 136)  
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Another advantage of the catalytic process is high substrate concentration. In 

the stoichiometric reaction, the substrate concentration must be kept low 

(0.1–0.3 M) to avoid undesired side reactions like epoxide opening, while the 

catalytic process can be performed at concentrations up to 0.5–1.0 M. Even 

with the catalytic procedure, the epoxidation of a sensitive substrate like 

cinnamyl alcohol should be carried out at around 0.1 M concentration. 

 

A heterogeneous catalyst prepared from montmorillonite pillared by Ti(OPr-i)4 

and dialkyl tartrate promotes asymmetric epoxidation of allylic alcohols with 

high enantiomeric selectivity in a catalytic manner (Eq. 27). (138) This 

procedure provides easy separation of epoxy alcohols by simple filtration 

without tedious workup.  

   

 

 (27)   

 

 

4.1.7. Modification of the Titanium–Tartrate Complex  
In the standard asymmetric epoxidation, the complex with 2:2 Ti:tartrate 

stoichiometry is the active catalyst. [Despite the 2:2 stoichiometry, it is strongly 

recommended that at least 1.2 equivalents of tartrate to Ti(OPr-i)4 be used in 

both the catalytic and stoichiometric epoxidation of allylic alcohols. See 

“Experimental Conditions.”] (18) Modifications of the 2:2 catalyst by varying the 
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chiral auxiliary or the titanium-to-auxiliary stoichiometry lead to new catalyst 

systems with different enantioselectivity. (2, 130) When tartramide 56 is used 

as a chiral auxiliary, the catalyst with 2:1 [Ti(OPr-i)4:56] stoichiometry exhibits 

reversed enantiofacial selection from the standard 2:2 asymmetric epoxidation 

catalyst, though the enantioselectivity decreases to some extent (Eq. 28).  

   

 

 (28)   

 

 

 

Reversed facial selection is also observed when a TiCl2(OPr-i)2 and 

diisopropyl tartrate (2:1) system is used. In this reaction, chloro diol 57 is 

obtained instead of epoxy alcohol 58, but 57 is readily cyclized to 58 on 

alkaline treatment.  

   

 

 

 

 

Catalysts with other than 2:2 stoichiometry also show high efficiency for the 

oxidation of heteroatoms such as nitrogen (20, 21, 139) and sulfur, (22-25) as 

described in the section on asymmetric oxidations of sulfides, selenides, and 

amines. 
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Addition of catalytic amounts of CaH2 and silica gel to the reaction mixture also 

enhances the epoxidation rate without affecting the enantioselectivity, though 

use of a stoichiometric amount of catalyst is required. (140-142) Tertiary allylic 

alcohols can be epoxidized under these conditions (Eq. 29).  

   

 

 (29)   

 

 

 

Combinations of Ti(OPr-i)4 and vicinal diols other than tartaric acid derivatives 

usually provide poor enantioselectivity. (3-6) However, use of 

(1S,2S)-1,2-di(o-methoxyphenyl)ethylene glycol 59 as a chiral auxiliary gives 

high enantioselectivity. (143)  

   

 

 

 

 

Tartrate esters linked to 1% cross-linked polystyrene resin can be used as 

chiral auxiliaries, but are less effective than dialkyl tartrate in inducing 

asymmetry. (144) 

4.2. Asymmetric Epoxidation of Chiral Primary Allylic Alcohols  
While the sense of facial selectivity for asymmetric epoxidation of a chiral 

allylic alcohol is determined by the chirality of the tartrate, the magnitude is 

affected by the substrate chirality. The level of influence depends on the 

location of the stereocenter and on the bulkiness and polarity of its 
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substituents. (51) The reactions of (+)-11 and (–)-11 described in the previous 

section are examples of double asymmetric epoxidations where one side of 

the olefin is blocked by a methylene chain. The (+) isomer makes a matched 

pair with the Ti-(R,R)-diethyl tartrate system, while the (–) isomer constitutes a 

mismatched pair. In the following sections, examples of asymmetric 

epoxidation of chiral substrates are described. Except for a few isolated cases, 

the results follow the empirical face-selection rule presented in scheme 1. 

4.2.1. Chiral z Allylic Alcohols  
The C-4 stereogenic center in this type of allylic alcohol strongly influences the 

stereochemistry of the reaction. For example, effective kinetic resolution of 

racemic (Z)-4-phenyl-2-penten-1-ol is observed when it is treated with 

Ti(OPr-i)4/(R,R)-(+)-diethyl tartrate/TBHP (Eq. 30). (145, 146) The mismatched 

double asymmetric epoxidation of compound 60  

   

 

 (30)   

 

with the titanium-(S,S)-tartrate catalyst is very slow, and the desired epoxy 

alcohol 61 is not produced, while epoxidation of the same substrate with 

(R,R)-tartrate as a chiral source (matched pair) proceeds with high 

stereoselectivity (30:1). (73) A bulky and highly oxygenated Z olefinic 

substituent sometimes retards epoxidation using either enantiomer of the 

dialkyl tartrate auxiliary (Eq. 31). (147-149)  
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 (31)   

 

 

4.2.2. Chiral 2-substituted Allylic Alcohols  
Racemic 2-(1-phenylethyl)allyl alcohol (62) can be effectively resolved. (145) 

Epoxidation of chiral, nonracemic allylic alcohol 63 with (R,R)-(+)-diisopropyl 

tartrate provides epoxides 64 and 65  
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in a 96:4 ratio, whereas a 25:75 mixture of 64 and 65 is obtained with 

(–)-diisopropyl tartrate. (150-152) However, kinetic resolution of racemic cyclic 

allylic alcohol 66 is not very efficient. The enantiomeric purity of recovered 

allylic alcohol is only 70% ee, even after 70% conversion of 66. (153)  

   

 
 

 

4.2.3. Chiral E Allylic Alcohols  
A stereogenic center in the 3E substituent is expected to have little influence 

on the facial selectivity of asymmetric epoxidation. Indeed, the kinetic 

resolution of racemic (E)-4-phenyl-2-penten-1-ol is very poor. Therefore, the 

high facial selectivity observed for achiral E allylic alcohols can also be 

expected for the epoxidation of chiral E allylic alcohols, (51) and many 

successful examples of the epoxidation of substrates of this type are known. 

(154-160) For example, the stereoselective construction of the ansa chain of 

rifamycin, S, where the methyl and hydroxy groups are arranged consecutively 

in an alternating pattern, has been achieved by using asymmetric epoxidation 

for the key steps (scheme 3). (154) Other examples are found in sugar 

synthesis. A combination of titanium-mediated asymmetric epoxidation and 

regioselective opening of the resulting epoxy alcohols allows the 

stereoselective construction of consecutively polyhydroxylated compounds. 

(73, 160-162) High asymmetric induction in the expected direction has been 

attained in all epoxidations whether they are matched or mismatched 

combinations (Eqs. 32, 33). This carbohydrate chain-extension method has 

also been applied successfully to syntheses of various segments of palytoxin, 

a large complex organic molecule. (163-166) 
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scheme 3.  

 
Even in the case of E allylic alcohols, a bulky and highly oxygenated E olefinic 

substituent affects enantiofacial selectivity of the reaction. Epoxidation of 67 

with (R,R)-diisopropyl tartrate gives the single epoxy alcohol 68, while 

epoxidation with (S,S)-diisopropyl tartrate gives a mixture of 68 and its  
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 (32)   

 

   

 

 (33)   
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diastereomer 69. (147, 148) Epoxidation of 70 with both (R,R)- and 

(S,S)-diisopropyl tartrates proceeds with only moderate diastereofacial 

selectivity. (149) 

 

When a substrate has a bulky and polar E substituent, substantial kinetic 

resolution has also been observed (Eq. 34). (167)  

   

 

 

   

 

 (34)   

 

 

 

With C-2 substituted E allylic alcohols, the stereogenic center at C-4 has 

considerable influence on the facial selectivity. (168-172) On treatment with 

Ti-(R,R)-(+)-diethyl tartrate, racemic allylic alcohol 71 affords two enantiomeric 

epoxides 72 and 73 having the (2S,3S,4S) and (2R,3R,4R) configurations; no  
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(2S,3S,4R) isomer is obtained. The enantiomeric purity of recovered (4R)-71 

is > 95% ee. This very strong diastereofacial control by the C-4 stereogenic 

center is attributed to the forced in-plane conformation of the C-4 hydrogen by 

the C-2 substituent. (168, 169) However, less highly substituted chiral E allylic 

alcohols can be epoxidized with high selectivity [e.g., 99% de using the 

Ti-(R,R)-(+)-diethyl tartrate catalyst (Eq. 35)]. (173-175) In this example, the 

C-4 stereogenic center and the  

   

 

 (35)   

 

titanium-(R,R)-tartrate catalyst may constitute a matched pair in terms of 

double diastereoselection, although epoxidation of the same substrate with 

titanium (S,S)-tartrate has not been examined. 

4.2.4. Miscellaneous Chiral Substrates  
Other types of racemic substrates, including compounds 74 and 75, 

possessing axial chirality can also be resolved. The resulting stereoselectivity 

can be explained by the empirical rule. (145, 146)  
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4.3. Asymmetric Epoxidation of Homo-, Bishomo-, Trishomoallylic 
Alcohols and Unfunctionalized Olefins  
The Ti(OPr-i)4, dialkyl tartrate, and tert-butyl hydroperoxide system has been 

applied to asymmetric epoxidation of homoallylic alcohols with limited success. 

(176) The reaction is fairly slow and shows rather low enantioselectivities 

ranging from 23 to 55% ee. The sense of asymmetric induction with 

homoallylic alcohols is opposite to that with allylic alcohols. That is, 

epoxidation of homoallylic alcohols with (R,R)-(+)-diethyl tartrate gives 

products enriched in the 3R enantiomer, while epoxidation of allylic alcohols 

with the same chiral source gives the 2S isomer with high enantioselectivity 

(scheme 4). 
scheme 4.  

 

Treatment of chiral homoallylic alcohol 76 with a Ti(OPr-i)4, (R,R)-(+)-dimethyl 

tartrate, tert-butyl hydroperoxide system provides a 3:1 mixture of 

diastereomeric tetrahydrofuran derivatives via attack of the intermediate 

epoxide by the neighboring hydroxy group. (76)  
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Epoxidation of alkenylethylene glycols which have hydroxy groups at both 

allylic and homoallylic carbons shows high but reversed diastereofacial 

selection to that expected for secondary allylic alcohols (vide infra) (Eq. 36). 

(177) A Zr(OPr-n)4, dicyclohexyltartramide, and tert-butyl hydroperoxide 

system shows slightly better asymmetric induction for the epoxidation of Z 

homoallylic alcohols, (178) though the chemical yield is only modest (Eq. 37).  

   

 

 (36)   
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 (37)   

 

 

 

Epoxidation of trishomoallylic alcohol 77 with (S,S)-(–)-diethyl tartrate as a 

chiral source provides epoxide 78 preferentially and does not produce an 

appreciable amount of its diastereomer when trityl hydroperoxide is used 

instead of tert-butyl hydroperoxide. (179) No diastereoselectivity is observed 

when TBHP is used as an oxidant. On the other hand, epoxidation of 77 with 

(R,R)-(+)-diethyl tartrate provides a 3:4 mixture of 78 and its diastereomer.  

   

 

 

   

 

 

 

 

Olefins that have no neighboring hydroxy group are not epoxidized by the 

present reaction. However, oxidation of olefins with singlet oxygen in the 

presence of Ti(OBu-t)4 and (R,R)-(+)-diethyl tartrate provides optically active 

epoxy alcohols. The allylic hydroperoxides produced by the ene reaction are 

converted to allylic alcohols and further epoxidized enantioselectively by the 

titanium—tartrate catalyst (Eq. 38). (180-182)  

����������������������������������������������������

� � � � � � � � � � � � � � � 




   

 

 (38)   

 

 

4.4. Kinetic Resolution of Secondary Allylic Alcohols  
The kinetic resolution of secondary allylic alcohols was first reported in 1981 

(scheme 5), (10) wherein some examples were performed with as little as 

13–25% catalyst. Although this catalytic procedure has been used by other 

researchers, (183-186) only recently has there been reported a way to 

accomplish kinetic resolution in a truly catalytic manner with selectivity only 

slightly lower (0–4%) than that achieved in the stoichiometric reaction. (18) 

The key feature of this catalytic procedure is the use of molecular sieves 

(zeolites). 
scheme 5.  

 
With cyclohexyl (E)-1-propenyl carbinol as the model 

(R1 = CH3,R
2 = R3 = R4 = H,R5 = C6H11, and 

R1 = CH3,R
2 = R3 = R5 = H,R4 =  C6H11 in scheme 5), it was found that the S 

enantiomer reacts 74 times faster than the R enantiomer at 0° when 

(R,R)-(+)-diisopropyl tartrate is used as the chiral auxiliary. (43) As in the 

epoxidation of primary allylic alcohols, (1) the stereochemical course of the 

kinetic resolution processes has been highly predictable. When the secondary 

allylic alcohol is drawn so that the hydroxy group lies in the lower right corner 
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of the plane (scheme 5), the enantiomer that reacts rapidly with 

(R,R)-(+)-dialkyl tartrates is the one in which the substituent (R4) on C-1 is 

located above the plane. Epoxidation occurs from the underside to give the 

usual 2S epoxide (erythro selectivity, 98:2). The slow-reacting enantiomer is 

the one in which the C-1 substituent (R5) is located on the underside, 

interfering with the “normal” delivery of the oxygen atom. This interference 

reduces the expected threo selectivity for the slow-reacting enantiomer (38 

erythro:62 threo, scheme 6). This enantioselection rule has consistently been 

observed for all secondary allylic alcohols except for those with bulky Z 

substituents and 1,2-divinylethylene glycols. Kinetic resolution is very poor for 

allylic alcohols with bulky Z substituents, (10) and reversed but high 

enantioselectivity is observed in the kinetic resolutions of 1,2-divinylethylene 

glycols (Eq. 39). (187, 188)  

   

 

scheme 6.  

 
The most important parameters in kinetic resolution are the relative rates of 

reaction of the two allylic alcohol enantiomers. The graph in Fig. 2, which 

represents solutions of Eq. 40, (189) enables the relative rate difference to be 

related to the percent ee of unreacted allylic alcohol. Three variables influence 

solutions to Eq. 40: the percent ee of the remaining substrate, the percent 

conversion of the racemic material, and the relative rate (krel) of reaction of the 
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two enantiomers. Knowledge of any two allows specification of the third. The 

maximum effectiveness of a kinetic resolution procedure is, of course, when 

krel =  , but a value of 50–100 is almost as effective. Actual values are in the 

range 15 to 700. (10,12,190–198) 

Fig 2. 

 
The kinetic resolution of racemic secondary allylic alcohols has almost the 

same substituent effects as the normal asymmetric epoxidation of primary 

allylic alcohols excepting, of course, the substituents labeled R4 (or R5) in 5. 

(10) Bulky R1 groups (scheme 5) increase the rate of epoxidation of the 

fast-reacting enantiomer and decrease the rate of the slow-reacting 

enantiomer, thus increasing krel. It should be recalled that E-substituted 

primary allylic alcohols, even with very bulky groups, are the best substrates 

for asymmetric epoxidation in terms of rate, yield, and enantioselectivity. The 

most efficiently resolved substrates to date are those in which the E 

substituent R1 is trimethylsilyl, iodo, or tri-n-butylstannyl; at 50% conversion of 

the racemic substrate, both the recovered allylic alcohol and the erythro-epoxy 

alcohol have more than 99% ee. (12, 190-195) A careful measurement of krel 

for (E)-1-trimethylsilyl-1-octen-3-ol shows a value of krel = 700. (16) Optical 

purities, krel, and conversion are in complete agreement with Eq. 40 and the 

graph in Fig. 2. 

 

Bulky Z substituents (R3) are especially deleterious for achieving good kinetic 

resolution. A few examples where stereochemistry of the epoxidation does not 

follow the empirical rule belong to this class. (10) For example, the kinetic 

resolution of (Z)-2-cyclohexylethenyl cyclohexyl carbinol is inefficient, and the 

configuration of the recovered allylic alcohol is opposite to that expected from 

the empirical rule (Eq. 41). In contrast, resolution of the corresponding E 

isomer proceeds with high enantioselectivity to leave the expected R allylic 

alcohol (Eq. 42).  
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 (41)   

 

   

 

 (42)   

 

 

 

Kinetic resolution proceeds smoothly when R2 is an unbranched alkyl group. 

The effect of very bulky groups has been tested by introducing sterically 

demanding tert-butyl substituents in all positions labeled R1 - R5 (scheme 5). 

(57) The results observed are consistent with examples in which 

R1 = R3 = tert-butyl. When R2 = tert-butyl, at 60% conversion the recovered 

allylic alcohol had only 30% ee (krel   2) (Eq. 43), although the epoxy alcohol 

consisted largely (ca.40:1)  

   

 

 (43)   

 

of one of the two possible diastereoisomers (the absolute configurations of 

both the remaining allylic alcohol and the epoxy alcohol have not been 

determined). This is one substitution pattern where there is not complete 

correlation between normal asymmetric epoxidation of the primary allylic 

alcohol and effective kinetic resolution of the corresponding secondary allylic 

alcohol [the epoxidation of the primary allylic alcohol with the same alkene 

substituents is achieved with 85% ee. (Eq. 12)]. 

 

Finally, when R4(or R5) = tert-butyl, the substrate is not useful for kinetic 

resolution, a surprising result considering that branched (aryl and secondary) 

substituents are among the best substrates [e.g., cyclohexyl propenyl carbinol 

(scheme 6)]. Kinetic resolution is not effective in these cases, probably 

because of steric difficulties associated with the formation and/or reaction of 

the allylic alkoxide complex. (57) 
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Another important feature of kinetic resolution is that krel increases as the 

temperature is lowered, as is seen by comparing the krel for cyclohexyl 

propenyl carbinol with (R,R)-diisopropyl tartrate at 0°(krel = 74) 

and – 20°(krel = 104). The immediate conclusion is that kinetic resolution 

should be performed at – 20° or lower, depending on the reactivity of the 

substrate. For convenience, most kinetic resolutions are run by storing the 

reaction mixture in a freezer. Both the reaction rate and the enantiomeric 

excess improve with stirring. (17, 18) Hence, when possible, the resolution 

should be carried out with constant stirring and appropriate temperature 

control. 

 

The efficiency of a kinetic resolution decreases when titanium 

tetra-tert-butoxide is used to generate titanium—tartrate complex. (38) 

 

When the epoxy alcohol is the desired product of a kinetic resolution, care 

should be taken to avoid extending the reaction time unnecessarily. For 

example, when a 4:6 mixture of (±)-erythro- and (±)-threo-1,2-epoxynonan-3-ol 

is exposed to the standard conditions of kinetic resolution, preferential 

decomposition of the threo diastereomer is observed. After several days at 

0°(conversion   70%), the remaining epoxide has an erythro: threo ratio of 

8:2. The remaining threo-epoxy alcohol has 90% ee of the 3S enantiomer; the 

remaining erythro-epoxy alcohol has 12% ee of the 3R enantiomer (Eq. 44). 

Because of its  

   

 

 (44)   

 

Lewis acidity, the titanium—tartrate system acts here as a catalyst for the ring 

opening reaction, promoting attack of some alcohols in the reaction mixture 

(isopropanol, allylic alcohol, epoxy alcohol, or TBHP). The resulting diol ethers 

are potent inhibitors of kinetic resolution because of their capacity to chelate 

strongly with the titanium atom, thereby reducing access of TBHP and the 

allylic alcohol to the metal. Although such ring-opening processes are 

attenuated at – 20°, they retain the potential (above all with slowly reacting 

substrates) to degrade both the diastereomeric ratio and the enantiomeric 
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purity. To minimize such problems, monitoring of the reaction mixture (GLC 

with an internal standard) is recommended. 

 

Like all resolutions, this kinetic resolution is limited to a theoretical yield of 50% 

of one enantiomer from the racemic mixture. If an epoxy alcohol is converted 

to an allylic alcohol of the same absolute configuration as the unreacted 

enantiomer, a racemic allylic alcohol is converted to a single enantiomer with 

theoretically 100% yield. This conversion is effected by a combination of 

methanesulfonation and telluride reduction, though substrates are limited to 

terminal epoxides (Eq. 45). (199) The actual combined yields of allylic alcohol 

from both the kinetic resolution and telluride steps range from 75 to 88%.  

   

 

 (45)   

 

 

 

Kinetic resolution can be extended to other secondary carbinol systems in 

which a suitably oxidizable group is located in the allylic position. Thus 2-furyl 

and 2-thienyl carbinols can be resolved efficiently in both the stoichiometric 

and catalytic manner. (14, 15) The expected epoxy alcohol 79 is the precursor 

of the isolated oxidized materials 80.  
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α -Furfuryl toluenesulfonamide is also resolved efficiently by using modified 

reaction conditions (Eq. 46), (200) although the stereochemistry is opposite to 

the empirical rule.  

   

 

 (46)   
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4.5. Asymmetric Oxidation of Sulfides, Selenides, and Amines  
Titanium—tartrate complexes are also applicable to asymmetric oxidation of 

heteroatoms. Two procedures have been reported for oxidation of sulfides. 

(22-25) When methyl p-tolyl sulfide is used as a substrate, the standard 

procedure using Ti(OPr-i)4, dialkyl tartrate, and TBHP (1:1:2) leads to a 

mixture of the racemic sulfoxide and the sulfone (Eq. 47). (22) Although 

increasing the tartrate/titanium tetraisopropoxide  

   

 

 (47)   

 

ratio improves the enantioselectivity, (24) a combination of titanium 

tetraisopropoxide/tartrate/water/hydroperoxide (1:2:1:1) further enhances both 

the chemical yield and enantioselectivity. (22, 23) Use of cumene 

hydroperoxide (CHP) instead of TBHP improves enantioselectivity. (25) 

Reaction enantioselectivity is also temperature dependent, and an optimal ee 

is obtained around – 21°. Functional groups such as allylic alcohols, isolated 

double bonds, amines, phenols, and alcohols are compatible with this reaction. 

(201-207) Although the role of water is not completely understood, it has been 

suggested that the water hydrolyzes a Ti-OPr-i bond with formation of a new μ 

-oxo bridge (Ti-O-Ti) between two dimeric species. (23) 

 

Simple chiral selenoxides readily racemize through a tetracoordinated achiral 

hydrate. However, some selenides bearing bulky substituents are 

enantiomerically stable. Oxidation of selenide 81 with a modified 

titanium—tartrate system (2:4) system proceeds with moderate 

enantioselectivity. (26)  
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Racemic β -amino alcohols are efficiently resolved by using the complex with 

2:1 [Ti(OPr-i)4:tartrate] stoichiometry as a catalyst (Eq. 48), and the standard 

2:2 catalyst is less effective. (20, 21, 139)  

   

 

 (48)   

 

 

4.6. Synthetic Applications: Transformations of Epoxy Alcohols into 
Other Functional Units  
The great utility of the titanium-mediated asymmetric epoxidation in organic 

synthesis is attributable to its enantioselectivity and to the numerous 

applications of epoxy alcohols as precursors to diversely functionalized 

compounds. However, since epoxy alcohols have three reactive sites (scheme 

7), regio- and stereoselective reactions are essential for their use, and many 

studies have been directed toward developing regioselective transformations 

of epoxy alcohols. For convenience, these reactions are classified into three 

categories: (1) direct substitution reactions and other transformations of the 

hydroxy group at C-1; (2) rearrangement of 2,3-epoxy alcohols into 1,2-epoxy 

alcohols (Payne rearrangement) which undergo regioselective substitution at 

C-1; and (3) epoxide ring opening at C-2 or C-3. 
scheme 7.  
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4.6.1. Transformations of the Hydroxy Group at C-1  
Epoxy alcohols can be converted directly into the corresponding epoxy ethers 

by using Mitsunobu procedures. (208, 209) Activation of the hydroxy group as 

the corresponding mesylate or tosylate also provides a useful means of 

replacing it with various nucleophiles like organolithium and organocopper 

reagents (109, 110) and hydride sources. (1) For example, insect pheromones 

bearing an isolated epoxide, such as disparlure 83 and the saltmarsh 

caterpillar moth pheromone 85, have been prepared enantiospecifically by the 

alkylation of epoxy tosylates 82 and 84. (109, 110) 

 

Alkynyl epoxides can be obtained by treatment of epoxy triflates with 

alkynyllithiums (Eq. 49). (210) 

 

Treatment of epoxy tosylates with a telluride reagent gives allylic alcohols (Eq. 

50). (211) 

 

Reduction of epoxy tosylates with dibutylaluminum hydride provides 2-alkanols 

directly with high regioselectivity (>99:1) (Eq. 51). (212)  
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 (49)   

 

   

 

 (50)   
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 (51)   

 

 

 

Epoxy mesylates and tosylates can be converted further into epoxy halides, (1, 

213, 214) which also undergo several useful reactions. (215-217) For example, 

treatment of epoxy bromide 86 with 

(diisopropoxymethylsilyl)methyl-magnesium chloride  

   

 
 

followed by hydrogen peroxide oxidation gives the 3,4-epoxy alcohol 87. (218) 

This sequence is a useful alternative to asymmetric epoxidation of the 

corresponding homoallylic alcohol because only moderate enantioselectivity is 

usually observed in asymmetric epoxidations of homoallylic alcohols. (176) 

Epoxy iodides can also be extended by two carbons by treatment with the 

lithium enolate of tert-butyl acetate to give the γ , δ -epoxy esters (Eq. 52). (76)  

   

 

 (52)   
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The reactions of epoxy iodides with vinylmagnesium bromide—cuprous iodide 

provide allylic alcohols, but ordinary substitution products can be obtained 

when vinylmagnesium bromide is added to a solution of an epoxy iodide in the 

presence of hexamethylphosphoric triamide (Eq. 53). (219, 220) Treatment of 

epoxy iodides with tert-butyllithium also gives allylic alcohols. (221)  

   

 

 (53)   

 

 

 

Transformations of epoxy halides to allylic alcohols can also be effected by 

treatment with zinc—acetic acid or Bu3SnAlEt2 (Eq. 54). (213, 214, 222)  

   

 

 (54)   

 

 

 

Direct transformation of epoxy alcohols to allylic alcohols is effected by 

treatment with bis(cyclopentadienyl)titanium chloride (Eq. 55). (223)  

   

 

 (55)   
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Treatment of epoxy alcohols with triphenylphosphine—carbon tetrachloride 

gives epoxy chlorides, which are converted into propargylic alcohols by further 

treatment with 3 equivalents of an alkyllithium or lithium diisopropylamide (Eq. 

56). (224, 225) On the other hand, treatment with 1 equivalent of lithium amide 

or  

   

 

 (56)   

 

lithium diisopropylamide gives vinyl chlorides. However, use of 1 equivalent of 

an alkyllithium instead of lithium amide gives a mixture of propargylic alcohol 

and vinyl chloride. (226-228) 

 

Epoxy alcohols can be oxidized without epimerization to epoxy aldehydes by 

various procedures such as Swern, Collins, and Mukaiyama oxidations. 

(229-232) Epoxy aldehydes can be further converted to vinyl epoxides by 

Wittig olefination. (233) For example, oxidation of epoxy alcohols 88 with 

Collins reagent followed by Wittig olefination provides vinyl epoxide 89, 

hydrogenation of which gives (–)-disparlure 83. (59)  

   

 

 

 

 

Addition of LiCuMe2 to epoxy allyl alcohol 90 proceeds in an manner 

to give an E allylic alcohol predominantly. (234-238)  
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Wittig product 91 is reduced regioselectively by diisobutylaluminum hydride, 

(85-87) samarium iodide, (239) or 

[tris(dibenzylideneacetone)-chloroform]-dipalladium-PBu3-HCO2H (240) to 

give the δ -hydroxy allylic alcohol, δ -hydroxy- β , γ -unsaturated ester, and δ 

-hydroxy- α, β -unsaturated ester, respectively.  

   

 
 

 

 

Repetition of a sequence of asymmetric epoxidation, oxidation, Wittig 

olefination, and DIBAH reduction provides easy access to 1,3,5-polyols 

(scheme 8). (85) 
scheme 8.  
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On the other hand, unsaturated epoxide 92 is converted into carbonate 93 or 

carbamate 94 with retention of epoxide configuration by respective treatment 

with carbon dioxide or phenyl isocyanate in the presence of a Pd(0) catalyst. 

(241-243) 

 

Both endo- and exo-brevicomins can be synthesized from the same epoxy 

tosylate 95 by the choice of appropriate epoxide-opening methodology. (244) 

 

The [3 + 3] annulation reaction of epoxy aldehydes with 

3-iodo-2-[(trimethylsilyl)methyl]propene in the presence of tin(II) fluoride 

provides cyclohexanediols in a single step with high stereoselectivity (Eq. 57). 

(245)  
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Reaction of Grignard reagents with β -trimethylsilyl- α , β -epoxyketones, which 

are readily available by kinetic resolution of dl- β -trimethylsilylvinyl carbinol 

and subsequent Swern oxidation, gives γ -trimethylsilyl- β , γ -epoxy alcohols 

with high diastereoselectivity (Eq. 58). (246) The asymmetric allylboration of 

(R,R)-epoxy  
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 (57)   

 

   

 

 (58)   
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aldehydes with optically active (S,S)-(–)-diethyl tartrate as a chiral source 

provides erythro epoxy alcohols exclusively (Eq. 59). (247)  

   

 

 (59)   

 

 

 

Reduction of epoxy ketones by sodium borohydride—diphenyl diselenide (248, 

249) or samarium iodide (250, 251) provides β -hydroxy ketones 

regioselectively (Eq. 60).  

   

 

 (60)   

 

 

 

Epoxy aldehydes can be used as chiral sources in imine—ketene 

cycloadditions, which provide cis-substituted 3-amino-4-alkylazetidinones of 

high enantiomeric purity (Eq. 61). (252)  

   

 

 (61)   
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Epoxy alcohols can be oxidized directly without epimerization to epoxy acids 

by ruthenium tetroxide or potassium permanganate (Eq. 62). (253-255)  

   

 

 (62)   

 

 

 

Epoxy acids can be further converted into γ -hydroxy- α , β - unsaturated 

esters via epoxy diazomethyl ketones (Eq. 63). (256, 257)  

   

 

 (63)   

 

 

4.6.2. Payne Rearrangement–Epoxide-Opening Sequence  
2,3-Epoxy alcohols are rapidly equilibrated with 1,2-epoxy alcohols under 

alkaline conditions (Payne rearrangement). (258) The equilibrium ratio of 1,2- 

to 2,3-epoxy alcohols is remarkably dependent on the substrate. However, as 

a 1,2-epoxide is considerably more reactive than a 2,3-epoxide, treatment of 

the equilibrium mixture with a nucleophile provides preferentially the product 

from the 1,2-epoxide (Eq. 64). (258, 259)  

   

 

 (64)   

 

Thus the Payne rearrangement—epoxide-opening sequence is a useful 

alternative for activating C-1 for substitution, (7, 73, 260, 261) although this 

provides 2,3-diols while direct C-1 substitution provides 2,3-epoxides. For 

example, the Payne rearrangement—epoxide-opening sequence using 

phenylthiolate as the nucleophile has permitted the straightforward synthesis 

of sugars via iterative asymmetric epoxidation cycles (scheme 9). (73, 74) 

Other nucleophiles including OH–, (73, 145, 148) BH4
–, (145, 259) TsHN–, (145) 

CN–, (260, 262) N3
–, (261, 263) and R2NH (259) have also been used 
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successfully in Eq. 64. 
scheme 9.  

 
Use of the Payne rearrangement provides an easy approach to unstable vinyl 

epoxy alcohol 96, which can be obtained in only moderate yield via the direct 

asymmetric epoxidation even under catalytic conditions. Epoxidation of 

1,4-pentadien-3-ol (97) followed by Payne rearrangement gives 96 in good 

yield. (264-273) Another advantage of this procedure is that epoxidation of 97 

gives 98 (and hence 96) with extremely high enantiomeric purity. (274-280) 

 

The major limitation of this Payne rearrangement—epoxide-opening strategy 

is that most organometallic reagents are not compatible with the aqueous 

conditions  

   

 

 

that are essential for the Payne rearrangement. This limitation can be 

overcome by isolating the 1,2-epoxy alcohols and then treating them with 

organometallic nucleophiles under nonaqueous conditions. (261, 281) 

����������������������������������������������������

� � � � � � � � � � � � � � � 




However, the equilibrium in the Payne reaction usually favors the 2,3-epoxy 

alcohols. Thus procedures for the synthesis of 1,2-epoxy alcohols have been 

developed. (261, 282, 283) For example, enantiomeric erythro 1,2-epoxy 

alcohols 99 and 100 can be derived  

   

 

 

stereoselectively from common 2,3-epoxy alcohols via dihydroxy mesylate and 

dihydroxy sulfide intermediates, respectively. (259, 261) These erythro 

epoxides can be converted further to the threo 1,2-epoxides by the Mitsunobu 

reaction (Eq. 65). (208) The 1,2-epoxides thus obtained undergo nucleophilic 

epoxide opening at the terminal carbon. (259, 282)  

   

 

 (65)   

 

 

 

Recently it has been found that lithium chloride catalyzes the Payne 

rearrangement in tetrahydrofuran (Eq. 66). (284, 285) This enables the use of 

organometallic reagents like RCu or LiCuCNR as nucleophiles. However, the 

more reactive LiCuR2 species react predominantly with the unrearranged 

2,3-epoxide.  
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 (66)   

 

 

 

Treatment of epoxy alcohol with alkyllithium in the presence of boron trifluoride 

etherate gives a mixture of 1,2- and 1,3-diols (Eq. 67). (286, 287)  

   

 

 (67)   

 

 

4.6.3. Epoxide Ring Opening at C-2 or C-3  
Although the regio- and stereo-chemistry in epoxide-opening reactions of 

2,3-epoxy alcohols depend on the steric and electronic factors in the 

substrates and on reaction conditions, the following general features are noted. 

Nucleophilic substitution under neutral and basic conditions occurs 

preferentially from the less-substituted side in an SN2 manner, where the 

configuration of the attacked carbon is inverted. (7, 288, 289) Nucleophilic 

attack under acidic conditions occurs at the more-substituted side, also in an 

SN2 manner. (7, 290) With sterically unbiased epoxy alcohols or their 

O-protected derivatives, epoxide opening with nucleophiles occurs 

preferentially at C-3 (Eq. 68). (7, 261, 291) This regioselectivity is attributed to 

the presence of the electro-negative  

   

 

 (68)   

 

hydroxy group at C-1, (7, 261) which retards SN2 substitution at the vicinal 

carbon. 
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The presence of an acetal group at C-1 also promotes epoxide opening at C-3 

to give a 2-hydroxy acetal selectively (Eq. 69). (7, 261) The substituent at C-4, 

however,  

   

 

 (69)   

 

lowers selectivity for C-3 attack by differing degrees, depending on its size and 

electron-withdrawing ability. (7, 261) 

 

Selectivity for nucleophilic opening at C-3 is greatly enhanced by the use of 

appropriate organometallic reagents. Alkyl, aryl, and alkynyl groups (292-295) 

as well as hydride (123, 292) can be introduced regioselectively at C-3 by 

using aluminum reagents (Eq. 70). The azide group is also introduced 

regioselectively  

   

 

 (70)   

 

(98:2) with trimethylsilyl azide—diethylaluminum fluoride to give 3-azido diols 

(Eq. 71), (296) while reaction with sodium azide—ammonium chloride exhibits 

only modest C-3 selectivity. (261)  

   

 

 (71)   

 

 

 

Treatment of epoxy alcohol 101 with trimethylaluminum, however, leads to the 

formation of a complicated mixture. With such a substrate, the sequence 

involving  
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hydroxy protection as a trityl ether, alkylation with lithium dialkylcuprate, and 

deprotection is an effective alternative. (297-299) Although alkylative 

epoxide-opening with trialkylaluminum usually occurs in an SN2 manner, 

reaction of 3-p-tolylglycidol (102) with trimethylaluminum proceeds with 

retention of the configuration to give 103. Treatment of 102 with lithium 

dimethylcuprate gives the usual SN2 reaction product 104. (300)  

   

 
 

 

 

The formation of chelates of epoxy alcohols with metal ions also enhances C-3 

selectivity in the nucleophilic opening as well as the reactivity of the substrate, 

especially when titanium tetraalkoxide is used as a mediator. (301) For 

example, the reaction of (2S, 3S)-epoxyhexan-l-ol with diethylamine in the 

presence of Ti(OPr-i)4 proceeds to completion at room temperature, although 

the same reaction in the absence of Ti(OPr-i)4 is sluggish even under reflux 

conditions (Eq. 72).  
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 (72)   

 

 

 

In the presence of Ti(OPr-i)4, nucleophiles such as dialkylamines, (301) 

monoalkylamines, (301, 302) alcohols, (301) borohydrides, (303) and 

carboxylic acids (301, 304) also exhibit high C-3 selectivity (>100:1), while 

nucleophiles like thiols, (301) azides, (301) chlorides, (301, 305) bromides, 

(305) and cyanides (301) show moderate levels of C3-selectivity (5–15:1). For 

ring openings with azides, use of Ti(OPr-i)2(N3)2 instead of Ti(OPr-i)4 and NaN3 

is recommended. (306) C3-Selective halohydrin formation is also effected by 

the use of Ti(OPr-i)4-halogen(Br2,I2), (307) TiCl4-lithium halide, (308) or 

ClBH2·SMe2. (309) When the nucleophiles are chlorides, thiocyanides, or 

thiols, C3-selective opening is also promoted by tetrakis(triphenyl-phosphine) 

palladium. (310) 

 

Treatment of 2,3-epoxy alcohols with lithium iodide at 70° affords 

threo-1-iodo-2,3-diols (Eq. 73). (311)  

   

 

 (73)   

 

 

 

Since Ti(OPr-i)4 is a weak Lewis acid, it promotes the rearrangement of some 

epoxy alcohols in the absence of an appropriate nucleophile. (312) For 

example, exposure of 2,3-epoxygeraniol and 2,3-epoxynerol to Ti(OPr-i)4 

leads stereoselectively to allylic alcohols 105 and 106.  

����������������������������������������������������

� � � � � � � � � � � � � � � 




   

 

 

 

 

The titanium chelation effect is also observed in the epoxide opening reactions 

of epoxy acids (Eq. 74). (254)  

   

 

 (74)   

 

 

 

Treatment of epoxy ester 107 with azidotrimethylsilane in the presence of a 

catalytic amount of zinc chloride gives the 3-azido hydroxy ester exclusively. 

(313)  
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Nucleophiles supported on calcium ion-exchanged Y-type zeolite also react 

with epoxy alcohols regioselectively to give C-3-opened products (Eq. 75). 

(314-316)  

   

 

 (75)   

 

 

 

Magnesium iodide reacts regioselectively with epoxy alcohols to give 

iodohydrins that are further reduced to vicinal diols (Eq. 76). (317, 318)  

   

 

 (76)   

 

 

 

Intramolecular nucleophilic opening of an epoxy alcohol where the nucleophile 

is anchored to the hydroxy group is effective for selective epoxide opening at 

C-2. For example, epoxy carbonates 108 and epoxy urethanes 109, obtained 

by treatment of epoxy alcohols with alkoxycarbonyl chlorides or isocyanates, 

undergo intramolecular epoxide opening under acidic conditions by attack on 

the carbonyl oxygen to give hydroxy carbonates 110 with inversion at  
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C-2. (105, 160, 183, 184, 319-322) Treatment of the carbamates derived from 

3,3-disubstituted epoxy alcohols, however, provides a mixture of C-2 and C-3 

ring-opened products, the ratio of which is dependent on the Lewis acid used 

(Eqs. 77, (323) 78 (324)).  

   

 

 (77)   

 

   

 

 (78)   

 

 

 

With acid-sensitive substrates such as 111, treatment with cesium carbonate 

����������������������������������������������������

� � � � � � � � � � � � � � � 




and powdered 3-Å molecular sieves in dimethylformamide under carbon 

dioxide provides 3-hydroxy carbonate 112 together with a small amount of 

1-hydroxy carbonate 113. (325, 326)  

   

 

 

 

 

Treatment of epoxy alcohols with cesium carbonate and paraformaldehyde 

gives hydroxy dioxolanes in good yields (Eq. 79). (327)  

   

 

 (79)   

 

 

 

The reaction of epoxy alcohols with carbon disulfide in the presence of sodium 

hydride gives cyclic xanthates which can be transformed into episulfides (Eq. 

80). (328)  

   

 

 (80)   

 

 

 

On treatment of 109 with a base such as sodium hydride, the urethane 
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nitrogen attacks the C-2 epoxide carbon to give hydroxy carbamates 114. (160, 

319, 321)  

   

 

 

 

 

Nitrogen delivery can be effected under mild basic conditions when epoxy 

N-benzoylcarbamate 115 is used as a substrate (Eq. 81). (329)  

   

 

 (81)   

 

 

 

Reduction of epoxy alcohols with sodium bis(methoxyethoxy)aluminum 

hydride (Red-Al®) in tetrahydrofuran provides 1,3-diols selectively, presumably 

by a pathway in which hydride is delivered to C-2 from an intermediate epoxy 

alcohol-Al(OR)2H
– complex (Eq. 82). (160, 330, 331) This notion is supported 

by the observation  

   

 

 (82)   

 

that reduction of the epoxy ether is slow and exhibits poor regioselectivity (Eq. 

83). (331) In contrast, reduction of epoxy alcohols with diisobutylaluminum 

hydride (123)  
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 (83)   

 

gives 1,2-diols preferentially (Eq. 70). Compound 116 with a C-2 substituent, 

however, undergoes opening at C-3 because of steric hindrance at C-2. (331)  

   

 

 

 

 

In contrast, C-4 branching causes hydride delivery to occur at C2 (Eq. 84). 

(332) In the reduction of 2,3-epoxycinnamyl alcohol by sodium 

bis(methoxyethoxy)aluminum hydride,  

   

 

 (84)   

 

higher regioselectivity (22:1) is obtained by using dimethoxyethane instead of 

tetrahydrofuran as a solvent. (333) 

 

Reaction of epoxy alcohol 117 with LiCuMe2 gives C-2 methylated 1,3-diols 

selectively. (154, 334) With sterically unbiased epoxy alcohols, methylation 

with  
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LiCuMe2 is nonregioselective (Eq. 85), but reaction with Li2Cu(CN)Me2 

prepared from methyllithium not contaminated with lithium chloride, in a 

coordinating solvent system [THF-1,3-dimethyl-2-imidazolidone (DMEU)], 

shows moderate C-2 selectivity (Eq. 86). (335, 336) Use of a Grignard reagent 

in the presence of a catalytic amount of CuI also shows moderate C-2 

selectivity. (337)  

   

 

 (85)   

 

   

 

 (86)   

 

 

 

Treatment of 118, derived from epoxy alcohols, with titanium tetrachloride or 

boron trifluoride etherate promotes 1,2-migration of the vinyl group, providing 

the anti- β -hydroxy ketone stereoselectively. (338–339)  

   

 

 

 

 

Treatment of epoxy silyl ethers with methylaluminum 
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bis(4-bromo-2,6-di-tert-butylphenoxide) (MABR) promotes rearrangement of 

the tert-butyldimethyl-siloxymethyl group to give β -hydroxy aldehyde 

derivatives (Eq. 87). (340-343)  

   

 

 (87)   

 

 

 

Cyclization by intramolecular nucleophilic substitution of epoxides follows 

Baldwin's rule. (344, 345) For example, 3-7-exo-tet systems are favored and 

5-6-endo-tet systems disfavored (Eq. 88).  

   

 

 (88)   

 

 

 

Epoxide opening with a hydroxy group leads to stereospecific formation of 

tetrahydrofuran (75, 76, 82, 83, 94, 346) or tetrahydropyran ring systems (Eqs. 

89, 90). (82, 83, 347, 348) However, formation of a tetrahydropyran or 

oxepane ring is observed  

   

 

 (89)   
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 (90)   

 

in the acid treatment of hydroxy vinylepoxides, which are readily derived from 

the corresponding epoxy alcohols (Eq. 91). (349, 350)  

   

 

 (91)   

 

 

 

Although the vinyl carbanion derived from vinyl sulfone 119 cyclizes smoothly 

to give dihydrofuran 120, cyclization of the cyano ester 121 to lactone 122 

does not proceed because of the unfavorable stereoelectronic requirement  

   

 

 

   

 

 

that the enolate π system must achieve colinearity with the oxirane C2-O bond. 

(351-353) 

 

Intramolecular nucleophiles such as carbonyl groups, alcohols, and carboxylic 

acids can react with the epoxide with C-3 selectivity if they are located at an 
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appropriate position. For example, alkaline treatment of epoxy ester 123 

provides a triol derivative stereoselectively via an intermediate lactone. (354, 

355)  

   

 

 

 

 

Amino groups can also serve as intramolecular nucleophiles (Eq. 92). (356)  

   

 

 (92)   

 

 

 

Nucleophilic π -bonds will also open epoxides. For example, treatment of 

epoxy ether 124 with boron trifluoride etherate gives the tricyclic compound 

125  

   

 

 

with high stereoselectivity. (357) Baker's yeast also catalyzes this type of 

cyclization. For example, epoxide 126 provides C-28 hydroxylated sterol 127 

on treatment  
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with Baker's yeast, but the enantiomer of 126 does not react under the same 

conditions. (358) 

 

Treatment of unsaturated epoxy alcohols 128 or 129 with tin tetrachloride 

gives mixtures of diastereomeric cyclopropyl lactones in a ratio of 1.5:1, 

regardless of the geometry of the double bonds. (359)  

   

 

 

 

 

Reactions of alkynyl epoxy alcohols with dialkylbromomagnesium cuprates in 

the presence of dimethyl sulfide give dihydroxy allenes stereoselectively (Eq. 

93). (101)  

   

 

 (93)   
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2,3-Epoxy alcohols can be converted into the corresponding 2,3-epithio 

alcohols and 2,3-aziridino alcohols stereoselectively. Treatment of epoxy 

alcohols with thiourea in the presence of Ti(OPr-i)4 gives 2,3-epithio alcohols 

stereospecifically (Eq. 94). (360) Transformation of epoxy alcohols into 

aziridino alcohols  

   

 

 (94)   

 

is also achieved in five steps by using the modified Blum procedure (Eq. 95). 

(361, 362)  

   

 

 (95)   

 

 

 

The selectivity of reactions of 2,3-epithio alcohols and 2,3-aziridino alcohols is 

similar to that of the corresponding epoxy alcohols. For example, reduction 

with sodium bis(methoxyethoxy)aluminum hydride provides 3-thio or 3-amino 

alcohols regioselectively (Eqs. 96, 97). (361, 363) Treatment of an aziridino 

alcohol with LiCuEt2 provides a 3-amino-2-ethyl alcohol exclusively (Eq. 98). 

(362)  

   

 

 (96)   

 

   

 

 (97)   
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 (98)   
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5. Other Methods for Synthesis of Nonracemic Epoxides 

 

Epoxides can be prepared in various ways, including epoxidation of olefins, 

reaction of carbonyl compounds with sulfur ylides or with α -halo esters, and 

alkaline closure of halohydrins. Among these methodologies, the epoxidation 

of olefins is the most practical from the viewpoint of easy availability of olefins 

and mildness of the reaction. Three classes of asymmetric epoxidation of 

olefins are summarized in this section. 

1. Epoxidation with chiral peracids or related compounds. (364-368) This includes the first 

example of asymmetric epoxidation using an optically active peroxycamphoric acid (Eq. 

99), though the enantioselectivity of the reaction is poor (<10% ee). (364)  

   

 

 (99)   

 

Several optically active peracids were examined for asymmetric epoxidation but the 

optical yields did not exceed 5% ee. (365-368) However, the enantiomerically pure 

N-sulfamyloxaziridine derivatives have proven quite effective for asymmetric epoxidation 

of unfunctionalized alkenes: good enantioselectivities (up to 65% ee) have been observed 

(Eq. 100). (369-371)  

   

 

 (100)   

 

 

2. Epoxidation of conjugated enones with hydrogen peroxide in the presence of a chiral 

phase transfer reagent (Eq. 101). (372-376)  

   

 

 (101)   
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3. Epoxidation using a metal catalyst bearing chiral ligand(s). In 1970, it was found that the 

epoxidation of allylic alcohols with an alkyl hydroperoxide under catalysis by VO(acac)2 

proceeds smoothly in comparison with that of isolated olefins. (377) These 

metal-catalyzed epoxidations of allylic alcohols are chemo-, regio-, and stereoselective 

(Eqs. 102, 103). (61, 378, 379) Reaction occurs in the coordination  

   

 

 (102)   

 

   

 

 (103)   

 

sphere of the metal, and the reacting ligand sites are located adjacent to the bystander 

ligand (L) sites of complex 130. (30) Therefore, the use of chiral bystander  

   

 

ligands has the effect of placing the reaction site in an asymmetric environment, and 

several approaches using chiral metal catalysts have been examined. (30, 380-383) 

Although optical yields were unsatisfactory from a practical point of view, these initial 

results indicated the potential of chiral metal complex-catalyzed asymmetric epoxidation 

and, in this context, the titanium-mediated epoxidation discussed in this chapter was 

discovered. 

 

 

In contrast to the success realized in the asymmetric epoxidation of allylic 

alcohols, there is still considerable room for improvement in the asymmetric 

epoxidation of olefins lacking coordinating functional groups, though several 

precedent studies have been reported. (384, 385) However, chiral porphyrin 

complexes were shown to be effective catalysts for the epoxidation of mono- 

����������������������������������������������������

� � � � � � � � � � � � � � � 




and Z-disubstituted olefins. (386-392) Furthermore, quite recently the chiral 

salen complexes 131 were  

   

 

found to be very effective catalysts for this purpose, and the highest 

enantioselectivity to date was realized. (393-403) For example, 

2,2-dimethylchromene 132 was converted to the corresponding epoxide with 

98% ee.  

   

 

 

 

 

Highly enantioselective dihydroxylation of olefins proceeds in a catalytic 

manner by using K2OsO2(OH)4-phthaladine (133 or 134) complex as a catalyst 

(Eq. 104). (404) This dihydroxylation reaction can be applied to a wide range of  
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 (104)   

 

olefins irrespective of the presence or absence of coordinating functional 

groups, except for cis-disubstituted and tetrasubstituted olefins which show 

decreased enantioselectivity to some extent. The resulting diols are 

stereospecifically converted into epoxides (Eq. 105). (405, 406)  
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 (105)   
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6. Experimental Conditions 

6.1. Reagents  
6.1.1. Titanium Alkoxide  
Titanium tetraisopropoxide, Ti(OPr-i)4, has been almost the only metal 

alkoxide used in asymmetric epoxidation and kinetic resolution reactions. It 

can be distilled under vacuum (bp 78–79.5°/1.1 mm Hg) and stored under an 

inert gas for long periods of time (~1 year) without decomposition. This reagent 

can be used for most any epoxidation as received from commercial sources, 

but if poor percentages of ee are obtained, especially in the catalytic procedure, 

purification by distillation is recommended. Titanium tetraisopropoxide can be 

transferred to the reaction vessel via syringe or cannula, avoiding exposure to 

atmospheric moisture, which would quickly destroy the metal alkoxide. 

Ti(OBu-t)4 can be used in the epoxidation of primary allylic alcohols when 

epoxide opening is problematic (see Experimental Procedures). However, use 

of Ti(OBu-t)4 is not recommended when the substrate is a secondary allylic 

alcohol because the relative rate constant obtained with Ti(OBu-t)4 is low 

relative to that with Ti(OPr-i)4. (38) 

6.1.2. Dialkyl Tartrates  
Diethyl tartrate (DET) and diisopropyl tartrate (DIPT) are the chiral auxiliaries 

most often used in either stoichiometric or catalytic asymmetric epoxidation, 

the choice being irrelevant in terms of the enantioselectivity except in the 

asymmetric epoxidation of allyl alcohol. (18) Dimethyl tartrate (DMT) is useful 

when a water-soluble tartrate is needed (e.g., when the epoxy alcohol needs to 

be purified without tartrate hydrolysis). The choice of tartrate ester is more 

critical in kinetic resolution since krel increases in the order DMT < DET < DIPT. 

In the catalytic procedure, dicyclohexyl tartrate (DCHT) (18) and 

dicyclododecyl tartrate (DCDT) (18) have shown greater enantioselectivity 

than DIPT, although DIPT is usually the first choice because it is most readily 

available and gives acceptable selectivity. 

 

Like titanium tetraisopropoxide, the tartrate ester usually can be used as 

received from commercial sources, but if substandard enantioselectivity is 

observed, distillation under high vacuum followed by storage under an inert 

gas is recommended (DMT, mp 48–50°, bp 163°/23 mm Hg; DET, bp 

89°/0.5 mm Hg; DIPT, bp 76°/0.1 mm Hg). The distillation temperature should 

be kept below 100° in order to avoid polymerization of the tartrate. Both DCHT 

(mp 69.5–70.5°) and DCDT (mp 122–123°) can easily be prepared by Fisher 

esterification of tartaric acid with the corresponding alcohol. (18) Liquid 

tartrates can be handled by syringe. However, since they are extremely 

viscous, a more convenient method is to weigh the amount required into a 

flask, dissolve it in a minimum amount of dichloromethane, and transfer the 

solution to the reaction vessel via syringe or cannula. 
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6.1.3. Organic Peroxide  
tert-Butyl hydroperoxide is the most often used oxidant in asymmetric 

epoxidation and kinetic resolution reactions. It is available as a 70% solution in 

water, but preparation of anhydrous organic solutions is necessary. Anhydrous 

isooctane solutions (18) are commercially available (Aldrich Chemical 

Company). However, care must be taken when an isooctane solution is used. 

Some reactions using TBHP in isooctane with higher substrate concentrations 

produce lower reaction rates and/or percent ee. Introduction of too much 

isooctane into the reaction medium (dichloromethane) changes the solvent 

polarity, with negative effects on the rate and percent ee. (18) Accordingly, use 

of > 5 M solutions of TBHP in isooctane is highly recommended. Other organic 

solvents such as dichloromethane, dichloroethane, heptane, and toluene can 

also be used. Anhydrous TBHP solutions can be prepared by extraction of the 

commercial 70% aqueous solution with the chosen solvent and by azeotropic 

distillation of the organic phase to ensure the removal of all remaining water. 

(17, 18, 30, 407) The concentration of hydroperoxide is determined by 

iodometric titration, (17, 18, 30) and the solutions are stored with refrigeration 

(0–5°) over 3 Å molecular sieves (dichloromethane) or at room temperature 

(isooctane) without zeolites in high-density polyethylene bottles. The latter are 

recommended instead of glass bottles because of possible pressurization by 

gas evolution. Although TBHP solutions have proved to be safe during 

manipulation, peroxides are potentially hazardous with respect to violent 

decomposition, so special care should be taken when handling them. Thus, 

never add transition metal salts or strong acid to the concentrated peroxide 

solutions. In the same sense, never work with pure hydroperoxide, and avoid 

high concentrations of TBHP whenever possible. All heating of peroxide 
solutions should be done behind an adequate blast shield in a well-ventilated 
fume hood. The desired amount of TBHP solution should be added to a flask 

or graduated cylinder containing activated 3 or 4 Å molecular sieves. After 

standing several minutes in the stoppered flask, the solution can be transferred 

to the reaction vessel by syringe, by cannula, or simply by pouring. The syringe 

or cannula should never be inserted directly into the stock solution. 

 

Commercially available cumyl hydroperoxide (Aldrich Chemical Company, 

80% solution in cumene) can be used without further treatment. Asymmetric 

epoxidations using cumyl hydroperoxide are faster than those using TBHP. 

However, in general, TBHP solutions are recommended because the products 

are more easily isolated. 

6.1.4. Reaction Solvent  
Dichloromethane is the solvent used in all asymmetric epoxidation and kinetic 

resolution reactions. When dichloromethane is methanol free, it can be 

prepared for use just by storing over activated 3 Å molecular sieve pellets (4-Å 

should not be used since pressurization in bottles has been observed). A 

simple check of the dichloromethane by 1H NMR can show whether it contains 
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methanol. In general, care must be taken to avoid contamination by chelating 

solvents (alcohols, esters, nitriles, amines, ketones) which decrease the rate, 

yield, and enantioselectivity of the epoxidation reaction. 

 

Although most allylic alcohols have sufficient solubility in dichloromethane, 

some long-chain allylic alcohols are poorly soluble. For example, 

(E)-octadec-2-en-4-yn-1-ol is scarcely soluble in dichloromethane at – 20°, but 

use of a 1:1 mixture of 2,3-dimethyl-2-butene and dichloromethane as a 

solvent allows smooth epoxidation. (102, 103) 

6.1.5. Molecular Sieves  
The use of 3 or 4 Å molecular sieves (zeolites) is essential to accomplish both 

asymmetric epoxidation and kinetic resolution in a catalytic manner. Their use 

in the stoichiometric reaction is also highly recommended. The amount of 

molecular sieves added to the reaction mixture is not critical, so long as the 

allylic alcohol and TBHP solutions are predried. Tartrates and Ti(OPr-i)4 should 

not be stored over molecular sieves. Molecular sieves should be preactivated 

in a vacuum oven (160° and 0.05 mm Hg pressure for at least 3 hours) and 

crushed. Preactivated, powdered 4 Å molecular sieves are commercially 

available (Aldrich Chemical Company). Either 3 or 4 Å molecular sieves can be 

used, except for epoxidations of low molecular weight substrates (e.g., allyl 

alcohol) where 3 Å sieves are recommended. 

6.1.6. Reaction Conditions  
Asymmetric epoxidation and kinetic resolution reactions can be run either 

stoichiometrically (50% or more catalyst) or catalytically (5–10% catalyst). The 

stoichiometric procedure is useful when very unreactive substrates are 

oxidized or when the reaction product is not amenable to further percent ee 

enrichment by recrystallization. In general, use of the minimum amount of 

catalyst is recommended because the reaction products are more easily 

isolated. Reaction conditions are similar in both procedures. The catalyst is 

unstable if stored over long periods of time, and thus should be prepared in 

situ. It is prepared by mixing the tartrate with Ti(OPr-i)4 at – 20°, in any order of 

addition, and adding either the allylic alcohol or the TBHP solution in a second 

step. The use of at least 10% excess of tartrate over Ti(OPr-i)4 is essential to 
obtain optimum results (a ratio of 1.2:1 is recommended). The three 

components should be aged at this temperature for 20–30 minutes. Although 

this aging period is important for the catalytic procedure, most stoichiometric 

reactions have been run after aging for only 1–5 minutes. After aging, the 

precooled (especially important in large-scale reactions) fourth component (the 

allylic alcohol or the TBHP solution) is added to the reaction mixture. It is 

recommended that TBHP be the last component added to maintain more 

control over the reaction temperature. This is especially important in 

large-scale procedures because its addition is slightly exothermic. The use of 

2.0 equivalents of TBHP is generally suitable, although 3 equivalents may be 
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used for sluggish substrates. In kinetic resolution reactions, 0.6 equivalent of 

TBHP is the normal amount used. However, if very unreactive substrates are 

resolved, more TBHP can be used (about 2 equivalents), as long as substrate 

conversion is monitored (e.g., GLC with an internal standard). The 

temperature of the reaction mixture must be adjusted to within the range – 40 

to 0°, depending on the substitution pattern of the substrate. If the epoxidations 

are rapid enough, lower temperatures are recommended to avoid side 

reactions such as transesterification and epoxide opening. Most asymmetric 

epoxidations and kinetic resolutions are carried out at – 20° (carbon 

tetrachloride/dry ice slurry). 

 

The concentration of the substrate is another factor to be considered. The 

highest suggested concentration for the stoichiometric reaction and for the 

catalytic procedure in which the product is very reactive (e.g., cinnamyl alcohol 

epoxide) is 0.1 M in order to minimize side reactions (mainly epoxide opening). 

For some substrates the concentration for the catalytic procedure can be up to 

1.0 M, although substrate solubility can be a limitation. 

 

Finally, since asymmetric epoxidation and kinetic resolution are sensitive to 

humidity, these reactions must be run under dry conditions, usually under a dry 

nitrogen or argon atmosphere. 

6.1.7. Workup  
Choice of the appropriate isolation procedure is essential to the success of an 

asymmetric epoxidation or kinetic resolution reaction and depends on the 

nature of the product. The development of workup procedures has paralleled 

the development of the asymmetric epoxidation and kinetic resolution 

procedures. (1, 18, 41, 59, 347, 408, 409) The most important factors to be 

considered in workup are: (1) hydrolysis of the titanium complex; (2) 

destruction of excess oxidant; (3) tartrate removal; and (4) purification of the 

product, having in mind the possibility that the product might be water soluble 

or react with the reagents used. 

 

Hydrolysis of the titanium complex has been effected with aqueous solutions of 

hydroxy carboxylic acids, (1, 17, 18) water/acetone, (10) saturated sodium 

sulfate/ether, (4, 348) sodium fluoride solution, (59) triethanolamine, (347) 

anhydrous citric acid/ether (or acetone/ether), (18) and sodium hydroxide in 

saturated brine. (17, 18) Hydrolysis of the complex can also be combined with 

destruction of the tartrate and/or the excess TBHP. Tartrate removal can be 

carried out either by alkaline hydrolysis of the ester to give a water-soluble 

tartrate salt or by chromatographic separation at the purification step. Excess 

TBHP can be reduced with dimethyl sulfide, (59, 347) trimethyl phosphite, (18) 

aqueous sodium thiosulfate, (30, 363) aqueous sodium sulfite, (30) sodium 

borohydride, (408) triphenylphosphine, (409) or aqueous ferrous sulfate. (18) 
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These steps are followed by a product purification step involving 

chromatographic separation, distillation, or recrystallization, either alone or in 

combination. Although various combinations of these procedures have led to 

an adequate workup method for most epoxy alcohols, an ideal method has not 

yet been found to isolate very water-soluble or reactive epoxy alcohols. Thus 

in situ derivatization of the reaction products can sometimes be useful because 

more stable and easily isolable products are obtained. (18, 135, 136) Such in 

situ derivatization is one of the most important advantages of the catalytic 

procedure, since it is impractical to perform in the stoichiometric reaction 

because of the large amount of hydroxylic contaminants. (18) The most 

water-soluble glycidol, however, can be extracted into water and purified by 

distillation when tributylphosphine is used as a reducing agent for excess 

TBHP. (410) A few standard workup procedures are presented here that can 

be used for any epoxy alcohols included in the group indicated in each case. 

6.1.7.1. Aqueous Acidic Workup  
This is the most common procedure for water-insoluble products from either 

asymmetric epoxidation or kinetic resolution. (1) The reaction mixture is 

poured into a precooled (0°) aqueous solution of tartaric acid (10% w/v) or 

citric acid (11% w/v), (18) using 5–20 mL of the acid solution per 1 mmol of 

Ti(OPr-i)4. This mixture is vigorously stirred until a clear organic phase is 

obtained (10–30 minutes). In small-scale reactions the excess TBHP can be 

ignored because it can be easily removed by azeotropic distillation with 

toluene or carbon tetrachloride (up to 0.5 mol has been removed by this 

procedure) or in the product purification step. However, oxidant destruction 

may be desired to avoid peroxide hazard and is essential in large-scale 

reactions. If so, the solution of tartaric or citric acid should include ferrous 

sulfate heptahydrate (30% w/v), in which case the resulting organic phase 

contains only the reaction product, the tartrate, and tert-butyl alcohol. Further 

alkaline treatment (30% NaOH w/v in saturated brine, approximately 2 mL for 

1 mmol of tartrate) at 0° (approximately 1 hour) with vigorous stirring leads, 

after solvent removal, to a crude reaction product that contains fairly pure 

epoxy alcohol, or epoxy and allylic alcohols from kinetic resolution reactions. 

Although the original workup procedure1 used aqueous alkali for tartrate 

hydrolysis, the saturation of this solution with sodium chloride is strongly 

recommended to avoid losing partially water-soluble products and to suppress 

Payne rearrangement. (258) 

6.1.7.2. Aqueous Nonacidic Workup  
Modified workup procedures have been developed to simplify the acidic 

procedure and to accommodate the instability of some water-insoluble epoxy 

alcohols. (18, 42, 59, 347) Thus an alternative procedure entails adding water 

[20–30 times the weight of Ti(OPr-i)4] to hydrolyze the titanium complex and 

stirring (30–60 minutes) until room temperature is reached. Hydrolysis of the 

tartrate is performed in situ by adding an alkaline hydroxide solution (30% 
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NaOH w/v in saturated brine) (1 mL for 1 mmol of tartrate) and stirring 

vigorously until phase separation occurs (addition of a small amount of 

methanol, ca. 5% v/v, can help achieve the separation). After drying the 

organic phase over sodium sulfate or magnesium sulfate, removal of the 

solvent gives a crude reaction mixture containing the epoxy alcohol, TBHP, 

and tert-butyl alcohol. 

 

When dealing with very acid-sensitive products, the alkaline solution (10% 

NaOH w/v in saturated brine, 1–2 mL for 1 mmol of tartrate) and diethyl ether 

(10% v/v) are added directly to the reaction and the mixture is stirred to 

hydrolyze both the complex and the tartrate ester. The addition of magnesium 

sulfate and Celite gives a solution containing the epoxy alcohol and TBHP; the 

latter can be removed as described above. (18) 

6.1.7.3. Nonaqueous Workup  
When the product is very water soluble, a nonaqueous workup procedure must 

be used. A solution of citric acid monohydrate [1 equivalent relative to 

Ti(OPr-i)4] in acetone-ether (11% w/v in 1:9 mixture) or ether (4% w/v) is added 

to the reaction mixture. After stirring, solvent removal, and filtration through a 

pad of Celite, a crude reaction product is obtained that contains the 

water-soluble epoxy alcohol, tartrate, and TBHP. These last two substances 

must be removed in the purification step. It is important for acid-sensitive 

compounds that the molar amount of citric acid used be equal to or slightly less 

than that of Ti(OPr-i)4 to avoid excess acid in the solution. 

 

An alternative workup useful for both acid-sensitive and water-soluble epoxy 

alcohols uses triethanolamine [1.5 equivalents relative to Ti(OPr-i)4] to 

neutralize the acidity of the titanium species, and dimethyl sulfide to reduce the 

excess TBHP. (347) The cold reaction mixture is then quickly filtered through a 

pad of silica gel and eluted with ether. Removal of solvents under vacuum 

leads to a crude mixture containing the product, tartrate, and tert-butyl alcohol. 

6.1.7.4. In Situ Derivatization  
This procedure is useful only for the products of a catalytic asymmetric 

epoxidation; the amounts of isopropyl alcohol and tartrate present in the 

stoichiometric procedure make in situ derivatization impractical. It is also 

necessary to destroy excess TBHP before doing any in situ derivatization 

because the hydroperoxide reacts with most alkylating and acylating agents, 

whereas tert-butyl alcohol does not. 

 

Trimethyl phosphite is the recommended reagent for reducing excess TBHP 

because it reacts completely and rapidly at low temperature, and because both 

trimethyl phosphite and trimethyl phosphate are volatile and can be removed 

under high vacuum. Care should be taken not to use excess trimethyl 

phosphite, particularly for a subsequent sulfonation, because epoxy sulfinates 
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could be formed. The destruction of TBHP should be monitored by TLC eluting 

with 40% ethyl acetate/hexane using tetramethylphenylenediamine spray 

(10% w/v in methanol:water:ethyl acetate 128:28:1 mixture). 

 

Two important derivative classes are the p-nitrobenzoates (PNB) and 

p-toluenesulfonates. Although both derivatives are useful synthetic 

intermediates, p-nitrobenzoates are especially useful because they are easily 

isolated and are usually crystalline. Enhancement of optical purity is often 

possible by recrystallization of p-nitrobenzoates. Furthermore, epoxy alcohol 

p-nitrobenzoates undergo most of the ring-opening reactions of the free 

substance. (137) 

 

Derivatization is carried out on the catalytic epoxidation mixture when the 

reaction is found to be completed (TLC). The mixture is cooled to – 20°, and 

trimethyl phosphite is carefully added until all TBHP is destroyed, taking care 

that the temperature does not rise above – 20°. The mixture is then treated 

with triethylamine (1.2 equivalents to the original amount of allylic alcohol), 

4-(N,N-dimethylamino)pyridine (0.05 equivalent), and a solution of the 

derivatizing agent (acyl or sulfonyl chloride, 1 equivalent) in dichloromethane, 

and allowed to stand (usually at – 20°) until the reaction is completed. The 

reaction mixture is filtered through a pad of Celite. The filtrate is successively 

washed with aqueous tartaric acid (10% w/v), saturated sodium bicarbonate 

and saturated brine, dried over magnesium sulfate, and concentrated. 

Chromatographic purification and/or crystallization of the crude mixture yields 

the pure derivatives. 
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7. Experimental Procedures 

   

 

 

7.1.1. (2R,3R)-2,3-Epoxy-1-octadecanol (Stoichiometric Epoxidation of an 
E Allylic Alcohol) (321)  
Freshly distilled titanium tetraisopropoxide (3.8 mL, 12.7 mmol) was added to 

dichloromethane (115 mL), and the resulting solution was cooled to a 

temperature between – 30 and – 20° (dry ice/ CCl4). Freshly distilled 

(S,S)-(–)-diethyl tartrate (2.89 mL, 16.9 mmol) was then added. The resulting 

mixture was stirred for 15 minutes, and then a solution of (E)-octadec-2-en-1-ol 

(2.83 g, 10.6 mmol) in dichloromethane (20 mL) was added. Ten minutes later 

tert-butyl hydroperoxide solution (8.7 mL of a 3.64 M solution in toluene, 

31.7 mmol) was added, and the reaction mixture was then stored in a – 20° 
freezer for 24 hours. The reaction was quenched by addition of dimethyl 

sulfide (3 mL, 41 mmol). The resulting mixture was stirred at – 20° for 30 

minutes, and then saturated aqueous Na2SO4 (13 mL) was added. This 

suspension was allowed to warm to room temperature, then filtered through a 

pad of Celite and washed with diethyl ether. Concentration of the filtrate 

provided an oil, which was purified by chromatography on a flash silica gel 

column with solvent, increasing the polarity from hexane to 5:1 hexane-diethyl 

ether. The appropriate fractions were combined and concentrated under 

reduced pressure to give 2.65 g (88%) of the crystalline product, mp 77–78°; 

+22.5° (c 0.79, CHCl3) (>95% ee); IR ( CH2Cl2) 3780, 2915, 2860, 1420, 

1250, 1110 cm–1;1H NMR δ 3.90 (ddd, J = 12.6, 5.5, 2.5 Hz, 1 H, H1a), 3.61 

(ddd, J = 12.6, 4.2, 3.1 Hz, 1 H, H1b), 2.91 (m, 2 H, H2,3), 1.65 (dd, J = 7.3, 

5.6 Hz, 2 H), 1.23–1.57 (m, 27 H), 0.86 (t, J = 6.6 Hz, 3 H, CH3); mass 

spectrum, m/z 284 (M+).  

   

 

 

7.1.2. (2R,3R)-2,3-Epoxyoctadec-4-yn-1-ol (Stoichiometric Asymmetric 
Epoxidation of an E Unsaturated Allylic Alcohol) (103)  
A solution of freshly distilled titanium tetra-tert-butoxide (41.1 mL, 107.6 mmol) 

in absolute dichloromethane (100 mL) was cooled to – 25°. (S,S)-(–)-Diethyl 

tartrate (35 mL of a 3.14-M solution in absolute dichloromethane, 110 mmol) 
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was added over 15 minutes. After an additional 15 minutes at – 25°, a solution 

of (E)-octadec-2-en-4-yn-1-ol (15.0 g, 56.7 mmol) in absolute dichloromethane 

was added at such a rate (approximately 60 minutes) that the mixture 

remained homogeneous. This was followed by the addition of tert-butyl 

hydroperoxide (34 mL, 3.79 M in absolute toluene, 129 mmol). After 4–5 hours 

at – 30°, 10% aqueous tartaric acid (500 mL) was added and the mixture was 

warmed to room temperature. Dilution with diethyl ether (1 g/L), washing with 

10% aqueous tartaric acid (2 × 500 mL) and saturated NaCl solution 

(2 × 750 mL), drying ( MgSO4), and concentration under reduced pressure 

afforded a yellow oil. Separation of the product by flash silica gel column 

chromatography gave 1.05 g (6.6%) of unreacted (E)-octadec-2-en-4-yn-1-ol 

and 12.6 g [86%, based on recovered (E)-octadec-2-en-4-yn-1-ol] of the 

crystalline product. Two recrystallizations from hexane (–10°) gave pure 

(2R,3R)-2,3-epoxyoctadec-4-yn-1-ol, mp 55–56°; –41.5° (c 2.05, CHCl3) 

(100% ee); IR ( KBr) 3300 (br), 3180, 3000, 2960, 2850, 2240, 1460, 1320, 

1070, 1030, 875, 725 cm–1;1H NMR (CDCl)3 δ 3.94 (ddd, J = 12.9, 4.9, 2.2 Hz); 

with D2O : dd, J = 12.9, 3.4 Hz, H-C1), 3.70 (ddd, J = 12.9, 7.9, 3.4 Hz; with 

D2O : dd, J = 12.9, 2.2 Hz, H-C1), 3.43 (q, J = 1.7 Hz, H-C3), 3.27 (ddd, 

J = 3.4, 2.2, 1.7 Hz, H-C2), 2.20 (td, J = 7.0, 2, 1.7.Hz, H-C6), 1.55 (m, 

exchangeable with D2O , OH), 1.26 (m, 22 H), 0.88 (t, J = 6.7 Hz, 3 H-C18); 
13C NMR δ 85.6, 75.8 (2 s, C-4, C-5), 60.4 (t, C-1), 60.0 (d, C-3), 43.1 (d, C-2), 

31.9 (t, C-16), 29.6–28.3 (9 t, C-7–C-15), 22.6 (t, C-17), 18.7 (t, C-6), 14.0 (q, 

C-18); CI-mass spectrum, m/z 281 (M + 1)+. Anal. Calcd for C18H32O2: C, 

77.09; H, 11.50. Found: C, 76.81; H, 11.44.  

   

 

 

7.1.3. 4,5-Anhydro-3-deoxy-3-[(phenylmethoxy)methyl]-1,2-bis-O-(phenyl
methyl)galactiol (Stoichiometric Asymmetric Epoxidation of a Chiral E 
Allylic Alcohol) (87)  
(2E,4R,5R)-5,6-bis(Phenylmethoxy)-4-[(phenylmethoxy)-methyl]-2-hexen-1-ol 

(12.5 g, 28.7 mmol) was dissolved in anhydrous dichloromethane (287 mL) 

and cooled to – 20° under argon. To this stirred solution were sequentially 

added (S,S)-(–)-diethyl tartrate (8.88 g, 43.1 mmol), titanium tetraisopropoxide 

(9.79 g, 34.4 mmol), and tert-butyl hydroperoxide (21.0 mL of a 3.4 M solution 

in dichloromethane, 63.1 mmol). The reaction mixture was kept at – 20° for 16 

hours, quenched at that temperature with 10% aqueous tartaric acid solution 

(75 mL), and vigorously stirred for 1 hour at 25°. The resulting precipitate was 
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filtered (Celite), and the filtrate was dried over Na2SO4. Filtration followed by 

concentration gave an oily residue, which was diluted with diethyl ether 

(250 mL), cooled to 0°, and treated with NaOH solution (1 N, 80 mL). The 

resulting two-phase mixture was vigorously stirred at 0° for 30 minutes, and 

the organic phase was separated and washed with aqueous HCl (1 N, 30 mL), 

saturated aqueous NaHCO3(2 × 25 mL), and brine (50 mL). Drying ( MgSO4), 

concentration and flash column chromatography (silica, 30% ethyl acetate in 

petroleum ether) gave 9.65 g (75%) of the product, +13.6° (c 0.73, MeOH); 

IR (film) 3460, 3080, 3060, 3030, 2940, 2860, 1600, 1580, 1500, 1480, 1450, 

1360, 1200, 1100, 1020, 900, 670 cm–1; 1H NMR( C6D6) δ 7.40–7.05 (m, 15 H, 

aromatic), 4.82 (d, J = 11.6 Hz, 1 H, PhCH2O), 4.56 (d, J = 11.6 Hz, 1 H, 

PhCH2O), 4.37 (s, 2 H, PhCH2O), 4.19 (s, 2 H, PhCH2O), 4.05 (m, 1 H, CHO), 

3.75–3.50 (m, 5 H, CHO, CH2O ), 3.06 (dd, J = 8.6, 2.1 Hz, 1 H, CH epoxide), 

2.83 (m, 1 H, CH epoxide), 1.89–1.81 (m, 1 H, CH), 1.61 (br s, 1 H, OH); 

CI-mass spectrum, m/z calculated for C28H32O5 + H, 449.2328, found 

449.2321 (M + H).  

   

 

 

7.1.4. (2s,3s)-2,3-Epoxy-2-methyl-1-butanol (Stoichiometric Asymmetric 
Epoxidation of a 2,3-Disubstituted E Allylic Alcohol) (347)  
To a solution of (E)-2-methyl-2-buten-1-ol (2.57 g, 29.8 mmol) in 

dichloromethane (100 mL) at – 20° were added (R,R)-(+)-diethyl tartrate 

(1.43 mL, 1.78 g, 8.35 mmol) and titanium tetraisopropoxide (1.77 mL, 1.69 g, 

6.00 mmol). After 15 minutes, the solution was cooled to – 30°, and tert-butyl 

hydroperoxide (8.2 mL of a 4.0 M solution in benzene) was added in one 

portion. The solution was stirred at – 40 to – 30° for 30 minutes and then 

placed in a – 20° freezer. After 10 hours at – 20°, dimethyl sulfide (3.6 mL) 

was added, and the reaction mixture was kept at – 20° an additional 5 hours. 

Triethanolamine (9 mL of a 1.0 M solution in dichloromethane) was added, and 

the solution was stirred for 30 minutes at 0°. The solution was filtered through 

silica gel (75 g) in a sintered glass funnel and eluted with diethyl ether 

(500 mL). Concentration of the filtrate and bulb-to-bulb distillation (oven 

temperature 120°, 5 mm Hg) of the residue gave 2.33 g (77%) of the product 

as a colorless oil, –22.2° (c 3.0, CH2Cl2) (94% ee); IR (film) 3420 (br), 

3000, 2970, 2930, 2880, 1460, 1380, 1030, 855 cm–1; 1H NMR( CDCl3) δ 3.68 

and 3.55 (AB quartet, 2 H, J = 12.3 Hz, CH2OH ), 3.16 (q, 1 H, J = 6.6 Hz, 

CHCH3), 2.64 (br s, 1 H, OH), 1.32 (d, 3 H, J = 6.6 Hz, CHCH3), 1.29 (s, 3 H, 

CHCH3); 
13C NMR( CDCl3) d 65.5, 60.9, 55.9, 13.8, 13.4.  
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7.1.5. 5-[(tert-Butyldimethylsilyl)oxy]-3-methyl-(2R,3R)-2,3-epoxypentan-
1-ol (Stoichiometric Asymmetric Epoxidation of a 3,3-Disubstituted 
Allylic Alcohol) (255)  
Freshly distilled (S,S)-(–)-diethyl tartrate (3.6 mL, 20.6 mmol) was added to 

a – 20° solution of titanium tetraisopropoxide (4.13 mL, 13.8 mmol) in 

dichloromethane (60 mL). The solution was stirred for 20 minutes at – 20°. A 

solution of (2E)-5-[(tert-butyldimethylsilyl)oxy]-3-methyl-2-penten-1-ol (3.02 g, 

13.1 mmol) in dichloromethane (50 mL) followed by tert-butyl hydroperoxide 

(26.2 mmol, 6.6 mL of 3.98 M solution in toluene) was then added dropwise. 

The mixture was left in a – 20° freezer for 17 hours before being quenched 

with saturated aqueous Na2SO4 (5 mL). The mixture was stirred vigorously 

and then filtered through Celite and evaporated. The residue was partitioned 

between diethyl ether (80 mL) and saturated aqueous NaCl (80 mL) and then 

cooled to 0°. Aqueous NaOH (10 mL of 0.5 N solution) was added and the 

mixture was stirred vigorously for 1.5 hours at 0° until analytical TLC showed 

complete disappearance of (S,S)-(–)-diethyl tartrate. The layers were 

separated and the aqueous phase was washed with ether (50 mL). The 

combined organic layers were dried ( Na2SO4), filtered, and evaporated. The 

crude epoxide was purified by flash chromatography (50-mm column, 1:1 

hexane–ether) to afford 2.63 g (81%) of the product, +2.1° (c 1.59, CHCl3 

(>95% ee); IR (film) 3340, 2950, 2926, 2858, 1470, 1256, 1098, 872, 772 cm–1; 
1H NMR ( CDCl3) δ 3.91–3.63 (m, 4 H, H1 and H5), 3.06 (dd, J = 7, 4 Hz, 1 H, 

H2), 1.90 (dt, J = 14, 6 Hz, 1 H, H4a), 1.71 (t, J = 7 Hz, 1 H, OH), 1.65 (dt, 

J = 14, 6 Hz, 1 H, H4b), 1.34 (s, 3 H, H6), 0.90 (s, 9 H, t-Bu), 0.06 (s, 6 H, 

SiMe2); 
13C NMR( CDCl3) δ 63.2, 61.3, 59.8, 59.5, 41.4, 25.8, 18.1, 17.2, – 5.5; 

mass spectrum, m/z 246 (M+). Anal. Calcd for C12H26O3Si : C, 58.49; H, 10.63. 

Found: C, 58.28; H, 10.89.  

   

 

 

7.1.6. (2R,3R)-3,4-Diphenyl-2-methyl-2,3-epoxybutan-1-ol (Stoichiometric 
Asymmetric Epoxidation of a 2,3,3-Trisubstituted Allylic Alcohol) (411)  
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To a stirred solution of titanium tetraisopropoxide (698 mg, 2.45 mmol) in 

dichloromethane (20 mL) at – 20° was added (S,S)-(–)-diethyl tartrate (698 mg, 

3.07 mmol). The pale yellow solution was stirred at – 20° for 5 minutes 

followed by the addition of (E)-3,4-diphenyl-2-methyl-2-buten-l-ol (487 mg, 

2.04 mmol) and tert-butyl hydroperoxide (0.63 mL of 6.54 M solution in 

dichloromethane). The solution was stirred at – 20° for 5 hours and the 

reaction was stopped by addition of saturated Na2SO4 (0.5 mL) and diethyl 

ether (1.5 mL). The mixture was warmed to room temperature and stirred for 3 

hours, then filtered through Celite, dried over MgSO4, filtered, and evaporated 

to give a colorless oil. This residue was dissolved in diethyl ether (20 mL) and 

this solution stirred vigorously for 30 minutes with a 10% solution of NaOH in 

saturated NaCl at room temperature. The organic phase was separated, 

washed with NaCl (2 × 10 mL), dried over MgSO4, filtered, and evaporated. 

The crude product was purified by flash chromatography to afford 469 mg of 

the product as a colorless oil (94% ee): IR (film) 3420 (br), 3080, 3060, 3030, 

2960, 2920, 1600, 1580, 1490, 1450, 1445, 1375, 1265 cm–1; 1H NMR ( C6D6) 

δ 6.87–7.15 (m, 10 H), 3.71 (br s, 2 H), 3.14 (ABq, 2 H), 1.67 (s, 1 H, D2O 

exchange), 1.00 (s, 3 H).  

   

 

 

7.1.7. (2S,3S)-Epoxycinnamyl Alcohol 
[(2S-trans)-3-Phenyloxiranemethanol] (Catalytic Asymmetric Epoxidation 
of an Aromatic E Allylic Alcohol) (18)  
A flame-dried, 5-L, three-necked flask was fitted with an overhead mechanical 

stirrer, thermometer, and dropping funnel, flushed with nitrogen, and charged 

with (R,R)-(+)-diethyl tartrate (6.55 g, 0.028 mol) and dichloromethane 

(3.5 g/L). After the mixture was cooled to – 20°, activated powdered 4 Å 

molecular sieves (20 g), titanium tetraisopropoxide (5.55 mL, 5.30 g, 

0.019 mol), and tert-butyl hydroperoxide (96.9 mL of 7.7 M solution in 

dichloromethane, 0.746 mol) were added sequentially. The mixture was stirred 

at – 20° for 1 hour and a solution of freshly distilled (E)-3-phenylpropen-l-ol 

(cinnamyl alcohol) (50.0 g, 0.373 mol) in dichloromethane (70 mL) was added 

dropwise over a period of 1 hour. After 3 hours at – 20°, the reaction was 

quenched at – 20° with 30 mL of a 10% aqueous solution of sodium hydroxide 

saturated with sodium chloride. After diethyl ether (400 mL) was added, the 

cold bath was allowed to warm to 10°. Stirring was maintained at 10°, while 

MgSO4 (30 g) and Celite (4 g) were added. After a final 15 minutes of stirring, 

the mixture was allowed to settle and the clear solution was filtered through a 

pad of Celite and washed with diethyl ether. Azeotropic removal of the 

tert-butyl hydroperoxide with toluene at reduced pressure and finally subjection 
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of the residue to high vacuum (0.2 mm Hg) gave a yellow oil. Recrystallization 

of this material from petroleum ether/ethyl ether at – 20° gave 50.0 g (89%) of 

slightly yellow crystals, mp –49.6° (c 2.4, CHCl3) (>98% ee); IR ( CHCl3) 

3580, 3450, 2980, 2920, 2870, 1600, 1450, 1380, 1100, 1070, 1020, 880, 860, 

845 cm–1; 1H NMR ( CDCl3) δ 7.2–7.5 (m, 5 H), 4.18 (dd, 1 H, J = 3,13 Hz), 

3.95 (d, 1 H, J = 3 Hz), 3.81 (dd, 1 H, J = 5.13 Hz), 3.25-3.3 (m, 1 H), 2.2 (br s, 

1 H, w1/2 = 40 Hz).  

   

 

 

7.1.8. (S)-2,3-Epoxypropanol (Glycidol) (Catalytic Epoxidation to Obtain a 
Water-Soluble Epoxy Alcohol) (18, 304)  
To a stirred mixture of powdered activated 3 Å molecular sieves (3.5 g) and 

dichloromethane (190 mL) were added (R,R)-(+)-diisopropyl tartrate (1.39 g, 

1.25 mL, 5.95 mmol) and allyl alcohol (5.81 g, 6.8 mL, 100 mmol, stored over 

3 Å sieves). The solution was stirred and cooled to – 5°, and titanium 

tetraisopropoxide (1.4 g, 1.5 mL, 5 mmol) was added. The reaction mixture 

was stirred at – 5 ± 2° for 10–30 minutes, and then 80% technical grade 

cumene hydroperoxide (36 mL, » 200 mmol, dried over 3 Å sieves prior to use) 

was added slowly (30 minutes) via a dropping funnel. The mixture was stirred 

under N2 at – 5 ± 2° for 5 hours. Triethanolamine (10 mL of 1 M solution in 

dichloromethane) was added, and the mixture was stirred for 30 minutes 

at – 5°. The cooling bath was removed, and after 15 minutes the mixture was 

filtered through a pad of Celite over a layer (0.5 cm) of flash silica gel. The pad 

was rinsed with diethyl ether (500 mL). After the solvent was removed on a 

rotary evaporator, the crude product was distilled quickly through a 

Bantamware simple distillation apparatus, collecting all material with a boiling 

point of about 50° at 7–8 mm Hg of pressure. This distillate was redistilled 

through a Bantamware 10-cm Vigreux column, and 3.77 g (51%) of the 

product was collected at bp 49–50° (7.7 mm Hg). [ α ]D – 13.02° (neat) (>86% 

ee). The 1H NMR ( CDCl3) spectrum was identical with that of glycidol except 

that it showed the presence of small amounts of cumyl alcohol and cumene.  

   

 

 

7.1.9. (R)-2,3-Epoxypropyl p-Nitrobenzoate (Catalytic Asymmetric 
Epoxidation With in situ Derivatization) (18)  
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Epoxidation of allyl alcohol was carried out as described above on a 1.0 mol 

scale with (R,R)-(+)-diisopropyl tartrate. After 6 hours at – 5 ± 2°, the mixture 

was cooled to – 20° and carefully treated with trimethyl phosphite (180 mL, 

189 g, 1.5 mol) added over a period of 1 hour, taking care that the temperature 

did not rise above – 20°. The mixture was then treated with triethylamine 

(170 mL, 123 g, 1.2 mol) and a solution of p-nitrobenzoyl chloride (185.6 g, 

1 mol) in dichloromethane (250 mL) and stirred for 1 hour at 0°. After filtration 

through a pad of Celite, the filtrate was washed with 10% aqueous tartaric acid 

(2 × 250 mL), saturated NaHCO3 (3 × 250 mL), and brine (2 × 250 mL). The 

organic phase was dried over Na2SO4, filtered through a small pad of silica gel, 

and concentrated to an oil (first at 12 mm Hg, then at 0.2 mm Hg at 60°) to 

remove any remaining cumene, 2-phenylpropan-2-ol, trimethyl phosphite, and 

trimethyl phosphate. The oil solidified on standing and was recrystallized twice 

from diethyl ether to give 135.7 g (61%) of the product, mp 59.5–60.0°; 

–38.8° (c 3.02, CHCl3) (92–94% ee); IR: 3120, 2970, 2920, 2860, 1730, 1610, 

1520, 1460 cm–1; 1H NMR ( CDCl3) δ 8.21–8.37 (m, 4 H), 4.76 (dd, 1 H, J = 3, 

13 Hz), 4.21 (dd, 1 H, J = 7, 13 Hz), 3.37 (m, 1 H), 2.96 (t, 1 H, J = 5 Hz), 2.77 

(dd, 1 H, J = 5, 3 Hz). Anal. Calcd for C10H9NO5: C, 53.81; H, 4.06; N, 6.28. 

Found: C, 53.68; H, 4.20; N, 6.23.  

   

 

 

7.1.10. (1S,2S)-(2-Methyl-1,2-epoxycyclotetradecyl)methanol 
(Stoichiometric Asymmetric Epoxidation of a Cyclic Allylic Alcohol) (412)  
To dichloromethane (80 mL) at – 23° solution under an argon atmosphere was 

added titanium tetraisopropoxide (2.76 mL, 9.28 mmol), followed by dropwise 

addition of (R,R)-(+)-diethyl tartrate (2.07 mL, 12.07 mmol). The mixture was 

stirred for 5 minutes, and then (E)-(2-methyl-1-cyclotetradecenyl)methanol 

(2.211 g, 9.28 mmol) in dichloromethane (15 mL) was added dropwise 

followed by anhydrous tert-butyl hydroperoxide (3.18 mL of 3.5 M solution in 

1,2-dichloroethane, 11.14 mmol) at – 23°. The reaction mixture was stirred for 

1.5 hours at – 23° and then stored in a freezer at – 30° for 18.5 hours. The 

mixture was poured into a – 23° solution of water (5.0 mL) and acetone 

(195 mL) and stirred at – 23° for 45 minutes and at room temperature for 2 

hours. The clear solution was filtered through Celite, concentrated, and 

extracted with dichloromethane. The combined extracts were dried over 

potassium carbonate, filtered, and concentrated under reduced pressure. 

Flash chromatography on silica gel (7:1 hexane–diethyl ether) afforded 

1.815 g (77%) of the product as a white solid, mp 62.5 – 65.0° –7.13° (c 
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3.49, CHCl3) (>90% ee). IR (film) 3350, 2920, 2850, 1470, 1050 cm–1; 1H NMR 

δ 1.23–1.60 (env, ring CH2), 1.61–2.13 (m), 2.26 (t, J = 6.0 Hz, CH2), 3.80 

(ABq, J = 3.6 Hz, CH2O ). Anal. Calcd for C16H30O2: C, 75.54; H, 11.89. Found, 

C, 75.47; H, 11.94.  

   

 

 

7.1.11. (2R,3S)-(5Z,8Z)-2,3-Epoxy-5,8-undecadien-1-ol (Stoichiometric 
Asymmetric Epoxidation of a Z-Allylic Alcohol and Derivatization to 
Increase Optical Purity) (110)  
Titanium tetraisopropoxide (2.15 mL, 7.23 mmol) was added dropwise to 

stirred dry dichloromethane (60 mL) at – 23° under an argon atmosphere. To 

this was added (S,S)-(–)-diethyl tartrate (1.74 g, 8.43 mmol). The mixture was 

stirred for 5 minutes at 23°. A solution of (2Z,5Z,8Z)-2,5,8-undecatrien-1-ol 

(1.0 g, 6.02 mmol) in dry dichloromethane (2 mL) and 4.4 M tert-butyl 

hydroperoxide (3.42 mL, 15.1 mmol, dichloromethane) were added to the 

stirred mixture at – 23°. The mixture was left to stand for 42 hours at – 23°. 
The reaction was quenched by the addition of 10% aqueous tartaric acid 

(15 mL) at – 23° with stirring. After stirring for 30 minutes at – 23°, the mixture 

was warmed to room temperature and stirred for 1 hour. The organic layer was 

separated, washed with water, dried ( Na2SO4), and concentrated under 

reduced pressure. The residue was purified by silica gel chromatography and 

distilled (bp 96–97°/0.15 mm Hg) to afford 886 mg (81%) of the product, 

+9.27° (c 0.90, CHCl3) (81% ee). To a solution of this material (852 mg, 

4.68 mmol) in dry diethyl ether (20 mL) was added 3,5-dinitrobenzoyl chloride 

(1.4 g, 6.09 mmol) and dry pyridine with stirring and ice cooling. The stirring 

was continued overnight at – 0°. The mixture was poured into ice water and 

extracted with diethyl ether. The ether solution was washed with saturated 

aqueous CuSO4, water and brine, dried ( MgSO4), and concentrated under 

reduced pressure. This residue was repeatedly recrystallized from 

n-hexane-ether (9:1) until constant optical rotation was reached, giving 793 mg 

(45.1 mmol) of pure (2R,3S,5Z,8Z)-2,3-epoxy-5,8-undecadienyl 3, 

5-dinitrobenzoate as colorless leaflets, mp 38–39°; +5.68° (c 0.37, diethyl 

ether). K2CO3 (60 mg, 0.43 mmol) was added to a solution of 

(2R,3S,5Z,8Z)-2,3-epoxy-5,8-undecadienyl 3,5-dinitrobenzoate (610 mg, 

1.62 mmol) in methanol (6 mL) with stirring and ice cooling. The stirring was 

continued for 30 minutes at 0°. The mixture was concentrated under reduced 

pressure to remove MeOH. The residue was diluted with water and extracted 
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with diethyl ether. The ether solution was washed with water and brine, dried 

( MgSO4), and concentrated under reduced pressure. The residue was 

chromatographed over silica gel and distilled (bp 90–91°/0.11 mm Hg) to give 

257 mg (87%) of the product, +11.6° (c 0.84, CHCl3 (>99% ee); IR 3450 

(br), 3040, 2990, 2960, 2900, 1655, 1460, 1400, 1040, 975, 920 cm–1; 1H NMR 

( CCl4) δ 0.96 (t, J = 7 Hz, 3 H), 1.70–2.50 (m, 4 H), 2.50–3.20 (m 4 H), 

3.25–3.80 (m, 3 H), 5.0–5.7 (m, 4 H); Anal. Calcd for C11H18O2; C, 72.49; H, 

9.96. Found: C, 72.22; H, 10.11.  

   

 

 

7.1.12. (2R,3S)-1,2-Epoxy-4-penten-3-ol [catalytic Asymmetric 
Epoxidation and Kinetic Resolution of a meso-Allylic Alcohol] (279)  
To a – 23° (dry ice– CCl4) cooled mixture of powdered 4 Å molecular sieves 

(4.3 g) and dichloromethane (250 mL) were added titanium tetraisopropoxide 

(5.0 mL, 16.8 mmol) and (R,R)-(+)-diisopropyl tartrate (4.50 mL, 21.5 mmol) 

via syringe. After stirring at – 23° for 10 minutes, divinyl carbinol (20 g, 

238 mmol) was added via cannula, followed by tert-butyl hydroperoxide 

(160 mL of 3.0 M solution in isooctane, 480 mmol) in several portions via 

syringe. The reaction vessel was then placed in a – 15° freezer and stored for 

118 hours. At freeze temperature, aqueous Na2SO4 (17 mL) was added, and 

the mixture was diluted with diethyl ether (250 mL). After stirring at ambient 

temperature for 2 hours, the resulting slurry was filtered through a pad of Celite, 

washing with several portions of ether. The Celite pad was transferred to an 

Erlenmeyer flask, heated gently with diethyl ether, and the supernatant filtered 

through a second fresh pad of Celite. Most of the solvent was removed on a 

rotary evaporator with cooling to avoid undue loss of the somewhat volatile 

product. The resulting oil was subjected to flash column chromatography 

followed by distillation at aspirator pressure to afford 23.6 g of the desired 

epoxide, which was about 50% pure by NMR. A second flash column 

chromatography (3:1 pentane—ether) in two batches provided 13.1 g (50%) of 

the product as a clear, colorless oil, +48.8° (c 0.73, CHCl3) (> 99% ee), IR 

(film) 3400 (br), 3019, 1108 cm–1; 1H NMR( CDCl3) δ 5.75-5.89 (ddd, J = 17.2, 

10.5, 6.2 Hz, 1 H), 5.34 (dt, J = 17.2, 1.4 Hz, 1 H), 5.22 (dt, J = 10.5, 1.3 Hz, 1 

H), 4.26 (br s, 1 H), 3.05 (dd, J = 3.3, 3.1 Hz, 1 H), 2.70–2.78 (m, 2 H), 2.61 (br 

s, 1 H); 13C NMR( CDCl3) δ 135.6, 117.3, 70.3, 53.9, 43.5; mass spectrum m/z 

(percent) 99 (M-H, 0.4), 57 (100).  
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7.1.13. (1E,3R)-1-Trimethylsilyl-1-octen-3-ol And 
(1S,2S,3S)-1-Trimethylsilyl-1,2-epoxyoctan-3-ol (Stoichiometric Kinetic 
Resolution of a Secondary E Allylic Alcohol) (13)  
To a solution of titanium tetraisopropoxide (4.6 mL, 15.6 mmol) in 

dichloromethane (140 mL) was added (R,R)-(+)-diisopropyl tartrate (3.94 mL, 

18.72 mmol) and the resulting solution was stirred for 10 minutes at – 20°. 
After addition of (E)-1-trimethylsilyl-1-octen-3-ol (6.29 g, 15.6 mmol), the 

mixture was stirred for an additional 10 minutes. tert-Butyl hydroperoxide 

(4.46 mL of 3.5 M solution in dichloromethane, 15.6 mmol, 1 equiv) was added 

slowly and the solution was stirred at – 20° for 7 hours. Dimethyl sulfide 

(3.94 mL, 46.8 mmol) was added slowly and the mixture was stirred for 30 

minutes at – 20°. tartaric acid aqueous solution (10%, 280 mL), diethyl ether 

(280 mL), NaF (10.9 g), and Celite (6.2 g) were added sequentially. The 

resulting mixture was stirred for 30 minutes at room temperature, filtered 

through a pad of Celite with diethyl ether, and concentrated. The residue was 

chromatographed on triethylamine-deactivated silica gel to afford 2.64 g (42%) 

of (R)-(E)-1-trimethylsilyl-1-octen-3-ol, –9.8° (c 1.10, CHCl3) (> 99% ee), 

and 2.75 g (42%) of (1S,2S,3S)-1-trimethylsilyl-1,2-epoxyoctan-3-ol, 

–7.5° (c 1.04, CHCl3) (> 99% ee), IR (neat) 3420, 2390, 1247 cm–1; 1H 

NMR( CCl4, C6H6, D2O ) δ 0.03 (s, 9 H), 0.93 (t, 3 H, J = 4.8 Hz), 1.07–1.72 (m, 

8 H), 2.26 (d, 1 H, J = 4.0 Hz), 2.71 (t, 1 H, J = 4.0 Hz), 3.30–3.70 (m, 1 H).  

   

 

 

7.1.14. (R)-Non-1-en-3-ol (Catalytic Kinetic Resolution of a Secondary 
Allylic Alcohol) (18)  
To a room-temperature solution of (±)-1-nonen-3-ol (284 mg, 2 mmol) and 

(R,R)-(+)-dicyclododecyl tartrate (135.6 mg, 0.3 mmol) in dichloromethane 

(8 mL) were added powdered and activated 3 Å molecular sieves (60 mg) and 

a saturated hydrocarbon internal standard (n-decane, 80 µL) for gas 

chromatographic (GC) monitoring of percent conversion. The stirred mixture, 

maintained under an inert atmosphere, was cooled to – 10 to – 20°, treated 

with titanium tetraisopropoxide (60 µL, 0.2 mmol) and allowed to stir for 20–30 
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minutes at – 20°. During this time, a small aliquot (ca. 100 µL) was removed, 

diluted with 100 µL of ether, and quenched into 200 µL of a freshly prepared 

aqueous solution of FeSO4·7 H2O (330 mg, 1.2 mmol) and citric acid (110 mg, 

0.6 mmol) diluted to 10 mL with deionized water at ~ 0°, to provide a T0 GC 

reference sample. The reaction was then treated with tert-butyl hydroperoxide 

[190 µL, 5.8 M solution in isooctane (dried with freshly activated 3 Å pellets for 

30 minutes prior to use), 1.1 mmol] added by gastight syringe. The reaction 

was maintained at – 22 ± 2° and periodically monitored by GC. After 13 days 

(51% conversion), the reaction was quenched with 2 mL of an aqueous 

solution of FeSO4 and citric acid at – 20° and stirred vigorously without cooling 

for 30 minutes until two clear phases appeared. The phases were separated 

and the aqueous phase was extracted twice with dichloromethane. The 

combined organic phases were washed with saturated brine and dried 

( MgSO4). After precipitation of most of the crystalline dicyclododecyl tartrate, 

the crude product was then purified by flash chromatography to give 95 mg of 

(R)-non-1-en-3-ol (99% based on percent conversion, 33% overall), 

–19.1° (c 6.7, EtOH) (>98%ee).  

   

 

 

7.1.15. (R)-1-(2-Furyl)hexan-1-ol (Catalytic Kinetic Resolution of a 
Secondary Furyl Carbinol) (413)  
To a mixture of crushed 4 Å molecular sieves (5 g) and 0.2 equiv of titanium 

tetraisopropoxide (7.35 mL, 24.7 mmol) in dichloromethane (100 mL) at – 21° 
was added 0.24 equiv of (R,R)-(+)-diisopropyl tartrate (6.23 mL, 29.6 mmol). 

The mixture was stirred for 10 minutes at – 21° and cooled to – 30°. 
(±)-1-(2-Furyl)hexan-1-ol (20.7 g, 123 mmol) dissolved in dichloromethane 

(20 mL) was added and the mixture was stirred at temperatures between – 30 

and – 20° for 30 minutes. The mixture was cooled again to – 30°, and 0.6 

equiv of tert-butyl hydroperoxide (17.0 mL, 4.35 M solution in dichloromethane, 

74.0 mmol) was added slowly. After stirring for 14 hours at – 21°, dimethyl 

sulfide (5.43 mL, 74.0 mmol) was added slowly and the mixture was stirred for 

30 minutes at – 21°. To this mixture were added 10% aqueous tartaric acid 

(5 mL), diethyl ether (100 mL), and NaF (30 g), and the resulting mixture was 

vigorously stirred for 2 hours at room temperature. The white precipitate was 

filtered through a pad of Celite and washed with diethyl ether (100 mL). The 

filtrate was concentrated to give an oil, which was dissolved in diethyl ether 

(200 mL) and treated with NaOH (3 N, 100 mL) for 30 minutes at 0° with 

vigorous stirring. The organic layer was washed with brine, dried ( MgSO4), 
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and concentrated to give an oil, which was passed through a short silica gel 

column to afford 7.94 g (38 %) of the product, +13.8° (c1.07, 

CHCl3)(>95%ee).  

   

 

 

7.1.16. Ethyl (3R)-3-Hydroxy-4-methyl-4-pentenoate (Stoichiometric 
Kinetic Resolution of a Secondary 2-Substituted Allylic Alcohol) (414)  
A solution of (R,R)-(+)-diisopropyl tartrate (42 g, 179 mmol) in anhydrous 

dichloromethane (1 g/L) at – 25° was treated with freshly distilled titanium 

tetraisopropoxide (40.8 g, 143 mmol). After 15 minutes, (±)-ethyl 

3-hydroxy-4-methyl-4-pentenoate (18.9 g, 119 mmol) was added, and the 

mixture was stirred for an additional 15 minutes. tert-Butyl hydroperoxide 

(358 mmol, 125 mL of a 2.86 M solution in 1,2-dichloroethane) was added 

slowly, and the reaction temperature was maintained at – 25° for 96 hours (at 

which time the reaction was 57% complete by GC analysis). The reaction 

mixture was poured into a stirred solution of water (50 mL) in acetone (2 g/L) 

at – 50° and, after being allowed to reach ambient temperature, was filtered 

through Celite. Removal of the solvents in vacuo followed by fractional 

distillation (60–65°, 1 mm Hg) gave a mixture of ethyl 

(3R)-3-hydroxy-4-methyl-4-pentenoate and the corresponding epoxy ester, 

which were separated by silica gel flash chromatography to afford 2.95 g (16 

%) of the pentenoate as a clear oil, +14.6° (c 2.31, EtOH) (>99% ee).  

   

 

 

7.1.17. 4-(n-Decyloxy) phenyl 4-[(1S, 2S, 
3S)-2,3-Epoxy-1-hydroxynonyl]-benzoate (Stoichiometric Kinetic 
Resolution of a Secondary Aromatic Allylic Alcohol) (415)  
To a cooled solution (–30°) of titanium tetraisopropoxide (5.49 g, 18.44 mmol) 

in dry dichloromethane (100 mL) was added with stirring (R,R)-(+)-diisopropyl 

tartrate (4.65 g, 22.1 mmol). The mixture was stirred for 20 minutes. A 

precooled – 20° solution of 4¢-(n-decyloxy)phenyl 

4-[(E)-1-hydroxy-2-nonenyl]benzoate (9.12 g, 18.44 mmol) in dry 
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dichloromethane (50 mL) was added, and dichloromethane (34 mL) was used 

to transfer all residual allylic alcohol. The reaction mixture was stirred for 10 

minutes before tert-butyl hydroperoxide (3.32 mL of a 2.5 M solution in toluene, 

8.3 mmol) was added. The reaction flask was stored in a freezer (–25°) for 18 

hours. The reaction mixture was then poured over an ice-cold solution of 

FeSO4 (9.22 g) and water (37 mL). The mixture was then warmed to ambient 

temperature and stirred for 1 hour. The two layers were separated, and the 

aqueous layer was washed three times with 50 mL portions of diethyl ether. 

The combined organic layers were dried over Na2SO4, and the solvent was 

removed in vacuo. The oil obtained was dissolved in a minimum amount of 

20% ethyl acetate/hexane solution and was filtered through a pad of silica gel, 

which was then washed thoroughly with 20% ethyl acetate/hexane. The 

combined filtrate was concentrated and the crude product was purified by flash 

chromatography on silica gel with 25% ethyl acetate/hexane as eluant. The 

product was then recrystallized from hexane at – 20°. The gel obtained was 

centrifuged at – 20° and the solvent was decanted to afford 3.73 g (79%) of the 

product, mp 68.9–69.5°; IR ( CHCl3) 3350, 3010, 2930, 2850, 1736, 1510, 

1270, 1235, 1185 cm–1; 1H NMR ( CDCl3) δ 0.87 [m 6 H, (RCH3)2], 1.15–1.60 

[m, 24 H, ArOCH2CH2(CH2)7CH3, CHOCH(CH2)5CH3], 1.73 (quint), J = 6.8 Hz, 

2 H, ArOCH2CH2), 2.40 (d, J = 1.8 Hz, 1 H, ArCHOH), 3.0 (t, J = 3.0 Hz, 

ArCHOHCHOCH, 1 H), 3.12 (m, 1 H, ArCHOHCHOCH), 3.94 (t, J = 6.5 Hz, 2 

H, ArOCH2), 4.97 (s, 1 H, ArCHOH), 6.91 (d, J = 9.1 Hz, 2 H, ArH), 7.08 (d, 

J = 9.0 Hz, 2 H, ArH), 7.50 (d, J = 8.2 Hz, 2 H, ArH), 8.18 (d, J = 8.3 Hz, 2 H, 

ArH); 13C NMR δ 13.9, 14.0, 22.4, 22.6, 25.8, 26.0, 28.8, 29.3, 29.4, 29.5, 31.3, 

31.6, 31.9, 55.3, 61.0, 68.6, 70.7, 115.2, 115.3, 126.2, 129.5, 130.4, 144.4, 

145.6, 157.0, 165.2; mass spectrum m/z (percent) 510 (M+,0.49), 147.1 (92), 

133.1 (100). Anal. Calcd for C32H46O5: C, 75.42; H, 9.10. Found: C, 75.33; H, 

9.15.  

   

 

 

7.1.18. (R)-2-[1-(Phenyl)ethyl]propenol (Stoichiometric Kinetic Resolution 
of a 2-substituted Chiral Primary Allylic Alcohol) (416)  
To a cooled (–20°), stirred solution of titanium tetraisopropoxide (5.95 mL, 

20 mmol) in dry dichloromethane (200 mL) were added (R,R)-(+)-diisopropyl 

tartrate (5.616 g, 24 mmol) and (±)-2-[1-(phenyl)ethyl]propenol (3.22 g, 

20 mmol). The mixture was stirred for 10 minutes and treated with tert-butyl 

hydroperoxide (3.75 mL of a 3.73 M solution in dry dichloromethane, 14 mmol). 

The reaction was stored in a freezer (–20°) for 18 hours. Acetone (50 mL) was 

added at – 20° and the mixture was stirred for 5 minutes. Then water (6 mL) 
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was added and the reaction mixture was vigorously stirred at ambient 

temperature for 1 hour. The resulting slurry was filtered through a pad of Celite, 

washing with several portions of diethyl ether. The filtrate was concentrated to 

give an oil, which was dissolved in ether (50 mL) and treated with NaOH (15% 

in brine, 20 mL) for 30 minutes at 0° with vigorous stirring. The organic layer 

was washed with brine, dried ( MgSO4), and concentrated to give an oil, which 

was passed through a silica gel column to afford 700 mg (35%) of the product, 

+98.0° (c 3.20, EtOH) (>95% ee).  

   

 

 

7.1.19. (R)-N,N-Dimethyl(2-hydroxydecyl)amine (kinetic Resolution of 
Racemic β -Hydroxyamines) (21)  
To a mixture of (±)-N,N-dimethyl(2-hydroxydecyl)amine (404 mg, 2.01 mmol) 

and (R,R)-(+)-diisopropyl tartrate (2.43 mmol, 1.21 equiv) was added 

dichloromethane (20 mL) followed by titanium tetraisopropoxide (1.20 mL, 

4.09 mmol, 2.04 equiv). The mixture was stirred for 30 minutes at room 

temperature. After this aging period, the flask was cooled, while stirring, in a 

dry ice/ CCl4 bath (ca. – 20°). To this solution was added tert-butyl 

hydroperoxide (365 mL, 1.20 mmol, 3.29 M solution in toluene, 0.6 equiv). 

After stirring for 2 hours at – 20°, the reaction was quenched by adding diethyl 

ether (20 mL), water (0.8 mL), and a 40% NaOH solution (0.8 mL). This 

mixture was vigorously stirred for 4–5 hours at room temperature, yielding a 

gelatinous precipitate which was filtered through a pad of Celite. The 

precipitate was stirred vigorously in refluxing chloroform for 3 minutes before 

filtering it again through the Celite pad. The combined filtrates were 

concentrated to leave a pale yellow viscous oil, which was dried under high 

vacuum. This oil was triturated with n-hexane (20 mL). The clear supernatant 

solution was filtered and the filtrate was washed with n-hexane (20 mL). The 

filtered solid was the optically active N-oxide of dimethyl(2-hydroxydecyl)amine 

(233 mg, 54%). The hexane extracts were diluted with ether (5 mL), washed 

with water (~200 mL × 2), and dried over anhydrous Na2SO4. The solvent was 

evaporated to afford 144 mg, (36%) of the product as an oil, –3.58° (c 

1.65, EtOH) (91% ee).  
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7.1.20. (R)-Methyl p-Tolyl Sulfoxide (Asymmetric Oxidation of a Sulfide) 
(23)  
Titanium tetraisopropoxide (1.49 mL, 5 mmol) and (R,R)-(+)-diethyl tartrate 

(1.71 mL, 10 mmol) were dissolved at room temperature in dichloromethane 

(50 mL) under nitrogen. Water (90 mL, 5 mmol) was introduced via syringe. 

Stirring was maintained until the yellow solution became homogeneous (15–20 

minutes) and 0.7 g (5 mmol) of methyl p-tolyl sulfide was added. The solution 

was cooled to – 20° and tert-butyl hydroperoxide (2.75 mL, 2 M solution in 

dichloromethane, 5.5 mmol) was then introduced. After the reaction was 

completed (4 hours), water (0.9 mL, 10 equiv) was added dropwise via 

microsyringe to the solution at – 20°. The mixture was stirred vigorously for 1 

hour at – 20° and for 1 hour at room temperature. The white gel was filtered (a 

small amount of alumina added to the solution helps the filtration) and 

thoroughly washed with dichloromethane. The filtrate was kept in the presence 

of NaOH (5%) and brine for 1 hour and then separated. The organic phase 

was dried over Na2SO4 and concentrated to give the crude product, which did 

not contain sulfone. Chromatography (ethyl acetate, cyclohexane 1:1) of the 

crude product on silica gel afforded 0.70 g (80%) of the product, +132° (c 

2, acetone) (90% ee) (  +145.5° for enantiomerically pure R isomer). 
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8. Tabular Survey 

 

Asymmetric oxidations of allylic alcohols, amines, sulfides, and selenides are 

grouped in Tables I–XVII. Allylic alcohols are classified as nonchiral or chiral 

and are further subdivided according to their substitution patterns. Within each 

table, entries are in the order of increasing number of carbon atoms in the 

substrate, omitting the carbon atoms in nonreacting groups attached to the 

substrate through a heteroatom. The literature has been reviewed through 

April 1992. 

 

Reactions were carried out in dichloromethane using tert-butyl hydroperoxide 

as oxidant, titanium tetraisopropoxide as the titanium tetraalkoxide, and dialkyl 

tartrate as the chiral auxiliary unless noted otherwise. Workup conditions are 

not described. A dash in the Conditions column indicates that no conditions 

were given, and a dash in a Product column of the kinetic resolution tables 

means that the indicated product was not reported. The symbol (—) after a 

product means that no yield was reported. Optical rotations were measured 

with the Na D line in chloroform unless noted otherwise. 

 

The following abbreviations are used in the tables:  

Ac acetyl 

Aib α -aminoisobutyryl 

Ala alanyl 

Bn benzyl 

Boc benzyloxycarbonyl 

BOM benzyloxymethyl 

Bz benzoyl 

catalytic catalytic amounts of Ti(OPr-i)4 and DAT were 

used 

CUHP cumene hydroperoxide 

DAT dialkyl tartrate 

(–)-DAT (S,S)-(–)-DAT 

(+)-DAT (R,R)-(+)-DAT 

DBTA N,N¢-dibenzyltartramide 

DCHT dicyclohexyl tartrate 

DCDT dicyclododecyl tartrate 

DET diethyl tartrate 

DIPT diisopropyl tartrate 

DMT dimethyl tartrate 
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DNB 3,5-dinitrobenzoyl 

EE 1-ethoxyethyl 

MEM methoxyethoxymethyl 

MMTr m-methoxytrityl 

MOM methoxymethyl 

MPM p-methoxyphenylmethyl 

MS molecular sieves 

Nap naphthyl 

Nps naphthalenesulfonyl 

Phe phenylalanyl 

PNB p-nitrobenzoyl 

Pro prolyl 

Pyr pyridyl 

SEM (2-trimethylsilylethoxy)methoxy 

stoichiometric stoichiometric amounts of Ti(OPr-i)4 and DAT 

were used 

TBDMS tert-butyldimethylsilyl 

TBDPS tert-butyldiphenylsilyl 

TBHP tert-butyl hydroperoxide 

TES triethylsilyl 

THP tetrahydropyranyl 

TI titanium(IV) isopropoxide 

TIPS triisopropylsilyl 

TMS trimethylsilyl 

Tr trityl 

Ts p-toluenesulfonyl  
 

 

  

Table I. Asymmetric Epoxidation of Primary Allylic Alcohols  

 

View PDF  
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Table II. Asymmetric Epoxidation of Bisallylic Alcohols  

 

View PDF  
 

  

Table III. Asymmetric Epoxidation of Alkenylsilanols  

 

View PDF  
 

  

Table IV. Kinetic Resolution of Racemic Primary Allylic Alcohols  

 

View PDF  
 

  

Table V. Asymmetric Epoxidation of Homo-, Bishomo-, and 
Trishomoallylic Alcohols  

 

View PDF  
 

  

Table VI. Kinetic Resolution of Racemic Secondary Allylic Alcohols  

 

View PDF  
 

  

Table VII. Asymmetric Epoxidation of Chiral Secondary Allylic Alcohols  

 

View PDF  

����������������������������������������������������

� � � � � � � � � � � � � � � 




 

  

Table VIII. Epoxidation and Kinetic Resolution of meso-Secondary Allylic 
Alcohols  

 

View PDF  
 

  

Table IX. Kinetic Resolution of α -Hydroxy-Furans, -Thiophenes, and 
-Pyrroles  

 

View PDF  
 

  

Table X. Kinetic Resolution of α -Tosylaminofurans  

 

View PDF  
 

  

Table XI. Epoxidation of Allylic Alcohols with in situ Hydroxy 
Derivatization  

 

View PDF  
 

  

Table XII. Epoxidation of Allylic Alcohols with in situ Epoxide Opening  

 

View PDF  
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Table XIII. Asymmetric Oxidation of Sulfides and Disulfides  

 

View PDF  
 

  

Table XIV. Asymmetric Oxidation of β -Hydroxy Sulfides  

 

View PDF  
 

  

Table XV. Asymmetric Oxidation of Dithioacetals  

 

View PDF  
 

  

Table XVI. Kinetic Resolution of a Racemic Sulfide  

 

View PDF  
 

  

Table XVII. Asymmetric Oxidation of Selenides  

 

View PDF  
 

  

Table XVIII. Kinetic Resolution of β -Hydroxyamines  

 

View PDF  
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TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIc ALCOHOLS 

Conditions 

Substrate ‘1’1 (eq), DAT @q), MS Product(s) and Yield(s) (%) Refs. 

c3 
TI (0.05), (+)-DIPT (0.06), (65)90-92% ee 18,304 

e 
OH 5 ha ‘LOH 

TI (1.2), (+)-DIPT (1.4), 

O”,24 h 

” ( 15)b 73% ee 1 

mswOH o-. 
TI (I), (-)-DIPT (1.05), -23” TMS-OH (60) >95% ee 145,417, 

418 

0 
TI (0.03), (+)-DIPT (0.036), mS\1)\,OH (90) 99% ee, [a] -25.3” 419 

-20°, 3.5 d 

(+)-DET 

-7 

0 
TBDMS&OH (75) >98% ee, 

[a] -26.9” 

420 TBDMS-OH 

m=s~OH 

D 

Ph$i , 

+ 

OH 

D 

(+)-DET 

TI (l), (+)-DIPT (l-25), 

-20°, 16 h 

0 
TIPS&OH (70) 98% ee, 

[a] -12.7” 

D 
0 

Ph$i 

+ 

OH (96) 94% ee 

D 

D 

OH 

TI (l), (-)-DIPT (1.25), 

-20°, 16 h 

TIC1 ), (+)-DET Cl), 
-20°, 3 d 

Catalytic 

0,. (Ph$$i : 

UC 

OH (-) 92% ee 

D 

0 
LL OH (-) 88% ee 

” (-) 93% ee 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

421 

422 

422 

423 

424 

Substrate 

Conditions 

TI (eq>, DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

CD20Ac 

A 
OH 

-OH 

TIC (O.OS), (-)-DET (0. l), 

4 A, -40 to -20” 

0.. 

UC 

(47) >95% ee, 
OH [a] +10.62” 

TIC1 ), (-WET (0, ” (32) >94% ee, [a] +9.80d 

-30°, 40 h 

TI (0. l), (-)-DIPT (0.12) ” (-) 87% ee 

TI (1.4), (-)-dibutyl tartrate (1.6), ” (8 1) 91% ee 

SiO2, CaHa 

-, Stoichiometric 

TI (O.OQc, (+)-DET (O.l), 

4 A, -20°, overnight 

TI (O.OQc, (-)-DET (0. l), 

4 A, -20°, overnight 

TI (0.05), (+)-DIPT (0.06), 

3 A, -20°, 2 h 

‘1-1(l), (+I-Dim (0, 

-20°, 20 h 

(+)-DIPT, -20°, 24 h 

(+)-DET, (catalytic) 

TI (0.03x (+)-DIPT (0.06), 

-20 to -15”, 4.2 h 

(-) 90% ee 431 

(75) [a] -10.9” d 132 

(74) [a] +l 1.0” d 131 

&OH 
(70) 91% ee, [a] -50.1” 

” (58) [a] -49” e 432 

” (40) 95% ee, [a] -53.1” e 

” (-)>91%ee, [a]-35.8” 

” (91) 95% ee 

433-437 

438 

138 

131,425, 

426 

409,427, 

428 

429 

430 

18 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

I  

Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

y”* 
D 

D 

+ 
/ 

OH 

D 

13110WoH 

TI (l), (-)-DIPT (l), -23” 
0,. I aOH (45)>95%ee,[a]+55"e , 59,436, 

(-)-DET (catalytic), 3 A, -23” ” 90%ee 

TI (0.05), (+)-DIPT (0.06), 

4 A, -15’, overnight 

TI (0.05), (+)-DIPT (0.06), 

4 A, - 15O, overnight 

TI (0.05), (-)-DIPT (0.06), 

4 A, - 15”, overnight 

TI (0.05), (+)-DIPT (0.08), 

-20 to 0” 

(+)-DIPT 

(+)-DET (stoichiometric), 

-20°, 24 h 

(+)-DET (stoichiometric), 

TI (l.l), (-)-DET (l.l), 

-23O, 5 h 

OH (52) [a] -54" e 439 

D 
0 

+ 

OH (43) [a]-510~ 

D 

D 

OH (43) [a]+4goe 

D 

Bno&OH (85) 88% ee 224,440 

” (-) >95% ee 

” (84) 98% ee 

w (74) [a]-20.3" 

0,. 1 

BnO- 
OH (80) 98% ee 

[a] +21.8” 

437 

129 

439 

439 

441 

73, 161, 

162,171 

282,442 

85, 87, 

295,443 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq>, DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

MMTrO-OH (+)-DET 

(-)-DET 

OBn 

OH 
0- 

1-1 (0, (+)-DET (I), 
-20°, overnight 

TI ( 1 ), (--WET ( I), 
-20°, overnight 

TBDPSO- 
OH 

Me0 

MeOLoH 

Ts(Bn)N - 
OH 

Ph2P + 
OH 

6 

TI (0.14), (+)-DET (0.2), 

-20°, 3 d 

Stoichiometric 

TI( 11, (+I-DET ( 1 ), 
-23O, 20 h 

TI (1.3, (-)-DIPT (1.5), 

-20°, 2.5 h 

TI (1), (+)-DET (1.2), 
4 A, -16” 

MMTrO&OH (84) 97% ee 

0. 1 - 

MMTrO- 
OH (79) 93% ee 

/ 

a 

OBn 

\ 
1 O&()H ;zt;;ee 4459446 

/ 

a 

OBn 

I 0,. (86) >96% ee 445,446 
\ 

1 
owoH [a]+16.4" 

TBDpsO&OH (86) >95% ee 247 

[a] -15.3” d 

w (-)>95% ee, [a] -9.6" 438 

Me0 

Meo&OH I;; );;T; ;;u79 

0.. 1 
Ts(Bn)N - 

OH (91) 95% ee 

[a] +20” 

Ph2p&OH (76) 82% ee 

6 

98 

449 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

0 
NC&OH (81) 91% ee 106, 108 

0~. 
CzH502C -OH (85) 90% ee 

A OH (68) 92% ee 

BnOJ\OH (-)h 85%ee 

0 

BnO/G\OH (86) 89% ee 

[a] +25” 

9, >95% ee, [a] +25” 

450 

18 

18 

63,442 

451,73, 

353 

0 

p-Bc6H4 - O&\OH 

(73) 100% ee’, [a] -17.3”j 

62 

0 

kBK6H4 -0 d+,OH 62 

NC-OH TI (0.3), (+)-DIPT (0.37), 

4 A, 5”, 10 d 

C2H502C *OH TI (l), (-)-DIPT (1.2), 

3 A, -25O, 72 h 

\OH 

BnO---OH 

TI (0.05), (+)-DIPT (0.06) 

TI (Ol), (+)-DET (0.14), 

4 ii, -20°, 43 h 

TIC1 1, (-)-DIPT (11, 
-2O”, 40 h 

(-)-DET (stoichiometric) 

TI (0. l), (+)-DET (0.13), 

4 A, -2O”, 2 h 

TI (0. 1 ), (-)-DET (0.13), 

4 A, -20°, 2 h 
(86) [a] +14.7”; (71) 100% eei, [a] +17.4Q 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate ‘1’1 (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

0 

PhV O&LOH (92) Ph 04-,,OH 

Y 
Ph 

TI (1.2), (+)-DIPT (1.5), 

-20°, 18 h 
162 

I 
Ph 

[a] -17.6” 

0 

MMTfldL0I-l (78) 97% ee MMTrO,/--OH (+)-DET 

0 

MMTrO~=~OH (73) 94% ee 4.41 (-)-DET 

0 
TBDMSO&\OH (90) 98% ee 89 TBDMSO--m-OH (+)-DET, -25” 

0 

mDPSO&\OH (--) 75% ee 452,453 

[a]-4.40d 

TBDPSO---OH (+)-DET 

OAc 
/ OAc 

454 TI (0.2), (+)-DET (0.24), 

4 A, -16O, 6 d 

(65) 96% de 

OAc 

454 TI (0.2), (-)-DET (0.24), 

4 A, -16O, 6 d 

(79) 80% de, [a] -9.8" 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS ( Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

OAc OAc OAc OAc 

AEo~20*~~-~~~ A~:o~~o~~J- 

TI (O.l), (+)-DET, (0.2), 4 A (75) [a] -23.7” 454 

OAc OAc 

OH (+)-DET 

OH 

TI (Ol), (-)-DET, (0.2), 4 A (65) [a] -17.0” 454 

TBDMS OH (78) >98% ee 

[a] -24.9” 

420 

TI (0.048), (+)-DET (0.06), 

4 A, -20 to -15”, 1 h 
0 
LL 

(97) 86% ee 
OH 

455-457 

TI (0.048), (-)-DET (0.06), 

4 ii, -20 to -lS”, 1 h OH 
(97) 86% ee 

[a] +32” 

455-457 

- 
OH TI (l), (-)-DIPT (1.2), 

-23” 

0,. 
-OH (80) >95% ee 

[a] +32.1” 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

332 

Substrate 

Conditions 

‘1’1 (eq), DAT b-0, MS Product(s) and Yield(s) (%) Refs. 

-OH 

HC\ 
>C 

-OH 

BnOw OH (+)-DIF’T, 4 A 

kOl/l/kOH 

TBDPSOvOw OH 

Catalytic 

(+)-DIPT (catalytic), -25” 

(-)-DET, -28O, 12 h 

TI (I), (-)-DET (1.002), 

-25”, 12 h 

TI (0. l), (-)-DET (0.12), 

4 A, -2O”, 12 h 

(-)-DIPT, 4 A 

(+)-DET, -20°, 3 h 

(+)-DET (stoichiometric) 

TI (0.06), (+)-DIPT (0.08), 

4 A, -2O”, 20 h 

OH (40)b 95% ee 

” (56) ~91% ee, [a] -164” 

19 

244 

HC> 0.. 
’ C-OH (43) [a] -10.3” 101 

0 
BnOdOH (80) SO% ee 458 

[a]-33.3" 

0,. I BnOw I OH (80) 459 

[a] +29.76” 

” (89) 91% ee 460-462 

” (72) >90% ee, [a] +32.3” 458 

\/OAAA/ OH (72), 98% ee 463 

0 
TBDPSO -O&OH 

362,464 

(93) 97% ee, [a] -17.56” d 

” (85) >95% ee 221 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TrO- OH (+)-DET (stoichiometric) 
0 

TrO&OH (-9 >95% ee 438 

[a] -23.8” 

Me2 
Si 

,0- 
OH TI (1. l), (+)-DET (1.3), 

4 A, -23O, 18 h 

Me2 0 
Si,o&OH 

(-) 99% ee, [a] -28.5” 

465 

TI (1. l), (-)-DET (1.3), 

4 ii, -23O, 18 h 

Me2 0 
Si I - 

.o& OH 

(78) 96% ee, [a] +28.6” 

465 

6 
‘&OH 

MeoYoH 
Me0 

(-)-DIPT (catalytic)$ 

4 A, -20°, 22 h 

TI (l), (+)-DET (1.2), 

-20°, 20 h 

MeO+ OH (81) [a]-37.5"s 447 

Me0 

(-)-DIPT (stoichiometric), 

-20°, SiO2,2 d 

” (74-90) >95% ee 467 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI 60, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

BnoToH (-)-DET, 4 A, -20” 

BnO 

BnO 

TBDMSO&OH 
TI, (-)-DIPT 

BnOeOH (91) >97% ee 468 

Bn6 

BnO 

TBDMSOAOH TA de 

TI (0.05), (+)-DIPT (0.08), 

-23 to 0” 

(+)-DET, -23”, 2 d ” (74) 87% de, [a] -21.5” 

TBDMSO 
1 

-OH 

\OH 

TI (0.05), (-)-DIPT (0.08), 

-23 to 0” 

(-)-DIPT 

(-)-DET, -23”, 2 d 

TI (0.05), (+)-DET (0.07), 

-12” 

(+)-DIPT A\OH (60) 80% ee 

[a] -11.8” d 

60,469 

(+)-DIPT (stoichiometric) )( (42) [a]-3.0° k 210 

(83) 91% de 224 

+ 
0 

O&oH (73) 92% de 

” (-) 98% ee 

” (77) 95% de, [a] +38.6” 

TBDMSO 

AOH (8o) 

228 

1m2, 
73 

224 

162 

160,2, 

73 

243 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

BnO- koH 

(-)-DIPT, stoichiometric 

0 

-+,OH [a] +3.1°k 210 

(-)-DIPT, stoichiometric ” (67) [a] +8.1” 470 

(+)-DIPT, 4 A 

(-)-DIPT, 4 A 

MPMO- - 
OH (+)-DIPI’, -20°, 48 h 

TBDMSO---OH 
TI (1.06), (-)-DIPT (1.06), 

4 A, -30°, 64 h 

TI (l.lO), (-)-DET (1.13), 

4 ii, -30°, 4 d 

TBDPSO- - 
OH (-)-DET, -20” 

o- - 
OH 

d: 

(+)-DET (stoichiometric), 

-20°, 14 d 

TI (11, (+I-DET (11, 
-23O, 11 d 

BnoA\OH (88) 92% ee 

[a]-6.7" 
0 I \ 

458 

BnowL\OH (75) 92% ee 

[a] +8.5" 
458 

MpMoL\OH 92% ee 471 

[a] -9.02" 
0 I \ 

TBDMSOdoH ;zt7 8 1o 472 . 

” (95) 294 

0 

473 

o&\OH (55) >94% de 73 

A-- 

6 

” (57) 85% de 160 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

&OH 

B.0 &OH 

OH 

BnO’ 

YoH 

TIC1 ), (-WET (11, 
-23’, 1 I d 

TI (0.2), (+)-DET (0.28), 

-20” 

TI (0.05), (-)-DET (0.07), 

-23” 

(+)-DET (catalytic) 

(-)-DIPT, - 15” 

TI (l), (+)-DET (1.42), 

-20°, 14 h 

TIC I), (+I-DET (I), 
-2O”, 24 h 

TI(0.05)a, (+)-DIPT (0.075), 

4 A. -2OO. 0.5 h 

0 

O-=-‘\OH (-) 20% de 

A- 

6 

&OH ;;‘f,;yd” 

&OH (----) 

BnOA 
OH (--)80-90% ee 

BnoAOH (87) 90% ee 

[a] +22” 

0 

BnO 
!“- 

OH (80) 80% ee 

[a] -10.86” 

0 

Y- 

OH (55) >93% ee 

[a] -20.1” 

“ (90) [a] -18” 

160,73 

347 

242 

235 

263 

235 

474 

475,476 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TI (0.05), (-)-DIPT (0.075) 
I -. 

v 

OH (-) 90% ee 252 

TI( 1 ), (-)-dibutyl tartrate ( I), ” (25) 90% ee, [a] +17.1” 477 

OH 
(91) 96% ee 449 

(85) 92% ee 449 

(88) 95% ee 

[a] -25.9” 

18 

(56) 86% ee 478 

(79) 98% ee 426 

-20” 

TI( l), (+)-DET (1 .2), 

4 A, -16” 
Ph2P 

6 

‘W”r”o” 

OH FoH TI( l), (+)-DET (1.2), 

4 A, -16” 

Ph2P I 

6 

Ph2P / 

6 

c6 

0 

Lc OH 
TI (0.05), (+)-DET (0.06), 

3A,-12”, 11 h 

XA OH OH 
TI (0.65), (+)-DET (1.2) 

OTBDMS 
TI (0. l), (+)-DET (1.3), 

4 A, -20°, overnight &.OH 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

~‘1 (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

0 
&OH (85) 94% ee 

[a] -46.3” 
-OH TI (0.05), (+)-DET (0.06), 

4 ii, -2O”, 2.5 h 

TI (l.l), (+)-DET (l.l), 

-2OO. 14 h 

18,479 

” (90) 92% ee, [a] -44.6” 

TI (O.O3)f, (+)-DIPT, 

-20 to -15”, 3.5 h 

TI (l.l), (+)-DIPT (1.1 I), 

-2O”, 24 h 

” (86) 94% ee 

480-483, 

363 

138 

” (63.5) 93.5% ee, [a] -45” 484 

TI (l), (-)-DET (1) 
0. I - -OH (-) [a] +40.8” 363 

(-)-DET ” (63) >96% ee 482 

TI (0.05), (+)-DET (0.06), 

4 ii, -2O”, 2.5 h 

&OH (82) >95% ee 
[a] -32.7” 

485 

(+)-DET ” (64) 90% ee 336,483 

(-)-DET, -20” &OH (48) >90% ee 

(-)-DET ” (59) [a] +32.2” 

486 

487 

(+)-DET, -20” 

. 

n/ 

-0 /’ 
OH 

THPO 
(85) >95% ee 

[a] -15.2” 

488 

&OH 

THPO 
OH 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI 60, DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

OH 
BnO 

Ph 

ph ‘oNooH /t 

(-)-DET 

(+)-DET, -23” 

TBDPSOt 
OH (+)-DET (stoichiometric) 

Brk 
OH 

x 

O<OH 

(+)-DET 

TI (1.2), (-)-DIPT (1.2), 

4 A, -20°, 24 h 

(+)-DET (catalytic), -20” 

0 
OH 

(72) 489 

BnO (‘G, 
(0) 

0 

TBDPSO 
UOH 

(61) >95% ee, [a] -10.0” 

105 

438,490 

OH 
Br 

[a] -23.3” 491 

Y 

ocoH ;9$gg ee 4%493 

OH 
(92)m [a] -34” d 494 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

(-)-DET (stoichiometric), 

-20” 

Q 0 \ ‘I-1 (1.19), (+)-DIPT (1.59), 

6+i-oH 
-2O”, overnight 

TI (1.19), (-)-DET (1.59), 

-20°, overnight 

BnOw OH TI (ll), (+)-DET (l.l), 

-23O, 0.7 h 

TI (l.l), (-)-DET (ll), 

-23O, 0.7 h 

(75) [a] -22.5” 496 

OH 

(72) [a] +19.8” 496 

OH 

BnO OH (88) 90% de, 154, 158, 

[a] -27.7” 159 

I 0.. I BnO,/,/,, I OH (--) 90% de, 154, 158, 

[a] +32.4” 159 

BnOLOH (-)-DET (stoichiometric) BnO&OH (98) 80% de 497 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI W, DAT N-0, MS Product(s) and Yield(s) (%) Refs. 

BOMO&OH 

THPO &OH (+)-DIPT, -25” THPOAOH (--) 499 

TBDPSOAOH TI (0. I), (-)-DET (0.13), 

4 A, -20°, 32 h 

-OH 
OTBDMS 

(+)-DET 

(-)-DET 

TBDPSOAOH (96) 221 

>95% de 

yG%“” (90) 500 

OTBDMS 

+e (95) 500 

OTBDMS 

0 
OH 

BnO 3 
(-)-DET (stoichiometric), 

-20°, 18 h 

(-)-DET (stoichiometric), 

-20°, 3 h 

\OBn 

OH 
BnO 

(76) >98% de 330 

0 0.. I I 

r” 

OH (70) >98% de 330 

0 

\ 

OH 
TBDMSO / 

TI (1.4), (+)-DET (1.4), 

4 A, -2O”, 14 h 

OBn 

0 
0 

TBDMSO 

> 

OH (78)a 501 

[a] -22.4” 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

~‘1 W-0, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

0 

3 OH 
BnO / 

(+)-DIPT (stoichiometric), 

-2O”, 36 h 

73, 161, 

162,257 

161, 162, 

257 

161, 162 

161,162 

162 

(-)-DIPT (stoichiometric), 

-2O”, 36 h 

OH 
BnO 

(+)-DET (stoichiometric) 

BnO 
OH (73) 

>90% de 

(-)-DET (stoichiometric) 

Ph f-0 

PhACf+boH 
Ph I-0 - 

A 
! V.\ 

I 
Ph 0 

\ 

OH (84) 

[cc] +14.7” 

0 

TI (1.2), (-)-DIPT (1.5), 

-20” 

0 
-7 



BnO/\ 
OH 

I 
TBDPSO 

BocNH C02CH2C&OMe 

H 
OH 

-OH 

y-\/“” 
TBDPSO- \OH (-)-DET , -20” 

BnOT=-OH 

TI (l.l), (-)-DET (l.l), 

-23’, 5 h 

TI (l.l), (+)-DET (l.l), 

-23O, 18 h 

TI (1. I), (+)-DIPT (1.2), 

-20°, 3 d 

TI (l.l), (-)-DIPT (1.2), 

-20°, 3 d 

(+)-DET 

TI (l.l), (+)-DET (l.l), 

-23O, 24 h 

TI (l.l), (-)-DET (l.l), 

-23O, 24 h 

0,. I 
I 

BnOtoH I (60) 82% de 

TBDPSb [a] -1.2” 

0 

A 
HN 0 

I I 
(55-60) 502 

MeOCd-I&02 w I 
iI ! 

OH 

OH 

(56) 80% ee 

OH [a] +4.91”; 99% e@ 

[a] +5.69” 

OH (54) 66% ee, [a] -9.9” 8 

0 
TBDPSOd=\OH (88) 

89% ee 

85,87 

64,484 

64 

503 

Bnog\OH (79) 67% ee 154 

(0) 154 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI @q>, DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

(+)-DET (stoichiometric) 

TI (1), (+)-DMT (1.05), 
-20°, 16 h 

TI ( 1 ), (+)-DET ( I), -20” 

TI (0.05), (+)-DET (0.06), 

3 ii, -25O, 3 d 

TI (O.l), (+)-DET (O.l), 

4 ii, -23O, 2 h 

(-)-DMT, 3 A, -20” 

TI ( 1 ), (-)-DET ( I), -20” 

(+)-DET (stoichiometric) 0, OH 

TI (I), (+)-DIPT (1.26), 

-23” 

Bn;u\OH (-1 
I 

A- 
d 

OH (79) >95% ee 59 

” [a] -13.5” 

” (85) >98% ee 

” (91) >98% ee, [a] -21.3” 506,507 

OH (78) >98% ee 508 

” (-) [a] +14.3” 

OH 
(38) >95% ee 

[a] -23.92” 

(66) 34% de 

OH 

73 

504 

505 

504 

509 

510 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS product(s) and Yield(s) (%) Refs. 

TI (I), (+)-DIPT (1.26), 

-23” 
(64) 90% de 510 

510 

Bn? 

TI ( 1 ), (-)-DIPT ( 1.26), 

-23” 
” (71)a 80% de 

BnO OBn \ I \ I 

TI (l), (+)-DII’T (1.26), 

-23” 

OH 

(63) 510 

50% de 

TI (l), (-)-DIPT (1.26), -23” ” (65) 70% de 510 

EtYFiioH 
TI (0. l), (-)-DIPT (0.15), 

4 ii, -20°, 8 h 

BnO 

OH TI (0. l), (+)-DIPT (0.12), 

3 A, -15O, overnight 

OH (89) 80% ee 512 

[a] +15.3” 

BnO 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued,) 

Conditions 

Substrate ‘1’1 teq>, DAT (eq), MS product(s) and Yield(s) (%) Refs. 

yOH 
C 
III 
C 
H 

TBDMSoToH 

OH 

EEO 

D 

OH 

EEO 

(+)-DET, -20°, 4 h 

TI( 1.05), (-)-DET (1.57), 

-2O”, 17 h 

TI t I), (+I-DET (I), 
-20°, 24 h 

TI( l), (-)-DET (l&l), 

-20” 

TI (l), (+)-DET (1) 

HC\ 0 
>C 

P 

OH (80) [a] +11.36” 513 

+ 
OH (-) 60% ee 104 

C 
III 
C 
H 

TBDMSO+OH E+:,. 255 

. 

0 

3” 

OH (90) [a] -13.3” g 288,514 

EEO 

0,. I I 

T 

OH e-4 288 

EEO 

D 
0 

..y”‘- 

OH (83) 92% ee 288,514 

EEO 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

‘1’1 (eq), DAT (eqh MS Product(s) and Yield(s) (%) Refs. 

TBDMSO 

OH 

OH 

TI( l), (-)-DET (1.04), 

-20” 

D 

OH (82) [CY] +2.9” 288 

EEO 

(+)-DET (stoichiometric), 

-30°, 12 h 
TBDMSO 

(-)-DET (stoichiometric), 

-3O”, 12 h 
TBDMSO 

TI (l), (+)-DIPT (1.2), 

-SO”, 24 h 

TI (l), (-)-DIPT (1.2), 

-50°, 24 h 

TI (I), (-)-DET (1.2), ‘I 

-5O”, 24 h 

Bu-n 

OH 
TI (I), (+)-DET (1.2), 

-2O”, 24 h 

OH (98) 89% ee 515 

[a]-22O 

OH (98) 88% ee 515,89 

[a]+24" 

OH (54) 92% ee, [a] +18.2” 133 

(38) 93% ee, [a] -18.5” 133 

(53) 89% ee, [a] -17.9” 133 

Bu-n 
(67) [a]-6.20k 516 

OH 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

Bu-t 

& OH 

n-Bu 
*OH 

ye”” 

t-Bu 
-OH 

;C- 
OH 

MeC ’ 

TBDMSO/ OH 

MOMO-- - 
OH 

TIC (1.2), (+)-DET (1.5), 

-20” 

TIC (l.l), (+)-DET (l.l), 

S toichiometricC 

TI (1 )p, (+)-DET (1.2), 

-23O, 1 h 

(+)-DIPT 

TI (1.2), (+)-DET (1.5), 

-20” 

TI (0.075), (+)-DET (0.1 l), 

4 A, 0 to 23O, overnight 

TI (0. l), (-)-DET (0.15), 

4 A, -4O”, 8 h 

(+)-DIPT, -23” 

Bu-t 
0 
PL OH 

(42) 85% ee 57 

” (79)O 72% ee 180 

n-Bu&OH (90) >%% ee 298,299 

[a]-49.9" e 

(( (76)95% ee, [a]-29.7" 140 

e0I-I (W)W%ee 517 

0 
t-Bu&OH (52) >95% ee 57 

;cA 
OH (74) [a]-20.3"j 518 

MeC ’ 

0. I - TBDMSOr, I OH 350 

(85) 97% ee 

0 

MOMO-- 
&OH 

(57)96%ee, [a]-24.7" 

519 



TABLE I. ASYMMETRIC EP~XIDATI~N OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq>, DAT (q>, MS Product(s) and Yield(s) (%) Refs. 

BnO&OH TI (0.2), (-)-DET (0.26), 

4 A, O”, 8 h 
Bno,)(&,OH (85) 92% ee 

[a] +8.38” 

OH (+)-DET, -23” “YOXOH 105 

Ph’ 

(-)-DET (stoichiometric), 

-45” 

AcO 

(+)-DET, MS 

(-)-DET, MS 

OTBDPS 
I 

-OH (+)-DIPT, -30” 
I 

(-)-DET, MS, -20°, 24 h 

/’ ’ N 

Ph (75) 99% ee, [a] -16.8” 

: 0.. 
I 

-OH (74) I 

AcO 

IOH (77) 

AcO 

IOH (83) 

OTBDPS 

‘AOH (89) 90% de 

OTBDPS I 1 0,. I -OH I (88) 88% de 

520,521 

522,523 

524 

525 

526 

527 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY &LYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

0 k 
0 

BnO-- 
i:c, OI/ OH 

I-i 

TBDPSO 

BnO 

Ts(Bn)N QoH 

Bni> 

TI (1.2), (+)-DIPT (1.5), 

-23’, overnight 

(+)-DET (stoichiometric), 

-20°, 3 h 

TI (1.2), (+)-DET (1.5), 

-20” 

TI (1.2), (-)-DIPT (1.5), 

-20°, 21 h 

,OBn 

BnO 7 OH 

BnO 

TI (1.2), (-)-DET (1.5), 

-20°, 16 h 

BnO- - 
k 

0 WY” 528 

0 ’ OH 

iI 

[a] +43” 

TBDPSO 

A CL 0 :C&OH @3) 346 

BnO 

Ts(Bn)N aoH 98 I 
Bnb 

(-) >99.5% de 

BnO 

Ts(Bn)N QoH 

Bnb 
(93) >99.4% de 

98 

Bno(oH ;;T13.60g 8687 

BnO 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

0 0 

++ 

0 
/ 

OH (-)-DET 

CL 
0 

(+)-DET 

&=-OH (+)-DET 

t-B/ k 
OH TI (I .2), (+)-DET (1 S), 

-20” 

/OH 
TMS 

TI (0.23), (+)-DET (0.3), 

4 A, 4’, 15 h 

BnO- “Y/ 
OH (+)-DET 

TIC I), (-WET ( 1 ), 
-20°, 48 h 

MeO2C w-\-OH ‘1-1 (11, (+I-DET (I), 
-20°, 8 h 

0 0 

++ 

0 : 0 
OH (89) 

b\ 
0 

(0) 

)&+\OH (80) 95% ee 
[a] -5.2” 

r-B& 
OH (77) 25% ee 

+LoH yl$ee 

TMS 

BnO 
OH c--d 

0 

Bnow+,OH (-) 

(73) 86% ee, [a] +1.55” 

0 
Me02C &\OH 

(57) 94% ee, [a] -2.5” 

529 

529 

530 

57 

111 

531 

532 

354.355 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate ‘1’1 (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

OH 

TBDMSODoH 

H 
C 
III 
C 

TMSc’C,&OH 

TI (0.24), (+)-DET (0.34), 

3 A, -15”, overnighta 

TI (0.05), (+)-DET (0.075), 

-12” 
OH (77) 93% ee, [a] -22.8” 18 

(+)-DET ” (4 534 

(-)-DET, -40” 

TI (0.75), (-)-DET (1 ), 

-20°, 12 h 

Catalytic, (-)-DET, 

do, 36 h 

OH (70) 92% ee, [a] +22.4” 535,536 

TBDMSOooH 
(88)93% ee, [a] +10.7" 

H 
C 
III 
C 

TMSc+&OH 
(83) 93% ee 

533 

490 

537 

n-Bu XOH (+)-DET n-Bu OH (91) 538 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

BnO&OH TI (l), (+)-DET (1.05), 

-25’, overnight 
BnO &OH (93) 99% de 

[a] -14.03” 

173,174 

TBDMsoTH 

TI (0.045), (+)-DET (0.065), TBDMSO (94) 50% de 539 

3 ii, -20°, 10 h 

TBDPSO&OH 

OH 

TI ( I), (-)-DET (1.2), 

-2O”, overnight 

TI (l), (-)-DIF’T (1.2), 

-50°, 24 h 

TBDPSOAOH (97) 540,459 

[a] +17.33” 

(80)96% de, [a]+46.0" 133 

‘1’1 (I), (+bDIf”T’ ( I), 
-23O, 72 h 

(80) [a] -10.8” 541 

feH11 
-OH 

TI (0.05), (+)-DET (O.OQ, rz-C~H11 &OH (75) 95% ee 250,25 1 

-20 to 0” 

TIP (I), (+)-DET (1.2), -40” 

Stoichiometric 

w (76)95% ee, [a]-29.7" 542 

(t >95% ee, [a] -35.6" 282,438 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

‘1’1 WI), DAT @I), MS Product(s) and Yield(s) (%) Refs. 

,\OH 

\OH 

\/g- 
OH 

Ti (0.03x (+)-DIPT, 

-20 to -15”, 9 h 

TI (l), (+)-DIF’T (1.04), -23” 

(+)-DIPT 

” (76) 98% ee 138 

” (51) 90% ee 222 

” (89) 98% ee 311 

TI (I), (-)-DIPT (1.04), -23” 
0,. n-CsHi 1 *OH (51) 80% ee 222 

TI (l), (+)-DET (1) 
0 

0 OH (80) >95% ee 59 

(+)-DET (0.2), -20°, 5 h >OH (83) >98% ee 543 

TI (0.05), (-)-DET (0.06), 

4A,-20",4 h 

> OH (90) [a] +16.27” 227 

(+)-DIPT OH (82) 544 

(+)-DIPT, -20°, 18 h 

Ti (O.O3)f, (+)-DIPT, 

-20 to -15O, 8 h 

” (82) [a] -17.8” 138 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

D 

Nc/ OH 

MPMOV 
OH 

THPO\OH 

OY 
/ 

OH 

TI (1.9), (+)-DET (1.94), 

-30°, 5 h 

TI (1.9), (-)-DET (1.94), 

-3O”, 5 h 

(+)-DIPT 

(-)-DIPT 

(+)-DET, 4 A 

TI (0.1 1), (+)-DIPT (0.14), 

3 A, -40 to -5” 

TI (1.13), (+)-DIPT (1.2 5), 
-3O”, 6 h 

-CL 0 
D 

-% 

+ 

OH (55) >97% ee 546 

D 

-CL 0 
D 

cc ; ‘- 

+ 

OH (55) >97% ee 546 

D 

0 
NC> OH (72) 96% ee 107 

q-. 
I 

MPMOI 
OH (-) 225 

THpocOH (69) 95% ee 129 

OH 
(85) 93% ee 80 

” (70) 93% ee, [a] -13.4” 80 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

~‘1 (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

NC&OH 

TI (1.13), (-)-DIPT (1.25), 

-30°, 6 h 

TI (0.3), (+)-DET (0.3), 

4 A, -8” 

OH (+)-DET, -23” 

Bno\oH 

(+)-DET (stoichiometric), 

3 pi, -20°, 2 h 

OH 
(+)-DET (stoichiometric), 

3 A, -20” 

TI (0. I I), (-)-DIPT (0.14), 

3 A, -40 to -5” 

0. I - I 

01 

OH 
(73) 93% ee 

K 

[a] +I3.2” 

” (70) 91% ee, [a] +13.2” 

NC&OH (-) >94% ee 

Ph 0 
0 -- I 

J- 

t 

\t 
OH 

N 

(66) 99% ee, [a] -11.1” 

0 

Bnrr 
OH 

I 
(88) >95% ee 

[a] -16.5” 

OH 
(88) [a] -25.0” 

80 

80 

547,548 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCoHoLs (Continued) 

Conditions 
Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TI (1. l), (+)-DIPT (1.3), 

-25’, 48 h 

TI (1. I), (-)-DIPT (1.3), 

-25O, 48 h 

/ 

++ 

OH 
0 

0 

TI (l), (-)-DET (2.0), 
-20” 

TI (1.2), (+)-DIPT (1.5), 

-23O, overnight 

u 0 

m 0-Y 

MeO’I 
H 

(95) 60% de, [a] +108.8” 

NA-- 0 

550 

550 

(93), [a] +116.9”j 

OH (70) 95% de 157,520 

(66)” [a] -90” 

OH 

148 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate ~‘1 (q), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

.,,--COH 

ii 

BnO 
OH 

OMOM 

Ph.xroH 

BnO 

(-)-DIRT, -23O, 8 d 

TI (l.l), (+)-DET (l.l), 

-20°, overnight 

(+)-DET (stoichiometric), 

-23” 

(-)-DET (stoichiometric), 

-23” 

TI (X6), (+)-DET (5), 

-20” 

VW7 148 

OH 

-0TBDMS 

BnOIoH &jde 123 

OMOM 

BnO OH G-4 123 

50% de 
OMOM 

Ph.,yOb,.0SiEt3 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

1’1 (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

phNg--@--oH y;i%de 348 

BnO 

TI (3.6), (-)-DET (5), 

-20” 

ph~~----oH @8;%de 348 TI (3.6), (+)-DET (5), 

-20” 

phN~--+-oH (Jz%de 348 TI (3.6), (-)-DET (5), 

-20” 

0. I - I 
BnOl 

OH 
I I BnOH 

OH 

TBDPS6 
I 

~TBDMS 

HO. . 

BnO” 
OH 

OBn 

TI (l.l), (-)-DET (l.l), 

-23” 85 

TBDPSO OTBDMS 

HoN * /‘OTBDPS 

Bno,,+&,OH (--’ 164 
(-)-DET 

OBn 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate 1’1 (eq), DAT (q), MS Product(s) and Yield(s) (%) Refs. 

.OTBDMS . .OTBDMS , 

552 

H (86) 100% de, [a] +62.5” 

TI (I), (+)-DIPT (l.l), 

-25’,36 h 

OANAO 
H 

552 

(80) >92% de, [a] +57.5” 

TI (l), (-)-DIPT (l.l), 

-25O,48 h 

yt c5H9&,0H (62) 74.6% ee 
[a]-5.42” 

0 
It C,H,/s\OH (78) 90 ee 

[a]+4.3” 

)( (78) 

553 

554 

555,556 

TI (0. l), (+)-DET (0.13), 

4&-25”,40 h n-C5H/ - 
OH 

TI (I), (-)-DET (ll), 

-20” 

TI (1), (-)-DET (1.2), -20” 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TI (I), (+)-DIPT (l.l), 

-29’, 65 h 

\OH OH (75) 88% ee 220 

[a] -6.4” ,- 

(77) 88% ee 220 

[a] +6.5” ,- 

(78) >94% ee 284,285 

[a] -3.5 1” 

(76) 92% ee 518 

[a] - 10.24” 

0 I \ I \ 
\OH TI (I), (-)-DIPT (1.1 j, 

-29O, 65 h 

TI (1), (+)-DET (1.2), 

-20°, 6 d 
OH 

m-\OH TI (l), (+)-DET (l.l), 

-20°, 40 h 
OH 

0 

-OH (73) 95% ee TI (I), (+)-DET (1. l), 

-25’ 

TI (l), (-)-DET (l-l), 
-25” 

116 

(82) 95% ee 116 

(+)-DIPT 

[a] +12.5” 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

-OH 
TI (I), (+)-DET (l.l), 

-25” OH 
(30) 95% ee 116 

TI (l), (-)-DET (l.l), 

-25” 
(30) 95% ee 116 

\OH 

OH OH (60)” (+)-DET, -20°, 3 1 d 557 

(+)-DIPT (stoichiometric), -23” (0) 

(-)-DIPT (stoichiometric), -23” (0) 

148 

148 

BnO 

@-- 

OH 

I 0 
I 

OH 

(70)” [a] -143” 558 (-)-DET, - 10” 

bEt 6Et 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 
Conditions 

TI W, DAT W, MS Product(s) and Yield(s) (%) Refs. 

TI (1.10). (+)-DET (1.1 I), 
-25’, 3.5 h 

SOH ;;)9$%: 561 
. 

K o;oH (-) [a] -10.60s 240 

TI (1.4), (-)-DIPT (1.5), 
-30°, 2.5 h 

K 

‘WOH 

(+)-DET 

(-)-DET (stoichiometric) 

TMS 

n-C5h 1 OH 
(81) 

n-C5H1 l XOH 
(+)-DET 538 

AOH (-4 563,564 
AOH 

‘-1-1 (11, C-WET (11, 
-20°, overnight 

OH c-4 565 OH (-)-DET (-) 95% de 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 
Conditions 

TI (eq>, DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

TBDMSO TBDMSO 

OH 
(+)-DET 

OH 
(-) 95% de 88 

Bu-t Bu-t 

OH (43) 60% ee 57 OH TIC (1.2), (+)-DET (1.5), 
-20” 

OH (80) 82% ee 566 
[a] -16.1” 3”“’ 

TBDPSo-T-oH 

( +)-DET (catalytic), 
4 A, -25O, 2 h 

(+)-DIR (catalytic) 

(-) 86% ee, [a] -2.6” ’ 

0 0 

HN 

Y A 
I 

0 N 
! 0 

3- 

OH 
0 

(75) 100% de 568 
[a] -5” g 

. \ . . 

b 
‘0 

-f-- 

I 
OH TI (1. I), (+)-DIPT (1.3), 

-25” ,5 d 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (es), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TI (1. I), (-)-DIPT (1.3), 

-25O, 5 d 
Me I 

OYN ( 
TJ 

Y) 
N I I 

8 oA/koH 

. . . v  

6 
“0 

-f 

OH 

TI (1. I), (+)-DIPT (1.3), 

-25” 

I I 
Me Me 

TI (l.l), (+)-DIPT (1.3), 

-25O, 5 d 

TI (1. l), (-)-DIPT (1.3), 

-25”, 5 d 

TI (1. l), (-)-DIPT (1.3), 

-25” 

” 100% de, [a ] -2” g 

Me 
I 

568 

OH (70) 100% de 568 

[a] -17.5” g 

” 100% de, [a] -15”s 568 

OH 

(73) 100% de 568 

[a] -62.5” g 

” 100% de, [a] -67.5” g 568 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

OH 

MeHN k x ‘Me 
0 

OH 

TI (1. l), (+)-DIPT (1.3), 

-25” 

TI (1. l), (-)-DIPT (1.3), 

-25” 

TI (I), (-)-DET (1.2), 

-50°, 24 h 

TI (l), (+)-DET (1.2), 

-50°, 48 h 

TI (1 ), (-)-DET (1.2), 

-50°, 48 h 

OH 

(50) 100% de 

[a] -50” g 

568 

” 100% de, [a] -60°g 568 

(70) 93% ee, [a] +36.9” 133 

(80) 89% ee 134 

0 

r%. 

OH 
/ 

(73) 89% ee, [a] +101.4” 133,134 
-- 



TABLE I. ASYMMETRIC EP~XIDATI~N OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

(+)-Tartrate (87) 97% ee 569 

1 

570 

571 

572 

OH TI (l), (+)-DET (l), -23” OH (81) >95% ee 

(49) [a] -30.7” TI (0.51), (+)-DET (0.77), 

4 A, -20°, 3 h 

OH 
TI (I), (+)-DET (1.2), 

OH 
(95) ~80% de 

-23O, 5.5 h 
WOMPM 

H / 
H 

p-MeOC6& /\0= $. racemic (+)-DETC, -23O, 5.5 h 

OH 

/ 
H 

p-MeOC&4 /\0= 

8. 

+ 
0 

OH 

(47) [a) -243” d / 
H J? I 

p-MeOC& A0 ’ f3 
“LOH 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate 1’1 (eq>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

(96) 87% de, [a] -10.4” TI (O.Z), (-)-DET (0.38), 

4 A, -20°, 5 h 

573 

OH 

0 
n-C6&3 &OH (-)[a]-38.9” 574 

0. 
n-C6Hl3 AOH (-) [a] +38.7” 574 

OH (82) 

96% ee 

575,576 

0,. I 
I 

Me02C g 
OH 

(69) [a] -1.5” 

577 

o/oH (82) 90% ee 578 

(96) >93% ee 579 

n-C6h3 1-1 t 0, (+)-DET (I), 
-loo, 24 h 

1-1 t 0, (--NET (I), 
-loo, 24 h 

TI (0.52), (+)-DIPT (0.62), 

-2O”, 3d 

(-)-DET (stoichiometric) 

1 OH 

Me02C fl 
OH 

o;oH (-)-DIPT, -20” 

TI (0. I), (-)-DIPT, 

4 A, -25” 

aOH 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

Ph 
-OH 

(+)-DET (catalytic) 

TI (0.05), (+)-DIPT (0.075), 

4 pi, -20°, 3h 

0 
Ph&OH (55) 93% ee 479 

” (89) >98% ee, [a] -49.6” 224,438 

Stoichiometric 

TI (l),P (+)-DET (1.2), 

-23O, 0.75 h 

TI (l), (+)-DET (1.2), 

-23’, 1.2 h 

” (36) >98% ee, [a] -10.7” 282 

” (54) 89% ee, [a] -49.5” 140 

” (44) 95% ee, [a] -51.7” 140 

‘1-1 C9, 
0,. 

PhhOH (-) 65% ee 130 

(+)-NJ’-dibenzyl tartramide (1) 

m-MeOCadwOH 

m-BOMOC&wOH 

P’02NC6H4 -OH 

p-BrC6H4 -OH 

TI (l), (-)-DIPT (0.075) ” (-) >98% ee 252 

0 
TI (0.05), (+)-DIPT (0.075), m-MeOC& &OH (91) 94% ee 580 

4 A, -30°, 7 h [a]-66.8°d 
0. 

(-)-DIF’T, 4 A, -30” m-BOMOChHd ++,OH (-) 96% ee 129 

0 
TI (0.05), (+)-DIPT (0.075), p-O2NC&l4 &OH (89) >98% eei 18 

4 A, -2O”, 2 h [a]-37.4" 

0 
TI (0.05), (+)-DET (0.075), 

4 pi, -20°, 0.75 h 

p-BrC6H4&OH (69) >98% eei 18 

[a] -35.2 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate ~‘1 (eq), DAT @q>, MS Product(s) and Yield(s) (%) Refs. 

BrrOH 

/OH 

v OH 

(v-OH 
0 b 
X 

BnOnOH 
‘\ ’ 

0 

TBDMSO 
! H 

(+)-DET, -20°, 4 h 

TIC1 1, (--)-Dim ( l), 
-20°, 18 h 

TI (l), (+)-DET (I), -20” 

TIC 11, (+I-Dim ( 11, 
-20°, 7 h 

TI (ll), (+)-DET (l.l), 

-23” 

TI (0.2), (+)-DET (0.26), 

4A,O 41, 12h 

TI (0. l), (+)-DET (0.15), 

481 

BrroH (-4 513 

+OH (85) [a] +22" 581-583 

\OH (85) 90% ee 584 

OH (88) [a]-28.5" 585 

(78) 90% de 

[aJ -44.0" 
154 

BnOOOH eKode 521 . I 

TBDMSO 
0 yl, OH 

(78) 68% de 349 



TABLE I. ASYMMETRIC EPoXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (q), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

BnokoH 
TBDPSO 

TBDPSO 

BnO 

I-:I 

OH 
/ 

dl 

TMS 

TI (O.l), (-)-DET (0.15) 

(-)-DET, -2O”, 15 h 

TI (0. l), (+)-DET (0.15), 

4A 

TI (0. l), (-)-DET (0.15), 

4A 

TI (l), (-)-DET (1.2), 

4 ii, -25” 

TBDMSO 
:H 0. 

:‘:92) 90% de 349 

BnO:OH (-) 586 

TBDPSO 

TBDPSO 

3oI-I (80) 62% de 349 

TBDPSO 

&&OH g;7de 349 

(89) 90% de 587 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DA’T’ (eq>, MS Product(s) and Yield(s) (%) Refs. 

BnO 

OH 

dl 

Me0 

MeO- - 

OH 

BnO---OH 

TI (l), (-)-DET (1.2), 

4 A, -25” 

TI (l), (-)-DET (1.2), 

4 A, -25” 

587 

587 

587 

OH 

319 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eqh DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TMSO I 

OH TI (0.15) (-)-DET (0.2), 

4 ii, -20°, 14 h 

OBn 

(+)-DET 

OH 

n-C6H13 

\OH (-)-DET 

Ph’-- 
OH TI (l), (+)-DET (1.2), 1.2 h 

(-)-DET 

TI (l)p, (+)-DET 

(1.2), 48 h 

OH (89) 588 

OBn 

c-1 589 

OH 

OBn 

e-3 589 

OH 

0 

y1 C6H13 ,GbOH e-1 590 

Ph A 
OH (56) 85% ee, [a] -50” 140- 142, 

2,313, 

352 

” (50) 85% ee, [a ] -30” 140 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate ~‘1 (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

p-O*NC& ‘--l/ 
OH 

TBDMSo/OH 

(+)-DET , -2O”, 7 d 

TI (l), (+)-DET (l.l), 

-25O, 40 h 

1-1 (11, (+I-DET (I), 
-2O”, overnight 

(+)-DMT 

1-1 (0, (--WET (I), 
-2O”, overnight 

(-)-DET (l), -23” 

TI (1.2), (-)-DET (1.9), 

-20°, 2 d 

(+)-DET 

(-)-DET 

P-02NC6H4 /&,,OH (85) 95% ee 591 
[a]-98.3" 

]LOH (76) 592 

$OH (64)>9O%ee 217 

[a] -12.2” 

” (90) >95% ee 593 

:OfI (59)>91%ee 217 

[a] +12.6” 

TBDMSouOH (92) 594 

TBDMSO..- 

” (-) 20% de 172 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

~‘1 (q), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

VOTHP ~~THP 

OH 

595 

595 

TI (0. l), (+)-DIET (0.15), 

4 A, -2O”, 2.5 h 
&OH 

(95) TI (0. l), (-)-DIPT (0.15), 

4 A, -20°, 2.5 h 

TBDMSO TBDMSO TBDMSO 

OH 
(+)-DET doH+xoH 88 

(-) 95% ee (-) 95% ee 

TI(2), (+I-DET (3, 
-20°, overnight 

MeC -. 
;c 

OH (84) [a] -9.8” 227 
OH 

MeC -. 
>C 

(-)-DET, -20” 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

-cx 0 
Catalytic (+)-DET, -20°, 4 h :C&OH (80) SW-W% ee 513 

I 
[a] +3.96” 

-T--OH (--) 

(+)-Tar&ate 597 

(70) 94% ee, [a] +37.3” 133 

(96) 91% ee, [a] +26.2” 133 

0 

MeO$ IO” 
OH 

(29) 78% ee 598 

TI (l), (-)-DET (1.2), 

-50°, 24 h 

TI (I), (-)-DET (1.2), 

-5O”, 48 h 

OH 

+ (31) 70% ee 

MeOzC “ 

TIC 11, (+)-DET ( I), 
-2O”, 24 h 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

‘1’1 W, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

& / OH 

0 

GO 

OH 

n-C7H15 
-OH 

F 

OH 

OH 
MeOzC qq++ 

3 

(+)-DET, -23” 

(+)-DAT 

TI (0.05), (+)-DET (0.075), 

4 A, -23O, 2.5 h 

TI (l), (+)-DII=I’ (1.2), 

4 A, -38’, 72 h 

(+)-DET 

TIC1 1, (+I-DET ( 11, 
-23’, 2.5 h 

TI (0.05), (+)-DET (0.06), 

-20°, 2.5 h 

OH 

(-) >90% ee 

[a] -2.56” 

Ph 

0 
LL./ OH 

(60) 80% ee, [a] -26” 

0 
n-C7H15 &OH (99) 96% ee 

[a] -36.5” 

F 

OH (81) 8O% ee 

MeOzC xoH 

(69) 93% ee, [a] -15.5” 

/OH 
(74) 93% ee, [a] -35.4” 

” (86) [a] -32.2” 227 

599 

18 

601,602 

91 

603 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

+ 

Ph- 
OH 

(-)-DET 

I-1 (O.l), (+)-DIPT (0.15), 
-20°, 34 h 

(+)-DET 

(-)-DET 

(+)-DET 

+ (91) 359 

0 
p-MeCd$&OH (62) >98% ee 300 

[a] -36.65” 

p-MeOc&o(CH& &OH 604 

(87) >97% ee 

09. 
p-MeOC&@(ck?2)7 -OH 604 

(74) >97% ee 

p&bkoH (-) >95% ee 605 

(+)-DET AoAOH (92) 114 
[a] -35.23” 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

TI (0, (-NET Cl), 
-2O”, 18 h 

CL \ OH , / 
iI 

TI (3), (+)-DET (3.5), 

-3O”, 15 h 

TI (3), (-)-DET (3.5), 

-30°, 15 h 

Eto2cx- (-)-DIPT ,4 A, -20” 

TBDPSO OH 

(6QM [a] +28.0” 256 

I 
CL \ 0 

OH 
(73) 97% de 

[a] +293.5” d 

Ii 

OH 
(71) 96% de 

[a] +238.3” d 

606 

606 

607 

TI (2j, (+)-DIPT (2.4), 

-2O”, 6 h TBDPSO 
+ 

111 o,bOH (70) ‘18 I 
H I 

OH 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

OBn 

,.,-OH 

H 

OH 

OH 

(+)-DET ,4 A m;;;;oH (88) 608 

OBn 

(+)-DET ...kOH (-) 164 

iI 

0 i( 
0 

TI (1.37), (+)-DIRT (1.52), x 0-- 1 0 147, 149 
-23O, 5 d : 0 

0’. OH 
0 I I 

(63) 67% de, [a] -58”j 

TI (1.45), (+)-DIPT (1.6), 
-23”, 4 d 

0 i( 

0-- 
0 

x j 0 
o= OH 

0 

0 

(80) 60% de 

147, 149 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

OH 

OBn 

OMe 

n-C7H15 
\OH 

TI (1.45), (-)-DIPT (1.6), 

-23”, 4 d 

(+)-DET, -30°, 6 h 

TIW, (+I-DE’T’ (3, 
-3O”, 3 h 

TI (0. l), (+)-DET (0.14), 

4 ii, -lo”, 29 h 

(+)-DIPT, 4 A, -20°, 29 h 

TI (0. I), (-)-DET (0.14), 

4 A, -20°, 3 d 

147 

OH 

(61) [a] -65” \ 

Bn;;oH 163,166 

OBn (90) 96% de, [a] +25.8” 

OMe 

609 

n-C,Hlr &OH 
(74) 86%, ee 18 
[a] -4.8" 

” (74) 86% ee 610 

0 , \ 
yt c7H15/Ly,0H (92) 84%, ee 18 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI kq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

\OH TI (1.2), (+)-DET (1.4), 

-20°, 18 h 

Ph ,/-,/OH (-)-Tartrate 

TBDMso~=\OH (+)-DET, -15” 

0 
Ph,/+,OH (83) 91% ee 145 

[a]-8.40°S 

TBDMso~>OH 612 

TIC 1 h (+I-DET ( 1 ), 
-2O”, overnight LOH (70) 

94 

OH TI (0.05), (+)-DIPT (0.075), Ph OH 
4 A, -35O, 2 h 

(79) >98% ee 18 
[a] -16.9”j 

TI (l), (+)-DET (l), -23” AcocoH (70) 1 
95% ee 

TI (11, (--WET (11, 
- 15O, overnight 

AcocOH 94 

(50) [a]+5.86" 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

;ToH 
Qi \ I 

0 

\ 

TssoH 

BzoZOH 

TIC1 1, (--)-DIP’I’ ( 11, 
-20°, 14 h 

(-)-DIPT, 4 A 

(-)-DMT (catalytic), 

3 A, -23O, 12 h 

(-)-DMT (catalytic), 

3 ii, -23’, 18 h 

TI (l), (-)-DET (I), -20” 

TI (0.05), (+)-DIPT (0.07), 

4 A, -23O, 3.5 h 

TI (0.05), (+)-DIPT (0.073), 

3 A, -lo”, 3.5 h 

” (79) [a] +13.2” 83 

” (75) 90% ee 75 

” (-) 92% ee 76 

TBDPSOsOH 76 

(92) 

AAOH 

I 

-0 (72) >95% ee, [cc] +15.8” 

u \ 0 

215,216 

TssOH 613 

(89) >98% ee, [cc] -3.56” d 

Bno+p&f+QH 357 
(83) >95% ee, [a] -5.77” 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (q), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

&n&OH (+)-DET 

IOH (-)-DET, -23” 

BOMOLOH dz TI (I), (+)-DIFT (1.2), -23” 

* O*C! TI (l.l), (+)-DIPT (l-l), 

Y 
0 

-2O”, overnight 

TI (ll), (-)-DIR (l.l), 

-20°, overnight 

rOH (-) 614 

MOH (-)80%de 615 

BOMOIOH 332 

(94)” 96% de 

+ BOMOdOH 

96% de 

616 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq>, DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

BoH 

IQ-OH 

TI (0.05), (+)-DET (0.074), 

3 A, -zoo, 0.75 h 

TI (1), (+)-DET (I), -20” 

TI (O.O3y, (+)-DET, 

-20 to - lS*, 7.5 h 

TI (O.O3)f, (+)-DET, 

-20 to -15*, 9 h 

” (77) 95% ee 

” (79) 98% ee 

1, 234, 

617,618 

138 

” (72) 96% ee 138 

TI (1 r, (+)-DET, -4O*, 1.5 h ” (77) [a] -5.4” 141 

(-)-DIPT, -20” i0I-I (98) 88%ee 619 

TI (I), (-)-DET (1.2) ” (79) [a] +5.5” 618 

OH 
TI (l), (+)-DET (I), -20” (79) 94% ee 1,620 

TI (O.l)), (+)-DET ().15), 

3 A, -23*, 2.5 h 
” (88 ) 72% ee 238 

TI (0.15), (-)-DET (0.2), 

3 ii, -2O*, 3 h 
(99) >70% ee 

[a] +15.4” 

621,622 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

‘co’ 4A,-20”,7h 
TI (0.05), (-)-DET (0.075), 

OH 

TI ( I>, (-WET (I), 
- 15*, overnight 

(+)-DIPT (catalytic) 

(-)-DET, -25O, 20 h 

CCOH 623 

(-) 93% ee, [a] +5.0” c 

OH 

TBDpsoSOH 76 

(93) 

Ph OH (80) 80-85% ee 624 

Et02C 

6:; 

OH I . I 
-0 (70) [a] -13.3” 566 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

0 

% 

OH 

(80) 95% ee 

[a] -25.8” 
TI Cl), (+)-DET (11, 

-2O”, overnight 

625 

+ 

0,. I OH G-3 [aI +25” 
I 

TI (l), H-DET (0, 
-2O”, overnight 

625 

OH 
(95) 94.8% ee 626 

OH [a] -21.9” 

(93) 97.4% ee 626 

OH [a] +22.9” 

TI (0.2), (+)-DET, (0.28), 

4 A, -47 to -7” 

TI (0.2), (-)-DET, (0.28), 

4 A, -47 to -7” 

TI (0. I), (+)-DET (0.13), 

4 A, -20°, overnight 

0 
CSHl7-n 

A/ OH 
(82) 96% ee 426 

426 
Ph 

OH Lc Ph 
0 

OH 
(87) 87% ee TI (0. l), (+)-DET (0.13), 

4 A, -2O”, overnight 

TABLE I. ASYMMETRIC EP~XIDATI~N OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

1-1 (eq), DA-I” (q), MS Product(s) and Yield(s) (%) Refs. 

&OH 
(+)-DIPTa (catalytic) 0 

lL OH 
(81) 92% de 151, 152 

OH 
(69) 50% de 150, 152 (-)-DIPT” (catalytic) 

n-CgH17 &OH (78) 94% ee 

[a] -35.5” 

18 TI (0.05), (+)-DET (0.06), 

4 A, -lo”, 1.5 h 

TI (1.15), (+)-DMT (1.5), 

-23’, 24 h 

” (85) [a] -4.2” 627 

?-. 
,,c- 

OH 
(75) 99 

n-C5H1 *C ’ [a] +10.7” 

,,CI- 
OH 

n-C5H1 $ ’ 
TI (1.05), (-)-DMT (1. l), 

-20°, 24 h 

;cAoH 282 

mC’ 
(88) [a] -10.0” 

;C- 
OH 

WC’ 

0, I - 
-CL ;C- 

OH 

T-c ’ 
100 

(76) [a] +8.3” 

-CA SC- 
OH 

w-c ’ 
(-)-DMT 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

~‘1 W, DAT (es>, MS Product(s) and Yield(s) (%) Refs. 

Oh I 
n-C5h1\ w 1 OH 

(-) 93% ee, [a] +17.9” 

(-=/&-OH ;zt;;F ee 

(T&OH ;;y;;T ee 

(-=&,OH ;zz;; ee 
. .A 

0 
Ph&OH (96) 94% ee 

)( (87)>95%ee, [a]-32.4” 

628 

629 

282 

283 

630 

631 

(-) >95% ee 632 

TI (1.05), (-)-DMT (1.1) n-C5h1 \ /-OH 

(+)-DET (stoichiometric), 

-20°, 20 h 

(+)-DET (stoichiometric), 

-20” 

(-)-DET, -20°, 10 h 

Ph- OH (+)-DET, -23” 

TI (1.24), (+)-DET (1.36), 

4 A, -23O, 3 h 

(+)-DIPT 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

I  

BOH &&,OH 

TI (1.15), (+)-DIPT (1.38), 

-2O”, overnight 

(75) 83% de 113 

OMe OMe 

Ts 

ooH AoH TI (0.3), (+)-DET (0.36), 

3 ii, -23’, 6 h 

356 

(90) 92% de, [a] +18.3” 

TI (0.3), (-)-DET (0.36), 

3 A, -23”, 6 h 

(+)-DET, 4 A 

356 

633 

(80) 91% de, [a] +54.19” 

Me0 Me0 

0 

OH 
e-3 

MeOOOeoH 

(-)-DET 634 



TABLEI. A~YMMETRI~EPOXIDATION~FPRIMARYALLYLIC~COHOLS(C~~?~~~~~) 

Conditions 

Substrate ~-1 (qh DAT (q), MS product(s) and Yield(s) (%) Refs. 

/lOH dz (-)-DET, 4A woH (J%);, 635 

+ -OH >86%ee 

ioH dl (-)-DET, 481 eoH (!Z); ee 635 

+ iOH >90%ee 

hoH TI(0.05),(+)-DET(0.057), 
4 ii, -W, 15 h 

woH g2de 636 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq), DAT 6x0, MS Product(s) and Yield(s) (%) Refs. 

BnOIOH 

b 0 

K 

H 1 I 

Ph’ .:cOH 

H ~TBDMS 

TBDPSOaH 

TI (l-4), (-)-DET (1.4), 

-20°, 12 h 

TI (0.1 S), (-)-DET (0. IQ, 

4 A, O”, 7 h 

TI (0.1 S), (-)-DET (0.2), 

4 A, -28’, 14 h 

(+)-DET 

OH 

(99) >98% de 

BnO\OH 

6 0 

K 
(80) [a] -9.43” 

H 1 

Ph’ .:y OH (87) 

H ~TBDMS 

155, 156 

521 

588 

(-)-DET 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq>, DA’T’ (eq>, MS Product(s) and Yield(s) (%) Refs. 

O+ \ 0, 

rroH (92)m 637 TI (ll), (+)-DET (ll), 

-2O”, overnight U [a] - 100.8” 
\ 

‘OBz ‘OBz 

OBn OBn 

BnzTTOH Bn;T:oH G-1 165 (-)-DET 

12 C8H1, /&,OH (63) >80% ee 

[a] -3.5” 

18 TI (0.05), (+)-DIFT (0.074), 

3 8, -12O, 42 h 

TI (l.l), (+)-DMT (l.l), 
-25O, 18 h 

43 I-317 
-OH 

n-Cs& 1 
\OH OH 

n-C5W 1 
638 

(71) 94% ee, [a] -10.2” 

t \ 

n-C5Hl I 
\OH 553 TI (I), (-)-DIPT (1.2), 

-25’, 7 d 
(90) 85.7% ee, [a] +10.6” 

(TfxoH (55) 80.6% ee 109, 110 /OH TI (1.2), (+)-DET (1.4), 

-20°, 26 h 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (q), DAT (es), MS Product(s) and Yield(s) (%) Refs. 

TI (1 )p, (+)-DET (I .4), 

-20°, 26 h 
” (60) [a] +8.0” 141 

(:x=-OH (+)-DET, 4 A 

OH 

(4 639 

TI (l), (-)-DET (1.5), 

4 A, -25O, 15 h 

\ 

\ 

OH 

(60) 88% ee 

[a] +5.53” 

640,641 

(-)-DET, 4 A ” (60) 87-88% ee 639 

Ph- - 
OH (+)-DET p&L (80) 95% ee 328 

(-)-DET 

\ 
O\ OH 

(-4 

OBn 

\ / 
P 

OH TI (I), (+)-DMT (l.l), 

-20°, overnight 

531 

642 

p-Etch& -0 

(72) 87% ee, [a] -10.0” 



Me0 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (q), DAT (eq>, MS product(s) and Yield(s) (%) 

Me0 

Refs. 

I 
\ 

m 

OH / / 
Br 

Me0 

ic I I / / 

a 

dl 

OH 

TI (0.2), (+)-DMT (0.2) 

(+)-DIPT, -20” 

\ 
643 

1 

I 
/ OH 

(85) 91% ee 

Br [a] -103.6” 
0 

Me0 

I i( I / I 

cc 

+ 
0 

OH & 

153 
0 

OH 

7 

OH / 

Bnd 

OH 
(+)-DET, -20” 

(84)” 100% de 86% de 

HO ,I 
, 

OH 

(100) 100% de 347 

“;:“ 

A 

Bnd’ 

Ph 

OH (-)-DET (stoichiometric), 
-20” 

ON. I I OH (90) 91%ee 145 
[a] -33.05” s 

Ph 1.1.‘/ 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

OH 

Me0 

OH 

Me0 

OH 
/ 

(+)-DET 

(-)-DIPT, -25O, 3 d 

(+)-DET (stoichiometric), 
-20°, 11 h 

(-)-DET (stoichiometric), 
-20°, 11 h 

OH 

>95% ee 

Me0 

OH 

Me0 

(60) >95% ee 645 

[a] -4.1” 8-i 

OH 

OH 

Q-4 \ a I \ / / (-) 84% ee 326 

326 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (es), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

I ’ \ / 
07 

\ 
OH OH 

Bno6oH . . . 

f 
MEMO’ 

Ph 

OH 

(+)-DET (stoichiometric), 
-20°, 11 h 

(-)-DET (stoichiometric), 

-20°, 11 h 

TI (0. l), (-)-DIPT (0.12), 

3 A, -50” 

TI (l), (-)-DET (1.2), 

-50°, 24 h 

TI (l), (-)-DET (1.2), 
-50°, 24 h 

(-) 88% ee 326 

326 

OH 

Bno-+oH f3i6Ude 646 

. . . 
-/ 

MEMO 
I 

0 

$ OH 
/ -- 

(89) 83% ee, [a] +56.2” 133 

Ph 

0 

q 

OH 
/ (82) 73% ee, [a] +47.2" 133 -- 

c&@hk-p 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (q), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

(-)-DET, -25” 

TI (l), (+)-DET (l.l), 

-4-O”, 48 h 

TI ( 11, (+)-DIR (11, 
-2O”, 20 h 

TI ( 11, (-)-DIfl ( 1 ), 
-4-O”, 48 h 

0 
n-C9H19 &OH 

EEOH”” 

TI (I), (+)-DET (1.2), 
-45’, 3 d 

(+)-DET 

(-)-DET 

C02Et 

\ 
TMS 

L 

(30) 90-95% de 93 

TBDMSO” 
0,. 

[a] +65.3" 
I I OH 

0 
C9H19-n 647 

PL 

(53) >96% ee, [a] +11.9” 

OH 

” (55) [a] - 13.2” 

015 
CsH19-n 

lL 

(41) >96% ee, [a] -11.0” 

OH 

648 

647 

n-C&I19 &OH (80) 96% ee 1,649 

,,,>OH ;8yke 81 

EEouOH izzee 81 



TA BLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

OH 

TI (0.05). (+)-DIPT (0.08), 

-2OtoO" 

TI (0.05). (-)-DIPT (O.OS), 

-2OtoO" 

OH 

(+)-DIPT, 4 A, -30” 

TI (1.19), (+)-DIPT (1 S), 

-20",5 h 

OH 

(-)-DET 

OBn 

OH 

(76)79% de 

OH 

(92)X% de 

OH 

(97)>90% de 

[a]-30.67" 

0 I \ I \ 
\OH 

<-OBn 

224, 

650-652 

224 

653 

113 

531 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

T1 WI), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

OSOH 

(-)-DMT (stoichiometric), 

-23',12 h oQ&&oH (59) 

I 

boH T’;:l),+hDET (ll), 

9 - TBDPSO 0 0 

AoH 

TBDPSO b 

K 

0 

(76) 90% de, [a] -21 .O” 

r OTBDPS 

0 . 
‘,-r 

. -OH 

Y OSiEt3 

BnO 

r OTBDPS 

0 . 
Y7 

. -OH 

Y OMPM 

BnO 

TI (0.05). (+)-DIPT (0.075), 

-20°,48 h 

(92) 

Y OSiEt3 

BnO 

TI (1). (-)-DET (1.3), 

-23",16 h 

WV 

BnO 

76 

154 

654 

655 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TI ( 11, (-WET ( I>, 
-20°, 18 h 

. . 

(DET), -20” 

\OH 

dl 

OH 
(-)-DET 

Me0 / 
OH 

TI (0. l), (+) DET, (0.15), 

4 ii, -40°, 2.5 h 

Me0 Me0 

0 I \ I \ 
\OH 

650,652 

(90)” >95% de 90 

OH 

0 
+ H= ‘\ 0 

i 

>95% de ’ ‘\ I 
OH 

0 

OH 

(97) 93% ee 657,658 

100% eei [or] -21.7” 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq), DAT (q), MS Product(s) and Yield(s) (o/o) Refs. 

Me02C 0,. I 
** OH (-)-DIPT, 4 A, -20” 

0,. l t-Bu02C m- I 
/ 

OH 
(+)-DMT (catalytic), 

3 ii, -23O, 20 h 

TI (l), (+)-DET (1.2), 

3 ii, -50°, 48 h 

&-OH 

TI (l), (-)-DET (1.2), 

3 A, -50°, 48 h 

(+)-DET 

TI (1 )p, (+)-DET (1.2), 

-40°, 6 h 

TI (1), (-)-DET (1.2), 

-20°, overnight 

0,. 0. 
MeO2C I I - I 

- OH 75 

(72) 90% de 

0. 0 I * t-Bu02C m I 
*OH 76 

(80) 90% de 

(75) 78% ee, [a] -48.4” 

C6&Me-p 

0 

q 

OH 
/ -- 

(76) 79% ee, [a] +53.5” 

C6H4Me-p 

0 
n-c 10.&l &OH >98% ee 

” (76) 96% ee, [a] +25.9” 

+OH (71) 87% ee 

133 

133 

212 

141,649 

659 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate 1’1 (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TI (I), (-)-DET (1.3), 

-20°, 16 h 

655 

&&OH -230 zoH (72) 84 TI (3.0), (+)-DET (4.0), 

I I 
I I 

BnIIoH (+)-Tartrate 

OBn 

(-)-Tartrate 

BnoTo++-;-) 163 

OBn 

Bno~o++-;~) 163 

OBn 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (es), DAT (es), MS Product(s) and Yield(s) (%) Refs. 

POTBDMS I 

0 OTBDMS 
I I 

(+)-DET 

TBDMSO=f OH 
OMe 

(-)-DET 

FOTBDMS 

(-)-DET 

fGOH21 
\OH TI (l), (+)-DET (1.2), AL OH (80) 96% ee 649 

-45O, 3 d n-c lOH2 1 

TI ( l.O3r, (+)-DET (1.19), 

-40°, 10 h 

” (43) >95% eei, [a] +7.80s 141,661 

FOTBDMS I 

FOTBDMS 

FOTBDMS 

Me02Cdo 
OTBDMS I (-) 660 
I 

TBDMSO=-- 
I 

OH 
OMe b-’ 

FOTBDMS I 

Me02Cdo 
OTBDMS I (-4 660 
I 

OH 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

/ 

. . . c+ 

OH 

0 

&Pr-i 

TI (l)p, (-)-DET (1.2), 

-40°,8h 

TI (1), (-)-DET (1 .OS), 

-40°,4d 

TI (I), (+)-DET (1.7), 

-23O, 24 h 

n-c lOH21 
/=\OH (66) >95% eei 649 

[a] -7.8" s 

” (80) 91% ee 59,661 

I I 
I  0 

. . . !?ra, 

OH 

(93 175 
0 [a] +124.7" 

OPr -i 

OTMS 

/QcAOH 

H k 

1. TI (1.05), (+)-DIPT (2), 

4 A, -20°, 3 h 

2. n-BqNF 

OTMS 

GoH ;;)+26" 83 
H iI 

c 

0 

Q 

c 
0 

0 \ 0 \ 

OTBDMS Q OTBDMS 
Et0 C (-)-DET Et0 c G-3 662 

Et0 kc&OH Et0 A&&H 

0 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

Cl4 

n-cl lH23 
-OH 

TI (1), (+)-DET (1.2), 

4 A, -20°, 15 h 

fGH11 h 
OH TI (11, (+I-DET (I), 

-23O, overnight 

TI ( 11, (+)-DET (11, 
-23O, overnight 

TI (l.l), (-)-DET (1.2), 

-40” 

n-cl 1H23 
-OH TI (1.2), (+)-DIPT (1.3), 

-23O, 36 h 

TI (l)p, (+)-DET ( 1.2), 

-40°, 8 h 

TI (1.2), (-)-DIPT (1.3), 

-23O, 36 h 

0 
n-C1 lH23 &OH (78) 94% ee 663 

[a] -25.5” 

n-w-5 1 
4OH 664 

(63) 90% ee, [a] -23.6" 

" (70) 90% ee, [a] -20" 665 

(-) 100% ee 666 
[a] -20.4" 

/&OH (83.8) 667 
n-cl lH23 [a] +8.39J 

" (75), [a] +7.4" 141 

0 
,=\OH (-) 667 

n-c 1 lH23 [a] -8.1 OJs 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

“1’1 (es), DAT W-0, MS Product(s) and Yield(s) (%) Refs. 

4 -TMS 
C’ 

AcO 

TBDPSO. ‘,/--\/OH . -I 

/ 
I 

OH 

TI (1, l), (+)-DET (1.2), 

-40” 

(+)-DET, -20°, 24 h 

(-)-DET (stoichiometric), 

-20” 

Me02C zoH T’:;2), (+)-DIPT (1.4), 

0 

r 

OH 

(-) >90% ee 666 
\ 

-TMS 
[a] -1.2” 

4 
C’ 

OH 

(81) 283 

[a] -25.2” 

(87) >95% ee 668 

[a] +17.69” 

(79) 96% ee 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

1’1 (q), DAT b-0, MS Product(s) and Yield(s) (%) Refs. 

OH (-)-DMT, 3 A, -23’, 4 h 

OH 

Cl5 
/ 

0 

0. I - 
TIBDMSO” 

G 

OH 

/OH 

TI (1), (+)-DET (1.3), 

-23O, 2 h 

TI (1), (-)-DIPT (1.25), 

4 A, -2O”, 16 h 

(+)-DET 

TI (0.05), (-)-DIPT (0.075), 

4 A, -20°, 5 h 

0 

OH 
77,78 

(-) 88% de 

OH 
(59) 94% ee, [a] -9.56” 412, 126 

669 

TBDMSO” OH 

(60) 90% de 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (es), DAT (es), MS Product(s) and Yield(s) (%) Refs. 

Bnq 
I H 

0 .-OH . 

, . m 

< 

0 : OTBDMS 
H 

TI (0.05), (+)-DET (0.075), 

-20°, 12 h 

OTBDPS 

TI (l), (+)-DET (1.4), 

4 A, -23”, 40 h 

TI (l), (-)-DET (1.4), 

4 ii, -23O, 40 h 

E 
OH 

0:: 
(+)-DET 

. I OBn 
-0 

(92) 654 
, . 

i H 

OTBDPS 

dk 

OH 
(72) 85.4% ee 672 

[a] -7.2” 

I \ \ 

\ 

OH 

(65) 85.4% ee 672 

[a] +7.4” 

0 

G 

OH 

0:’ . G-4 531 

I 
5 1 OBn 
-0 

TABLE 1. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (es), DAT (es), MS Product(s) and Yield(s) (%) Refs. 

\ 
OH 

/ TI ( 1.07), (-)-DET (1.12), 

-50 to -45O, 1 h 

(+)-DIPT 

OH 

oh &OH 
TI (0.05), (+)-DET (0.074), 

3 ii, -2O”, 1.5 h 

TI (l), (+)-DET (l), -20” 

TI (l), (+)-DBTA (1.2), -20” 

TI (2), (+)-DET (1) 

TI (2),(+)-DBTA (l), -20” 

OH 

Ti (l), (+)-DIPT (l), 

-20°, 15 h 

?&OH I 
A / 213,214, 

179 

(84) 96% ee, [a] +6.53” 

673 

(82) 80% ee 

ph &OH 
(-) 91% ee 18 

” (87) >95% ee 1 

” (-) 96% ee 

” (-) 78% ee 

130 

130 

ph AOH 
(-) 82% ee 130 

(81) >90% ee 58 

OH ‘a1 +60.90s 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (es), DAT WI), MS Product(s) and Yield(s) (%) Refs. 

OH 

AcO 

OH 

MeO$ 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Ti (I), (+)-DIPT (l), 

-2O*, 15 h 

Ti (l), (+)-DIPT (l), 

-2O*, 15 h 

TI (l), (+I-DET (11, 
-2O”, 14 h 

TI (O.l), (-)-DIPT (1.17), 

4 A, -45”, overnight 

Cl 

c1 / 
I 

\ 

~ 

/ (81) >90% ee 58 

\ 
I O 

cl 

OH [a] +39.7” s Cl 
Cl 
I \ a / (81)>7O%ee 58 

\ 
I 0 

/ ~1 

OH [a] +148.2” s 

Cl 

/ 

c 

0 
OH 674 

/ 

AcO/ (80.6), [a] -6.5”g 

i:.“-I-1..,,,, 675 
Me02C 

(76) >95% ee 

Substrate 

Conditions 

TI (eq>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

OH 

cl6 

MOM0 

n-C,2H25 AoH 

Meo2ccOH 

OH 

(-)-DET (catalytic), 

4 A, -20” 

TI (1.02), (-)-DET (1 . 1 1), 

-45”, 1 h 

TI (1.07), (-)-DET (1.29), 

-2O*, 15 h 

TI, (+)-DMT 

TI (l), (+)-DET (1.3), 

-23”, 21 h 

TI (0. I), (+)-DET (0.13), 

3 ii, -12”, 11 h 

(+)-DET (stoichiometric)c, 

-20” 

OH (92) 179 

” (84) 96% ee, [a] +6.53” 213,214 

MOM0 

n C12H25&OH (63)95%de 124 

[a] +21.7” 

M’02c;OH 676 

(-) 95% ee 

OH (77), [a] -7.13” 412 

0 
C14H29-a 

A/ 
(91) 96% ee, [a] -10.9” 18 

OH 

” (51) 130 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate ‘1’1 (eq), DAT kq), MS Product(s) and Yield(s) (%) Refs. 

OH 
n-C12H25 - 

OH 

L”” 
k 

wh7-n 

TI( 11, (+)-DII=-I- (11, 
-27’, 18 h 

TI (2)V, (+)-DET (l), 0” 

(+)-DIPT (stoichiometric) 

TI Cl), (+I-DET Cl), 
-25”, overnight 

TI (3.6), (+)-DET (5), 

-20°, overnight 

TI (I), (+)-DII=T (1.2), 

-30°, 9 d 

” (26) >94% ee, [a] -9.45” 677 

(73) 68% ee 130 

n-Cl4H29 OH (77) >%o/ ee 
Cal 270"oe 2ggA78 

. 

OH 
n-C12H25 

(70) [a] -14” 679 

(87) [a] -28” 680 

OH 

OH 

(SO) 58% ee 681 

[a] -2.9” d 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

0 0 I \ I \ 

K OBn 
I 

OH 

OH 

TBDPSO TBDPSO 

TBDMSO TBDMSO 

030H 

‘II (l), (+)-DET (ll), 

-20°, 1.5 h 

OH 

OH 
682 

0 0 , \ I \ 

(+)-DET 8 e-4 531 

OBn 
0 

(98) 90% ee, [a] -14.9” 

(-)-DMT, 3 A, -23O, 4 h o&+y* 779 78 

(80) 88% de 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (es), DAT (es>, MS Product(s) and Yield(s) (%) Refs. 

* 

OH Ph , 

Ph 

Cl8 

n-c 15H3 1 
-OH 

n-c 13H27C $- 

cy5-oH 

TI (1.2), (-)-DET (1 S), 

-20°, 5 h 

TI (1.2), (-)-DET (1.6), 

-2O”, 38 h 

TI (1 )=, (-)-DET ( 1.2), 

-25’, 4-5 h” 

0. 
Ph ’ . 

* 

OH (90) 947 ee 0 411 

Ph 

n-C15H31 &OH (75) [a] +22.5” 650-652, 

321 

n-C1#27C .$ 0.. (S6)w >98% ee 102, 103 

c-OH [a] -2.2” 

/OH TI (1 ), (+)-DIPT (1.2), 

-30°, 9 d r OH 

71% ee 681 

[a] -3.4” d 

TI (l-2), (+)-DMT (1.4), 

-23 to -3O”, 69 h 

” (77) 68% ee 683,684 

TI (l), (-)-DIPT (1.2), 

-30°, 9 d 

\ \ 
OH 

\ 

60% ee 681 

[a] +3.3” d 

TI (l), (-)-DMT (I), -20°, 2 d ” (70) 65% ee 683,684 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (es>, DAT (es>, MS Product(s) and Yield(s) (%) Refs. 

’ ’ -\ ‘aoH 

0. 
TI (0.05), (-)-DET (0.08), -/ ’ 

i 0 &OH 

4 ii, -23’, 16 h 

BOMOAi“OTMS BOMOq- -0TMS 
H H H H‘ 

(94) 48% de, [a] +6.8" 

OH 

Cl9 
D 

0 
PWH2) 10 

+ 

OH 

D 

TI (l), (+)-DET (1.3), 

-23” k (-) >90% ee 

0 
OH 

TI (l), (+)-DET (1.3), 

-23O, 16.5 h 

(( (74), [a]-5.82" 

TI (0.05), (+)-DET (0.05), 

4 A, -22’, 2.5 h 

D 
0 

PWH2) 10 

+ 

OH (65) >97% ee 

[a] -19.15” d 

D 

D 

TI (0.05), (-)-DET (0.05), 

4 ii, -22’, 2.5 h 

0.. 
PWH2)lO : 

UC 

OH (60) ~97% ee 

[a] +19.3” d 

D 

685 

686 

412 

687 

687 



TABLEI. ASYMMETRICE~~XIDATI~NOFPRIMAR~ALLYLI~ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

MOM0 

OH 
TI (0.4), (-)-DIPI’ (OS), 

4 A, -20°, 15 h 

Me0 0 OAc 

\OH 

0 

c20 

coH 

TI (l), (+)-DIPT (1.2), 

-30°, 9 d 

TI (l), (-)-DIPT (1.2), 

-3O”, 9 d 

TI( l), (+)-DET(1.2), 
4 A, -20°, 15 h 

TI (I), (+)-DIPT (1.2), 

-30°, 9 d 

MOM0 

(90) 50% de 

OH 

OH 

(-) 90% ee 

[a] -3.4” d 

(zvEboH (-) 81% ee 

L \ 
GOH21-n 

[a] +4.0” d 

Me0 0 OAc 

OH 

0 
(80) 96% ee 

ctoH (-) 87% ee 

L- \ 
cl lH23-n 

[a] -3.4” d 

TABLE I. ASYMMETRICEP~XIDATION~FPRIMARYALLYLI~ALC~HOLS (Continued) 

688 

681 

681 

122 

681 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TI (l), (-)-DIPT (1.2), 

-3O”, 9 d 

(EuzLoH (-) 81% ee 

k 
cl lH23-n 

[a]+3.80d 
681 

TI (0.106), (+)-DET (0.127), 

-20°, 4 h 

TI (0.106),(-)-DET(0.127), 
-20°, 4 h 

OH 
1. TI (Ll), (+)-DIPT (1.5), 

4 A, -20°, 4 h 

2. Bu4NF 

I OH I 

82,83 
OH 

(98) [a]+3.0" 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate TI (eq), DAT (q>, MS Product(s) and Yield(s) (%) Refs. 

OH 

I-J(~), (+I-DET (l), 
-20°, 18 h 

0 
OH 

COzMe 

/ 
2 

OH 

I 

/ 

COzMe 

2 

OH 

I 

~‘1 (I), (-WET (I), 
-2O”, 18 h 

TI (0.4), (-)-DET (0.6), 

4 ii, -2S”, 2 h 

TI (0, (+)-DET (I), 
-2O”, 18 h 

(36) 

OH 

(93) 80% de 690 

OH 

(74 

690 

690 

691 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 
Substrate ~‘1 (eq>, DAT (eq), MS Product(s) and Yield (s) (%) Refs. 

TI (I), (-WET (I), 
-2O”, 18 h 

TI (4.6, (-)-DET (4.7), 

-SO”, 2 h 

,OH 

(65) 691 

692 

(65) 50% de, [a] +28” 

f-)-DMT, -20” 
(85) 95% ee 693-695 
[a] +4.39” s 

TI(lh (-)-DII”I- f  I), 
4 A, -30°, 16 h 

” (95), [a] +4.88” 653,696 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

\OH 

TI Cl), (+I-DET (11, 
-2O”, 20 h 

OH 

650-652 

(80) [a] -8.90” 

OH 0 OH 

/ 

\ 
I I 

\ 

1 

/ 

0 

c23 

TI (5.8), (-)-DET (5.8), 

-lo”, 40 h 

OH 0 OH 

/ 
I I 

\ 

q-p 
(85) 120,121 

\ / 53% ee 

0 

(-)-DET moH (-) 697 

c25 

Tl-0 
OH (+)-DET (stoichiometric) 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

438 

(--) ~95% ee, [a] -23.8” 

Substrate 

Conditions 

TI (q), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

c26 \ \ \ 
\ 

\ 

\ \ 

\ T I  (l), (-WET (I), 

-20°, overnight 

THPO 
\ OH 

THPO \ \ OH 

--0 I I 698 

(72) >95% de, [a],+42" g 

c27 \ . \ 

\ 

\ 
I 

OH 

TI (0.8), (+)-DET (0.8), 
-25O, 18 h 

\ \ \ 

;:i, 

79 

0 

I 
OH 

THPO” THPO” v (86) >98% de, [a] -38.4” 



TABLE I. A~YMMETRICEPOXIDATIONOFPRIMARYALLYLICALC~HOLS (Continued) 

Conditions 

Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

OMe OMe 

TI(0.8),(-)-DET(0.8), 
-25O, 18 h 

(79) >98% de, [a] -4.8” 

~‘1 (11, H-DET (11, 
-25”, 24 h 

(82) 699 

90% de 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (es), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

~‘1 (0, (+I-DET (0, 
-20°, 18 h 

THPO 

1-1 (11, (-WET (1 h 
-20°, 18 h 

\ \ 

0 

\ OH 

(86) 98% de, [a] -38.4” 

THpod 

79 

79 

(70) 98% de, [a] -4.8” 

c30 

AcO 

TIC1 ), (+)-DET Cl), 
-20°, 1 h 

0 

c 

\ : I 701 

OH 
AcO 

/\ (70) 100% de, [a] +43” 



TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate 1’1 (eq), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

TI (0, (-WET (I>, 
-20°, 1 h 

TI (I), (+)-DMT (l), -20°, 3 h 

TI (0.2), (-)-DET (0.2), 

4 ii, -20°, 1 h 

AcO 

(82) 100% de, [a] +64” 

r=r’ &b2 
(87) 87% ee, [a] -3.31” 

” (70) 80% ee, [a] -3.05” 

I 
/ 

::; 

/ 
I 0 

\ 

I OH 
(93) 78% ee, [a] -5.8” 

TABLE I. ASYMMETRIC EPOXIDATION OF PRIMARY ALLYLIC ALCOHOLS (Continued) 

703 

358 

Substrate 

Conditions 

1’1 (qh DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

a The oxidant was cumene hydroperoxide. 

b The product was isolated as the mesylate. 

c The titanium alkoxide was Ti(OBu-t)d. 

d The rotation was measured in dichloromethane. 

e The rotation was measured in benzene. 

f The titanium alkoxide was titanium-pillared montmorillonite. 

g The rotation was measured in methanol. 

h The reaction was slow. 

i The % ee was reported for recrystallized material. 

j The rotation was reported for recrystallized material. 

k The rotation was measured in diethyl ether. 

1 The reaction was quenched with triethanolamine. 

m A single isomer was obtained. 

n The optical purity was enhanced by the sequence: 3,5-dinitrobenzoylation, recrystallization, and hydrolysis. 

O The intermediate allylic alcohol produced in situ by the ene reaction of singlet oxygen with 2-tert-butylpropene was oxidized with 

Ti(OBu-t), and (+)-DET. 

P The reaction was conducted in the presence of catalytic amounts of calcium hydride and silica gel. 

Q The reaction furnished a diastereomeric mixture containing a marginal excess of 2R,3R isomer. 

r The rotation was reported for neat material. 

s The rotation was measured in ethanol. 

t The rotation was reported for chromatographically purified material. 

U The total yield of diastereomeric products was reported. 

v The titanium alkoxide was TiClz(OPr-i)z. The resulting 2-chloromethylhexane- 1,3-diol was converted into the epoxy alcohol by 

treatment with base. 

w The reaction was carried out in a 1: 1 mixture of 2,3-dimethyl-2-butene and dichloromethane. 



TABLEII. ASYMMETRI~EP~XIDATION OF BI~ALL~LI~AL~~I-I~LS 

Conditions 

Substrate ~‘1 (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

HO 

‘:‘+k 

/ 

cloHo~OH 

(+)-DIPT (O-6), 
4 ii, -2O”, 84 h 

(+)-Tartrate (catalytic) 

0 

+ 

(96) 70% ee, [a] -18.4” 53 

OH 

OH (65) 70 
HO 

OH HO 

\ / 

32 
(+)-DET (0.6), 

4 A, -4O”, 13 h 

OH HO 

0 0.. (81) 72 

t-Bu02C -0 0 
H H 

-C02Bu-t 32 t-Bu02C -0 0 
H H 

-C02Bu-t 

Cl2 I 

c:: 

t 

TI (2.5),(+)-DET(3), 
& 

OH (27) 99.45% eea 68,69 

-15O, 18 h OH 

x;;:: 

Cl3 

c;:;; 

a The ee was calculated (see text, p. 14). 

TI (2.5), (+)-DET (3), 

-15O, 18 h 

TI (0.6), (+)-DET (0.6), 

-20°, 4 d 



TABLE III. ASYMMETRIC E~~XIDATI~N OF ALKENYLSILANOLS 

Substrate 
Conditions 

TI W, DAT b-0, MS Product(s) and Yield(s) (%) Refs. 

c8 

Ph +Si’ OH (+)-DET (stoichiometric), Ph.&/OH (50) 8590% ee 54 

Me’ ‘Me 
-20°, 40 h /‘ 

Me Me 

ph +Si’ OH 

Ph’ ‘Ph 

(+)-DET (catalytic), 
MS=, -20°, 40 h 

Ph &siBH 20% ee 54 

Ph’ ‘Ph 

(+)-DET (stoichiometric), 
-2O”, 40 h 

” (70) 7% ee 54 

a The type of molecular sieves used was not reported. 



TABLE IV. KINETIC RESOLUTION OF RACEMIC PRIMARY ALLYLIC ALCOHOLS 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

c9 
H 
;;c=c=(y 

Bu-n 

Me \OH 

Cl0 

I 

P 

OH 

Ph 
4-r 

OH 

Ph 

L \ 
OH 

H /-OH 
)c=c=c, 

n-C7H15 H 

(-)-DIPT, -20” 

H Bu-n 
“c=c=c’ 

4 Me \OH 
G-3 146 

(55) 40% ee. [a] +l.O” 

TI (1 .O), (+)-DIPT (1.2), 

TBHP (0.6), -20” 

5060% conversion 

OH c-1 (-9 
48% ee 

145 

I 

Phw 
OH C-1 t-1 

6% ee 

145 

Ph OH (---1 G-3 
>95% ee 

145 

Ph 

OH 

c-4 G--) 
80% ee 

145 

II 
H /-OH 

)c=c=c 
n-C7H i5 ‘H 

G-3 c--d 
40% ee 

145 

TABLE IV. KINETIC RESOLUTION OF RACEMIC PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

+ enantiomer TI (1 .O), (+)-DIPT (1.2), 

:s_ 

(-) 85% ee (-) 145 

TBHP (0.6), -20” 

50-60% conversion 

/ 

HO 

OTBDMS 

+,-OH 

+ enantiomer 

OTBDMS OTBDMS 

Ty;;; $-j;:;i; ;“2’1; 
R++oH R+oH + 16% 169 

(15) >95% ee (29) >95% ee 

R = MT+OAc 

OTBDMS 
0 

OMe R 
* 

OH 

(19) >95% ee 

OH 
Cl2 

t -Bur 

OH TI (1 .O), (+)-DIPT (l-2), / 6) (4 
TBHP (0.6), -20” 

d 

70% ee 

50-60% conversion t-Bu- - 

H 

145, 146 



TABLE IV. KINETIC RESOLUTION OF RACEMIC PRIMARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 
Allylic Alcohol(s) 
and Yield(s) (%) 

Epoxy Alcohol(s) 
and Yield(s) (%) Refs. 

Ha-(kJ \oH+ 90 y”p-,oH (-)-DIPT G--4 

H4 OH 

total (90) >95% ee 

( Xi i OH 
TI (1 .O), (+)-DET (1.2), 

TBHP (OS), 
-23’, 50 min + enantiomer 

TI (0.5), (+)-DIPT (O-6), 
TBHP (0.5), 4 A, 
-16O, 5 d 

OH I + II 449 

(-) 10% ee 
(-) 31% ee 
(-) 65% ee 
(-) 36% ee 
(-) 65% ee 

anti (I) antixyn syn (II) 

c-3 54:46 (-) 
(-) 82% ee 65:35 (-) 
(-) 85% ee 93:7 (-) 
c-4 68:32 (-) 
(-) 75% ee 9O:lO (-) 

Cl7 

cl8 

Cl9 

c21 

c22 

Me 
Et 
Pr-i 

CSH11-n 

C6Hll 

TABLE IV. KINETIC RESOLUTION OF RACEMIC PRIMARY ALLYLIC ALCOHOLS (Continued) 

Cl7 

Substrate Conditions 
Allylic Alcohol(s) 
and Yield(s) (%) 

Epoxy Alcohol(s) 
and Yield(s) (%) Refs. 

i-PrjSiCs 
. . 

Cq(FH2)m W& ;;.;r (1.3, z-~3s1csC,q/~H2ho F-1 

-OH -23’, 2.5 h 

+ enantiomer - 

=OH 

(45) 70% ee, [a] +39.4” a 

704 

705 

-OH 

(-2 + enantiomer (89) 95% ee 

n-Bu TI (1 .O), (+)-DIPT (1.2), 

-20” 
n-Bu 412 

+ enantiomer 
t TBHP 

0.6 
0.6 
1.5 
0.6 
1.5 
0.6 
1.5 

n 

Cl8 10 

c20 12 

12 
c21 13 

13 

c22 14 
14 

” 

42 min (35) 98% ee, [a] +67.8” 
20 min (40) 99% ee, [a] +133” 
6.8 h H 
1.5 h (41) 90% ee, [a] +121.1” 
5h (4 
16min (33) 0% ee 
3.5 h (4 

(58) 56% ee 
(31) 76% ee 
(62) 0% ee 
(41) 66% ee 
(55) O%ee 
(29) 80% ee 
(62) 0% ee 

686 

+ enantiomer 
a The type of solvent was not reported. 

(42) 90% ee, [a] +46.9” 



TABLE v. ASYMMETRIC EP~XIDATION OF HOMO-, BISHOMO-, AND TRISHOMOALLYLIC ALCOHOLS 

Conditions 

Substrate TI (or ZRa) (eq), DRT (eq), MS Product(s) and Yield(s) (%) Refs. 

c4 

-OH 

(1 l-25) 55% ee 

OH [a] +12.48” = 

176 

” (4) 40% ee 178 

OH (25) 77% ee 178 

0,. 1 
I (35-40) 41% 

-OH [a] +17.69” e 

ee 176 

” (38) 43% ee 178 

0,. I I 

/J- 

OH (50) 36% ee 

[a] +5.35” e 

176 

” (30) 50% ee 

” (23) 72% ee 

176 

178 

OH (41) 27% ee 176 

f (60) 23% ee 

‘OH [a] +1.46” e 

176 

(+)-DETb, O”, 4 d 

Zr (1 ), (+)-DCTAd (1.3), 

O”,12 d 

OH Zr ( l), (+)-DCTAd (1.3), 

O”, 9 d 

c6 

-OH 
(+)-DETb, -20” 

Zr (l), (+)-DCTAd (I .3), 

O”,14 d 

/J-OH (+)-DETb,00,5 d 

(+)-DETb,-20" 

Zr (I), (+)-DCTAd (1.3), 

O”, 8 d 

(+)-DETb, -20” 

‘OH 
(+)-DETb, -20” 

TABLE V. ASYMMETRIC EPOXIDATION OF HOMO-, BISHOMO-, AND TRISHOMOALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (or ZRa) (eq), DRT (eq), MS Product(s) and Yield(s) (%) Refs. 

(+j-DETb, -20” hoH (15) [a] +1.630e 176 

Zr (l), (+)-DCTAd (1.3), 

O”, 8 d 

‘. 

AJ- 

OH (28) 74% ee 178 

(+)-DETb, -20” 

o,\ 

J--- 

OH (62) 48% ee 

[a] +2.70” e 

176 

1 -. 

TI (l), (+)-DET (1.2), 

144h 
G- 

OH (50) 60% ee 

[a] +4.8” 

140 

TI (l)g, (+)-DET (1.2), 

24 h 

” (60) 60% ee, [a] +4.6” 140 

Zr (l), (+)-DCTAd (1.3), 
O”, 16d 

178 

TI (l), (+)-DET (1.17), 

O”, 48 h 

-. 

c/J- 

OH (21) 53% ee 

mf (22) 29% ee 

OH 

706 

dOH 

” J-OH 

““” / OH 

G3 

u--OH 
c9 

CT-“” 
GO 

(lJly= 



TABLE V. ASYMMETRIC EPOXIDATION OF HOMO-, BISHOMO-, AND TRISHOMOALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (or ZR”) (eq), DRT (eq), MS Product(s) and Yield(s) (%) Refs. 

c1’o 

“2v \ \ I 
’ OH 

TI (l), (+)-DET (1.17), 

O”, 48 h 

TI (l), (+)-DET (1.17), 

O”, 48 h 

(-)-DET, (catalytic), 

3 ii, -23”, 4 d 

TI (l.l), (-)-DET (1.3), 

(MS)c’ T O-23” 9 15 h 

OH 

706 

(49) 56% ee 706 

\-( HO/’ 
OH 

<.“i 179 

TABLE V. ASYMMETRIC EPOXIDATION OF HOMO-, BISHOMO-, AND TRISHOMOALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (or ZRa) (eq), DRT (eq), MS Product(s) and Yield(s) (%) Refs. 

(+)-DET, (MS)h,i i-) 14%de 179 

TX ( l)k, (+)-DET (1.5) (cc (35) [a] -1.3” 126 

u ZR represents Zr(OPr-n)4. 

b The Ti(OPr-i)d:DRT ratio was 1: 1 . l- 1.2. 

c The rotation was measured in dichloromethane. 

d DCTA represents (R,R)-(+)-NJ/‘-dicyclohexyltartramide. 

e The rotation was measured in ethanol. 

f The stereochemistry of the product was not reported. 

g The reaction was conducted in the presence of catalytic amounts of calcium hydride and silica gel. 

h The type of molecular sieves used was not reported. 

i The oxidant was trityl hydroperoxide. 

i The reaction did not produce an appreciable amount of the diastereomeric 6R,7R-epoxide. 

k The reaction was carried out in dichloroethane. 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

A. Secondary Allylic Alcohols 

OH 

TI (0. l), (-)-DIPT (0.12), w (-) 88% ee 

41.5 h 
I 

6H 

TIQ (0. l), (-)-DIPT (0.12), ” (-) 72% ee 

51 h 

(-)-DIPT c-4 

e-9 38 

(-4 38 

w 

(51) 91% ee 

OH 
[a] -16.3” b 

707,708 

” (27) >95% ee 709 

OBn (41) 94% ee 

OH [a] -104” . 
581,582 

” (41) >95% ee, [a] -11.23” 710,711 

TI (1 .O), (-)-DIPT (1.2), (-) 

TBHP (0.5), -20” 

VOBn 

OH 

c5 

J-Y 
OH 

/ 

iy OH 

“‘TMS 

OH 

TI (1 .O), (-)-DIPT( 1.2), WOBn (37) 95% ee I 
TBHP (0.6), -2O”, 26 h 6H [a] +5.9” 

TI (0. I), (-)-DIPT (0.12), (-) 

3 A, TBHP (0.6), 

-15O, 14d 

(31) >95% ee 

[a] -29.9” 

OH 

(-)-DIPT, 4 A, -20°, 30 h (-) 712 

TI (1 .O), (+)-DIPT (1.2), 

TBHP (0.6), -2O”, 6 d 

(-) 91% ee 

[a] -7.7” c 
e-1 10 

-yhMs (-) 713 G-3 

OH 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

OH 

TI (1 .O), (+)-DIPT (1.2) 

TBHP (0.6), -2O”, 15 h 

(-) v (24) I 
& (23) 

OH 

c--3 

714 

714 

715 

716 

717 

95,96 

96 

TI (1 .O), (-)-DIPT (1.2) 

TBHP (0.6), -2O”, 15 h 

(-) 

(+)-DIPT, 

70% conversion T (--) 100%ee 
OH 

TI (0.04), (+)-DIPT (0.06), ” 100% ee, [a] -24” 
cumene hydroperoxide (1.95), 

4 A, -5” 

C-9 

TNHBOC - (-Jd e-4 

OH 

TI (1 .O), (-)-DIPT (1.2), 

TBHP (0.6), -20°, 8 d 

TNHCbZ 
OH 

vNHCbz 
6H 

(24), [a] +5.93” (32) 92% ee, [a] -2.60” 

w NHCbz w NHCbz 
OH 6H 

(44) 92% ee, [a] +2.64” (34), [a] -5.93” 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIc ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

vcl (+)-DIPT WC1 (-) 94% ee 
I 

OH 

JT 
OMPM 

OH 

(-)-DII’T, -20” 

AH 
[a] -7.9” 

(-4 

T 
OH 

(+)-Tartrate vy G--3 

OH 

TI (0. l), (-)-DIPT (0.12), w (-) 89% ee 

10h 
I 

bH 

TI= (0. l), (-)-DIPT (0.12), ” (-) 92% ee 

10h 

T+Q - y+m 

(-) 60% ee 

TOBn 

OH 

TI (1 .O), (+)-DIPT (1.2), 

-20°, overnight 

WOBn (30) I 

bH 79% ee 

TI (OS), (+)-DET (0.6), 

TBHP (OS), 
Ph,PT 95% ee 

4 ii, -16O, 5 d 6 OH 

(-4 718 

& I 6 
OMPM (45) 719,720 

OH 88% ee 

(-4 721,722 

G-) 38 

(-3 38 

G-2 723 

t-1 724 

Ph$ + >95% ee 449 

0 bH 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Allylic Alcohol(s) Epoxy Alcohol(s) 
Substrate Conditions and Yield(s) (%) and Yield(s) (%) Refs. 

o- OH 
e-4 

c6 ~c+IE’S 
OH 

TI (1 .O). (-)-DIPI’ (1.1) (-) 

TBHP (1.5). -2O”, 16 h 

9 
/ 

Pr-i 

OH 

r-r- 
OH 

TI (1 .O), (-)-DMT 

TBHP (0.5), -20” 
e-4 

C02Et 

OH 

OH 

(+)-DIPT 

I,, 

(39) 
[a] +4.8” 

OH 

TI (1.2), (+)-DIPT (1.5) 

TBHP (3.0), -25O, 96 h C02Et 

OH 

.--OH 
(-) 60% ee 

w %TIPS 
OH 

(40) 90% ee, [a] +26.2” 

Pr-i (27) 93% ee 

OH 

6) 

c-1 

(-9 

725 

112 

709 

726 

727 

414 

(16) ~95% ee, [a] +14.60c 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Allylic Alcohol(s) Epoxy Alcohol(s) 

Substrate Conditions and Yield(s) (%) and Yield(s) (%) Refs. 

OH 

OH 

OH 

(-)-DIPT m 96% ee c-1 728 

OH 

TI (0. l), (-)-DIPT (0.12), 

12h 

” (-) 92% ee 

TIQ (0. l), (-)-DIPT (0.12), )t (-)82%ee 

20h 

TI (1 .O), (-)-DIPT (1.2), (-) 

TBHP (0.4). -20” 

(+)-Tartrate (-3 

YvoH 
TI (1 .O), (+)-DIPT (1.2), U (-) 30% ee 

TBHP (0.6), -20°, 4 d / [a] +37.1” 

TI (1 .O), (+)-DIPT, 

Ca& (cat.), SiO2 (cat.), 

TBHP (0.6), -2O”, 6 h 

(25) 94% ee 

[a]-4.3" 

TI (OS), (+)-DET (0.6), 

4 A, TBHP (0.5), 

-16’, 5 d 

c-4 

(-3 

(-4 

Ph2; 6 I 
0 6H 

>95% ee 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

38 

38 

729 

10 

140 

449 

Substrate Conditions 

Allylic Alcohol(s) Epoxy Alcohol(s) 

and Yield(s) (%) and Yield(s) (%) Refs. 

Bu-n eBuBn (-) >95% ee 

OH OH 

9 / 
Bu-t 

OH 

7 

,-:“...: 
/ 

OH 

(-4 730 

TI (l.O), (+)-DET (l.l), ” (43.5) >90% ee, [a] -6.0" 
TBHP (1 .O), -20°, overnight 

TI (l.O), (-)-DIPT (1.17), (-) 

TBHP (1.39), -20 41,40 h 

c-4 731 

Bu-n 
(37) 94% ee 732 

OH 
[a] -24.5" 

TI (0.5), (+)-DIPT (0.6), (-) 

TBHP (2), -20°, 4.5 h 

TI (0.5), (-)-DIPT (0.6), (-) 

TBHP (2), -20°, 4.5 h 

(-)-DIPT, - 10” 

TI (1 .O), (+)-DET (1.0) (-) 

(( [a]+8.7" b 734 

0 

-c 

Bu-t (60) 57 

10% ee 

OH 

TI (0. l), (+)-DIPT (0. 15)e, v (28) (-1 735,736 

3 A, -2O”, 12 h A 
OH 

[a] +3.4" 

TI (0. l), (+)-DIPT (0. 15)e, 
7 

/ / 
(36) (-3 735,736 

3 A, -20” 
OH 

[a] +2.0" 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) Epoxy Alcohol(s) 

and Yield(s) (%) and Yield(s) (%) Refs. 

yy------- (+)-Dim- Hyy------- 

OH 0 OH 0 

(55) 48% ee 

/ 
0 

6 

7 

/ 
0 

OH I 0 
TI (ll), (+)-DIPT (1.2), 

7f 

OH I + 

4 A, TBHP (1.5), 0 

0 
-2O”, 44 h 

0 
(46) 95% ee 

OH 

a 

.OH 
’ TI (0.13), (-)-DIPT’ (0.17), (46) 80% ee 

4 A, TBHP (0.67), 
Q 

[a] +6.7” 

-25”, 20 h 

Ypr-i - Ypr-i 
OH OH 

c--> 

(4 738 

0 
0 

-7 

6H I + 
0 

0 
(44) 98% ee, [a] -11.6” 

G-3 

C-1 

TI (0. l), (-)-DIPT (0.12), w pr-i (-) 90% ee (-) 

18h 
I 

6H 

TIa (0. l), (-)-DIPT (0.12), ” (-) 47% ee c-3 
16h 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

737 

493 

739 

721, 

740-742 

38 

38 

Substrate Conditions 

Allylic Alcohol(s) Epoxy Alcohol{ s) 

and Yield(s) (%) and Yield(s) (%) Refs. 

OH 

TI (0.13), (+)-DIPT (0.21) 

TBHP (0.42), -25” 

TI (0.13), (-)-DIPT (0.21), v 

TBHP (0.45), -20°, 5 d 
AH 

(-)-DCHT G-9 

OH 

TI (1 .O), (-)-DIPT (1.5), - 183,247 

TBHP (0.4), -20°, 18 h 
I 

bH OH 

(30) 72% ee, [a] -8.9” (27) >95% ee, [a] +3.0” 

TI (0. l), (+)-DIPT (0.16), 

TBHP (O-42), -20°, 43 h V Z ee v ?2%ee 183 
OH bH 

TI (0. l), (-)-DIPT (0.15), (-) ” (43) >96% ee 322 

4 A, TBHP (0.5), 

-25O, 20 h 

BnOo (+)-DET, -20” (-) BnO 
/ 

9 
745 

OH 
(46) 

OH 

1wCo12Me I 

bH 

TI 4 (0.31) A (-)-DIPT 
TiHp * 9 

(0.37), 1 746 

-2O’, 48 h 

(15) 
*co*Me / 

$$iv 
0 

ei-’ 

bH 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Ally lit Alcohoi( s) Epoxy Alcohol(s) 
Substrate Conditions and Yield(s) (%) and Yield(s) (%) Refs. 

0 OH 

TI (1 .O), (+)-DIPI’ (1. l), 

TBHP (0.6), -20°, 4 d 

(-) 80% ee (-) 10 

OH [cc] +25” b 

OH 

(31) 69% ee (41) 50% ee 747 
. 
*OH 

(+)-DIPT 

69% ee (-)-DIPT 

c8 

Wll’n 

OH 

0,. 
TI (1 .O), (-)-DIPT (1.2) (-) 

‘^i 
C5H1 lsn (42) 93% ee 748,749 

TBHP (2.0), -2O”, 14.5 h 
OH 

[a] -22.3” 

(10) 38% ee (59) 86% ee 747 

-OH 

TI (0.56), (+)-DIPT (0.67) (-) C5H11-n (41) 749 

TBHP (1.13), -2O”, 16 h 
AH 

[a] +24.7” 

0 

v  
G (-)-DIPT, -20°, 6 d 

0 G (-) >98% ee (-) 750 

e [a] + 14.9”b 

OH 

6 + c---) 

OH 

(-) 78% ee, [a] +7.3” 

751 

OH 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) Epoxy Alcohol(s) 

and Yield(s) (%) and Yield(s) (%) Refs. 

+hc,,s 3 A ;oO uh 
TI (0 1) (+)-DCHT (0.15), / 

OH 
9- , 

+‘+TMS (--) (-) 

OH 

vJb$.cH (-4 

OTBDPS 

738 

752 

(46) 98% ee 

Bu-n (-) >96% ee 

[a] +3.2” c 

OH 

(-1 10 

” (44) 94% ee, [a] +3.6”f G-3 18 

” (44) 97% ee, [a] +3.8”f c-4 18 

” (42) ~98% ee, [cc] +4.2”f e-1 

~c+xMs 

OH OH G--d 

ON. 
Jy” 

&rMs 
C’ 

OH (-) 93% ee 

TI (1 .2)a, (+)-DIPI (1.5) (-4 
Bu-t 

(60) 30% ee 

18 

753 

57 

Bu-n 

OH 

TI (1 .O), (+)-DIPT (1.2), 

TBHP (0.6), -20°, 15 h 

TI(O.l), (+)-DIPT (0.15) 

TBHP (0.7), -20°, 27 h 

TI(0. 1 ), (+)-DCHT (0.15) 

TBHP (0.7), -20°, 29 h 

TI(0. l), (+)-DCDT (0.15) 

TBHP (0.7), -20°, 24 h 

Bu-t 

+ 
OH 

‘Cl-MS 
C5 

(-)-DIPT, TBHP (0.6), 

-22” 

< 
OH 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 
Allylic Alcohol(s) Epoxy Alcohol(s) 
and Yield(s) (%) and Yield(s) (%) Refs. 

TMS 

+ 
a-b 1-n 

OH 

TMS TMS 
TI (1 .O), (+)-DIPT (1.2) 

4 

(44) 87% ee 0 
TBHP (0.6), -20°, 24 h C5H1 rn [a] +6.8” @v GHll-n 

(8) 79% ee 191, 13 
[a] -7.0” 

I 
OH bH 

OH 

0 0 0 

J-L 
N( Pr-i)2 u N(Pr-i);! 

TI (1 ), (+)-DIPT ( 1.2), 
TBHP (0.55), 

owA N(Pr-i)2 754 

I 
dl -16”, 24 h OH OH 

(59) 4 1% ee, [a] +8.6” f  (26) 57% ee, [a] -14.6” d 

n-BuT - n-BuT (-) 6-) 730 

OH OH 

OBn I 1 

I 

OH 
+ enantiomer 

OBn 

(+)-DET (-3 (35) 755 
I 

OH 

OBn 

(-)-DET C-1 2+/L (35) 755 

OH 

TABLE VI. KINETIC RESOLUTION 0~ RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 
Allylic Alcohol(s) Epoxy Alcohol(s) 
and Yield(s) (%) and Yield(s) (%) Refs. 

YBu-n - TBu-n (-4 (4 
OH OH 

YBu-r Bu-t 
TI (1.2), (+)-DMT (1.5) (-) (-4 

OH OH 

7 Pr-i 

OH 

(+)-DIPT 
T [a]+72” 

h-i (-) 67% ee (-) 

OH . 

” (-) 78% ee c---1 

OH 

(+)-DIPT I 
OH 6H 

(-3 (-) 96% ee, [a] -28.30c 

C02Et TI (1 .O), (-)-DET (1.5) (-) 
TBHP (0.7), -25O, 25 min 

+C02Et 

OH OH 

(-), [a] +17.6” 

721,722 

57 

756 

757 

75% 

414 



TABLEVI. KINETICRESOLUTIONOFRACEMICSECONDARYALLYLICALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

yc+- 

OBn 
. I - 

TI (1 .O), (-)-DET( l.O), (-) 

TBHP (0 6) 20” * 9- + 

;c-OBn 
I 

c’ (-4 157 

OH OH 

Ph*P=O Ph2P=0 Ph2P =O 
TI (0.5),(+)-DET (0.6), 

9 -16i,5d 4 A TBHP (0.5) yy  89%ee +Q ‘98%ee 449 

+ enantiomer 

Ph2P =O 

Yy 

+ enantiomer 

TI (OS),(+)-DET(0.6), 
4 A, TBHP (0.5) 

-16”, 5 d 

Ph2P=0 Ph2P =0 
9 37% ee * 52% de 449 

o-. 

/ 

OH 

TI (1 .O), (+)-DIPT (1.2), 

:4.,- 

/ 
(-)>96%ee (-) 

TBHP(0.6),-20", 15 h 

OH 

10 

TI (O.l), (+)-DIPT (0.15), 

3 A, TBHP (0.7), 

-2O”, 3.5 h 

” (46) >98% ee, [a] +3.29” c (-) 18 

TI (0. l), (+)-DCHT(O.15), ” (43) ~98% ee, [a] +3.59” c (-) 18 

3 A, TBHP (0.7), 

-20°, 3.5 h 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

TI (0. I), (+)-DCDT (0.15), ” (43) >98% ee, [a] +3.16” c (-) 18 

3 A, TBHP (0.7), 

-20°, 4 h 

Ph; THR-” T;(;f;;;;;$o.“). Ph$ THpr-n Ph$ +Hk-n + 

-16O, 5 d . 
80% ee 

. 

Ph2P+E-n1 ’ 

0 

c:c- 

/ 

OH 

(-)-DET, - 15O, 

50% conversion 

a (-) 50% ee a (-) 78% ee 759 

I 

bH 
A 
OH 

TMS 

n-Bu / 

+ 
OH 

(-)-DET, -15”, ” (-) 88% ee ” (-) 19% ee 759 

75 % conversion 

TMS 

TI (1 .O), (+)-DIPI’ (1.2) n-Bu / 
TBHP (0.6), -20°, 1 h + 

n-Bu & 191,13 
I 

OH bH 

(41) >99% et?, [a] +17.5” (42) >99% ee, [a] -4.86” 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

c9 

7 / 
C6Hl3-n 

OH 

TI (1 .O), (+)-DIPT (1.2), 
/\I 
/ C6H l 3-n (-) >96% ee C6h3-n (-) 

TBHP (0.6), -20°, 12 d 
OH 

[a] -19.1”” 
6H 

[a] -4.0" 

TI (0. l), (+)-DIPT (0.15), 

3 A, TBHP (0.6), 

-2O”, 13 d 

” (45) 86% ee, [a] -14.90c 

TI (0. l), (+)-DCHT (0.15), ” (41) >98% ee, [a] -170c 

3 A, TBHP (0.7), 

-20°, 7.5 d 

TI (0. l), (+)-DCHT (0.15), ” (28) 95% ee 

3 A, TBHP (1.5), 

-2O”, 63 h 

TI (O.l), (+)-DCDT (0.15), ” (34) >98% ee 

3 A, TBHP (O-7), 

-20°, 11 d 

OH 

/\( 
/ 

Ph 

OH 

(+)-DIPT 

TI (1 .O), (-)-DMT (1.5) 

TBHP (0.5), -20” 

c-9 

Ph 
(31) 95% ee 

OH 
[a]-7.8"g 

c--G 

(4 

e-4 

C-1 

(-4 

bH 
(-4 

c-3 

Ph 
(23) 90% ee 

OH 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

10,408 

18 

18 

18 

18 

760 

761,762 

709 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

qc6F5 
OH 

CbHll 

OH 

a 
OH 

-&P 
OH 

-k-y 
OH 

TI (0. l), (+)-DIPT (O-16), eC6F5 (47) 97% ee c6J3 (45) 97% ee 

TBHP (0.68), 4 A, 

-20°, 27 d 

TI (1 .O), (+)-DET (1. l), 

TBHP (1 .O), -20°, 

overnight 

TI (l), (+)-DIPT (1.2), 

TBHP (0.6), -loo, 2 d 

TI (1. l), (-)-DIPT (1.2), 

TBHP (1.6), -20°, 3 d 

TI (1 .O), (+)-DIPT (1.2) 

TBHP (0.6), -20°, 15 h 

TI (0. l), (+)-DIPT (0.12) 

TBHP (0.4), -20°, 3 d 

TI (0.4), (-)-DIPT (0.45) 

TBHP (0.45), -20°, 24 h 

A 
I 

OH bH 

T / C& 1 (-) >90% ee (-) 

[a] -9.5" 
OH 

” (42) >99% ee, [a] -92" b (4 

&A C-1 
OH 

(42)63% ee,[a]+26.9" h 

* (50) 

OH 

++y (30) 

6H 
>96% ee 

763 

731 

764 

765 

766,727 

186 

G-1 -f$+ 184 

OH 
(40) 92% ee, [a] +8.6”f 



TABLE VI. KINETIC RES0LUTION OF RACEMIC SECONDARY ALLYLIc ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol{ s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

CF2H TI (1 .o), (+)-DIPT (1.2), n-C5H I l 

TBHP (0.55), -20°, 4 d 

,qfF2H n-C5HI 1 $+CF2H 767 

OH OH 6H 
(31) 97% ee, [a] -I 1.7” b (59) 

TI (0.13), (+)-DIPI’ (0.19), ” (39) 98% ee, [a] -11.76” b ” (52) 767 

TBHP (0.55), -20°, 7 d 

n-w-4 1 

YcH2F 

TI (1 .O), (+)-DIPT (1.2), n-C5HI 1 
TBHP (0.55), -20°, 24 h 

,qCH2F n-C5HI 1 +CH2F 767 

OH OH bH 

(43) 98% ee, [a] -0.39” b (56) 

TI (0.13), (+)-DIPT (0.19), ” (41) 93% ee, [a] -0.35” b ” (46) 767 

TBHP (0.55), -2O”, 5 d 

n-C5H11 TI ( 1 .O), (+)-DIPT ( 1.2) ~-C5H11 

OH 
TBHP (0.55), -20°, 24 h 

vy ga,, n-C5H11 + c-4 767 

OH 6H 

TI (0.13), (+)-DIPT (0.19) ” (34) 97% ee ” c-4 767 

TBHP (0.55), -2O”, 5 d 

NcTC5H11-n 

OH 

T$l.O$ (+)-DIPT (1.2), Ncqc5H11-n g% ee Nc~c5H11-n (-) 106 

, 
OH bH 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

/ 
c3 

I 
HO 

DCHT 0.7 

TI (1 .O), (+)-DAT (1.2), -20” 

24 h 

DcI-IT 0.4 24h 

DET 0.4 

DAT 

24 h 

DET 

TBHP 

0.7 

Time 

7d 

DCHT 0.7 2 d 

DIPT 2.0 36h 

DCHT 1.5 10h 

(4 
C-4 
6) 
(30) 69% ee 

/ 

(24) 84% ee 

6) 

(15) 90% ee 

(13) ~99% ee, [a] -145.6” 

I 

HO 

TI (0.2), (+)-DET (0.24), 

TBHP (0.7), -2O”, 14 d 
c-1 

e-3 

/ 
% / 

OH 

/ 
TI (0. l), (+)-DIPT (0.12), 

TBHP (0.45), -3O”, 15 h & / 

OH 

(50) 65% ee, [cc] +10.8” c 

0 

Y3 
I 

Hd 

(33) 32% ee 

(25) 67% ee 

(17) 78% ee 

w 

G-1 

(4 

c----) 

c---1 

768 

O-- \ \ 

G 

1 (-)9O%ee 769 

HO / 
\ch/ 770 

0 : 
OH 

(37) 95% ee, [a] -50.0” c 



TABLE VI. KINETIC RESOLUTION OF WCEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) Epoxy Alcohol(s) 

and Yield(s) (%) and Yield(s) (%) Refs. 

TI (0. 1), (-)-DIPT (0.12), 

TBHP (0.49, -3O”, 15 h 

OH 

(38) 60% ee, [a] -9.0” c (45) >99% ee, [a] +53” c 

(-)-DET, - 15” 

(+)-DET (-) 52% ee (-) 

[a] +49.8” 

770 

759 

771 

772 

773 

0 

ck / 

OH 

OH 

P / 
clo+NHBOc 

OH kOzMe 

(+)-DIPT (-1 
ouNHBOC 

I I 

6H k02Me 

(20) 95% de 

(-)-DIPT G-3 
OWN,,” 

OH b02Me 

(-) 94% de, [a] -15.8” 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) Epoxy Alcohol(s) 

and Yield(s) (%) and Yield(s) (%) Refs. 

+J X 

N’ 
OH H 

TI (1. I), (-)-DIPT (1.3), 

TBHP (0.6) 

X = Aib-L-Phe-D-Pro 

X = D-Pro-L-Ala-D-Ala TI (1 .O), (-)-DIPT (1.2), 

4 A, TBHP (2.0), 

-2O”, 5 d 

(+)-DIPT c-4 

775 

776 

777 

10 

O* 
6H OTBDMS 

+Y 
OH OTBDMS 

(25) 92% de, [a] +2.7” 

OH 

Pc6H11 
OH 

C6H11 (-) 93% ee 

[a] +6.2” 

OH 

TI (1 .O), (+)-DIPT (1.2) 

TBHP (0.6), -20” 

TI (1 .O), (+) DIPI’ (1.2) 

TBHP (0.6), -20°, 15 h 

e-3 

Aj&C6hl -YH1l 
OH OH 

t-1 

c-1 

(-) >96% ee, [a] -14.6” c 

TI (0. l), (+)-DIPI (0.15) 

TBHP (0.7), -20°, 15 h 

” (44.2) 94% ee, [a] - 13.30c 18 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol{ s) 

and Yield(s) (%) Refs. 

TI (0. l), (+)-DCHT (0.15) 

TBHP (0.55), -20°, 16 h 

TI (0. l), (+)-DCDT (0.15) 

TBHP (0.55), -20°, 16 h 

” (44.2) 95% ee, [a] -13.20c (-) 

” (44.2) >98% ee, [a] - 13.60c (4 

TI (0. I), (-)-DIPT (0.12), WCbHll (-4 6) 
17h 

I 

bH 
97% ee 

TIa (0. l), (-)-DIPT (0.12), ” (-) 20% ee c--3 
17 h 

(+)-DIPT Phv (-) 72% ee (-) 

OH OH 

(+)-DIPI’ ” (37) >99% ee, [a] +24.5” (-) 

TI (I), (+)-DIPT (1.2), (-) Phh/ w 
TBHP (0.5) 

6H 
>98% ee 

m-Meoc&4 

Y 
TI (0. I), (+)-DIPT (0.15), (-) 

m-MeOC& 
+y 

OH 
TBHP (0.7), -2O”, 3 h 

bH 
(48) [a] -40.4”f 

,mu< 

(-)-DIPT, TBHP, 

-20°, 48 h .13uA (-) 

(42) 95% ee, [a] +3 1.1” 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

18 

18 

38 

38 

730 

778,779 

340,343 

580 

780 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

n-C6H13 wcF3 TI (l.O), (+)-DIPT (1.2) vt-C6H13 wCF3 
I 

OH 

+ enantiomer 

TBHP (0.55), -20°, 5 d A 
OH 

(46) 60% ee, [a] -1.9” b 

TI (0.13), (+)-DIPT (0.19) ” (51) 47% ee, [a] -1.51” b 

TBHP (0.55), -20°, 21 d 

TI (1 .O), (+)-DIPT (I. 15) 

TBHP (0.6), -2O”, 4 h 

(34) 68% ee 

[a]+78" 

&+ + enantiomer (+)-DIPI’ 

OH OH 

0 (+)-DIPT, 

90% conversion 
L 

n-C6H13 +/cF3 767 

bH 

(50) 

” (47) 767 

(38) 39% ee 781 

[a]-32.6" 

t-1 

G-4 

145 

145 

(-) >99% ee 

(-)-DIPT, 

90% conversion ; 

(-4 145 

(-) >99% ee 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Allylic Alcohol(s) Epoxy Alcohol(s) 

Substrate Conditions and Yield(s) (%) and Yield(s) (%) Refs. 

o+ / 
OH 

CII 

OH 

OH 

NHBoc 

&+C6Hll 

OH 

\ 

.? 

OH \ 

\ 

TI (0. l), (-)-DIPT (0.15), 

3 A, -20” 
w (29) 784,785 

[a] +13.6” c 

C02Et C02Et 

TI (1 .O), (+)-DIPT (1.2) 

TBHP (0.6), -20” 

TI (1 .O), (+)-DIPT (1.2) 

TBHP (0.6), -20” 

(-) 95% ee (-) 

Ph (-)98%ee (-) 

- [a]-06” 
OH 

. 

TI (1 .O), (+)-DIPT (1.2) 

TBHP (0.6), -20” 

(35) 95% ee 
Cx 

cc- 
[a]+26" 

(-3 782 
CN 

T 
,*O [a]+22" 

P 
OH 

TI (1.2), (+)-DIPT (1.2), 

-2O”, 48 h 

OH 

” (35) ” (33) 

(-)-DIPI’, -25” (-lb G--3 

777 

777,727 

783 

55 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Contimed) 

Substrate Conditions 

Allylic Alcohol(s) Epoxy Alcohol(s) 

and Yield(s) (%) and Yield(s) (%) Refs. 

0 
TI (0. l), (-)-DIPT (0.15), (4 784,785 

\ \ 3 A, -20” 

OH 
\ 

C02Et C02Et 
(57) [a]+72.0" c 

\C02Et ‘&C02Et 

OH TI (0. I), (-)-DIPT (0.15), (-) OH 784,785 

3 A, -20” (29) [a] +51.1” c 

C6Hll 

OH 

\ 
JY 

\ 
0 

TI (l), (+)-DIPT (1.2), C6H11 (34) 87% ee 
L 

C&& 1 (36) 75% ee 786 

TBHP (0.6), -25O, 15 h [a] -5.8" I [a]-24.7" 
OH bH 

TPh 

OH 

(+)-DIPT, TBHP (0.6) 787 

TBDPSOT Ph (-)-DIPT 

OH 

TBDPSOW Ph (-) I 

6H 
(30) 98% ee 

788 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

&GHl *-n TI (I), (+)-DIPT (1.2) c-4 767 
I 

OH 
TBHP (0.55), -20°, 4 d I 

OH 
(45)14% ee,[a]-2.77" b 

TI (l), (+)-DIPT (1.2) - 

I -. I 
jZA 

10 
I 

6H 
n-w% 1 

TBHP (0.6), -20°, 2 d 1 
OH 

n-C5H11 
/ OH 

n-w-4 1 

(-) 82% ee, [a] -17.1” c C-1 

(52) 61% ee 
-. OH [a] -0.7” ’ I 

ccl \ OH 

I 

CQ 

(<43) 
\ OH 55% ee 

TI (0.3), (+)-DET (0.36) f 56 I 

+ enantiomer 

3 

I TBHP (0.6), -35O, 7.5 h m I 

u. (4) 
+ enantiomer 

Cl2 TBDPSO 

Te 
HA !  

OBn 

TBDPSO TBDPSO 

789 TI (1.4), (+)-DET (1.4) 

TBHP (2.0), -2O”, 12 h WY 
HA : 

OBn 
HO : 

OBn 
(42) [a]+20.5"f (47) [a] +35.5”f 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. \ 
b Ph 

OH 

TI (l), (+)-DIPT (1.2), 

TBHP (0.6), -25O, 3 h 

\ 
JY 

\ 
(45) 61% ee ’ 

Jy 
(34) 89% ee 786 

Ph [a]+26.5" Ph [a] -74.0" 

OH bH 

TI (l), (+)-DIPT (1.2), 

TBHP (0.6), -25O, 14 h 

(1 (35)97%ee [a]+42.4" (1 (33)83%ee [a]-69.5" 786 

\CxH17-n (-) (-) 
I 

6H 
99% ee 

728 

OH 

6-3 Ph& (-4 790 phY (+)-DrPT 
OH OH 

yc@6h3-~ &+i=6HII-n 782 

OH 6H 

(-)95%ee, [a]+38.7" (-) 84% ee, [a] +2.5” 

OMe OMe 

OMe OH OMe OH 

791,792 TI (1 .O), (+)-DIPT (1 .O) 

TBHP (0.6), -50°, 10 h 

(39) [a]+20.8" c (-1 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

OMe 

G 
I \ / I 

OH 

OMe 

0% 
I \ / I 

6Me OH 

Cl3 

/\f 
/ GOH21-n 

OH 

OMe OMe 

TI (1 .O), (-)-DIPT (1 .O) 

TBHP (0.6), -50°, 7 h 

(+)-DIPT 6-I -10 (41)98% ee 793 

[a] -8 1.9” 

OMe OMe 
OH \ \ 

TI (1 .O), (-)-DIPT (1 .O) TI (1 .O), (-)-DIPT (1 .O) c= c= 1 1 
/ / 

I I 
TBHP (0.53), -7S”, 1 h TBHP (0.53), -7S”, 1 h 

I I 

OMe OMe 6H 6H 

(48) >95% ee, [a] -19.2” (48) >95% ee, [a] -19.2” 

TI (1 .O), (+)-DIPT (1.2) (-) 

TBHP (2.0), -28”, 15 d 

TI (1 .O), (+)-DIPT (1.2), (-) 

CaH2, SiO2, TBHP (2.0), 

-4O”, 25 h 

TI (1 .O), (+)-DIPT (1.2), (-) 

TBHP (2.0), -2O”, 17 h 

OMe OH 

(43) >95% ee, [a] +51.6” 

794 

CI&I~~-IZ (40) 91% ee 141 
I 

6H 
[a] +16.2” 

” (42) 85% ee, [a] +15.2” 141 

” (50) 86-94% ee, [a] +16.2” 795 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

TI (1 .O), (-)-DIPT (1.2) 
0.. 

(-) 

v‘i 

CloH21-n (40) 91% ee 795 

TBHP (2.0), -2O”, 17 h [a] -16.6” 

OH 

-P / C\ 

OH 
*CCSHI l-n 4 

(4 (-4 / cc- 
OH 

‘CCsHll-n 

796 

Ph 

OH 

TI (I), (+)-DIPT (1.2), 

TBHP (0.6), -25O, 11 h 
‘&ph ;;)94%,, f&,Ph ;;)-33:;ee 786 

OH 6H 

HcsC~ 
HC\ 

,C5H1 pz “C ~-/w-h 1-n C-1 746 
I 

OH TI (0.2), (-)-DIPT (0.24), OH 
4 A, TBHP (0.6), (42) 98.6% ee 

Cl4 
-20°, 20 h 

TI (0.05), (-)-DIPT (0.06), 

3 A, CUHP (O-55), 

-8”, 12 h 

736 

736 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 
Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

0 

-xr 

TI (0. l), (+)-DIPT (0.15), 
/ 

Ph 3 A, TBHP (0.7), 

-20°, 9 h 
(&‘h (35) qph 

OH OH 6H 
P 

L15qJq+ 
F 

OH 

1 7 

I 
I 

3 

TI (1 .O), (+)-DIPT (1.2) 

TBHP (2.8), -18’, 3 wks 
G-9 

9- 
/ I I 

I / 
bH 

Cl Cl Cl / 
Cl ’ 

I 
b 

/ 
Cl 

\ 
I 

OH Cl 

TI (l.O), (+)-DIPT (1.0) 

TBHP (0.5), -20°, 15 h 

/ 
Cl ’ 

I 
3 

/ 
Cl 

\ 
I 

OH Cl 

(39) 
75% ee 

797 

(42) 90% ee, [a] -8.2” (38) 84% ee, [a] -76.3” 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

799 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 
Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

TI (1 .O), (-)-DIPT ( 1 .O) Cl cl 

TBHP (0.5), -2O”, 15 h 

I 
AH Cl 

(4 (41) 84% ee, [a] +69.7” 

C6Hll 

Tc6H11 

TI (1 .O), (+)-DIPT (1.2) C6H11 

TBHP (0.6), -20°, 15 h Pc6H*1 
OH OH 

(--) >96% ee, [a] -19.8” c 

(+)-DIPT C-1 

Cl6 

0 

% 

/ Ph 

OH 

0 

TI (0. I), (+)-DIPT (0.15), 

3 A, TBHP (0.7), 

w 

/ 
Ph (31) 

-2O”, 9 h 
OH 

C02R 

Cl 

/ 
I 

Cl \ 

2 

/ 
Cl 

799 

0,. 
\ 

I 

OH Cl 

OH 

(-4 

” (27) 91% ee 800 

CPh g;,, 797 

bH 

R=p-[n-CtgH2tO]C6H4 (30-49) 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

YC*2H15-n 
OH 

TI (1 .O), (+)-DIPT (1.2) 

TBHP (0.6), -20°, 15 h Tc’2H15-n 
OH 

(44) >96% ee, [a] +3.6” 

‘&+2h5-n 

bH 

(4% 

124 

C6Hll TC6H11 
TI (1 .O), (+)-DIPT (1.2) 

TBHP (0.6), -20°, 15 h 
C6H1 I /=vcbHl 1 (-) 10 

I 

OH bH 

(-) 10% ee, [a] -0.7” c 
0 

n-C6H13 /---\fw;j (+bDET~ 3 A* O” 
OH C02Me 

n-C&3 /=fi n-c&I13 jz* + 801 
OH C02Me (66) bH C02Me 

(10) 93-94% ee 

n-C6&3 4+ 

(23) OH C02Me 

Cl7 

X)8 TBHP’ (0.66) m)8 

TI (1 1) (+)-DET (1.4), 

(26) 15% ee, [a] +2.9” (39, [cc] -1.3” 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

126 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

Cl8 

joTHP TI (1.2), (+)-DIPT (1.2), 

+vcsp TBHP (O-6), -loo, 48 h 

roTHp 

+ 

bH 
L 

I I (37) 
c20 

q Tys!&.% g#& 
0 OAc OH -2O”, 15 h 0 OAc OH 

802 

0 OAc 

(32) 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 
Allylic Alcohol(s) Epoxy Alcohol(s) 
and Yield(s) (%) and Yield(s) (%) Refs. 

B. Secondary E-Trimethylsilylvinyl Carbinols 

c4TMST 

OH 

TMSw G-4 c-9 
6H 

>95% ee 
803 (-)-DIPTí, TBHP (0.6) 

TMS&/R TMS-YR 
OH 

TMsvyR TI (1 .O), (+)-DIPT (1.2) 
TBHP (1.5), -20î 

OH OH 

R Time (h) 
13 

9.5 

9 
6 

20 

c4 

c5 

c6 

c7 

CH*OPh 
CHzOBn 

CH20TBS 

WH2)2OJ3n 

Pr-i 

(CH2)3C02Me 

(47) >99% ee, [a] +8.0î (46) >99% ee, [a] - 17.0î 13 
(43) >99% ee, [a] - 1.9î (48) >99% ee, [a] -2.2î 13,194 
(46) ~99% ee (48) >99% ee 194 
(43) ~99% ee, [a] -3.2î (45) >99% ee, [a] -10.1î 13,194 

(40) >99% ee, [a] -21.8î (41) ~99% ee, [a] -1.07î 13 

(43) >99% ee, [a] +6.78î (45) 99% ee, [a] +6.7î 13,193 

c7 

TMsmco Me T%ii;;;?pT(1*2)9 
2 , TMsqcoMe TMs*coMe 193 

2 2 

(43) >99% ee (45) >99% ee 

c7 

c8 

OH 
R 

Bu-t 

w-4 1-n 

TI (0.2), (+)-DIPT (0.24), ms 

3 A, TBHP (1.5), -20î 

TMS&/R 
I 

Time (h) 
40 

2 

OH 

(34) 13% ee 
(42) 99% ee 

6H 

WV 
(44) 94.9% ee 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 
Allylic Alcohol(s) Epoxy Alcohol(s) 
and Yield(s) (%) and Yield(s) (%) Refs. 

TM&y/R 

OH 

TI (1 .O), (+)-DIPT (1.2) 
TBHP (1.5), -20î TMSvyR 

OH bH 

c8 

R 

w-h 1-n 
(1 

(1 

x- . 

Time (h) 
7 

18 
2 
2 

(42) 99% ee, [a] -9.8î (42) 99% ee, [a] -7.5î 13,194 
(-) >99% ee (-) >97.6% ee 13,194 
(42) >99% ee (-) >94.9% ee 13 
(44) 99% ee (42) 97.3% ee 804 

13 
13,194 
805 
805 

805 

c9 Ph 13.5 (44) S9% ee, [a] -10.8î (42) 97.3% ee, [a] +25.7î 

Cl1 ~UCSHll 3.5 (44) >99% ee, [a] +7.59î (43) ~99% ee, [a] +4.23î 

CH2CXC5H11-n 4 (41) >99% ee, [a] -55.3î (47) >99% ee, [a] +16.1î 

Cl1 

TBDMSO/\/\ TI (LO), (-)-DIPT (1.2) 

TMS*zy 

OH OH 
(43) 99% ee, [a] -4.7î 

C. Secondary E-Tribut-ylstannylvinyl Carbinols 

n-Bu3sn-YR 

TI (0.3), (+)-DIPT (0.36) 
TBHP (1.5), -21î n-Bu3sn-YR 

(42) 99% ee, [a] +6.2î i 

n-Bu$n&R 

OH OH OH 



TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

c4 

c7 

c8 

c9 

Cl1 

R 
CH20Ph 

(CH2)3C02Me 

C5H11-n 

c6& 1 

(CH2)7C02Me 

Time (h) 

4 

40 

4 

36 

(40) >99% ee 

(A4) >99% ee 

(-) >99% ee 

(41) >99% ee 

(AO) >99% ee 

(4 11 

(-9 803 

(-) 80% ee 11 

e-3 11 

G--1 803 

c7 

n-Bu$n T  h-n T:(~,l$H&~;~,C!f;fh (4 mBu3Sn & Bu-n 198 

I 

OH 6H 
(45) >90% ee, [a] -24.3” 

c8 

n-Bu3Sn 7 

C#ll-n TI(l.O),(-)-DIPI’(1.2) n-Bu$nwC5Hll-n 11 
TBHP (1.5), -20°, 4 h I 

n-Bu$n ,($yC,H, 1-n 

OH 6H OH 
(38-42) 95% ee, [a] +3.1” (-) 92% ee 

D. Secondary E-Iodovinyl Carbinols 
c8 

17C5Hl l-n (-)-DIPT I*C5H11-~ G-1 (4 197 
I >99% ee 

OH OH 

TI (1 .O), (-)-DIPT (1.2), ” (>49) >99% ee, [a] +9.87” b 1 : \. 

+ 

C5H11-~ C-9 12 

TBHP (1.5), -20°, 42 h >99% ee 

OH 

TI (1 .O), (-)-DIPT (1.2), 

TBHP (1.5), -2O”, 36 h 

” (-) 96.2% ee ” (-) >98% ee 12 

TABLE VI. KINETIC RESOLUTION OF RACEMIC SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate Conditions 

Allylic Alcohol(s) 

and Yield(s) (%) 

Epoxy Alcohol(s) 

and Yield(s) (%) Refs. 

TI (0.2), (-)-DIPT (0.24), ” (45) >99% ee ” (-) 96.9% ee 12 

TBHP (1.5), 4 A, -2O”, 36 h 

c9 7 
I / 

WI 1 

OH 

TI (0.2), (-)-DIPT (0.24), ” (-) 98% ee (-3 
TBHP (1.5), 4 A, 20°, 36 h 

TI (0.23), (+)-DIPT (0.33), I 

-Y1l (---) TBHP, (1.5), 4 A, -21” 
OH 

12 

198,805 

805 

OH -21”, 40 h OH 
(41) >99% ee, [a] -6.1 O 

1Tc8H17-n 
OH 

TI (0.3), (+)-DIPT (0.36), I 
TBHP (1.5), 4 A, TC8H17-n c----) 

198,805 

-21”,40h OH 
(44) >99% ee, [a] -7.8” 

Q Ti(OBu-t)4 was used instead of Ti(OPr-t)4. 

b The rotation was measured in methanol. 

c The rotation was measured in ethanol. 

d The reaction was too slow to be practical. 

e 2-Phenyl-2-propyl hydroperoxide was used instead of tert-butyl hydroperoxide. 

f The rotation was measured in dichloromethane. 

g The rotation was measured in benzene. 

h The rotation was measured in n-hexane. 

i The configuration was not determined. 

i The rotation was measured in acetone. 



c4 

TABLE VII. ASYMMETRIC EPOXIDATION OF CHIRAL SECONDARY ALLYLIC ALCOHOLS 

Conditions 

Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

WOBn 

OH 
G 

TI (1.05), (+)-DIPT (1.05), 

TBHP (2), -2O”, 18 h 

BnOTOH 

OH 

‘I’1 (1.05), (+)-DIPT (1.2), 

4 A, TBHP (2), -20°, 72 h 

Tsy -OH 

Bn OH 

%- 
OH 

TI (1.05), (+)-DII’T (1.2), 

4 A, TBHP (2), -20°, 72 h 

(+)-DIPT 

‘eOBn (86), [a] +9.2” 582 
I I 

BnOhOH (92) [a] -11.0” 177 

T@+OH (88) [a] -22.6O 177 

Bn OH 

w (60) >95% de 145 

OH 

OH 

OH 

OH 

TI (l), (-)-DIPT (1.2), 4 A, 

TBHP (1.2), 10 h 

(+)-DET (1.2) 

OH 
q-. 
J‘\j\// I (42) -100% de 187 

I I 

Bni& 

0 k 
0 G--) 806 

bH 

TABLE VII. ASYMMETRIC EPOXIDATION OF CHBUL SECONDARY &LYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

c7 

L 
BnO OBn 

BnOl OBn I 
bH AH 

WOBn 

OH 
BnO 

OH 

(+)-DWT (0.13), 

TBHP (0.5) 

TI (1. l), (+)-DIPT (1.2), 

4 A, TBHP (1.5), -20” 

TI (l.l), (-)-DIPT (1.2), 

4 ii, TBHP (1.5), -20” 

TI (l.l), (+)-DIPT (1.2), 

4 Bi, TBHP (1 .S), -20” 

TI (1. l), (-)-DIPT (1.2), 

4 A, TBHP (1.5), -20” 

TI (l.l), (+)-DIPT (1.2), 

4 A, TBHP (1 S), -20” 

0 

L 

(76) 90% ee 80’7 

I I 

BnO:oBn (82) 188 

OH bH 

BnObOBn glde 188 

OH bH 

BnO OBn (89) 188 I I 

bH bH 

BnO 188 

AH AH 

OBn (54) 
13% de 

ON. I I 

BnO 
\ 

188 

AH 

OBn (70) 

OH 



TABLE VII. ASYMMETRIC EP~xIDATION OF CHIRAL SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (es), MS Product(s) and Yield(s) (%) Refs. 

BnofioBn 
1 

OH 

TI (1. l), (-)-DIPT (1.2), 

4 Bi, TBHP (1.5), -20” 

TI (1. l), (+)-DIPT (1.2), 

4 A, TBHP (1 S), -20” 

TI (1. l), (-)-DIPT (1.2), 

4 A, TBHP (1 S), -20” 

” BnOjOTBDPS (+)-DIPT, -20” 

OTBDPS 

OBn 

TIG9, (-WET (3, 
TBHP (1 S), -20” 

TABLE VII. ASYMMETRIC EPOXIDATION OF CHIRAL SECONDARY ALLYLIC ALCOHOLS (Continued) 

Bno30Bn (70) 188 

0 

BnOn 

OBn (29) 

6H 23% de 

1 

188 

0,. I 

BnO y  

I 
OBn (28) 188 

OH 51% de 

I , 

BnOcOTBDPS (90) 808 

OTBDPS 

OY- 
C-- (W 157 

OH “-0Bn 

Substrate 

Conditions 

~‘1 (es>, DAT (es), MS Product(s) and Yield(s) (%) Refs. 

84% ee 

n-C5Hll 
-OH 

OH 

OH 

64-72% ee 

OH 

I  

OBn 

OH 

(+)-DET, 4 A, -20°, 60 h &$ + &4 

(50) 98% ee (5) 

TI (0.2), (+)-DET (0.24), 

TBHP (2), -2O”, 20 h 

(75), [a] +6.7” 
I 

i)H 

0. I - 
I 

+ TMS 
-C5Hl 1-I) (8) 

I 

OH 

TI (1.05), (+)-DIPT (1.2), 
n-C5H11 

OH (73) [a] -37.9” 

4&I’I3HP(1.1),-20”,72h OH 

TI (l), (+)-DIPT (1.2), 

5”, 6 d 

NC& C5J311-n (85) 
I 

bH 

TI (I), (-)-DIPT (1.2), 

TBHP (0.8), -20”. 

(71) 88% ee 

OH 
[a] +9.5” a 

(-)-DIPT, 4 ii, -20” 
OBn 

OH 

809 

197 

177 

106 

810 

811 

(85) >97% de 



TABLE VII. ASYMMETRIC EPOXIDATION OF CHIRAL SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (eq>, MS Product(s) and Yield(s) (%) Refs. 

(+)-DIPT, 4 A, -20” 

,o i 
OBn (-)-DIPT,4 A,-20" 

OH / a I (-)-DET 

HO 

Cl0 TBDMSO MPMO 

t-BuCO “2 (-)-DIPT,4A,-20”,3d 

Br OH 

TI (1.05), (+)-DIPT (1.2), 

OH 

BnO 
OBn 811 

OH 
(83) >97% de 

OBn 

OH 
(97) >97% de 

(83) 

811 

768 

TBDMSO MPMO 

t-BuCO 2& 812 

Br OH 
(97) 

(56) 177 

OH [a] -32.7” 

OH 

TBDMSOdOBn 512 

OH 
(-) 40% de 

TABLE VII. ASYMMETRIC EPOXIDATION OF CHIRAL SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (eq), DAT (4, MS Product(s) and Yield(s) (%) Refs. 

Cl1 

OH 

&Ph 
\ 

OH 

PhvOH 

OH 

(-)-DET TBDMSO\OBn 

OH 
(-) 100% de 

OH 
(+)-DET (catalytic), MS 

+Ph (---) 

OH 

(-)-DET (catalytic), MS wph (-P%de 

TI (0.3), (-)-DIPT (0.37), 

4A,-21”,4h 

,w-h 1-n 

TI (l), (+)-DIPT (1.2), 

-21” 

.,..,19 (89) 

bH 

TI (1.05),(+)-DIPT(l.2), 
TE3HP(1.1),4&-200, 
72 h 

Ph+OH (87) [a] -33.4” 

OH 

512 

44 

44 

198 

198 

177 



TABLE VII. ASYMMETRIC EPOXIDATION OF CHIRAL SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (es>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

Cl2 
TBDMSO, 

(COBn 

MPMO OH 

TBDMSO, 
I 

\OBn 512 

MPMO OH 
(-) 100% de 

(+)-DET, -23” 

TBDMSO, 

)&+OBn 512 

MPMO OH 
(-) 100% de 

OMe 

(-)-DET, -23” 

OMe 

0% I \ / / TI (l), (+)-DET (0, 
TBHP (0.6), -50°, 10 h 

791,792 

&Me bH 

Cl3 BnO 

6Me bH 

BnO 

BnO, .k. . 
0 

(-) 99% de 813 
OBn 

(+)-DET, 0” 

” (-) 20% de 813 (-)-DET, 0” 

TABLE VII. ASYMMETRIC EPOXIDATION OF CHIRAL SECONDARY &LYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

TI (q), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TI (l), (+)-DIPT (1.2), 

-2O”, 22 h 

6Me 
(96) 90% de 

OMe 

n-c I$3 1 +oH (63) [a] -22.5” 177 

OH 

R-C15H31 
-OH 

OH 

TI (1.05), (+)-DIPT (1.2), 

4 Bi, TBHP (l.l), 

-20°, 72 h 

0 # \ 0 t \ 

C02Me 

TI (2.1), (+)-DII’T (2.5), 

CaH2 (0.4), SiO2 (0.5), 

-20°, 96 h 

TI (2.1), (+)-DIPT (2.5) 

TBHP (1 .O), -20°, 30 d 

TI (2.1), (-)-DIPT (2.5), 

CaH2 (0.4), SiO2 (0.5), 

-20°, 30 h 

TI (2.1), (-)-DIPT (2.5) 

TBHP (1 .O), -20°, 30 d 

(71) 
75% de 

140 

” (0) 140 

” (81) 80% de 140 

” (5) 140 



TABLE VII. ASYMMETRIC EPOXIDATION OF CHIRAL SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

‘~1 (eq>, MT (eq), MS Product(s) and Yield(s) (%) Refs. 

OMe 

OH 

[*+[e 

111 
I II 

(+)-DET I + II (95) I:11 = 70:30 

(-)-DET I + II (96) I:11 = 4456 

c27 
OH \ I 

(+)-DET I:11 = 33:67 816 

(-)-DET I:11 = 96:4 816 

815 

815 

TBDMSO’ 0UOTBDMS 

TABLE VII. ASYMMETRIC EPOXIDATION OF CHIRAL SECONDARY ALLYLIC ALCOHOLS (Continued) 

Conditions 

Substrate TI (eq>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

TBDMSO’ ‘-OTBDMS 

c28 

(+)-DET I:11 = 9812 816 

(-)-DET I:11 = 50:50 816 

(+)-DET ( 100% conversion) 

(-)-DET (40% conversion) 

(3 817 

(4 817 

u The rotation was measured in dishloromethane. 



TABLE VIII. EPOXIDATION AND KINETIC RESOLUTION OF MESO-SECONDARY Ar~wx ALCOHOLS 

Substrate 

Conditions 

TI @I), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

OH 

TI (1.36), 

(+)-DIPT (1.8), 4 A q?- 

TBHP (4.8), -25” bH 

274 

3 (40-48)84%ee,92% de 
24 (40-48)93%ee,99.7% de 

140 (40-48)>97%ee,>99.7% de 

TI (0.07), (+)-DIPI’ (0.09), ” (55) >99% ee, [a] +48.8” 

4 A, TBHP (2.0), 

-MO, 118 h 

279 

TI (0. l), (+)-DIPI’ (0.12), ” (60) 99% ee, 97% de 

4 A, TBHP (1 .S), 

-20°,90 h 

274 

TI (l.O), (+)-DET (1.2), (( (50~60)>90% ee,[a]+46.7" 

TBHP (1.2), -2O”, 3 d 

274,275 

OH 

WV, [al -50.0” 274 

(( (-)>97%ee,99% de 275 

TI (0.2), 

(-)-DIPT (0.24), 4 A, 

TMs+TMs cyz&%ee, 

TBHP (1.5), -21 O, 35 h OH [a] -24.0” 

276 

TI (0.2), 

(+)-DIPT (0.24), 4 A, 

TMs+ms c!?$;yee, 

I 

TBHP (1.5), -21 O, 35 h bH 

276 

t (h) 

(-)-DET 

(-)-DIPT 

TMsvms 
OH 

TABLE VIII. EPOXIDATION AND KINETIC RESOLUTION OF MESO-SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

‘1’1 (eq>, DAT (eqh MS Product(s) and Yield(s) (%) Refs. 

c6 OH 
(60)90% ee,75% de 187 TI (0.4), 

(-)-DIPT (0.8), 

TBHP(lO), 114h OH 
c7 

OH 

J+ G 
I 
b 

OH 

274,277 TI (l.l), 

(-)-DIPT (1.3), 

TBHP (2), -25” OH 

t (h) 
0.5 

1.0 

1.5 

(SO-85)88% ee,>99% de 

(80-85)94%ee,>99% de 

(80-85)>99.3% ee,>99% de 

274 TI (1.15), 

(+)-DIPT (1.5), 

TBHP (2.6), -25” 

BnO OBn OBn 

OH OH 

t 0-O 
1 (70-78)93%ee, 97% de 

3 (70-78)95%ee, 97% de 
44 (70-78) 93% ee, 97% de 

TBDMSO TBDMSO TBDMSO TBDMSO 

+ 
OH 

(71) [a] +6.8" 529 (+)-DET 



TABLE VIII. EPOXIDATION AND KINETIC RESOLUTION OF MEso-SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

‘1’1 (q), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

OH 

TBDMSO OTBDMS 

Cl3 

OBn 

TBDMSO 
(-)-DET q (93) [a] -8.2” 

OH 

TI (1.36), 

(+)-DIPT (1.8), 4 A, 

TBHP (4.8), -25” 

TI (1.36), 

(-)-DIPT (1.8), 4 A, 

TBHP (4.8), -25” OH 

(+)-DIF’T, 4 A, -20” 
, I 

& j i & 

TBDMSb ~TBDMs 

QBn 

(68) 278 

(72) 

(82) 

278 

280 

529 

278 

TABLE VIII. EPOXIDATION AND KINETIC RESOLUTION OF MESO-SECONDARY ALLYLIC ALCOHOLS (Continued) 

Substrate 

Conditions 

~‘1 (es), DAT (es), MS Product(s) and Yield(s) (%) Refs. 

I 0 
TI (1.36), 

fi 
278 

(+)-DIPT (1.8), 4 A, 
I I I I I I I I I I 

OH 

I  I  

TBHP (4.8), -25” 



TABLE D(. KINETIC RESOLUTION OF a-HYDROXY-FURANS, -THIOPHENES, AND -PYRROLES 

Substrate 

Conditions Remaining Alcohol(s) Oxidation Product(s) 

TI (es), DAT (es>, MS and Yield(s) (%) and Yield(s) (%) Refs. 

TI (l), (+)-DIPT (1.2), 

TBHP (0.6), -20” 

I 

R2 

R’ R* R3 R4 to 
C6 I-I H H Me 24 

C7 H H H CH=CH;! 24 

H H H C=CTMS 20 

C8 I-I H H CH2CH=CH2 36 

H H H Pr-i 25 

Cg I-I I-I H Bu-t 40 

Cl0 I-I I-I H C5H11-n 25 

Cl1 Me H H w11n 6 

H H Me CgHll-n 4 

H H H Ph 40 

I II 

(53 

(-4 

(4 

c-4 

(55) 

(55) 

(53) 

(55) 

C-1 

(44 

(32) >95% ee, [a] +20.8” 

(32) >95% ee, [a] -1.74” 

(38) 88% ee, [a] -16.5” 

(42) >95% ee, [a] +39.9” 

(39) >95% ee, [a] +18.1” 

(41) 6% ee 

(42) >95% ee, [a] +13.8” 

(40) >95% ee, [al +7.8” 

(39) >95% ee, [0tj +8.9” 

(42) 99% ee, [a] +6.9” 

413 

14,413 

14,413 

413 

14,413 

14,413 

14,413 

14,413 

14,413 

413 

TI (0.2), (+)-DIPT (0.24), 

4 A, TBHP (1.5), -20” 

I II R’ R* R3 R4 t (h) 

C6 H H H Me 12 

c7 H H H CH2C02Et 22 

c9 H H H Bu-n 50 

Cl0 H H H CSHI1-n 14 

(33) >95% ee C-1 413 

(40) >95% ee c-4 413 

(38) 99% ee, [a] +16.2” G--) 413 

(38) >95% ee G-4 413 

H Me 45 

Cl1 Me H H C5H1pz 6 

H H H Ph 48 

(43) >99% ee, [a] +19.9” (-4 413 

(40) >95% ee 6-J 413 

(38) >95% ee G-4 413 

TABLE IX. KINETIC RESOLUTION OF a-HYDROXY-FURANS, -THIOPHENES, AND -PYRROLES (Continued) 

Conditions Remaining Alcohol(s) Oxidation Product(s) 

Substrate TI (eq>, DAT (eq), MS and Yield(s) (%) and Yield(s) (%) Refs. 

R 
H 

TI (0. I), (+)-DIPT (0.15), 

TBHP (0.7), 3 A 
I 0 

0, / 
R 

OH 

c6 

c7 

G3 

c9 

Cl1 

Cl5 

OH 

R 

Me 

Et 

CH=CHMe 

Bu-n 

w-h 1 

C10H21-n 

Temp Time (h) 

-20” 5 (36) 80% ee, [a] +17.4” 

-20” 3.5 (32) 95% ee, [a] +12.6” 

-30” 7 (32) 82% ee, [a] -40.4” 

-35” 6 (43) 94% ee, [a] +9.2” 

-25” 7 (44) >98% ee, [a] +20.0” 

-25” 4 (44) >98% ee, [cc] -9.6” 

0 
(4 819 TI (0.1 I), (+)-DIPT (0.16), 

3 A, TBHP (0.5), 

-2O”, 6 h 
OH OH 

Pro 820 TI (0.22), (+)-DIPT (0.24), 

3 A, TBHP (0.6), 

-21°, 30 min 
C02Me C02Me 

OH 

H(,4,4,/co2Me 
H : I 

OH 

+ enantiomer (45) >99% ee, [a] +14.7” 

C02Me 

OH 

TI (0.22), (+)-DIPT (0.24), r”, i 

3 A, TBHP (0.6), 

-21’, 30 min 
vCO2Me 

OH 

A 
HO 0 

C02Me 

+ enantiomer 
(49) >99% ee, [a] +9.52” 



TABLE D(. KINETIC RESOLUTION OF &HYDROXY-FURANS, THIOPHENES, AND -PYRROLES (Continued) 

Conditions Remaining Alcohol(s) Oxidation Product(s) 

Substrate ‘1’1 (es), DAT (es), MS and Yield(s) (%) and Yield(s) (%) Refs. 

TI (0.22), (+)-DIPT (0.24), 6-4 821 
Bu-n TBHP (0.6), -25” Bu-n 

OH 
TBDMSO 

R’ 

h 

I 
S 

/ R2 

OH 

R’ R2 

G3 I-I Pr-i 

c9 I-I Bu-n 

H Bu-t 

Cl1 Me w-5 1-n 

H Ph 

I NTS 

0, / R 

OH 

R 

c7 Et 

Cl1 C6Hl3-n 

TI (l), (+)-DIPT (1.2), 

TBHP (3), 0” 

h 

18 

18 

18 

20 

45 

TI (l), (-)-DIFI (1.2), 

TBHP (1.5), CaH2, 

SiO2, -lo”, 16 h 

J OH 
TBDMSO 

(41) >95% ee 

OH 

(30) 91% ee, [a] +14.2” (-4 
(39) >95% ee 6-J 
(25) 47% ee (-4 
(35) >95% ee, [a] +14.9” G-3 
(30) >95% ee, [a] -9.8” G-9 

cb I 
NTS 

/ R 

bH 

(4-o) 90% ee, [a] -36.2” (-4 
(36) >95% ee, [a] -45.5” 6-d 

Polymer 822 

TsNH 
H 

TABLE IX. KINETIC RESOLUTION OF a-HYDROXY-FURANS, THIOPHENES, AND -PYRROLES (Continued) 

823 

Substrate 

Conditions Remaining Alcohol(s) Oxidation Product(s) 

~‘1 (es), DAT (es>, MS and Yield(s) (%) and Yield(s) (%) Refs. 

OH 

TI (l), (+)-DIPT (1.2), 

TBHP (1.5), CaH2, 

SiO2, -lo”, 16 h 

c6 

c7 

c8 

c9 

Cl1 

Cl5 

R 

Me 

Et 

CH2CH=CH2 

Bu-n 

C6H I 3-n 

GoH21-n 

0 
823 

R 
H 

(43) ~95% ee, [a] +2 1.5” (4 
(38) 92% ee, [a] +37.1” (4 
(38) >95% ee, [a] +65.6” e-1 
(35) 90% ee, [a] +42.6” (-3 
(33) 94% ee, [a] +42.9” e-1 
(30) 90% ee, [a] +3&O” (4 



TABLEX. KINETICRES~LUTIONOFCX-TOSYLAMINO~RANS 

Substrate 

Conditions Remaining Alcohol(s) 

TI (es), DAT (es), MS and Yield(s) (%) 

Oxidation Product(s) 

and Yield(s) (%) Refs. 

I 0 cx, / R 

&ITS 

R 

c6 

c7 

C8 

c9 

Cl1 

Me 

Et 

Pr-n 

Bu-n 

Bu-i 

C6HI 3-n 

c7 Et 

Cl1 C6Hl3-n 

TI (1 .O), (+)-DIPT (1.2) 

TBHP(2.S),CaHz, 
SiO2,rt 

Time (h) 

2 

2 

2 

2 

2 

3 

TI (l.O), (-)-DIPT (1.2) 

TBHP (2.5), CaH2, 

SiO2, rt 

3 

3.5 

CL I 0 

/ R 

~-ITS 

(50) 90% ee, [a] -7.6” a (8) 
(47) 93.3% ee, [a] -5.0” a (45) 
(46) 94.7% ee, [a] -5.3” a (47) 
(46) 90% ee, [a] -5.0” a (41) 
(47) 90.7% ee, [a] -7.4” a (43) 
(45) 100% ee, [a] -4.3” a W) 

NHTs 

(SO) 93.5% ee, [a] +S.O” a (46) 
(49.5) 100% ee, [a] +4.4” a (48) 

HO 
I 
Ts 

HO 

Ts 

200 

200 

a The rotation was measured in ethanol. 



TABLE XI.EP~XIDATI~NOFALLYLIC ALCOHOL~WITHINSITUHYDR~XYDERIVATEATI~N 

Substrate 

Conditions 

TI W, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

c3 

1. 
OH 

TI (0.05), (-)-DIPT, (0.06), 3 k, O”, 6 h 

e 2. P(OMe)3, -20” 

3. TsCl, Et3N, -20°, 10 h 

1. TI (0.05), (+)-DIPT, (0.06), 3 ila, -5O, 5 h 

2. P(OMe)j, -20” 

3. PNBCl, Et3N, O”, 1 h 

1. TI (0.05), (-)-DIPT, (0.06), 3 k, O”, 6 h 

2. P(OMe)s, -20” 

3. TBDPSCl, DMAP, -2O”, 10 h lob, 86a 

1. TI (0.05), (+)-DIPT, (0.06), 3 k 

2. P(OMe)3, -20” 

43 , 584a 

3. m-02NC6H$02C1, Et3N 

1. TI (0.05), (+)-DIPT, (O.O6), 38ia 

2. P(OMe)3 

3. p-ClC6H4S02Cl 

1. TI (0.05), (-)-DIPT, (0.06), 3 k, -3” 

2. P(OMe)s, -30” 

3. TrCl, Et3N 

1. TI (O-05), (-)-DIPT, (0.06), 3 A, -20°, 4.5 h 

2. P(OMe)J, -20” 

3. TsCl, DMAP, -10” 

c4 

OH 

1. TI (0.05), (+)-DIPT, (0.06), 3 A, -20°, 4.5 h 

2. P(OMe)s, -20” 

3. PNBCl. EtqN. 0” 

'hOTs 
(40) 94% eeb, [a] +17.5” 18, 135, 

97% eec, [a] +18.1” 66,824 

(45) 91% ee, 

[a] -2.28” 
18 

OSO2C6H4NO2-m 

(57) 96% ee,b 66 
99% ee, 

[a] +230c 

OS02C6H4Cl-p 

(38) 95% ee,b 66 
[a] +22.6” 

OhoTr (53) 67 

(69) 95% ee, 18 

OTs [a] +4.84” 

0 
PL 

(78) 98% eeb, 18 

OPNB [a] -5.87” 



TABLE XI. EPOXIDATION OF ALLYLIC ALCOHOLS WITH IN SITU HYDROXY DERIVATIZATION (Continued) 

Conditions 
Substrate ‘1-1 (q>, DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

1. TI (0.05), (-)-DIPT, (0.06), 3 A, -20°, 5 h 

2. P(OMe)3, -20” 

3. 2-C10H,S02Cl, Et3N, -10” 

- OH 
1. TI (0.05), (-)-DIPT, (0.06), 3 A, -2O”, 2 h 

2. P(OMe)3, -20” 

3. TsCI, Et3N, -2O”, 10 h 

1. TI (0.05), (+)-DIPT, (0.06), 3 pi, -20°, 2 h 
2. P(OMe)3, -20” 

3. PNBCl, Et3N, O”, 1 h 

1. TI (0.05), (-)-DIPT, (0.06), 3 A, -20°, 2 h 

2. P(OMe)3, -20” 

3. TBDMSCI, DMAP 

1. (-)-DET 

2. P(OMe)j, -20” 

3. TBDPSCI, DMAP 

1. TI (0.05), (-)-DIPT, (0.06), 3 &, -3O, 8 h 

2. P(OMe)3, -20” 

3. TrCl, Et3N, 2O, overnight 

1. (+)-DET 

2. in situ tosylation 

OH 1. TI (0.05), (+)-DIPT, (0.06), 3 A, -2O”, 20 h 

2. P(OMe)3, -20” 

3. PNBCl, Et3N, O”, 1 h 

0 
LL oso2c1ti7-2 

(60) 92% eeb, 
[a~ +5.940 

0. I - -0Ts 
(70) 98% eeb, 

I [a]+34.22" 

0,. I (68) 92% ee, 

moTBDMS [a] +13.12” 
I 

0. I - -0TBDPS 
(76) I 

&OTr (53) 

OPNB 
(68) 92% eeb, 

[a]-28.4" 

18 

18 

18 

18 

825 

67 

826 

18 

TABLE XI. EPOXIDATION OF ALLYLIC ALCOHOLS WITH IN SITU HYDROXY DERIVATIZATION (Continued) 

Substrate 

Conditions 

TI (eq), DAT (q), MS Product(s) and Yield(s) (%) Refs. 

G NO2 / 

/ /J- 
OH 1. TI (0. l), (+)-DIPT (0.12), 4 A 

2. 3,5-(OzN)2C6H3COC1, Et3N 

1. TI (0.05), (+)-DIPT (0.06), 3 A, -40°, 2 h 

2. P(OMe)3, -20” 

3. PNBCl, Et3N, O”, 1 h 

1. TI (0.05), (-)-DIF’T (0.06), 3 A, -4O”, 2 h 

2. P(OMe)s, -20” 

3. 2-C10H7S02Cl, DMAP, -lo”, 5 h 

Cl0 

OTBDPS I 

1. TI (0.05), (-)-DIPT (0.06), 3 A, -4O”, 2 h 

2. P(OMe)j, -20” 

3. TsCI;Et3N, -20°, 10 h 

1. TI (0.05), (-)-DET (0.075), 4 A, 

OH 1. TI (0.05), (+)-DIPT (0.06), 3 A, 

-loo, 15 min 

2. P(OMe)s, -20” 

3. AqO, Et3N, rt 

0 \r- (70) 98% eeb, 

OPNB [a]-36.09" 
18 

0 

\r- 

WV 18 
~~~2~1ti7’2 [a]+22.43" 

0%. 

“r/ 

OTs 
(55) 93% e-e, 

[a]+20.15" 
18 

OTBDPS 
SOTS izY6.85” d623 

30Ac l8 

(98)86% ee,[a]-26.9" 



TABLE XI. EPOXIDATION OF ALLYLIC ALCOHOLS WITH IN SITU HYDROXY DERIVATIZATION (Continued) 

Substrate 

Conditions 

TI (es), DAT (es), MS Product(s) and Yield(s) (%) Refs. . 
OH 

I - 
1. TI (0.05), (-)-DET (0.075), 4 A, -20°, 7 h 

I 

2. TsCl, Et3N, O-5”, 36 h 

o” 

OTs 
623 

(67)e 93% ee, [a] +17.1” d 

a The oxidant was cumene hydroperoxide. 

b The ee and rotation were reported for the recrystallized material. 

c The rotation was reported for twice recrystallized material. 

d The rotation was measured in dichloromethane. 

e The corresponding epoxy alcohol (11%) was also obtained. 



TABLE XII. EPOXIDATION OF ALLYLIC ALCOHOLS WITH IN SITU EP~XIDE OPENING 

Substrate 

Conditions 

TI (eq), DAT (eq), MS Product(s) and Yield(s) (%) Refs. 

1. TI (O.OS), (+)-DIPT”, (0.06), 3 A, O”, 5 h 

2. P(OMe)s, -30 to -25” 

3. PhSH, Ti(OPr-i)4, rt 

PhS JOH ;;)+t? ’ 36 

c3 

c4 

1. TI (0.05), (+)-DIPTa, (0.06), 3 A, O”, 5 h 

2. P(OMe)s, -30 to -25” 

3. 1 -C&ONa, Ti(OPr-i)4, rt, overnight 

1. TI (0.05), (+)-DLPTa, (0.06), 3 A, O”, 5 h 

2. P(OMe)s, -30 to -25” 

3. BnNHPr-i, Ti(OPr-i)4, rt, overnight 

I \ 
’ 

@ I 

0yOf-J &z;b”” 135 

/ OH 

OH (68) 90% ee 136 

1. TI (0.05), (+)-DIPT=, (0.06), 3 A, -20°, 4 h 

OH 2. P(OMe)j, -30 to -25O, 0.5 h 

3. PhSH, Ti(OPr-i)4, rt 

a The oxidant was cumene hydroperoxide. 

6 The rotation was measured in ethanol. 

c The rotation was measured in methanol. 

\\ OH (100) 92% ee 136 

PhS&OJ.J [al +2*27”’ 















TABLE XIV. ASYMMETRIC OXIDATION OF p-HYDROXY SULFIDES 

Substrate 

Conditionsa Diastereomeric 

TI (eq), DAT (eq) Product( s)b and Yield(s) (%)” Refs. 

c6 
02cc&i4No2-o 

S 

+ 

dl 

Me’ 

Et 

Me’ 
S 

Et 

dl 

02CC6HdN02)2-3,5 

S 

+ 

dl 

Me’ 

Et 

Me’ 
S 

OSiPh3 

I+ 
Et 

dl 

G 
OH 

MeAsd Ph d1 

MeHsd Ph 
dl 

0 
I I 

02cc6H4N&-o 
TI (0.25), (+)-DET ( l)d, 

-20°, 14-16 h Me’ 
S 

+ 

a: (58) 68% ee 830 

b: (22) 65% ee 

Et 

0 
II 

02cc6H4No2-p 
TI (0.29, (+)-DET (l)$ 

-20°, 14-16 h Me’ 
S 

+ 

a: (46) 60% ee 830 

b: (13) 38% ee 

Et 

0 
II 

02CC&(N02)2-3,~ 
TI (0.25), (+)-DET ( l)d, S 

+ 

a: (52) 75% ee 830 

-2O”, 14-16 h Me’ b: (25) 50% ee 

Et 

0 OSiPh3 
TI (0.25), (+)-DET ( l)d, 

I I 

-20°, 14-16 h Me’ 
S 

+ 

a: (67) 65% ee 830 

b: (20) 

Et 

0 OH 
TI (0.25), (+)-DET (I), 

Me/‘> Ph 
a: (13.6) 3% ee 

-2O”, 14-16 h b: (6.4) 5% ee 

830,831 

0 02cc#4No2-o 
TI (0.25), (+)-DET ( l)d, 

Me/‘& Ph 
a: (38) 54% ee 830,831 

-20°, 14-16 h b: (33) 50% ee 



TABLE XIV. ASYMMETRIC OXIDATION OF FHYDROXY SULFIDES (Continued) 

Substrate 

ConditionsQ Diastereomeric 

TI (eq), DAT (eq) Product(s)b and Yield(s) ( %)c Refs. 

OTBDPS 

MeHSdPh 

OSiPh3 
I 

MeAs Ph 

c9 
OH 

S 
Me’ 

dl 

Ph 

OAc 

S 

+ 

dl 
Me’ 

Ph 

OTMS - 

Ph 

0 OTMS 

Me’ 
TI (0.25), (+)-DET (l)$ 

II 
S dl 

Me’ 
S a: (73) 66% ee 

-20°, 14-16 h b: (11) 

Ph Ph 

OSiPh3 0 
II 

OSiPh3 
dl 

Me’ 
S 

+ 

TI (0.25), (+)-DET (l), S a: (79) 70% ee 

-20°, 14-16 h Me’ 
+ 

b: (11) 

Ph Ph 

dl 

0 OTBDPS 
TI (0.25), (+)-DET (l), a: (50) 75% ee 830,831 

-20°, 14-16 h Me/‘&Ph b: (41) 71% ee 

dl 

0 OSiPh3 
TI (0.25), (+)-DET (l), a: (44) 70% ee 830,831 

-20°, 14-16 h Me/‘&Ph b: (34) 64% ee 

TI (0.25), (+)-DET (l)$ ” a: (43) 80% ee; b: (43) 75% ee 830,831 

-20°, 14-16 h 

0 OH 
TI (0.25), (+)-DET (l), 

II 
S a: (22) 18% ee 

-20°, 14-16 h Me’ 
+ 

b: (~0.2) 

Ph 

0 OAc 
TI (0.25), (+)-DET (l)$ 

II 

-2O”, 14-16 h Me’ 
S a: (74) 71% ee 

b: (12) 

TABLE XIV. ASYMMETRIC OXIDATION 0~ P-HYDROXY SULFIDES (Continued) 

830,831 

830 

830 

830,831 

Substrate 

Conditionsa 

TI (eq>, DAT (eq) 
Diastereomeric 

Product( s)b and Yield(s) (%)” Refs. 

TI (0.25), (+)-DET (l)$ 
0 
I I 

OSiPh3 
830,831 

-20°, 14-16 h 
Me’ 

S 

+ 

a: (83) 78% ee 

b: (8) 70% ee 

Ph 

a The ratio of tert-butyl hydroperoxide to sulfide was 0.5. 

b The absolute and relative configurations of the two diastereomeric products a and b were not determined. 

c The yield was based on the oxidant. 

d Cumene hydroperoxide was used instead of tert-butyl hydroperoxide. 



TABLE XV. ASYMMETRIC OXIDATION OF DITHI~ACETALS 

Substrate 

Conditions 

TI @l)9 DAT Ml) Product(s) and Yield(s) (%)” Refs. 

TI (I), (+)-DET C9, Hz0 (1) 
-20°, 16 h 

0 
II 

T 

S 

S 3 

(78) 20% ee, [cc] +41.70b 203 

c2 0 
II 

Et02C S 

Y 

3 

TIC1 1, (+I-DET (3, Hz0 ( 1) 
Et02C S 

Y 
3 

(65) 60:4oC, 80% eed 206 

S 
-40°, 50 h 

S 

c3 

Et02C 
TI (11, (+)-DET CD, I-W ( 1) 

-38O, 50 h 

0 

Et02C 
(65) lOO:oC, 80% eed 

[a] +18.90e 

206 

TABLE XV. ASYMMETRIC OXIDATION OF DITHI~ACETALS (Continued) 

Conditions 

Substrate TI (eq>, DAT (eq) Product(s) and Yield(s) (%)” Refs. 

G 

c6 

c8 

t-Bu 

t-Bu S 

Y 
S 3 

t-Bu 

Ph S 

Y 
S 3 

Ph 

TI (I), (+)-DET (4), -2O”, 8 hf 

TI Cl>, (+)-DET (3, H20 (1) 
-78O, 50 h 

TI (I), (+)-DET (4), -203, 14 ti 

TI (0.19), (+)-DET (0.77), 

-20°, 15 hf 

TI (0.19), (+)-DET (0.77), 

-20°, 15 hf 

TI (0.19), (+)-DET (0.77), 

-20°, 15 hf 

0 
II 

t-Bu 

t-Bu 

(82) 99: 1 c, 70% eed 832 

(49) 90: 10c, 0% eed 206 

(61) 99:lc, 68% eed 832 

(76) 94:6”, 76% eed 832 

0 
I I 

Ph S 

Y 
3 

(88) 90:10”, 14% eed 832 

S 

Ph 
(66) 9713~, 83% eed 832 



TABLE XV. ASYMMETRIC OXIDATION OF DITHIOACETALS (Continued) 

Substrate 

Conditions 

TI (eqh DAT (eq) Product(s) and Yield(s) (%)” Refs. 

Ph 
TI (0.19), (+)-DET (0.77), 

-20°, 15 ti 
Ph 

(87) 85: W, 39% eed 

TI (I), (+)-DET (3, H 20 (11, 
-40°, 50 h 

” (65) lOO:od, 78% ee, [cz] +18.9”g 

p-Meow-34 
(+)-DET 

832 

206 

(-) lOO:O, 76% ee 833 

a The absolute configurations of the sulfoxides were not determined. 

b The rotation was measured in acetone. 

c The ratio is that of the diastereomers (trumcis). 

d The value refers to the major tram isomer. 

e The rotation was measured in dichloromethane. 

f The reaction was carried out in 1,2-dichloroethane. 

g The rotation was measured in ethanol. 



TABLE XVI. KINETI~RESOLUTIONOFARACEMI~SULFIDE 

Substrate 

Conditions 

TI (es), DAT (es) Sulfide and Yield (%) Sulfoxide and Yield (%) Refs. 

t-Bu 

HO 

NH 
TI(0.6),(+)-DIPT (1.2 

H20(0.6),TBHP(0.6) 
4 A, -2O”, 6 h 

h-t h-t Bu-t 

(36) 67% eeQ, [a] -56.99” b c-1 

0 
t-Bu 

TI (0.6), (-)-DIPT (1.2 e-4 

H20 (0.6),TBHP(0.7) NH 

4 A, -20°, 6 h HO 

Bu-t 

(-) 84% eea, [a] +70.41” b 

834 

a The absolute configuration was not determined. 

b The rotation was measured in methanol. 



TABLE XVII. ASYMMETRICOXIDATIONOFSELENIDES 

Substrate 

Cl4 
OMe 

Jr Ph’ 
Se Ph 

Ph 

Conditions 

1-1 @I), DAT W-0 

TI (l), (+)-DIPT (4), -5” 

Product(s) and Yield(s) (%) 

0 OMe 
II (82) 18% ee, [a] -16” 
Se 

Jr Ph 
Ph’ 

Ph 

Refs. 

26 

OMe 

p-MeOC&’ 
Se -Jr Ph 

Ph 

TI (l), (-)-DIPT (4), -5” 

TI (l), (+)-DIPT (4), -5” 

0 OMe 

ph, !e&Ph 
(75) 20% ee, [a] +14” 26 

Ph 

0 OMe 
II 

p-MeOC&I/ 
Se Jr ph 

(72) 40% ee, 26 
[a] -101” 

Ph 

TI (l), (-)-DIPT (4), -5” 
0 OMe 
ie& ph ii:z ee, 26 

p-MeOC&/ 
Ph 



TABLE XVIII. KINETIC RESOLUTION OF P-HYDROXYAMINESa 

Substrate 

Conditions Remaining Alcohol(s) 

TI (es), DAT (es) and Yield(s) (%) 

Oxidation Product(s) 

and Yield(s) (%) Refs. 

OH 

A/ 

R2 

R’ 
N: 

R3 

R’ 

C3 CHzOBn 

CH@C tOH,- 1 

CH*OC 1 uH7- 1 

CH2OC6H4Me-m 

C8 Ph 

C6HI 1 

Ph 

Ph 

Ph 

Ph 

Ph 

Cl0 fG3h7 

43H 17 

&ia-h7 

R2 

Me 

Me 

Bn 

Bn 

Me 

KH2)2 

Bn 

W2)2 

Bn 

Me 

W2)2 

Me 

(CH212 

Bn 

1. TI(2), (+)-DIPT (1.2), 

i-t, 30 min 

2. TBHP (0.6), - 20°, 2 h 

R3 

Me 

Me 

i-PI- 

OMe 

Me 

a4212 

i-F? 

(CH212 

Bn 

Bn 

(CH2)3 

Me 

(CH212 

Bn 

bMe 

OH 

A/ 

R2 

R’ 
N: 

R” 

(34) 91% ee, [a] -9.75” 

(40) 92% ee, [a] -2.6” 

(36) 32% ee, [a] +9.2” 

(35) 85% ee, [a] +13.7” 

(35) 95% ee, [a] -47.7” 

(36) 92% ee, [a] -20.7” 

(35) 15% ee, [a] -0.74” 

(37) 95% ee, [a] -40.3” 

(19) 10% ee, [a] -0.06” 

(33) 86% ee, [a] -49.2” 

(37) 97% ee, [a] -5 1.2” 

(36) 91% ee, [a] -3.58” 

(37) 94% ee, [a] -1.20” 

(34) 0% ee 

OH 

C-4 
(56) 
(56) 

(-4 

(50) 
(50) 
(61) 
(5% 
e--3 
(62) 
(54) 
(53) 
(54) 
(W 

O- 
1 ,R* 

N 
+‘R3 

21 



TABLE XVIII. KINETIC RESOLUTION OF P-HYDROXYAMINESa (Continued) 

Substrate 
Conditions Remaining Alcohol(s) 

TI (eqh DAT (eq) and Yield(s) (%) 
Oxidation Product(s) 

and Yield(s) (%) Refs. 

OH 

+ 

N: 
Me 

R’ Me 

R2 
+ enantiomer 

R’ R* 

OH 
Me 

N: 
Me 

OH O- I I I ,Me 

R’ 
/\j 

.N 
’ +‘Me 

R2 

21 1. TI(2), (+)-DIPT (I .2), 
rt, 30 min 

2. TBHP (0.6), -20°, 2 h 

c6 (CH2)4 

C9 Ph Me 
(25)95%ee, [a&2.95" 
(40)95% ee,[a]+26.3" 

(55) 
(53) 

OH I I /R3 

R1pN’R4 

OH 
R3 

OH O- I I I ,R3 

Rly?‘R4 

1. TI(2), (+)-DIPT (1.2), 
rt, 30 min 

2. TBHP (0.6), -2O”, 2 h 

21 

I 
R2 k* 

+ enantiomer 

R’ R* R3 R4 

c6 (CH2)4 Me Me 
(=2)4 Bn Bn 

C9 Ph Me Me Me 

(40)92% ee, [a]-25.4" 
(36) 0% ee 
(42)93% ee, [a]-40.2" 

OH OH 

N 
,R 

t-Bu ‘R 

OH O- I 
1 ,R 

t-BUG?-R 

139 1. TI(2), (+)-DIPT (1.4), 
rt, 30 min 

2. TBHP (0.6), -15O, 4 h 

+ enantiomer 

R 

c6 (CH2)4 

(CJ32)5 

(46)59% ee,[a]+36.7" 
(60) 46.4% ee, [a] +13.0” 

(39)93% ee, [a]-62.3" 
(38)96% ee, [a]-66.5" 

TABLE XVIII. KINETIC RESOLUTION OF ~~-HYDROXYAMINW (Continued) 

Substrate 
Conditions 

TI (es), DAT WI) 
Remaining Alcohol(s) 

and Yield(s) (%) 
Oxidation Product(s) 

and Yield(s) (%) Refs. 

1. TI (2), (+)-DIPT, 
rt, 30 min 

2. TBHP (0.6), -20°, 2 h 
0- 

21 

(37)95% ~,[a]-40.3" 
(-)7l%ee 

(59) 
c-3 

(+)-DIPT (1.2) 
(+)-DIPI’ (2.4) 

Ph 

(37) 
97% ee 

Ph 

1. TI (2), (+)-DIPT (1), 
rt, 0.5 h 

2. TBHP (0.6), -2O”, 2 h 

c9 

OH 

Ph 
NMe2 

OH 

Ph 
NMe2 

OH O- 
I  
I  I  

Ph 
me2 00 + 

1. TI (2), (+)-DIPT, 
rt, 30 min 

2. TBHP (0.6), -20°, 2 h 

+ enantiomer (+)-DIPT (1.2) 
(+)-DIPT (1.3) 
(+)-DIPI’ (1.4) 
(+)-DIPT (1.5) 
(+)-DIPT (2.4) 

(36-39) 58% ee 
(36-39) 85% ee 
(36-39) 96% ee 
(36-39) 95% ee 
(36-39) 50% ee 

(-4 
e-1 
G--4 
e--) 
6-J 



TABLE XVIII. KINETIC RESOLUTION OF P-HYDROXYAMINEV (Continued) 

Substrate 

Conditions Remaining Alcohol(s) 

TI w9 DAT teq> and Yield(s) (%) 

Oxidation Product(s) 

and Yield(s) (%) Refs. 

OH 

Ph 
NMe2 

+ enantiomer 

PhL me2 

Cl0 

n-C*HJNQ 

1. (+)-DIPT (1.2), Hz0 

2. TI (2), rt, 30 min 

3. TBHP (0.6), -20°, 2 h 

H20 (0.5) 

H20 (1 .O) 

H20 (2.0) 

1. TI (2), (+)-DIPT (1.2), 

rt, 30 min 

2. TBHP (0.6), -2O”, 2 h 

1. TI (2), (+)-DIPT, 

rt, 30 min 

2. TBHP (0.6), -2O”, 2 h 

(+)-DIPT (1.2) 

(+)-DIPT (2.4) 

OH 

Ph 
NMe2 

(-) 7 1% ee, 60% conversion 

(-) 53% ee, 58% conversion 

(-) 0% ee, 32% conversion 

OH 

PhL NMe2 

(52) 0% ee 

OH O- 21 I I I 

Ph N-2 #a + 

t-1 
G-4 
e-1 

PhL iMe 
I 

O- 
(37) 

21 

(27) 94% ee, [a] -1.2” 

(-) 0% ee 

a All optical rotations in this table were measured in ethanol. 
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1. Introduction 

 

Radical cyclization reactions are among the most powerful and versatile 

methods for the construction of mono- and polycyclic systems. The 

advantages these reactions offer to the synthetic organic chemist include high 

functional group tolerance and mild reaction conditions combined with high 

levels of regio- and stereochemistry. Furthermore, the recent progress in 

radical chemistry has led to the development of a broad range of very useful 

practical methods to conduct radical cyclization reactions. In general, radical 

cyclization reactions comprise three basic steps: selective radical generation, 

radical cyclization, and conversion of the cyclized radical to the product (Eq. 

1).  

   

 

 (1)   

 

 

 

For the generation of the initial radical a broad variety of suitable precursors 

can be employed, such as halides, thio- and selenoethers, alcohols, aldehydes 

and hydrocarbons. The cyclization step usually involves the intramolecular 

addition of a radical to a multiple bond. Most often carbon–carbon multiple 

bonds are employed; however, there are also examples known for the addition 

to carbon–oxygen and carbon–nitrogen bonds. Depending on the method 

employed, the cyclized radical is converted to the desired product by trapping 

with a radical scavenger, by a fragmentation reaction, or by an electron 

transfer reaction. 

 

The section Mechanism, Regio- and Stereochemistry provides an introduction 

to the key features of radical cyclization with a special emphasis on the factors 
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controlling the regio- and stereochemistry. The section Scope and Limitations 

covers the different methods used to conduct radical cyclization. The basic 

principles of radical chemistry and general practical considerations when 

conducting radical cyclizations are not discussed in detail. Several excellent 

review articles (1-5) and books (6-8) dealing with these topics are available. 

The study of one of these reviews or books is highly recommended, especially 

for readers who are not familiar with radical chemistry. 
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2. Mechanism, Regio- and Stereochemistry 

2.1. Mechanism and Regiochemistry  
To achieve synthetically useful radical cyclization, several basic requirements 

have to be fulfilled:  

1. Methods must be available that allow the selective generation of the initial 

radical from suitable precursors and that effect the transformation of the 

cyclized radicals to the final products (see Scope and Limitations). 

2. The rate constant of ring closure is of special importance because 

cyclization of the initial radical must be faster than its reaction with the 

trapping reagent. 

3. Each of the reaction steps must be faster than the unwanted side reactions 

of radicals such as reaction with the solvent or radical recombination. 

 

 

From these requirements a lower rate constant limit for the cyclization step can 

be estimated with kc » 102 – 103 s–1, although much larger rate constants 

(kc > 105s–1) are usually better suited for synthetic applications. Because of its 

central importance, the rate of cyclization is included in the following 

discussion. 

 

The regiochemistry of radical cyclization is important because it determines 

the ring size of the product. In principle, two competing pathways are 

possible— attack of the radical at the terminal end of the multiple bond (endo 

cyclization) or attack at the “inner” atom (exo cyclization). Fortunately, radical 

cyclizations are usually highly regioselective, and exo cyclization (formation of 

the smaller ring) is often strongly favored over endo cyclization (formation of 

the larger ring). 

2.1.1. Formation of Small Rings  
Radical cyclizations to form 3- and 4-membered ring systems are of limited 

value in synthesis, and only a few examples are known. Because of the large 

ring strain, the rate of 3-exo cyclization of the butenyl radical 1 is rather low, 

and the cyclopentylcarbinyl radical 2 so formed rapidly reopens. (9) The 

equilibrium usually lies far to the side of the acyclic radical. The formation of 

cyclobutane radicals 3 by 4-exo cyclization of pentenyl radical 4 is even slower 

and is also reversible (Eq. 2). (10)  
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To achieve synthetically useful small ring formation, the cyclized radicals must 

be trapped selectively prior to reopening or substituents must be introduced 

that accelerate the cyclization. The first concept is illustrated in the reaction of 

thioallyl esters 5, where the intermediate cyclobutylcarbinyl radicals 6 are 

trapped by rapid β fragmentation (Eq. 3). (11) The second strategy is 

illustrated by  

   

 

 (3)   

 

the cyclization of acrylate ester 7 that is activated by the ethoxycarbonyl group 

at the double bond and the gem-diethoxy substituents at the 2 position (Eq. 4). 

(12)  

   

 

 (4)   

 

 

2.1.2. Formation of 5- and 6-Membered Rings  
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Cyclopentyl rings are almost always formed by 5-exo cyclization of 5-hexenyl 

radicals, whereas cyclohexyl rings are formed either by 6-endo cyclizations of 

5-hexenyl radicals or by 6-exo cyclization of 6-heptenyl radicals. However, the 

discussion concentrates on cyclizations of 5-hexenyl radicals because they 

represent the most useful class of radical cyclizations in organic synthesis. 

 

The cyclization reactions of 5-hexenyl and 6-heptenyl radicals are exothermic 

and irreversible reactions with a preference for formation of the smaller ring 

size by cyclization in the exo mode. (13, 14) For the parent 5-hexenyl radical 8, 

this preference results in a ratio of 98:2 in favor of the 5-membered over the 

6-membered ring (Eq. 5).  

   

 

 (5)   

 

 

 

Although the exo mode is again favored, cyclization of 6-heptenyl radical 9 is 

about 40 times slower than cyclization of the hexenyl radical. Therefore, 

reactions competing with the cyclization (e.g., reduction of the initial radical) 

are of much greater importance. Another potential problem of the heptenyl 

system is caused by a 1,5-hydrogen shift, yielding the resonance-stabilized 

allyl radical 10 (Eq. 6). This intramolecular H shift is thermodynamically 

favored in many systems,  

   

 

 (6)   

 

but is kinetically disfavored in smaller rings for stereoelectronic reasons and in 

larger rings for entropic reasons. Nevertheless, the 6-exo cyclization of 
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heptenyl radicals is still a very useful reaction, especially if the exo cyclization 

is accelerated by the introduction of appropriate substituents. 

 

The preferred formation of the thermodynamically disfavored exo product from 

the 5-hexenyl radical is best rationalized by a stereoelectronically controlled 

cyclization with the chair-like transition state 11. (13, 15) This arrangement 

reflects the early transition state of the reaction with a favorable overlap 

between the SOMO of the radical and the LUMO of the alkene. The forming C 

- C bond is very long (ca. 2.3–2.4 Å), and the angle of attack of the radical on 

the alkene (106°) is close to the angle for the unstrained bimolecular reaction 

(109°). The corresponding 6-endo transition state 12 is energetically less 

favored because of  

   

 

the poorer overlap of the orbitals and the higher degree of ring strain. A 

comparable model has also been derived for the 6-heptenyl radical. (13) 

 

Although hexenyl and heptenyl radicals have an intrinsic preference for exo 

ring closure, the regioselectivity can be altered or even reversed by the 

character of the radical (alkyl, vinyl, aryl), the substituents on the radical, or the 

nature of the radical acceptor (e.g., double or triple bond). 

 

Introduction of alkyl substituents at the 2, 3, 4, or 6 positions of the hexenyl 

chain usually enhances the rate and improves the regioselectivity in favor of 

5-ring formation. (16) Alkyl substituents in the 1 position usually have little 

effect, whereas substituents in the 5 position sufficiently retard exo cyclization 

to let 6-ring cyclization become an effective competing reaction. (10)  
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Electron-withdrawing substituents at the terminal end of the double bond 

usually accelerate radical cyclizations owing to favorable FMO interactions. 

They can be employed to overcome the influence of deactivating substituents 

and often prove essential for obtaining reasonable yields in the 6-exo closure 

of heptenyl radicals. In the example shown in Eq. 7, an electron-withdrawing 

alkoxycarbonyl group is used to accelerate the 6-exo cyclization of the 

nucleophilic alkyl radical. (17)  
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 (7)   

 

 

 

Radicals bearing endocyclic α -carbonyl substituents often yield preferentially 

products from 6-endo closure by either kinetic or thermodynamic control. Thus, 

the incorporation of a ketone (but not an ester or amide) group inside the ring 

causes a strong preference for 6-ring formation. (18, 19) Even in 6-substituted 

hexenyl radicals 6-endo cyclization still prevails (Eq. 8). Presumably, 5-exo 

cyclization of  

   

 

 (8)   

 

the ketone-substituted radical is retarded because the geometry that allows a 

stabilizing interaction between the radical and the carbonyl group is distorted in 

the 5-exo transition state. (18) 

 

It has further been shown that the ring closure of radicals that are stabilized by 

two nitrile or alkoxycarbonyl groups is reversible. (20, 21) By application of 

suitable reaction conditions it is possible to obtain selectively the 

thermodynamically favored 6-endo product 13 (Eq. 9). (22)  

   

 

 (9)   
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Radical cyclizations onto carbon–carbon triple bonds (5-hexynyl radicals) are 

somewhat slower than 5-hexenyl cyclizations (kc » 104 s–1). (13) Nevertheless, 

they are of great synthetic utility because of the good selectivity in favor of 

5-ring formation. In addition, the newly formed exocyclic double bond can 

further be functionalized. Substitution of the alkyne moiety with a trialkylsilyl 

group seems to accelerate the cyclization, and through the influence of the 

activating silyl group, even 6-exo cyclizations are possible (Eq. 10). (23)  

   

 

 (10)   

 

 

 

Vinyl radicals are very reactive and undergo regiospecific exo ring closure 

under kinetically controlled conditions. (24) However, if the intermediate 

radicals have a sufficient lifetime, for example, when a low concentration of 

radical scavenger is present, varying amounts of 6-membered ring products 

are formed (Eq. 11). (25)  

   

 

 (11)   

 

 

 

Formation of the more stable cyclohexane derivative is usually not due to a 

competing endo cyclization. Radical 15 is formed by a rapid rearrangement of 

the intermediate methylenecyclopentyl radical 14 via a reversible 3-exo 

cyclization (Eq 12). (26)  
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 (12)   

 

 

 

As shown in the example in Eq. 13, the increased cyclization rate of vinyl 

radicals can be used to conduct 6-exo cyclizations. (27) The stereochemistry 

of the initial precursor 16 is not retained in the product 17 owing to the facile 

inversion of vinyl radicals.  

   

 

 (13)   

 

 

 

Vinyl radicals are generated either by halogen abstraction from vinyl halides or 

by reversible addition of stannyl radicals to triple bonds. An illustrative example 

of the latter reaction is shown in Eq. 14. (28)  

   

 

 (14)   

 

 

 

Aryl radicals 18 are widely employed for the formation of benzo-fused ring 

systems because of their high cyclization rates and excellent exo selectivities. 

(13) This preference for 5-exo cyclization is maintained even with the 

5,5-disubstituted radical 18c (Eq. 15). (29)  
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 (15)   

 

 

 

As illustrated in Eq. 16, the endo product 19 can be obtained preferentially by 

inclusion of a radical stabilizing group at the internal alkene atom. (30)  

   

 

 (16)   

 

 

 

As in vinyl radical cyclizations, ring expansion of the intermediate 5-exo radical 

is possible, and mixtures of 5- and 6-membered ring products are sometimes 

observed. This isomerization is promoted by activating substituents like a 

carbonyl group (Eq. 17). (31, 32)  

   

 

 (17)   

 

 

 

The cyclization rate constants (kc » 105–106 s–1) and regioselectivities of acyl 

radicals are very similar to those of alkyl radicals. Examples of the formation of 

5- (33) and 6-membered ring ketones (34) (Eq. 18) by exo cyclizations of 

hexenyl or  
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 (18)   

 

heptenyl radicals are known, and synthesis of the bridged ring system 20 is 

even possible (Eq. 19). (35)  

   

 

 (19)   

 

 

 

A serious side reaction in these types of reactions is decarbonylation of the 

intermediate acyl radicals prior to cyclization. The rate of decarbonylation 

depends mainly on the stabilization of the formed alkyl radical. Therefore, 

systems that form stabilized radicals or have low cyclization rates yield larger 

amounts of decarbonylated products. (33) 

 

High regioselectivities and yields are also obtained in the cyclization of 

alkoxycarbonyl radicals to cyclopentanones, although only a few examples are 

known (Eq. 20). (36)  

   

 

 (20)   

 

 

 

In general, radical cyclization reactions are not restricted to additions to 

carbon–carbon multiple bonds, and other multiple bonds can also be 

employed. Cyclizations onto carbon–nitrogen multiple bonds of oximes (37) 

and nitriles (38) resemble the corresponding additions to carbon–carbon 

multiple bonds. These cyclizations are irreversible and occur exclusively in the 

exo mode (attack at the carbon atom). Nitriles are valuable precursors 
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because the resulting imines can be hydrolyzed to the corresponding ketones 

(Eq. 21).  

   

 

 (21)   

 

 

 

Radical additions onto carbon–oxygen double bonds are restricted to 

aldehydes and some ketones, because ester and amide carbonyl groups are 

usually not reactive enough. The ring closure is fast, yielding exclusively the 

exo products. However, the cyclization is reversible, and the equilibrium often 

lies on the side of the open-chain radical. (39) Because of the increased strain 

of the cyclopentane ring, fragmentation of the alkoxy radical is much faster 

when compared to the cyclohexane system. Therefore, the application of this 

kind of reaction is restricted mainly to the formation of 6-membered rings. (40)  

   

 

 

 

 

One way to overcome these unfavorable equilibria is selective trapping of the 

cyclic alkoxy radical with a stannane. It has been shown that hydrogen 

abstraction from the stannane by an alkoxy radical is about 100 times faster 

than abstraction by the initial carbon–centered radical. It is therefore possible 

to obtain useful yields of the cyclic product provided that the equilibrium 

constant is not too small. An example of radical cyclization onto an aldehyde is 

shown in Eq. 22. This reaction shows furthermore that in a competing system 

6-exo cyclization to form cyclohexanol 21 dominates over the possible 5-exo 

cyclization onto a carbon–carbon double bond. (41)  
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 (22)   

 

 

 

However, the formation of cyclopentanols is more difficult because ring 

opening of the five-membered ring is extremely rapid. To obtain useful yields, 

the equilibrium has to be shifted to the side of the cyclized radical by 

incorporation of suitable substituents. (42) 

 

If the hexenyl chain contains a nitrogen (43) or oxygen (44) atom in the 3 or 4 

position, the rate and the regioselectivity of the radical cyclization reaction are 

enhanced, owing to a better orbital overlap in the 5-exo transition state. In 

contrast to the carbocyclic radical 22a, (45) the 5-substituted hexenyl radicals 

22b and 22c show a strong preference for 5-ring products (Eq. 23).  

   

 

 (23)   

 

 

 

Radical-stabilizing oxygen or nitrogen atoms in the α position to the radical (2 

position) retard the cyclization, and byproduct formation often dominates. (46, 

47) The poor behavior of these radicals is attributed to increased geometric 

constraint imposed by delocalization of the radical. (46) Nevertheless, a few 

examples are known in the literature, even for cyclization of 6-heptenyl radicals 

(Eq. 24). (48)  

   

 

 (24)   
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Cyclization reactions of systems with an ester or amide group in the radical 

chain provide a synthetically useful access to lactams and lactones. The 

regioselectivity is high and favors 5-exo cyclization; the rate of cyclization is 

usually in a synthetically useful range (kc » 105 s–1). An example of the 

formation of a γ -lactone is shown in Eq. 25. (49)  

   

 

 (25)   

 

 

 

However, if the initial radical is in the α position to the carbonyl group, 

cyclization is strongly decelerated. Presumably the retardation is due to the 

preferred trans configuration of esters and amides and to the barriers to 

rotation about the ester/amide bond. (50) Therefore, the radical cyclization 

reaction of allyl esters and allyl amides gives either relatively poor yields or 

methods have to be employed that tolerate low cyclization rates. A 

representative example is shown in Eq. 26. (18, 51)  

   

 

 (26)   

 

 

 

Several procedures have been developed to overcome these problems. The 

most popular is the so-called bromoacetal method, in which the ester carbonyl 

is introduced after the cyclization of an easily accessible bromoacetal 

precursor (Eq. 27). (52, 53)  
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 (27)   

 

 

 

Furthermore, amide cyclization can be accelerated by substitution of the amide 

nitrogen with strong electron-withdrawing groups like tosyl or trifluoroacetyl (Eq. 

28). (54)  

   

 

 (28)   

 

 

 

If silicon atoms are part of the radical chain, the regioselectivity of cyclization 

strongly depends on the substitution site. In simple 2- and 

3-(dimethyl-sila)hexenyl radicals, the cyclization rate is reduced (kc » 104 s–1) 

and cyclizations occur mainly in an endo fashion. The corresponding 

4-substituted radical, however, cyclizes mainly in the exo mode. (55) 

 

Of greater synthetic interest are the 5-hexenyl cyclizations of bromomethylsilyl 

ethers of allylic alcohols. (56, 57) Although the silicon atom is in the position α 

to the radical center, products of exo cyclization are formed (Eq. 29). 

Introduction  

   

 

 (29)   

 

of a 5-substituent can reverse the regioselectivity, and six-membered rings are 

obtained in good yields (Eq. 30). (58)  

����������������������������������������������������

� � � � � � � � � � � � � � � 




   

 

 

 

After cyclization, the carbon–silicon bond can either be cleaved reductively to 

give the hydrocarbon (57) or oxidized to yield the alcohol. (59) Thus, the 

heterocycles formed in this type of reaction usually serve the temporary 

purpose of stereoselectively introducing an alkyl or hydroxyalkyl group 

adjacent to an alcohol. 

 

In related reactions, heterocyclic 5- and 6-membered rings are formed by 

cyclization of heteroatom-centered radicals. Radicals on oxygen and nitrogen 

have been employed in synthesis. In comparison to their carbon counterparts, 

oxygen radicals show enhanced reactivity and high cyclization rates 

(kc » 108 s–1). The cyclizations are irreversible and strictly exo selective even if 

steric hindrance is involved (Eq. 31). (60)  

   

 

 (31)   

 

 

 

However, there are only a few examples of oxygen radical cyclizations in the 

literature (61, 62) owing to fast-competing reactions such as 1,5-hydrogen 

abstraction or β -fragmentation and to the limited methods for generation of 

these radicals. 

 

With nitrogen-centered radicals one has to distinguish between aminyl and 

iminyl radicals. Alkyl-substituted aminyl radicals like 25 cyclize very slowly 

(kc » 103 s–1), and reopening of the cyclized radical 26 has a similar rate 

constant (Eq. 32). (63, 64)  

   

 

 (30)   
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 (32)   

 

 

 

Increasing the electrophilicity at nitrogen accelerates ring closure and thereby 

shifts the equilibrium toward the cyclized radical. This can be done either by 

protonation or complexation to a metal center. (65) The 5-hexenyl cyclizations 

yield 5-ring products regioselectively from exo cyclization. A metal-complexed 

aminyl radical can be formed from amine 27 (Eq. 33). (66) One way of 

generating an  

   

 

 (33)   

 

aminium radical cation such as 29 is photolysis of the corresponding 

N-hydroxy-pyridine-2-thione carbamate 28 under acidic conditions (Eq. 34). 

(67, 68)  

   

 

 (34)   

 

 

 

Iminyl radicals were introduced to synthesis very recently. They behave more 

like carbon-centered radicals and show a preference for cyclizations in the 

5-exo mode. (69) 

2.1.3. Formation of Medium-Sized Rings  
Like many other methods, the formation of medium-sized rings by radical 

cyclizations is usually difficult. Only a few examples of the construction of 7- 
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and 8-membered rings are known. The rates of 7-ring (kc » 7 × 102 s–1)13 and 

8-ring cyclizations are at the lower limit of synthetic utility. Furthermore, 

7-octenyl radicals show reversed regioselectivity, preferentially cyclizing in the 

8-endo mode. Therefore, 7- and 8-membered rings are usually constructed by 

endo ring closure of 6-heptenyl and 7-octenyl radicals, respectively. 

 

Radicals derived from α -keto esters by oxidative methods are especially 

useful for the formation of medium-sized rings (Eq. 35). (70) This is probably 

due  

   

 

 (35)   

 

to the increased rate of endo cyclization of α -carbonyl substituted radicals and 

the absence of fast radical traps for these electron-poor radicals under 

oxidizing conditions. 

 

The rate of 7-ring closure can be enhanced further if reactive acyl or aryl 

radicals are employed for the cyclization. Examples of this kind of reaction are 

shown in Eqs. 36 (71) and 37. (35) Whereas the first cyclization proceeds in a 

7-endo mode, the second is an example of a rare 7-exo ring closure.  

   

 

 (36)   
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 (37)   

 

 

 

In cyclizations of heptenyl radicals with α -silyl ether groups in the chain, the 

product 30 formed from 7-endo ring closure is preferred over 6-exo (Eq. 38).  

   

 

 (38)   

 

However, the regiochemistry can be reversed if a substituent is introduced at 

the terminal end of the alkene. (72) 

 

In a different approach, medium-sized rings are often easily accessed by 

radical ring-expansion methods. This type of sequential radical reaction 

involves a cyclization that is followed by fragmentation of an unstable radical 

intermediate. Usually a carbon–oxygen double bond is employed as radical 

acceptor, and the regiochemistry of the fragmentation step is directed by a 

radical-stabilizing substituent like an alkoxycarbonyl group. (73) The general 

principle is illustrated by expansion of the 6-membered β -keto ester 31 to the 

7-membered homolog 32, shown in Eq. 39. (74, 75)  
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 (39)   

 

 

 

This method is also suitable for ring expansions by three or four carbon atoms, 

but not by two atoms because of the low rate of 4-exo closure. A 

radical-stabilizing substituent is essential to obtain useful yields. (73) 

 

The problem of reversibility of the rearrangement can be overcome by 

introduction of the trialkylstannyl substituent in the position β to the rearranged 

radical. The fast β elimination of the stannyl group in radical 33 shifts the 

equilibrium to the side of ring-expanded product 34. An example is shown in 

Eq. 40. (76)  

   

 

 (40)   

 

 

2.1.4. Macrocyclizations  
Radical cyclization reactions can be employed for the construction of 10- to 

20-membered macrocycles. (77, 78) These cyclizations resemble 

intermolecular radical additions and consequently occur preferentially in the 

endo mode. They are controlled by steric and polar effects, and to obtain 

reasonable yields it is usually essential to accelerate the cyclization by 

substitution of the alkene with an electron-withdrawing substituent (Eq. 41).  
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2.2. Stereochemistry  
Radical cyclization reactions often proceed with high levels of stereoselectivity. 

Intensive theoretical and empirical studies have resulted in guidelines for 

rationalization and prediction of the configuration at new stereogenic centers. 

(13, 15) Because radical reactions have early transition states, the 

interpretation of selectivity usually focuses on the conformational bias of the 

radical and not on steric interactions in the final product. 

2.2.1. Formation of Monocycles  
The stereochemistry of 5-hexenyl radical cyclizations can often be rationalized 

with the guidelines originally proposed by Beckwith. (16) According to this 

model, the main diastereomer is formed via transition state 35, which 

resembles a cyclohexane in the chair form with the  

   

 
chair substituents adopting pseudoequatorial orientations. Thus, cyclizations 

of 3-substituted radicals yield mainly 3,5-cis disubstituted 5-rings, whereas 2- 

and 4-substituted radicals preferentially give the corresponding trans products. 

 

The stereoselectivity of 1-substituted hexenyl radicals depends strongly on the 

size and electronic properties of the substituent. 5-Hexenyl radicals with 

simple alkyl groups react in accordance with the Beck with guidelines, yielding 

preferentially the 1,2-cis product 36 (Eq. 42). (79)  
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 (42)   

 

 

 

Preferred formation of trans disubstituted products is sometimes observed with 

precursors bearing polar substituents. This is illustrated by the example in Eq. 

43, where the silyloxy substituent in the 1-position leads to complete inversion 

of the stereoselectivity in favor of the trans product. (80)  

   

 

 (43)   

 

 

 

With the more polar sulfone substituent, exclusive formation of trans product 

37 is observed (Eq. 44). (81) The high selectivity is attributed to steric and 

electronic  

   

 

 (44)   

 

repulsions between the oxygen atoms of the sulfone and the methoxy group of 

the enol ether. 5-Hexenyl cyclizations of simple radicals with ester or keto 

substituents in the 1 position show virtually no stereoselectivity. (18) 

 

Good stereoselectivities are frequently observed in the cyclizations of complex 

precursors. This is illustrated by the reaction of a complex tetrasubstituted 

precursor 38 that can be derived from a carbohydrate substrate (Eq. 45). Of 

the four  
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 (45)   

 

possible diastereomers, 39 is formed as the main product in accordance with 

the Beckwith rules. (82) However, in complex systems, additional factors like 

allylic strain and boat-like transition states have to be considered for the 

derivation of transition state models. (83) 

 

Chiral auxiliaries can be also employed to direct addition of the radical to the 

alkene. The cyclization of a hexenyl radical bearing a chiral 8-phenylmenthyl 

ester at the 1 position gives the four isomeric cyclopentane isomers in a 

modest cis:trans ratio, but a considerably higher S:R selectivity of 4:1 (Eq. 46). 

(84)  

   

 

 (46)   

 

 

 

Cyclization of a hexenyl radical substituted with a chiral camphor sultam 

derivative yields the two diastereomeric methylenecyclopentanes 42 and 43 in 

a ratio of 9:1 (Eq. 47). (85)  
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Rationalization of the stereoselectivities in the formation of heterocyclic rings is 

more difficult than in carbocyclic systems. Detailed theoretical and mechanistic 

studies of the influence of heteroatoms on the cyclization are not available. 

However, some trends emerge from examples in the literature. 

 

If one carbon atom in the radical is substituted by oxygen, the Beckwith rules 

still apply. This is illustrated in the cyclization of the 2-substituted iodoethyl allyl 

ether 44 that preferentially yields the trans product (Eq. 48). (86)  

   

 

 (48)   

 

 

 

On the contrary, introduction of a nitrogen atom in the 3 position of a 

2-substituted radical gives mainly the 2,4-cis-substituted pyrrolidine derivative 

(Eq. 49). (87)  

   

 

 (49)   
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Hexenyl radicals with an ester or amide linkage in the chain show similar 

stereoselectivities. As in carbocyclic systems, 1-substituted radicals 

preferentially yield the 1,5-trans-disubstituted lactone 45 (88) (Eq. 50) or 

lactam 46 (89) (Eq. 51). The reasons for the selectivities are unclear, but as 

the amides and esters behave similarly,  

   

 

 (50)   

 

   

 

 (51)   

 

the stereoselectivity is probably determined by the carbonyl substituent in the 

ring. 

 

Interestingly, the stereoselectivities in these systems seem to depend on the 

nitrogen substituent of the amide. This is demonstrated by cyclization of the 

hexenyl-type radicals with substituents in the 4 position. Whereas the benzyl 

substituted radical preferentially gives the 4,5-trans-substituted product, 

introduction of the tosyl group on nitrogen results in complete reversal of the 

selectivity (Eq. 52). (90, 91)  

   

 

 (52)   
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For the stereoselectivity of 6-exo cyclization of heptenyl radicals, a model can 

be applied that resembles the Beckwith model. Again, the preferred transition 

state adopts a chair-like conformation with the substituents in 

pseudoequatorial orientation. Thus, 2- and 4-substituted radicals should give 

preferentially cis products, and 1-, 3-, and 5-substituted radicals trans products. 

However, cyclizations of 2-, 3-, and 4-methyl-substituted radicals all exhibit a 

very small preference for the trans product (Eqs. 53–55). (17)  

   

 

 (53)   
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Therefore, the cyclohexane model seems to be of only limited value for 

heptenyl cyclization, and other possible transition states such as 

cycloheptane-like conformers, should also be considered. Nevertheless, in 

accordance with the model, an example is known of selective formation of 

cis-48 from 4-substituted precursor 47 (Eq. 56) (92) and trans-50 from 

5-substituted precursor 49 (Eq. 57). (93)  
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 (57)   

 

Furthermore, the trans product is also strongly favored in the cyclization of a 

heptenyl radical with a phenyl substituent in the 3 position. (48) 

 

Heptenyl radicals with a substituent in the 1 position seem to cyclize 

preferentially to 1,6-trans-substituted 6-membered rings. Two representative 

examples for carbocyclic (37) and heterocyclic systems (94) are shown in Eqs. 

58 and 59.  
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 (59)   
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No data are available for the stereoselectivities in the formation of 7- and 

8-membered rings. The stereoselectivities of radical macrocyclizations are 

comparable to the results in intermolecular radical reactions owing to the small 

influence of ring constraints. Stereoselectivity is observed in the cyclization 

onto acrylamide 51 bearing the 2,5-dimethylpyrrolidine chiral auxiliary. The 

endo: exo ratio of the four isomeric products is about 8:1; the two exo products 

(53a/b) are formed with no stereoselectivity, whereas the products from the 

endo cyclization (52a/b) are a 93: 7 mixture of diastereomers (Eq. 60). (95)  

   

 

 (60)   

 

 

 

These results indicate that asymmetric induction is effective only if attack 

occurs at the α position of the chiral amide. 

2.2.2. Formation of Bi- and Polycycles  
The formation of bi- and polycyclic systems by radical cyclization constitutes a 

powerful synthetic method. (5) As in monocyclic systems, 5- and 6-ring 

cyclizations are the most frequently applied reactions. Annulations are usually 

achieved either by cyclization of a radical onto a cyclic alkene or by addition of 

a cyclic radical to a multiple bond in the side chain. Both reaction types afford 

preferentially the cis ring-fused products (5,5- 5,6- and 6,6-bicycles) owing to 

steric constraint imposed by the ring system. Two examples of these 

complementary methods are shown in Eqs. 61 (96) and 62. (97)  
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In addition to the geometry of ring fusion, cyclization also controls the 

stereochemistry at the 5- or 6-position of the newly formed ring. As in 

open-chain systems, the 1,5- or 1,6-cis configuration is usually preferred (Eq. 

63). (49)  

   

 

 (63)   

 

 

 

The stereoselectivities are rationalized by competing cyclohexane-like 

transition states preferentially adopting chair- or boat-like conformations 

(Beckwith model). However, in more complex systems, the 1,5- or 1,6-trans 

configuration is sometimes favored. In these cases, more detailed insight is 

necessary to rationalize the results. (83) 

 

Cyclizations of highly functionalized precursors 54 derived from carbohydrates 

are intriguing (Eq. 64). In all cases, ring closure yields cis-annulated 

carbocycles  
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 (64)   

 

as mixtures of diastereomers. The stereochemistry of the bicycles is controlled 

primarily by the configuration at the C-4 carbon of the radical. The C-4 α 

-configurated radical gives 1,5-trans-(55b), and the 4 β -substituted radical 

gives 1,5-cis-(56c), both with high selectivity. The C-4 deoxy precursor (54a) 

shows diminished selectivity in favor of 1,5-trans-(55a). (82) 

 

In constrained systems, the formation of trans-annulated polycycles is 

sometimes observed. A prominent example is the synthesis of 

trans-perhydroindanes via radical cyclization of bicyclic lactone 57 (Eq. 65). 

(98, 99) The tricyclic products  

   

 

 (65)   

 

58 and 59 contain 5,5-cis and 5,6-trans ring fusions. The smaller, less flexible 

5-ring lactone takes precedence in the formation of the cis-fused bicycle. In 

accordance with the Beckwith guidelines, the main isomer 58 possesses a 

1,5-cis configuration. 

 

Cyclization onto cyclic alkenes is the second common strategy used to build 

up stereoselectively cis-fused bi- and polycyclic systems. In these reactions, 

ring closure generates a cyclic prochiral radical in the α position to the ring 

junction. The consecutive reaction of this center is often stereoselective, and 

the attack of a radical trap occurs preferentially anti to the neighboring 
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substituent. The synthetic potency of this method is illustrated in the elegant 

synthesis of (+)-prostaglandin F2 α. (100) In the key step, two new chiral 

centers are stereoselectively generated by 5-ring annulation and consecutive 

trapping of bicyclic radical 60 with alkene 61 (Eq. 66).  

   

 

 (66)   

 

 

 

The high stereoselectivities of radical annulations are often used for the 

regio-and stereoselective introduction of alkyl substituents in cyclic systems. A 

prominent example of this type of reaction is the silylmethyl radical cyclization. 

This reaction is employed for stereoselective introduction of a methyl or 

hydroxymethyl group adjacent to a hydroxy group. The radical precursor is 

prepared by reaction of the allylic alcohol with 

(bromomethyl)chlorodimethylsilane. Radical cyclization gives the siloxane ring, 

which can be converted either into the cis-dihydroxy (57) or the α -methylated 

derivative. (101) In the total synthesis of talaromycin A (62), this method was 

used to introduce stereoselectively the 1,3-diol unit (Eq. 67). (59)  

   

 

 (67)   
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The 5-ring radical annulation of 7- and 8-membered rings preferentially yields 

trans-fused ring systems. (102, 103) The altered stereochemistry is 

rationalized by the different conformational bias compared to the 5- and 

6-membered analogs. Introduction of ring substituents has only a slight 

influence on the trans:cis ratio (Eq. 68). (104, 105)  

   

 

 (68)   

 

 

 

Other valuable methods for the construction of bi- and polycyclic systems are 

tandem reaction sequences (see Scope and Limitations). In these 

transformations, two or more consecutive radical cyclizations are connected in 

a reaction series. Contrary to simple cyclizations, the first-formed cyclized 

radical is not immediately trapped to the product, but instead serves as the 

initial radical of the second cyclization step. Although the overall 

transformations can be quite complex, the stereochemistry of the reaction can 

be rationalized if each step is treated separately. 

 

This concept is exemplified by the synthesis of linear and angular triquinanes 

by a radical tandem cyclization. (106) In Eq. 69, two consecutive 5-exo 

cyclizations build up a tricyclic system 63 where all rings are exclusively cis 

fused. (107)  
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3. Scope and Limitations 

 

The following section provides a discussion of the most popular methods for 

conducting radical cyclization reactions with special emphasis on the scope 

and limitations of every method. 

3.1. Metal Hydride Methods  
In this type of radical cyclization, metal hydrides are used as precursors and/or 

promoters of radical chain reactions. 

3.1.1. Tin Hydride Method  
The use of organotin hydrides is by far the most popular and general method 

for conducting radical cyclizations. (108) In a chain reaction, the initial radical 

65 is generated from a suitable precursor 64 by atom or group abstraction by 

the trialkylstannyl radical 66. After cyclization has taken place, trapping of 

cyclic radical 67 by tin hydride gives the reduced cyclic product together with 

the chain-propagating trialkylstannyl radical 66 (Eq. 70).  

   

 

 (70)   

 

 

 

The chain reaction is usually initiated by thermally or photolytically induced 

homolytic cleavage of a chemical initiator, azobisisobutyronitrile (AIBN) or 

benzoyl peroxide (BPO). A correct match of initiator and reaction temperature 

is essential for a successful cyclization. (109) For initiation at low temperatures 

(as low as –78°) a mixture of triethylborane/oxygen can be used. (110) 

 

A broad range of functional groups can serve as radical precursors. In order of 

decreasing reactivity, these include iodides, bromides, phenyl selenides, nitro 

groups, (111) chlorides, and phenyl sulfides, Iodides and bromides are the 

most common precursors and they can be used to generate all kinds of 

radicals including the reactive aryl and vinyl radicals as well as nucleophilic 

and electrophilic alkyl, stabilized benzyl, and allyl radicals. Numerous 

examples of these reactions can be found in the tables. 

 

The use of phenyl selenides as precursors can be advantageous for different 

reasons. They can readily be synthesized by a number of methods and are 

usually more stable than halides (e.g., against solvolysis). Nevertheless, 

phenyl selenides are reactive enough for the generation of simple alkyl 
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radicals from alkyl phenyl selenides. An illustrative example is shown in Eq. 71. 

(112)  

   

 

 (71)   

 

 

 

In addition, acyl phenyl selenides and phenyl selenocarbonates are the 

precursors of choice for generation of acyl (Eq. 72) (33) and alkoxycarbonyl 

radicals (Eq. 73). (36)  

   

 

 (72)   

 

   

 

 (73)   

 

 

 

Use of the less reactive phenylthio group is usually restricted to the generation 

of stabilized radicals. For example, phenyl sulfides are preferred precursors for 

acylamino radicals because the corresponding halides are prone to solvolysis 

(Eq. 74). (113)  

   

 

 (74)   
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Alcohols 68 can serve as precursors for alkyl radicals via the corresponding 

thioxanthates 69, thiocarbamates 70, or thiocarbonates 71. (114) The 

deoxygenated radical is formed via the addition/fragmentation mechanism 

illustrated in Eq. 75.  

   

 

 (75)   

 

 

 

This method is best suited for the formation of secondary radicals because the 

tertiary precursors are difficult to synthesize and fragmentation of the primary 

radical is often too slow. The utility of the method is demonstrated by the 

cyclization of the highly functionalized carbohydrate derivative 72 shown in Eq. 

76. (82)  

   

 

 (76)   

 

 

 

Aldehydes and ketones can be employed as precursors for α -oxysubstituted 

radicals. The carbonyl group can be reacted with tin hydride either directly 

(115) or via the corresponding mixed thio- (81) or selenoacetals. (116, 117) An 

example of the latter method is shown in Eq. 77.  
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Alkynes can serve as precursors for vinyl radicals by reversible addition of a 

stannyl radical to the triple bond. The reversibility of the addition is important 

because the stannyl radical adds unselectively to all multiple bonds of a 

system and only the radicals with a favorable pathway will cyclize faster than 

they revert to the alkyne. (118) This method is of great synthetic utility because 

the precursors are readily prepared and the stannyl group is easily removed 

after the cyclization by protodestannylation. (119) A representative example is 

provided in Eq. 78. (120)  

   

 

 (78)   

 

 

 

The most crucial point in tin hydride mediated cyclizations is competition 

between cyclization of the initial radical and its reduction by tin hydride. Since 

the cyclization is a unimolecular reaction and hydride abstraction is 

bimolecular, the undesired direct reduction can be suppressed by employing 

low concentrations of tin hydride. However, in these cases, precautions should 

be taken to ensure that the chain is efficiently propagated. Therefore, the most 

reactive precursor available should be employed. The two most popular 

methods for minimizing tin hydride concentration without the need for large 

solvent volumes are syringe pump addition of tin hydride and procedures that 

involve the use of catalytic amounts (0.1 equiv) of trialkyltin hydride or chloride 

in the presence of a coreductant like sodium borohydride (121) or sodium 

cyanoborohydride. (122) The borohydride recycles tin hydride by reduction of 

the tin halide formed during the reaction. This method is restricted to halide 

precursors because only tin halides will be reduced to the tin hydride. Equation 

79 provides an example in which this method has been used to conduct a slow 

7-endo cyclization reaction. (72)  
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The catalytic procedure also simplifies isolation of the desired product because 

only catalytic amounts of tin compounds have to be removed after the reaction. 

The removal of tin residues often constitutes an important practical problem, 

and several special workup procedures have been developed. (18, 123) 

 

An alternative approach to overcoming the problem of direct reduction of the 

initial radical is the use of metal hydrides that are slower hydrogen donors. 

One possible substitute for tributyltin hydride is the germanium analog. 

Hydrogen transfer from tributylgermanium hydride to alkyl radicals is 10–20 

times slower than from tin hydride, and the germanyl radical is a powerful 

halogen atom abstractor. (124) In Eq. 80, tributylgermanium hydride is used to 

promote a slow 6-exo cyclization. (50)  

   

 

 (80)   

 

 

 

Another suitable tin hydride substitute is tris(trimethylsilyl)silane, a ~10 times 

slower hydrogen atom donor than tin hydride. (125) In addition, 

tris(trimethylsilyl)silane is nontoxic, and workup of the reaction mixture is 

usually simple. (126) Equation 81 shows an example in which 

tris(trimethylsilyl)silane is employed for a macrocyclization reaction. (127)  
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3.1.2. Mercury Hydride Method  
The mercury hydride method is closely related to the tin method because 

metal hydrides are propagating the radical chain in both procedures. 

Precursors for the mercury hydride method are organomercury(II) halides or 

acetates. They are reduced by sodium borohydride, sodium cyanoborohydride, 

or tin hydride in an appropriate solvent (methanol, tetrahydrofuran, or 

dichloromethane). The so-formed transient alkylmercury(II) hydride 73 partly 

decomposes, thereby initiating the radical chain (Eq. 82). (128) The chain is  

   

 

 (82)   

 

propagated by hydrogen abstraction by cyclized radical 74 from the 

alkylmercury hydride followed by spontaneous cleavage of the alkylmercury 

bond (Eq. 83).  

   

 

 (83)   

 

 

 

As in the tin method, direct reduction of the initial radical 75 always competes 

with cyclization. As mercury hydrides are very good hydrogen donors (~10 

times faster than tin hydrides), only fast cyclizations can be conducted 

successfully. (129) However, the mercury hydride method has several 

advantages, including convenient reaction conditions (low temperature, no 

initiator needed), easy workup (metallic mercury is removed by filtration), and 

easy preparation of the alkylmercury halides. Methods for the preparation of 

the precursors include transmetalation of boranes, oxymercuration of 

cyclopropanes, mercuration of ketone hydrazones, and oxy- or 
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amidomercuration of alkenes. (6, 130) A representative example of the most 

important method (oxymercuration of alkenes) is shown in Eq. 84. (131)  

   

 

 (84)   

 

 

3.2. Fragmentation Methods  
As an alternative to metal hydride based reactions, the chain-transfer agent 

Y·(76) is not generated by hydrogen abstraction from a stannane, but by a 

fragmentation reaction of cyclic radical 77 or 78. As shown in Eqs. 85 and 86, 

the  

   

 

 (85)   

 

   

 

 (86)   

 

chain carrier can be included in either an allylic or vinylic radical acceptor. The 

use of allylic systems is more common because the alkene substituent 

sterically and sometimes also electronically biases the addition toward the 

desired regioselectivity. Vinylation usually needs an activating substituent that 

directs the addition to the carbon bearing the radical leaving group. 

 

The most important advantage of the fragmentation method is the absence of 

any metal hydride and therefore there is no competing direct reduction of the 

initial radical. As usual, all reactions of the sequence have to be faster than 

unwanted side reactions of the intermediate radicals (recombination, reaction 

with the solvent). Hence relatively slow cyclizations can be conducted and less 

reactive precursors can be employed. Furthermore, the cyclizations do not 

yield reduced products (tin method) and the double bond is retained during the 

reaction. 
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Vinyl- and allylstannanes have proven to be especially useful radical accepting 

groups. (132) As in the tin hydride method, trialkylstannyl radicals carry the 

chain and therefore similar conditions (initiation, solvent, etc.) and precursors 

can be employed. Representative examples of both types of reactions are 

provided in Eqs. 87 and 88. (133, 134)  

   

 

 (87)   

 

   

 

 (88)   

 

 

 

Generation of the initial radical in the fragmentation method is not restricted to 

atom or group abstraction methods; it can also be generated by reversible 

addition to a multiple bond. (135) The example in Eq. 89 shows a radical 

isomerization of an allyl sulfone 79 that involves a cyclization step. (136)  

   

 

 (89)   

 

 

 

In a method that is closely related to the fragmentation method, the 

chain-carrying radical is generated via homolytic substitution rather than a 

fragmentation reaction. Radicals are formed from alkylcobalt derivatives, 

which can readily be prepared from the corresponding alkyl halides. (137) The 

cobalt–carbon bonds are very weak, and homolytic substitution at carbon can 

take place. (138) The released cobalt(II) radical functions as the chain carrier 
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and abstracts a halogen atom from the starting halide. To obtain reasonable 

rates for the abstraction reaction, only activated precursors like 

polyhalogenated alkanes or sulfonyl iodides can be employed. However, this 

method constitutes one of the few radical reactions by which three-membered 

rings can be formed. An example of this reaction is shown in Eq. 90. (139, 140)  

   

 

 (90)   

 

 

 

Radical cyclizations via homolytic substitution reactions are not restricted to 

reactions at carbon atoms. There are examples in the literature in which the 

substitution takes place at selenium (141) or silicon. (142) 

3.3. Thiohydroxamate Method (Barton Method)  
One of the most important radical chain methods where alkyltin radicals are 

not part of the reaction is the thiohydroxamate or Barton method. This is a 

useful method that can be employed for a broad variety of transformations that 

proceed via radicals (e.g., inter- and intramolecular bond formation or 

functional group interconversion). (143, 144) The radical precursors are 

thiohydroxamate esters 80 that can easily be prepared from carboxylic acids. 

(145-147) Although thiohydroxamate esters 80 can often be isolated, they are 

usually prepared and reacted in situ. The radical chain is initiated by 

thermolysis or by visible light photolysis of thiohydroxamate esters 80. (148) 

The propagating steps involve addition of the cyclic radical to the 

thiohydroxamate unit followed by a rapid fragmentation of the ensuing 

intermediate 81 to generate the initial alkyl radical 82 (Eq. 91). (149)  

   

 

 (91)   
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In contrast to the metal hydride based reactions, the chain-terminating step is 

not hydrogen abstraction but transfer of a thiopyridyl group that can be 

employed for further transformations. The lower rate limit for radical 

cyclizations that can be conducted successfully by this method is determined 

by the rate of addition of the uncyclized radical to the starting thiohydroxamate. 

For primary radicals, the rate of this reaction is very similar to the rate of 

hydrogen abstraction from tin hydride. As in the metal hydride methods, the 

formation of uncyclized products can be suppressed by lowering the 

concentration of the precursor. An example of a cyclization that is conducted 

by the thiohydroxamate method is shown in Eq. 92. (150)  

   

 

 (92)   

 

 

 

Use of the thiohydroxamate method is not restricted to the generation of 

carbon-centered radicals. If carbamate derivatives are used as precursors, 

aminyl radicals can be generated. (151) High yields of cyclic products are 

obtained in acidic reaction media. (68, 152) Presumably, the nitrogen is 

protonated under these conditions and the resulting aminyl radical cation 

cyclizes more rapidly. If a good hydrogen donor like a thiol is present, the 

cyclic radicals abstract hydrogen to form the reduced products, and the radical 

chain is propagated by the liberated thiol radical (Eq. 93). (153)  

   

 

 (93)   
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3.4. Atom Transfer Methods  
The introduction of two new substituents to a multiple bond via a radical chain 

addition is one of the basic transformations in radical chemistry. A prominent 

example is the anti-Markownikov addition of hydrogen bromide to alkenes 

(Kharasch reaction). This type of reaction constitutes the shortest possible 

radical chain because the initial radical is formed by direct reaction of the 

substrate with the final radical of the chain. For cyclization reactions, this 

usually means that the net transformation is isomerization of the starting 

material. The atom transfer method is ideally suited for conducting slow radical 

cyclizations because there is no fast radical trap (like tin hydride) present in the 

reaction medium. The lower rate limits for the cyclization and the atom-transfer 

step are determined by the unwanted chain termination reactions 

(radical–radical recombination, reaction with solvent). The cyclization step is 

usually fast enough because the ring closure is an exothermic reaction (a π 

bond is converted to a σ bond). However, to obtain suitable rates for the 

atom-transfer step, the initial radical should be thermodynamically more stable 

than the cyclic radical. 

 

Depending on the atom that is transferred during the cyclization, the reactions 

can be divided into hydrogen or halogen transfer methods. 

3.4.1. Hydrogen Atom Transfer Method  
Because of the low rates of hydrogen abstraction, application of the hydrogen 

transfer method is restricted to cyclizations of precursors with activated C-H 

bonds. (1) Useful precursors (e.g., malonates or acetoacetates) bear multiple 

radical stabilizing substituents like carbonyl or nitrile groups. Cyclization of 

these electrophilic radicals is often reversible, and because of the slow 

hydrogen abstraction of the cyclic radical, thermodynamically controlled 

products can be obtained. (1, 20, 21) 

 

An illustrative example is shown in Eq. 94. (22) This reaction is initiated by 

benzoyl peroxide (BPO), a common initiator for hydrogen transfer reactions. 

Because  

   

 

 (94)   

 

of the short reaction chain length resulting from the inefficiency of hydrogen 

transfer, a large amount of peroxide is necessary. From mechanistic studies it 

is known that the initial radical cyclizes almost exclusively to the 5-ring. (18) 
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However, because of the long lifetime of the intermediate radicals, 

thermodynamic equilibrium is established via reopening and 6-endo cyclization 

to the thermodynamically favored 6-membered ring. 

 

However, because of the slow and unselective nature of bimolecular hydrogen 

transfer and the limited variety of suitable precursors, hydrogen atom transfer 

cyclizations are of only limited value for organic synthesis. Furthermore, 

equivalent radical cyclizations can often be conducted more conveniently by 

the tin hydride or halogen atom transfer methods. 

3.4.2. Halogen Atom Transfer Method  
The halogen atom transfer method is synthetically more useful than the 

hydrogen atom transfer method. The increased rate of the halogen transfer 

step results in a more efficient chain process. In addition, the halogen atom is 

retained in the final product. Suitable precursors for these cyclizations are 

iodides and polyhaloalkanes. With the latter, low-valent metals are often 

employed to promote the reaction. Copper(I) salts and ruthenium(II) 

complexes efficiently catalyze the cyclization of perchlorocarbonyl compounds 

such as trichloroacetates, trichloroacetamides, and α , α -dichloro esters. A 

recent review provides an extensive summary of the work in this area. (154) A 

representative example is shown in Eq. 95. (91)  
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Because there is no good hydrogen donor present, metal-promoted reactions 

have proven to be especially useful for conducting slow cyclizations. An 

illustrative example is provided in Eq. 96 where an unfavored bridged system 

is formed. (155)  
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Metal catalysis is not necessary if α -iodo carbonyl compounds are employed 

as radical precursors. (156) These iodo compounds are excellent substrates 

for halogen transfer reactions because abstraction of an iodine atom by the 

intermediate cyclic radical is exceptionally fast (k > 107 s–1). (157) These 

reactions can be run at high concentrations, and they are usually initiated by 

photolysis in the presence of catalytic amounts of a hexaalkylditin. The cyclic 

products are formed in high yields under kinetic control and can be isolated or 

further transformed in situ. Again, this method is suited for conducting slow 

cyclizations, such as formation of large rings, formation of bridged ring 

systems, or cyclization of α -iodo esters. Equation 97 provides an example of a 

relatively slow 6-endo cyclization. (18) The intermediate iodide 83 is not 

isolated but is directly reduced with tin hydride.  
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However, cyclization of unstabilized radicals by the iodine transfer method is 

more restricted. In these cases, the intermediate radical and the initial radical 

are often of similar stability and therefore iodine atom transfer is rather slow. 

Nevertheless, iodine transfer cyclizations are possible if the initial radical is 

tertiary and the intermediate is primary or secondary. The reaction chains are 

usually short and the yields mediocre. (158) The isomerization reactions of 

alkynyl iodides to cyclic vinyl iodides are high-yielding and fast cyclizations (Eq. 

98). (159, 160) This  

   

 

 (98)   

 

is due to the fast and exothermic abstraction of iodine atoms by the 

intermediate vinyl radical. 

 

The atom transfer method is not restricted to the generation of 

carbon–centered radicals. Because oxygen–halogen and nitrogen–halogen 

bonds are relatively weak, they can be used for heteroatom radical cyclizations 
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via the atom transfer method. N-Halo amines and amides can serve as 

precursors for aminyl and amidyl radicals. (64) The halogen transfer 

cyclizations are usually promoted by protonation or addition of low valent 

metals ( TiCl3, CuCl/ CuCl2). (161) A representative example of a 

copper-catalyzed cyclization is presented in Eq. 99. (162)  

   

 

 (99)   

 

 

 

The products of these cyclization reactions are nitrogen mustards that are 

valuable precursors for further transformations via aziridinium ions. (163) Atom 

transfer cyclizations can also be conducted with N-nitrosoamines and 

N-nitrosoamides. These cyclizations are initiated by photolysis, and a nitroso 

group is transferred instead of halogen. (164) Atom transfer cyclizations 

involving oxygen-centered radicals employ hypohalites as precursors. These 

are generated in situ from the corresponding alcohols. (165, 166) For example, 

this method has been used in the synthesis of the spiroketal 84 (Eq. 100). (61)  

   

 

 (100)   

 

 

3.5. Radical/Radical Coupling Methods  
In contrast to the methods discussed so far, radical/radical coupling methods 

are nonchain processes. Therefore, it is not sufficient to generate a small 

amount of radical to start the reaction; the intermediate radical must be 

generated in stoichiometric amounts. Control of selectivity is the basic problem 

in these methods. Radical recombinations usually have rates that are close to 

diffusion control. However, there are methods available that allow the 

preferred formation of cross-coupled products. 

 

One example is the mixed Kolbe coupling reaction where one precursor is 
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employed in excess (Eq. 101). (167) Because the rate of radical formation 

from both precursors is similar, the concentration of the radical derived from 

the excess acid will always be higher than the concentration of the cyclic 

radical. Therefore, the  

   

 

 (101)   

 

cyclic radical will preferentially give the cross-coupled products. However, this 

method is of only limited value and is probably restricted to examples where 

one of the acids is inexpensive. 

 

A more general method for selective radical/radical coupling is the cyclization 

of organocobalt(III) complexes.  

   

 

 

 

The alkyl- or acylcobalt(III) salen 85, salophen 86, or dimethylglyoximato 

complexes 87 are air-stable compounds that are readily prepared by 

substitution reactions of halides or tosylates with the strongly nucleophilic 

cobalt(I) anions. The carbon–metal bond in these complexes is weak and 

easily cleaves upon irradiation or thermolysis. Bond homolysis yields a 

carbon-centered radical 88 and a paramagnetic cobalt(II) complex 89. (137) 

The bond cleavage is reversible and the substrate complex can be reformed 

by rapid radical recombination. However, the lifetime of the alkyl radical is 

usually long enough so that radical cyclization can take place prior to 

recombination of the alkyl radical and the cobalt(II) fragment. The cyclization 

reaction is usually terminated by formation of a double bond by β -hydride 

elimination of a cobalt hydride complex 90 (Eq. 102).  
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 (102)   

 

 

 

An example of a 6-exo cyclization of the alkylcobaloxime 91 that was prepared 

by nucleophilic opening of an epoxide is shown in Eq. 103. (168)  

   

 

 (103)   

 

 

 

With substrates that preferentially react via a SRNl mechanism (e.g., aryl 

iodides), cyclization occurs in the course of the synthesis of the complex, and 

the cyclic alkylcobalt(III) complex is the sole reaction product. (169) The cobalt 

group can either be eliminated or converted into a wide variety of functional 

groups, like hydroxy, halogen, oxime, phenylthio, and phenylseleno (Eq. 104). 

(170)  

   

 

 (104)   

 

����������������������������������������������������

� � � � � � � � � � � � � � � 




 

 

The retention of functionality in the product, either as a double bond or as the 

alkyl metal bond, is the main advantage of this method when compared to 

reductive cyclization methods. 

 

A key feature for the success of the cobalt method is the relatively high 

concentration of the cobalt(II) complex 89 in the reaction mixture. Thus the 

desired cross-coupling of the alkyl radicals with cobalt(II) complex 89 is 

strongly favored over the unwanted cross-coupling of the alkyl radicals with 

themselves. (171) 

 

In addition to the stoichiometric procedures, methods are available in which 

only catalytic amounts of cobalt complexes are used in the presence of a 

reducing agent (see Redox Methods). 

3.6. Redox Methods  
In redox methods, the initial radicals are generated and the cyclic radicals are 

trapped by electron-transfer processes. For a successful cyclization, both 

steps have to be selective. Therefore, substrates should be chosen so that the 

electronic properties of the initial and cyclic radical are different (e.g., the cyclic 

radical is more easily oxidized than the initial radical). This is usually achieved 

by incorporation of suitable substituents in the precursors. (154) 

3.6.1. Reductive Methods  
In reductive methods, the initial radical is generated by a one-electron transfer 

to the precursor. This method is suited for the cyclization of nucleophilic 

radicals because they are not easily reduced. However, a second electron 

transfer occurs after the cyclization, thereby removing the cyclic radical. 

Depending on the method employed, this either results in the formation of 

protonated (reduced) products or organometallic intermediates which can be 

trapped with electrophiles. 

 

An example of this type of reaction is the titanium-promoted cyclization of 

epoxides. The reaction proceeds via reductive opening of the epoxide by 

titanium(III) chloride and subsequent cyclization of the β -hydroxy radical. The 

cyclic radical is then reduced to an organometallic intermediate that can be 

trapped with electrophiles like iodine or a proton (Eq. 105). (172, 173)  
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 (105)   

 

 

 

Similar transformations are possible with samarium(II) iodide. Precursors are 

usually aryl iodides or bromides from which the aryl radicals are generated by 

a single-electron transfer followed by loss of iodide. Again, the cyclic radical is 

reduced to an organometallic intermediate that can react with electrophiles. 

(174, 175) In Eq. 106 the samarium complex is trapped by addition to a ketone. 

(176)  

   

 

 (106)   

 

 

 

The reductive method can be employed further for the cyclization of 

unsaturated aldehydes and ketones to cycloalkanols. The reaction proceeds 

via reduction of the carbonyl group to a ketyl radical anion followed by 

intramolecular addition to a carbon–carbon multiple bond. Potential side 

reactions include overreduction of the carbonyl group to the alcohol and 

dimerization of two ketyl radicals to a pinacol. Furthermore, many functional 

groups have to be protected because they are not compatible with the strongly 

reductive conditions. For electron transfer, chemical reductants [e.g., 

samarium(II) iodide, metals in ammonia] or electrochemical techniques are 

usually employed. (5) Samarium(II) iodide is popular because it combines 

practical advantages (solubility in organic solvents) with high reducing power 

and excellent chemoselectivity (nitriles, esters, alkynes, and many other 

functional groups are tolerated). (177) In addition, high stereoselectivities are 
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often observed. (178) This is illustrated by the example in Eq. 107 in which the 

organometallic intermediate is trapped by acetone. (179)  

   

 

 (107)   

 

 

 

Furthermore, electron transfer can be induced photochemically under very 

mild reaction conditions. (180) Either hexamethylphosphoric triamide (HMPA) 

or triethylamine/acetonitrile can be employed as the electron donor. In a recent 

example, this method is used for the reduction of an α , β -unsaturated ketone 

(Eq. 108). Cyclization occurs exclusively at the β position of the carbonyl group. 

(181)  

   

 

 (108)   

 

 

 

Another important class of reductive cyclizations is mediated by catalytic 

amounts of cobalt complexes in the presence of chemical or electrochemical 

coreductants. This type of reaction is closely related to the cyclization of 

organocobalt(III) complexes discussed in the preceding section on 

Radical/Radical Coupling Methods. The coreductant serves to recycle the 

nucleophilic Co(I) complexes which promote formation of the initial radical. The 

most common catalysts are vitamin B12 (182) or vitamin B12-model systems 

like chlorocobaloxime 92. (170) Either zinc or sodium borohydride can be 

employed as a chemical coreductant. Suitable precursors are alkyl or aryl 

bromides and iodides. The cobalt-catalyzed cyclization usually provides 

reduced products (Eq. 109). (183)  
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 (109)   

 

 

 

However, if suitable substrates and reaction conditions (184) are used, 

alkenes are formed by hydridocobalt elimination from an intermediate 

alkylcobalt(III) complex (Eq. 110). (185, 186)  

   

 

 (110)   

 

 

 

The possibility of retaining functionality in the product is an important 

advantage over other reductive radical cyclization methods. Furthermore, 

workup is often simplified because only catalytic amounts of metal byproducts 

have to be removed. 

3.6.2. Oxidative Methods  
Oxidative cyclization methods are usually applied to the cyclization of 

electrophilic radicals because these radicals are relatively inert to further 

oxidation. The cyclic radicals are oxidized to the cation followed by quenching 

with a nucleophile. Therefore, the product often possesses a higher degree of 

functionality than the starting material. The long lifetime of the initial radical 

makes oxidative methods ideally suited for conducting slow cyclizations. 

Although the oxidation can be conducted by electrochemical techniques (187) 

or by photoinduced electron transfer, (188) metal salts are usually applied in 

synthesis. The manganese(III)-promoted oxidation of enolizable dicarbonyl 

compounds is one of the most useful methods. The initial radical is 

chemoselectively generated by oxidation of the most acidic carbon–hydrogen 

bond. The cation formed by oxidation of the cyclic radical can be trapped 

intramolecularly by electrophilic substitution (189) or lactonization. (190) An 

example of the latter reaction is shown in Eq. 111. (191)  
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 (111)   

 

 

 

By addition of copper(II) salts to the reaction mixture, it is possible to obtain 

products that contain a double bond. The alkenes are probably formed by 

metal hydride elimination of an intermediate alkylcopper complex (Eq. 112). 

(192)  

   

 

 (112)   

 

 

 

The ability to conduct slow 8-endo cyclizations with the 

manganese(III)-promoted reaction is demonstrated by the example in Eq. 113. 

(193, 194)  

   

 

 (113)   

 

 

 

The main disadvantages of oxidative cyclizations are the limited range of 

possible substrates, the use of large amounts of metal salts (2–3 equiv), and 

the relatively low yields. 

3.7. Sequential Reactions  
In sequential radical reactions, two or more radical reactions are connected in 

a reaction series. This is possible because most of the radical reactions, like 

fragmentation, cyclization, or addition, generate a new radical that can serve 

as a precursor for a second radical transformation. Actually, all radical 
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cyclization methods are sequences of radical reactions, but here “sequential 

reactions” are defined as transformations in which a substrate undergoes two 

or more subsequent radical reactions, excluding steps that involve radical 

generation and radical removal. (4) The most interesting feature of these 

reactions is the possibility of constructing complicated structures in a single 

synthetic step. In general, all the restrictions that apply to single radical 

transformations are also valid for sequential reactions. Hence, all reactions 

have to be faster than radical recombination or reaction of the intermediate 

radicals with the solvent. In addition, the final radical, but not the intermediate 

radicals, must selectively be converted to a stable product. So far, inter- and 

intramolecular additions, intramolecular 1,5-hydrogen transfer reactions, and 

fragmentation reactions have been included in sequential radical reactions. 

The combination of two or more cyclization steps is the most prominent type of 

sequential reaction, and can be employed for the ready construction of 

polycyclic compounds. In principle, every method that is suitable for 

conducting radical cyclizations can be employed for tandem cyclization as well. 

Equations 114 and 115 present examples of tandem cyclizations conducted by 

the tin method (195) and by oxidation with manganese(III). (196)  

   

 

 (114)   

 

   

 

 (115)   

 

 

 

In another type of sequential reaction, 1,5-hydrogen abstractions are coupled 

with radical cyclizations. (197) The hydrogen shift makes it possible to use a 

carbon–hydrogen bond as a radical precursor for a cyclization. This can be 

important if the usual precursor in this position is difficult to prepare or is 

unstable. For a successful transformation the hydrogen transfer step should be 

rapid to compete with unwanted side reactions. Therefore, reactive radicals 
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like aryl, vinyl, or alkoxyl (198) radicals are generated in the initial step. In Eq. 

116 an example is shown of the radical translocation reaction of an aryl iodide. 

(199)  

   

 

 (116)   

 

 

 

A useful class of sequential reactions is the combination of cyclization and 

fragmentation. (73) Depending on the structure of the substrate, the net result 

of this sequence is either a group migration (200) or a ring expansion. The 

latter reaction is especially useful for the formation of medium-sized rings 

which are not accessible by direct radical cyclizations. The ring expansion 

proceeds via radical cyclization to a carbonyl double bond followed by rapid β 

-bond cleavage of the alkoxy radical. The direction of the fragmentation is 

often controlled by substituents that make the final radical more stable than the 

starting radical. It is possible to expand rings by one, three, or four atoms. 

However, expansion by two atoms is not possible because the initial 4-exo 

cyclization is too slow. As the initial cyclization is often slow and reversible, 

syringe pump addition of tin hydride and fragmentation methods are suited for 

these sequences. Equation 117 shows an  

   

 

 (117)   

 

example of a one-carbon expansion reaction conducted by the tin method. (75) 

The ester group not only stabilizes the final radical but also accelerates the 

initial cyclization. 

 

The example in Eq. 118 shows the formation of a 10-membered ring by a 

four-atom expansion of cyclohexenone derivative 93. (76) Problems in this 

type of sequence  

   

����������������������������������������������������

� � � � � � � � � � � � � � � 




 

 (118)   

 

are often associated with direct reduction of the initial radical either by tin 

hydride or by an intramolecular 1,5-hydrogen transfer. 

 

Sequences are also known where fragmentation precedes cyclization. In the 

most prominent method, the initial radical is formed by fragmentation of a 

cyclopropyl carbinyl radical. This sequence can be used for the generation of 

chiral radicals because the precursors can often be prepared in optically pure 

form by standard cyclopropanation methods. The cyclopropylcarbinyl radicals 

can be generated from α -cyclopropyl alcohols either by oxidation (103) or by 

the tin hydride method via thiohydroxamate 94 (Eq. 119). (201, 202) Further 

suitable precursors are  

   

 

 (119)   

 

cyclopropyl ketones 95 that are reduced by samarium(II) iodide. An example of 

this strategy is shown in Eq. 120. (203)  

   

 

 (120)   

 

 

 

If an epoxide is used, this method allows the generation and cyclization of 

oxygen-centered radicals. (204) 
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The combination of inter- and intramolecular reaction steps has a great 

synthetic potential. For sequences where cyclization precedes addition, it is 

important that cyclization of the initial radical is faster than the competing 

intermolecular addition. Therefore, fast cyclization steps should be included in 

such a sequence. Furthermore, the addition step of the intermediate radical to 

the alkene acceptor has to be optimized, for example, by adjusting the 

concentration and the electronic properties of the alkene. An excess of 

activated alkene is often used to accelerate the intermolecular addition and 

thereby suppress reduction of the cyclic radical. Equation 121 shows an 

example of a cyclization/addition sequence  

   

 

 (121)   

 

conducted by the fragmentation method. (205) In addition, there are examples 

that have been conducted by tin hydride (206, 207) or reductive methods. (184) 

 

The reverse sequence, addition followed by cyclization, assembles a new ring 

from two isolated precursors. In this type of reaction, the main problem is 

differentiation of the initial and final radicals of the sequence. For a successful 

annulation it is necessary that the initial (but not the final) radical adds to the 

alkene and that the final (but not the initial) radical selectively abstracts 

hydrogen from tin hydride. Selectivity is usually achieved by the introduction of 

substituents or by generating different types of initial and final radicals. This 

concept is demonstrated by the example presented in Eq. 122. In this reaction, 

the electrophilic initial radical preferentially adds to the electron-rich alkene 96, 

whereas iodine abstraction by the final vinyl radical is faster than the 

competing addition to another alkene molecule. The intermediate vinyl iodide 

97 was not isolated but directly reduced with tin hydride. (208)  

   

 

 (122)   
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Addition/cyclization sequences can also be carried out by the tin hydride 

method, (69, 209) by oxidative methods, (210, 211) and by the 

thiohydroxamate method. (34) An example of the last reaction is shown in Eq. 

123. (212) 

 

In addition to sequences consisting of two radical reactions, it is possible to 

combine three radical reactions in one transformation. The sequence of the 

steps can differ, and combinations are known of 

fragmentation/hydrogen–transfer/cyclization, (213) 

addition/cyclization/addition, (214) cyclization/addition/cyclization, (215)  

   

 

 (123)  

 

and fragmentation/ addition/cyclization reactions. An example of one of these 

sophisticated sequences is shown in Eq. 124. (216) The reaction is promoted 

by reversible addition of a thiyl radical 99 to the double bond of 98 followed by 

addition to alkene 100 and cyclization. The reaction is terminated by rapid β 

fragmentation of 101 that liberates the chain-carrying butylthio radical 99.  
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4. Comparison with Other Methods 

 

There are too many cyclization methods in the literature for a complete 

comparison. For an overview of some methods see the review of C. and Y. 

Thebtaranonth. (216a) 

 

Cationic cyclizations (216b) often lead to the thermodynamically controlled 

products. Sometimes Wagner–Meerwein rearrangements can occur. 

5-Hexenyl cations cyclize in a 6-endo mode. Acidic conditions are used. 

 

Radical reactions lead mainly to products of kinetic control (5-exo cyclization). 

The reaction conditions are neutral for several methods and various functional 

groups are tolerated. If organotin compounds are used, the removal of all tin 

residues can be a problem. 

 

Anionic cyclizations occur under basic conditions and β elimination can be a 

competing reaction. 5-Hexenyl anions cyclize in a 5-exo mode, (216c,d) 

approximately 108 times slower than the corresponding radical cyclization. 

(216c) The intramolecular Michael addition was previously reviewed (216e) 

and is an alternative to radical cyclizations with activated olefins. 

Thermodynamically and kinetically controlled reactions are possible. 

 

The metal-catalyzed cyclization reactions (mostly with palladium) (216a,f) 

often occur with high yield and under mild basic conditions. Substrates must 

usually be chosen to avoid β -hydride elimination. 

 

These methods are compared in Table A. Included are some functional groups 

which can be used as precursors and functional groups which are tolerated 

under the reaction conditions.  

  

Table A. Comparison of Cyclization Methods  

 

 Cationic Radical Anionic Palladium 
 

Precursor Cl, Br, I, OH, OR, 

OSO2R, C = C, C 

= O, C(OR)2 

[Cl]a, Br, I, OHb, 

OOR, SPh, 

SePh, NH2
b, N 

= NR, N = C, 

NO2,C = C, C ≡ 

C, C = O, 

Cl, Br, I, SPh, 

SePh, SnR3,C 

= C, H 

[Cl]a, Br, I, 

OH, OAr, 

O2CR, 

O2COR, 

SO2R, OP(O) 

(OR)2,NO2, C 

����������������������������������������������������

� � � � � � � � � � � � � � � 




CO2H
b, anions, 

SnR3,BR2, 

HgX, CoLn, H 

= C, 

cyclopropyl, 

epoxide, H 

Tolerated 

functional 

groups 

 F, [Cl]a, OH, 

OR, SR, SO2R, 

NH2,NR2,CN,[C 

= O]a, 

C(OR)2,CO2R, 

SiR3 

ORc, 

C(OR)2,SO2R
c, 

NR2, C = Od 

[OH]a, OR, 

SO2R,[NH2]
a, 

NR2,C = O, 

C(OR)2,CO2R 

Side reactions Wagner–Meerwein 

rearrangement; 

hydride transfer 

Dimerization; 

hydrogen 

abstraction 

β -Elimination; 

addition to C = 

O 

β 

-Elimination; 

isomerization 

pH Acidic Neutral Strongly basic Mildly basic 

Preferred 

regiochemistry 

of 5-hexenyl 

cyclization 

6-endo 5-exo 5-exo 5-exo 

Product 

control 

Thermodynamic Kinetic Both possible Both possible 

 
 

aThis group is sometimes useful. 
bTwo steps are needed. 
c
 β -Elimination is possible in the precursor or the product. 

d
Aldol condensation is possible. 
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5. Experimental Conditions 

 

Radical reactions require an inert atmosphere (nitrogen or argon). Normal 

bench/syringe technique is sufficient. Since there is little or no solvent 

dependence in radical reactions, all solvents (including water) can be used, as 

long as the reactants are soluble. As mentioned before attention must be paid 

to the half life time of the initiator. The concentrations of the reactants have to 

be adjusted well to optimize the expected reaction. (6, 7) 
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6. Experimental Procedures 

   

 

 

 

6.1.1. 2-(Phenylmethyl)cyclopentanone (103) (Formation of a Carbocycle 
by the Tin Method) (34)  
A solution of 102 (84.6 mg, 0.316 mmol), tributyltin hydride (190 µL, 

0.706 mmol), and AIBN (7.5 mg, 0.045 mmol) in benzene [CAUTION, 

SUSPECTED CARCINOGEN] (8 mL) was heated at reflux for 1.5 hours. After 

cooling, the solvent was evaporated, and the residue was purified by flash 

chromatography (10% EtOAc–hexanes) to provide 49.5 mg (90%) of 103 and 

6-phenyl-5-hexenal (³18:1 by 1H NMR integration). IR (thin film) 2961, 1737, 

1160, 690 cm–1;1H NMR( CDCl3) δ 7.28–7.13 (m, 5H), 3.13 (dd, J = 13.7, 

3.9 Hz, 1H), 2.51 (dd, J = 13.7, 9.4 Hz, 1H), 2.37–2.27 (m, 2H), 2.15–2.02 (m, 

2H), 1.99–1.89 (m, 1H), 1.75–1.67 (m, 1H), 1.59–1.46 (m, 1H); high-resolution 

mass spectrum, calculated for C12H14O(M+) m/z 173.0966, found m/z 

173.0996; mass spectrum m/z 174 (M+), 156, 146, 130, 117.  

   

 

 

 

6.1.2. (–)-(4R,5R)-2-Ethoxy-5-ethyl-4-methoxycarbonylmethyl-3,4,5,6-tetra
hydro-2H-pyran (105) (Formation of a Heterocycle by the Tin Method) (93)  
A mixture of bromoacetal 104 (549 mg, 1.78 mmol), AIBN (30.3 mg, 

0.185 mmol), and Bu3SnH (0.65 mL, 2.42 mmol) in dry benzene (12 mL) was 

heated under reflux for 1 hour and then evaporated under reduced pressure. 

Silica gel column chromatography of the crude product with hexane–EtOAc 
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(92:8) as eluant gave tetrahydropyran 105 (395 mg, 97 %) as an oily mixture of 

two diastereomers. (c 0.43, CHCl3); IR ( CHCl3):1732 cm–1;1H 

NMR( CDCl3) δ 4.77–4.89 (m, 0.6H), 4.66–4.69 (m, 0.4H), 3.40–4.44 (m, 4H), 

3.68 (s, 3H), 2.61 (dd, J = 15.2, 4.2 Hz, 1H), 2.51 (dd, J = 15.2, 3.8 Hz, 1H), 

0.73–1.06 (m, 3H); mass spectrum: m/z 215 (M+–Me); Anal. Calcd for 

C12H22O4: C, 62.6; H, 9.65. Found: C, 62.6; H, 9.7.  

   

 

 

 

6.1.3. Radical Cyclization of Carbohydrate Derivatives (Tin Method) (217)  
Bromide 106 (1.3 g, 2.5 mmol) and tributyltin hydride (2.4 equiv) were heated 

by dropwise addition of AIBN (cat.) in dry toluene at 110°. The reaction mixture 

was cooled and the solvent evaporated. The residue was dissolved in ether 

and 10% aqueous potassium fluoride solution was added, and the mixture was 

stirred for 18 hours. The organic phase was separated, dried, and evaporated. 

After chromatography (hexanes:EtOAc = 4:1) product 107a/b was obtained in 

52% yield (570 mg) as an 83:17 diastereomeric mixture. Recrystallization from 

hexane gave pure 107a: mp 116–118° S(24,D) –72° (c 4.5, CHCl3); IR 

( CHCl3) 3200, 3080, 1755 cm–1;1H NMR( CDCl3) δ 7.34–7.26 (m, 5H), 5.44 (q, 

J = 3.1, 1H), 5.35 (t, J = 10 Hz, 1H), 5.21 (t, J = 10 Hz, 1H), 4.92 (dd, J = 10 

and 3.2 Hz, 1H), 4.61 (s, 2H), 3.25 (ddd, J = 10.1, 12.4 and 4.2 Hz, 1H), 2.10, 

2.03, 2.01, 1.98 (s, s, s, s, 4 × 3H), 1.88 (ddd, J = 3.0, 12.4 and 14.8 Hz, 2H); 
13C NMR( CDCl3) δ 170.23, 170.05, 169.97, 169.91, 139.14, 128.67, 128.55, 

128.14, 76.99, 71.87, 71.72, 71.20, 67.82, 56.87, 29.78, 21.01, 20.84, 20.75, 

20.66; mass spectrum: m/z 438 (M+); Anal. Calcd for C21H27NO9: C, 57.66; H, 

6.17; N, 3.20. Found: C, 57.27; H, 6.12; N, 3.50.  
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6.1.4. (11E)-3,4,5,6,9,10-Hexahydro-8H-2-benzooxacyclotetradecyne-1,7-
dione (109) (Macrocyclization Mediated by Tin Hydride) (127)  
A solution of tributyltin hydride (157 mg, 0.54 mmol) and AIBN (5 mg, 

0.03 mmol)) in dry, degassed benzene (10 mL) was added over 8 hours via 

syringe pump to a solution of 108 (98 mg, 0.28 mmol) in dry, degassed 

benzene (100 mL) heated under reflux under an atmosphere of nitrogen. The 

cooled mixture was evaporated under reduced pressure and the residue was 

then dissolved in diethyl ether. The ether solution was stirred with 20% aq. KF 

for 24 hours and filtered, and the organic layer was separated, dried, and 

evaporated to leave a yellow oil. Purification by chromatography on silica gel 

using 25% Et2O–hexanes as eluent gave 47 mg (61%) macrolide 109 as white 

needles, mp 78–80° (pentane); IR ( CHCl3) 2920, 1720, 1600, 1460, 1250, and 

1075 cm–1;1H NMR( CDCl3) δ 7.78 (m, 1H), 7.60–7.15 (m, 3H), 6.88 (d, 

J = 16 Hz, 1H), 5.88 (dt, J = 16, 7 Hz, 1H), 4.50–4.20 (m, 2H), 2.65–2.10 (m, 

6H), 2.04–1.50 (m, 6H); 13C NMR( CDCl3) δ 211.2 (s), 168.7 (s), 138.2 (s) 

132.3 (d), 132.0 (d), 131.4 (d), 130.9 (d), 129.1 (s), 127.4 (d), 127.0 (d), 65.7 (t), 

43.2 (t), 37.1 (t), 31.3 (t), 27.4 (t), 22.7 (t), 21.5(t); mass spectrum: m/z 272 

(M+); Anal. Calcd for C17H20O3: C, 75.0; H, 7.4. Found: C, 75.1; H, 7.7.  

   

 

 

 

6.1.5. (11E,3S)-14,16-Dimethoxy-3-methyl-3,4,5,6,9,10-hexahydro-8H-2-be
nzooxacyclotetradecyne-1,7-dione (Zearalenone) (111) (Macrocyclization 
Mediated by a Silane Hydride) (127)  
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A solution of tris(trimethylsilyl)silane (35 mg, 0.14 mmol) and AIBN (5 mg, 

0.03 mmol) in dry toluene (2 mL) was added over 8 hours via syringe pump to 

a stirred solution of 110 (41 mg, 0.10 mmol) in dry, degassed toluene (35 mL) 

at 85° under nitrogen. The solution was heated at 85° for 2 hours and then 

cooled and evaporated to leave a residue which was purified by 

chromatography on silica gel using 50% Et2O–hexanes as eluent to give 

18 mg (55%) of zearalenone (111) as a white crystalline solid: mp 110–111° 
(Et2O and hexane). 

 

+47.8° (c 1.0, CHCl3); IR 2930, 1710, 1600, 1575 cm–1;1H NMR( CDCl3) δ 

6.55 (d, 1H, J = 2 Hz), 6.30 (d, 1H, J = 2 Hz), 6.28 (d, 1H, J = 16 Hz), 

6.05–5.90 (m, 1H), 5.46–5.06 (m, 1H), 3.82 (s, 3H), 3.79 (s, 3H), 2.90–1.90 (m, 

12H), 1.33 (d, 3H, J = 7 Hz); 13C NMR δ 211.2 (s), 167.4 (s), 161.1 (s), 157.4 

(s), 136.5 (s), 133.0 (d), 128.8 (d), 101.0 (d), 97.5 (d), 71.0 (d), 55.7 (q), 55.2 

(q), 43.8 (t), 38.3 (t), 34.9 (t), 31.0 (t), 21.5 (t), 21.1 (t), 19.8 (q); high-resolution 

mass spectrum, calculated for C20H26O5(M
+)m/z346.1780, found m/z 

346.1776.  

   

 

 

 

6.1.6. cis/trans-(1,1-Diethoxycarbonyl)-4-(trimethylstannylmethyl)-3-benz
ylcyclopentane (113) (Carbocyclization of a Diene with Tin Hydride) (218)  
To a solution of 112 (1.3 g, 5.1 mmol) in 20 mL of anhydrous tert-butyl alcohol 

under argon, was added trimethyltin chloride (4 g, 10.0 mmol), sodium 

cyanoborohydride (0.95 g, 15.0 mmol) and AIBN (15 mg, 1.0 mmol). The 

solution was refluxed for 1 hour (until the diene had disappeared as monitored 

by TLC using KMnO4 spraying agent). The solution was cooled to room 

temperature, quenched with 5% aqueous ammonia solution, stirred, and then 

concentrated under reduced pressure. The residue was dissolved in ether, 

washed three times with brine, dried ( MgSO4), and concentrated. Flash 

chromatography (3% EtOAc–hexanes) afforded 2.3 g (95%) of stannylated 

product 113 as an inseparable mixture in the form of a colorless oil 

(cis:trans = 4:1 by NMR). IR 3030, 3010, 2980, 2930, 1740, 1607, 1500, 1205, 

760, 745, 695 cm–1;1H NMR( CDCl3) δ 7.14 – 7.32 (m, 5H), 4.09–4.26 (m, 4H), 

2.97 (dd, Jtrans = 13.9, 3.2 Hz, 2H), 2.79 (dd, Jcis = 12.7, 3.8 Hz, 2H), 2.21–2.46 
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(m, 2H), 1.97 (m, 4H), 1.17–1.27 m, 6H), 0.99 (d, J = 8.7 Hz, 2H); 13C NMR δ 

172.8(C = Ocis),172.5(C = O trans), 141.3, 140.9, 128.9, 128.8, 128.1, 125.6, 

125.5 (arom C's cis and trans), 61.1 (CH2 from Et cis and trans), 58.5 (Cl cis), 

57.7 (Cl trans), 50.3 (C3 trans), 45.7 (C3 cis), 43.8 (C4 trans), 43.0 (benzylic C 

trans), 41.6 (benzylic C cis), 40.7 (C4 cis), 39.7 (C2 trans), 39.4 (C5 trans), 

37.3 (C5 cis), 34.8 (C2 cis), 14.9 ( CH2Sn trans), 13.9 (Me from Et cis and 

trans), 11.4 ( CH2Sn cis), – 9.6 (MeSn trans), – 9.8 (MeSn cis); high-resolution 

mass spectra, calculated for C22H34O4Sn (M+) m/z 482.1478, found m/z 

482.1463.  

   

 

 

 

6.1.7. Diethyl 
4-(Bromomethyl)-3-(methoxycarbonyl)-3-(tosylmethyl)-cyclopentane-1,1-
dicarboxylate (115a/b) (Cyclization of a Diene with Tosyl Bromide) (219)  
Irradiation (high-pressure mercury lamp) of a solution of diene 114 (1.5 g, 

5 mmol) and tosyl bromide (1.18 g, 5 mmol) in 140 mL of acetonitrile for 24 

hours, purification on silica gel using EtOAc–petroleum ether (15:85 to 40:60), 

gave 1.79 g (67%) of 115a/b. The 52:48 ratio was determined by analytical 

HPLC (EtOAc:isooctane, 25:75; 2 mL/min). Anal. Calcd for C22H29BrO28S : C, 

49.54; H, 5.48; S, 6.01 Found: C, 49.49; H, 5.50; S, 5.90. 

 

Product 115a: 1H NMR( CDCl3) δ 7.75 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 

2H), 4.30–4.14 (m, 4H), 3.73 (s, 3H), 3.60 (d, J = 13.7 Hz, 1H), 3.57 (dd, 

J = 9.8, 3.6 Hz, 1H), 3.38 (d, J = 15.2 Hz, 1H), 3.35 (d, J = 13.7, 1H), 3.11 (t, 

J = 9.8, 1H), 3.04 (d, J = 15.2, 1H), 2.73–2.60 (m, 2H), 2.45 (s, 3H), 2.48–2.39 

(m, 1H), 1.27 (t, J = 7.1, 6H); 13C NMR( CDCl3) δ 172.6, 171.7, 171.0, 144.8, 

137.6, 129.8, 127.6, 62.1, 61.7, 57.4, 56.7, 53.3, 52.8, 49.7, 39.5, 37.5, 31.0, 

21.3, 13.7. 

 

Product 115b: 1H NMR( CDCl3) δ :7.77 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz, 

2H), 4.31–4.14 (m, 4H), 4.06 (d, J = 13.8 Hz, 1H), 3.68 (s, 3H), 3.40 (dd, 

J = 10.3, 4.0 Hz, 1H), 3.34 (d, J = 14.9 Hz, 2H), 3.29 (d, J = 13.8 Hz, 1H), 3.03 

(t, J = 10.3, 9.4 Hz, 1H), 2.89 (d, J = 14.9, 1H), 2.45 (s, 3H), 2.60–2.39 (m, 2H), 

2.24 (t, J = 11.3, 1H), 1.29 (t, J = 7.1, 3H), 1.25 (t, J = 7.1 Hz, 3H); 13C 

NMR( CDCl3) δ 172.6, 171.6, 170.8, 144.9, 137.8, 129.9, 127.8, 63.3, 62.1, 

61.7, 57.5, 53.8, 52.6, 51.7, 40.8, 37.9, 30.9, 21.6, 14.1, 13.9.  
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6.1.8. Photolysis of (R)-(+)-3-Citronoyloxy-4-methylthiazolin-2-(3H)-thione 
(116) [Cyclization by the Barton Method] (220)  
A solution of ester 116 (1.55 g, 5.18 mmol) in ether (20 mL) was irradiated 

under nitrogen at room temperature with a 100-W medium pressure mercury 

lamp for 45 minutes. The solvent was then evaporated and the residue 

chromatographed on silica with pentane–ether (95:5) to give the cyclization 

product 117 as a 1:1 mixture of diastereomers. The mixture was a colorless 

analytically pure oil (1.08 g, 82%). IR (film) 3070, 1510, 1445, 1365, 1295, 

1140, 1020 cm–1; 1H NMR( CDCl3) δ 7.05 (m, 1H), 2.55 (m, 3H), 2.40–1.20 (m, 

8H), 1.40 (s, 6H), 1.02, and 1.00 (2 d, J = 7.0 Hz ca. 1:1, 3H); mass spectrum: 

m/z 255 (M+), 132, 131; Anal. Calcd for C13H21NS2: C, 61.42; H, 8.28; N, 5.48; 

S, 25.10 Found: C, 61.1; H, 8.3; N, 5.65; S, 24.95%.  

   

 

 

 

6.1.9. N-Butyl-2-[(2-pyridylthio)methyl]pyrrolidine (119) (Cyclization of an 
Aminyl Radical) (152)  
Compound 118 (0.30 g, 1.0 mmol) and malonic acid (0.31 g, 3.0 mmol) were 

weighed into a round-bottomed flask containing a small stirring bar. The flask 

was sealed with a septum, wrapped with aluminium foil to exclude light, and 

purged with nitrogen. Acetonitrile (20 mL) was then added via syringe. The 

shield was removed, and the mixture was stirred and irradiated with a 100- or 

150-W tungsten filament bulb from a distance of about 0.5 m. The reaction 

was monitored for disappearance of the PTOC carbamate 118 by TLC. When 

the reaction was judged to be complete, solvent was removed at reduced 
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pressure. The residue was partitioned between ether and 10% aqueous HCl. 

The aqueous portion was basified and extracted with several portions of ether. 

The combined ethereal extract was washed with saturated NaCl solution and 

dried ( K2CO3). Purification by chromatography (silica gel, ether elution) gave 

0.23 g (0.92 mmol, 92 %) of 119 as a heavy oil. 1H NMR( CDCl3) δ 8.37 (dd, 

1H), 7.40 (dt, 1H), 7.13 (dd, 1 H), 6.90 (dt, 1H), 3.59 (dd, 1H), 3.13 (dt, 1H), 

3.0–2.8 (m, 2H), 2.60 (m, 1H), 2.14 (m, 2H), 2.0–1.2 (m, 8H), 0.88 (t, 3H); 13C 

NMR( CDCl3) δ 160.0, 149.8, 136.2, 122.7, 119.6, 63.8, 54.8, 54.6, 34.4, 31.1, 

30.4, 22.7, 21.0, 14.3; mass spectrum: m/z 139, 126, 96.  

   

 

 

 

6.1.10. Ethyl 
cis/trans-1-Chloro-2-(chloromethyl)cyclopentane-1-carboxylate (121) 
(Ruthenium-Catalyzed Cyclization; Atom Transfer Method) (221)  
General Procedure: Dichloro compound 120 and a transition metal catalyst 

(8.3 mol%) were placed in a resealable PyrexTM tube, and 1.0 mL of benzene 

was added. The mixture was degassed via three freeze/thaw cycles, and the 

tube was sealed under vacuum, placed in an oil bath, and heated at 155–160° 
for 22 hours. After cooling, the vessel was opened under argon. A small aliquot 

was passed through a plug of FlorisilTM and was analyzed by GLC to 

determine if the reaction was complete. If the starting dichloro compound 121 

remained, the solution was degassed again and heated as before. Once the 

reaction was complete, hexane (3 mL) and benzene (2 mL) were added to the 

solution, and the mixture was filtered through a 3-cm plug of Florisil, which was 

washed with benzene (3 mL), and the solvent was removed in vacuo. Crude 

product mixtures were analyzed by GLC. Pure cyclic esters were isolated by 

preparative TLC, eluting once with 9:1 hexanes–EtOAc and once with 9:1 

hexanes–methylene chloride. 

 

trans-121a: (61%), bp 50–55° (<0.1 torr, bulb-to-bulb); IR (film) 2975, 2870, 

1735, 1445, 1370, 1200, 1095, 1040, 920, 755 cm–1; 1H NMR( CDCl3) δ 4.26 

(q, J = 7.1 Hz, 2H), 3.82 (dd, J = 11.0, 6.4 Hz, 1H), 3.54 (dd, J = 10.8, 7.8 Hz, 

1H), 2.87 (m, 1H), 2.49–1.59 (m, 6H), 1.32 (t, J = 7.1 Hz, 3H); 13C NMR( CDCl3) 

δ 170.5, 77.2, 62.4, 51.6, 44.8, 41.9, 28.2, 21.0, 13.9; mass spectrum: m/z 226, 

224, 189, 156, 153, 135, 115, 79, 41, 28; high-resolution mass spectrum, 

calculated for C9H14O2Cl m/z 224.0371, found m/z 224.0372. 
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cis-121b: (13%), bp 50–55° (<0.1 torr, bulb-to-bulb); IR (film) 2975, 2870, 1735, 

1445, 1370, 1325, 1265, 1200, 1080, 1035, 1020, 915, 860, 750 cm–1; 1H 

NMR( CDCl3) δ 4.25 (q, J = 7.1 Hz, 2H), 3.71 (dd, J = 10.9, 4.3 Hz, 1H), 3.43 

(dd, J = 10.9, 9.1 Hz, 1H), 2.77 (m, 1H), 2.57 (m, 1H), 2.32–1.61 (m, 5H) 1.33 

(t, J = 7.1 Hz, 3H); 13C NMR( CDCl3) δ 169.5, 74.4, 62.2, 55.0, 44.6, 40.0, 28.1, 

21.1, 13.9; mass spectrum: m/z 226, 224, 189, 156, 153, 135, 115, 79, 41, 28; 

high resolution mass spectrum, calculated for C9H14O2Cl m/z 224.0371, found 

m/z 224.0374.  

   

 

 

 

6.1.11. (1R,8S)-1-Chloromethyl-2,2-dichloro-3-oxohexahydropyrrolizidine 
(123) (Copper-Catalyzed Cyclization; Atom Transfer Method) (222)  
A suspension of 122 (500 mg, 2.06 mmol) and recently recrystallized copper(I) 

chloride (194 mg, 1.96 mmol) in 14 mL of deoxygenated acetonitrile was 

heated in a sealed tube with a Teflon tap at 160° for 2 hours. After cooling, 

solvent was removed under reduced pressure and the residue purified by flash 

chromatography (hexanes–EtOAc = 4:1) to afford 467 mg (93%) of product 

123 as a white solid mp 60–62°. S(24,D) – 24°(c = 1.0, CH2Cl2); IR 2972, 

1918, 1413, 843 cm–1;1H NMR( CDCl3) δ 3.98 (dd, J = 11.3, 4.2 Hz, 1H), 3.86 

(dd, J = 11.3, 10.3 Hz, 1H), 3.68 (m, 1H), 3.55 (m, 1H), 3.28 (ddd, J = 12.1, 8.9, 

3.2 Hz, 1H), 2.76 (m, 1H), 2.17 (m, 2H), 1.60 (m, 1H); mass spectrum: m/z 247, 

245, 243, 241, 206. Anal. Calcd for C8H10Cl3NO : C, 39.62; H, 4.16; N, 5.78. 

Found: C, 39.67; H, 3.98; 5.53.  
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6.1.12. 2-Methyl-2-phenyl-4-methylenetetrahydrofuran (125) 
(Cobalt-Mediated Cyclization; Radical/Radical Coupling) (223)  
To a solution of bromide 124 (2.53 g, 10 mmol) in ethanol (50 mL) were added 

aqueous sodium hydroxide (10 N, 1 mL) and sodium borohydride (380 mg, 

10 mmol). The solution was warmed to 50° under nitrogen, and powdered 

chlorocobaloxime(III) (240 mg, 0.6 mmol) was added in portions over 1 hour. 

The temperature of the mixture was kept at 50–60°. After the addition, the 

mixture was stirred for 30 minutes at the same temperature. Most of the 

ethanol was removed under reduced pressure, and saturated NaCl (50 mL) 

was added. The mixture was extracted with pentane–ether (4:1) several times. 

The extracts were washed with saturated NaCl and dried ( Na2SO4). After 

evaporation of the solvents, the residue was distilled under reduced pressure 

to give 125 (1.27 g, 73%); bp 62–63° (0.5 mm Hg). IR ( CCl4) 1671, 1044, 884, 

700 cm–1;1H NMR( CCl4) δ 7.50–7.20 (m, 5H), 4.97 (t, J = 2 Hz, 1H), 4.87 (t, 

J = 2 Hz, 1H), 4.42 (broad t, J = 15 Hz, 2H), 2.91 (broad d, J = 16 Hz, 1H), 

2.70 (broad d, J = 16 Hz, 1H), 1.48 (s, 3H); HRMS, calcd for C12H14O M+): m/z 

174.1043, found m/z 174.1041.  

   

 

 

 

6.1.13. trans-1-[(2R/S,3aR,4R,5R,6aS)-5-([(1,1-Dimethylethyl)-dimethylsily
l]oxy)-2-ethoxyhexahydro-2H-cyclopenta[b]furan-4-yl]octen-3-one (127) 
(Reductive Cyclization Catalyzed by Vitamin B12) (224)  
The cathode compartment of an electrochemical cell containing C-felt (2.77 g) 

as cathode material was charged with a solution of vitamin B12 (250 mg, 

0.18 mmol) in 0.3 M LiClO4/DMF (250 mL). The anode compartment was 

charged with 0.3 M LiClO4/DMF (ca. 50 mL). The B12 was reduced to Co(I) at a 

constant cathode potential of –1.4 V (vs. SCE) until the initial current of about 

50 mA had diminished to a stable background level and the color had changed 

from red to dark green. On reducing the potential to –0.9 V a stable 

background level of approximately 3.5 mA was observed. Keeping the 

potential at –0.9 V, 1-octyn-3-one (3.72 g, 30.0 mmol) was added, followed by 

bromoacetal 126 (3.65 g, 10.0 mmol) after 15 minutes. Thereby the color 

changed to dark red and the current remained at a low level. After switching on 
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the 250-W halogen lamp the current rose to 30 mA and the temperature to 

40–41°, which was maintained throughout the reaction. Additional alkyne was 

added after 5 hours (2.48 g, 20.0 mmol) and again after 25 hours (1.24 g, 

10.0 mmol). After 44 hours the current had diminished to a constant 

background level of 9 mA, and 1543 Cb e– (16.0 mmol) had been consumed. 

The solution was poured into ice water (750 mL) and extracted with 

Et2O(6 × 100 mL). The organic solution was washed with brine (3 × 100 mL), 

dried ( Na2SO4), and the solvent removed. Excess alkyne was removed by 

bulb-to-bulb distillation (45° oven temperature/5 × 10–2 mbar) and the residual 

dark brown liquid (8.86 g) was filtered through silica gel (70 g; low-boiling 

petroleum ether/Et2O 8:2). Flash chromatography of the crude product (219 g 

silica gel; low-boiling petroleum ether/Et2O 19:1 to 8:1) afforded two main 

fractions. The latter was the desired product 127: 3.5 g of a yellow liquid 

comprising four isomers of 127 (containing at least 65 % product by GC). For 

cis-trans isomerization the latter fraction was dissolved in hexanes (50 mL) 

containing I2 (90 mg), washed with brine containing a small amount of sodium 

thiosulfate (2 × 25 mL), and brine (25 mL), dried ( Na2SO4), and the solvent 

removed. Flash chromatography (150 g; low-boiling petroleum ether–Et2O 

19:1 to 8:2) of the remaining dark liquid (3.36 g) afforded essentially pure 

product [2 diastereomers, 1.07 g (26 %) and 0.85 g (21 %)] as slightly yellow 

oils (assignment of configuration was based on NOE experiments). For 

elemental analysis a sample was distilled in a glass tube at 150° (oven 

temperature/5 × 10–3 mbar). Anal. Calcd for C23H42O4Si : C, 67.27; H, 10.31. 

Found: C, 67.27; H, 10.23; IR (neat) 3450, 2960, 2930, 2860, 2250, 1695, 

1680, 1630, 1465, 1405, 1380, 1360, 1250, 1115, 1050, 1005, 910, 865, 835, 

775, 730, 670, 645 cm–1;1H NMR( CDCl3) δ 6.64 (dd, J = 15.83, 8.05 Hz, 1H), 

6.09 (dd, J = 15.84, 0.96, 1H), 5.19 (d, J = 4.91 Hz, 1H), 4.42 (ddd, J = 7.02, 

7.02, 4.20 Hz, 1H), 3.89 (ddd, J = 8.15, 8.15, 8.15 Hz, 1H), 3.67 (dqd, J = 9.61, 

7.11, 0.76, 2H), 3.48–3.34 (m, 2H), 2.48 (t, J = 7.45, 1H), 2.45–2.25 (m, 3H), 

2.01 (ddd, J = 13.53, 8.82, < 1 Hz, 1H), 1.84 (ddd, J = 13.48, 4.83, 4.83 Hz, 

1H), 1.72 (ddd, J = 13.48, 8.86, 4.34 Hz, 1H), 1.65–1.50 (m, 1H), 1.35–1.10 (m, 

2H), 1.15 (td, J = 7.07, 0.77, 3H), 0.95–0.70 (m, 1H), 0.82 (s, 9H), – 0.02 (s, 

6H); 13C NMR( CDCl3) δ 146.2, 130.8, 105.1, 79.5, 78.1, 62.6, 57.0, 44.3, 41.0, 

40.4, 38.4, 31.5, 25.7, 24.0, 22.5, 18.0, 15.2, 13.9,–4.5,–4.7; mass spectrum: 

m/z 365, 354, 353, 309, 308, 307, 281, 234, 233, 199, 189, 187, 178, 161, 153, 

151, 136, 135, 133, 131, 129, 117, 107, 105, 101, 99, 91, 81, 79, 75, 73, 72, 71, 

59, 55, 44, 43, 41.  
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6.1.14. trans-2-Ethenyl-1,4,4-trimethylcyclopentanol (129) (Reductive 
Cyclization with NaC10H8) (225)  
General Procedure: To a solution of dry recrystallized naphthalene (1.92 g, 

15.0 mmol) in dry tetrahydrofuran (20 mL), stirred under nitrogen at room 

temperature, was added freshly cut sodium (580 mg, 25.2 mmol) in small 

pieces. The resulting green solution was then stirred at room temperature for 3 

hours. This routinely gave a 0.6 M solution of the reagent. The solution of 

sodium naphthalenide (0.6 M, 2.8 mL, 1.68 mmol) was added dropwise under 

nitrogen to a well-stirred solution of 128 (304.2 mg, 2.0 mmol) in dry 

tetrahydrofuran (11 mL) at room temperature until a faint green end point was 

reached. The coloration discharged in about 3 minutes after turning off the 

nitrogen. The mixture was poured into water (30 mL) and then extracted with 

ether (3 × 25 mL). The combined ether extracts were washed with dilute 

hydrochloric acid (30 mL), followed by water until they were neutral. 

Evaporation of the dried extracts gave the crude product, which was purified 

by column chromatography on silica gel using ether hexane (1:1) as eluant, 

giving 97.1 mg (55.8%) of the desired alcohol 129 (eluted second) and 

132.6 mg (22.1%) of recovered starting material (eluted first). IR 3370, 

1540 cm–1;1H NMR( CDCl3) δ 5.84 (m, 1H), 5.08 (m, 2H), 2.69 (m, 1H), 

2.20–0.69 (m,5H), 1.16 (s, 3H), 1.14 (s, 3H), 1.06 (s, 3H); 13C NMR( CDCl3) δ 

138.1 (d), 115.6 (t), 81.01, 56.04 (t), 55.0 (d), 45.4 (t), 37.8, 32.1 (q), 31.6 (q), 

25.1 (q); high resolution mass spectrum, calculated for C10H18O m/z 154.1357, 

found m/z 154.1351.  

   

 

 

 

6.1.15. (1R*,2R*)-Dimethylcyclopentan-1-ol (131) (Reductive Cyclization 
with Samarium(II) Iodide) (178)  
General Procedure for Preparation of SmI2/THF/HMPA: Samarium metal 

(0.30 g, 2.0 mmol) was added under a flow of argon to an oven-dried 

round-bottomed flask containing a magnetic stirring bar and septum inlet. The 

flask and samarium were gently flame dried and cooled under argon. To the 

samarium was added 13 mL of tetrahydrofuran followed by methylene iodide 

(0.482 g, 1.8 mmol), and the mixture was stirred at room temperature for 1.5 

hours. HMPA [CAUTION, SUSPECTED CARCINOGEN] (2.51 mL, 14.5 mmol) 

was added, and the resulting purple solution was stirred 10 minutes before 
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addition of the olefinic ketone. 

 

General Procedure for Cyclization of Olefinic Ketones: To the SmI2 solution 

described above was added olefinic ketone 130 (0.116 g, 1.04 mmol) and 

t-BuOH (0.160 g, 2.16 mmol) in 14 mL of THF over a 15-minute period. Upon 

completion, the reaction was quenched with saturated aqueous NaHCO3 and 

the aqueous layer was extracted with Et2O. The combined organic layers were 

washed with water and brine, dried over MgSO4, and the solvent was removed 

under reduced pressure. Final purification involved filtering through a short 

column of Florisil to remove residual HMPA. Kugelrohr distillation gave 0.102 g 

(86%) of desired product 131: bp 60° (25 mm Hg). IR ( CCl4) 3419, 2940, 

2856 cm–1;1H NMR( CDCl3) δ 1.96–1.48 (m, 6H), 1.82 (br s, 1H), 1.20–1.12 (m, 

1H), 1.09 (s, 3H), 0.82 (d, J = 7.1 Hz, 3H); 13C NMR( CDCl3) δ 80.90, 44.67, 

40.06, 31.73, 22.71, 20.45, 15.40. High resolution mass spectrum, calculated 

for C7H14O m/z 114.1045, found m/z 114.1051; Low resolution mass spectrum 

m/z 114, 85, 71, 58.  

   

 
 

 

6.1.16. Photosensitized Reductive Cyclization of 
Aminoethylcyclohexenones (226)  
Solutions of the (aminoethyl)cyclohexenones (2 mmol) in MeOH (with and 

without added MeCN) containing 9,10-dicyanoanthracene (DCA) (ca. 

1 × 10–4 M) were irradiated with uranium glass-filtered light. Irradiations were 

monitored by GLC and UV and terminated when >95% of starting material was 

consumed. The photolysates were concentrated in vacuo and filtered to 

remove DCA. The filtrates were subjected to an acid–base extraction 

procedure to separate the amine products. The amine-containing fractions 

were subjected to chromatographic (flash column) separation to provide the 

photoproducts. 

 

Irradiation of N-Benzyl-N-trimethylsilylmethylaminoethylcyclohexenone (132): 

A solution of 132 (1 mmol) in MeCN containing DCA (6.6 × 10–2 mmol) was 

irradiated for 4 hours (78% conversion). Product yields were determined by 

GC with triphenylene as internal standard. Workup followed by preparative 

TLC (silica gel, 1:10 EtOAc–hexanes) separation afforded cyclized products. 
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133: IR 2930, 2870, 2800, 2760, 1710, 1495, 1450, 1440, 1465, 1310, 1270, 

1165, 1070, 1025, 985 cm–1;1H NMR( CDCl3) δ 7.33–7.21 (m, 5H), 3.52 and 

3.45 (q, J = 13.2 Hz, 2H), 2.97 (br d, J = 11.3 Hz, 1H), 2.89 (br d, J = 10.5 Hz), 

2.36 (m, 1H), 2.29 (ddd, J = 13.8, 13.5, 6.6 Hz, 1H), 2.05 (m, 1H), 1.93 (ddd, 

J = 12.5, 11.3, 2.7 Hz, 1H), 1.91 (ddd, J = 11.7, 11.6, 3.4 Hz, 1H), 1.80 (m, 2H), 

1.78 (dd, J = 10.4, 10.5 Hz, 1H), 1.74–1.64 (m, 3H), 1.60 (dddd, J = 13.1, 12.5, 

11.7, 3.9 Hz, 1H), 1.38 (dddd, J = 13.7, 13.6, 13.5, 3.8 Hz, 1H); 13C 

NMR( CDCl3) δ 221.3, 138.3, 129.0, 128.2, 127.0, 63.0, 60.0, 53.4, 53.3, 43.3, 

41.5, 29.6, 26.2, 24.7. MS m/z: 243, 201, 159, 146, 134, 113, 91; HRMS m/z 

243.1620 ( C16H21NO requires 243.1623).  

   

 

 

 

6.1.17. Methyl trans-2-Oxo-6-[1E-propenyl]cyclohexanecarboxylate (135) 
[Oxidative Cyclization with Manganese) (192)  
To a solution of Mn(OAc)3·2H2O (1.376 g, 5.10 mmol) and Cu(OAc)2 (0.510 g, 

2.55 mmol) in 18 mL of glacial acetic acid was added a solution of 134 

(0.505 g, 2.55 mmol) in 7 mL of glacial acetic acid to give an opaque brownish 

green solution containing some undissolved Mn(OAc)3·2H2O. The mixture was 

stirred for 1 hour at 50° at which time the solution was light blue and contained 

a white precipitate. Water was added to give a single cloudy phase in which 

the white precipitate had dissolved. The solution was extracted with five 15-mL 

portions of methylene chloride. The combined organic layers were washed 

with saturated aqueous sodium bicarbonate solution until neutral and then with 

water. The aqueous layer was back extracted with two 15 mL-portions of 

methylene chloride. The combined organic layers were dried over MgSO4, and 

the solvent was removed in vacuo to provide 0.512 g of crude cyclized product 

135. Flash chromatography on silica gel (3:1 hexanes–Et2O) gave 0.365 g 

(71%) of 135 as a 1.3:1 mixture of keto and enol tautomers. The keto and enol 

tautomers were partially separated by flash chromatography but equilibrated at 

25° after 15 days: IR (neat) 1745, 1715 cm–1; Anal. Calcd for C11H16O3: C, 

67.32; H, 8.22. Found: C, 66.90; H, 8.33%. 

 

Keto tautomer: 1H NMR ( CDCl3) δ : 5.47–5.08 (m, 2H), 3.63 (s, 3H), 3.12 (d, 

J = 12.0 Hz, 1H), 2.75 (dddd, J = 12.0, 12.0, 8.0, 4.0 Hz, 1H), 2.35–2.32 (m, 
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1H), 2.29–1.57 (m, 5H), 1.54 (d, J = 3.7 Hz, 3H); 13C NMR ( CDCl3) δ 205.2, 

169.5, 131.7, 126.2, 62.9, 51.6, 44.3, 40.6, 34.1, 24.6, 17.7. Enol tautomer: 1H 

NMR ( CDCl3) δ : 12.32 (enolic H), 5.47–5.08 (m, 2H), 3.63 (s, 3H), 3.15–3.05 

(m, 1H), 2.41–2.36 (m, 1H), 2.29–1.57 (m, 5H), 1.54 (d, J = 3.7 Hz, 3H); 13C 

NMR ( CDCl3) δ 172.8, 134.1, 124.5, 99.7, 51.0, 39.6, 30.4, 28.8, 28.0, 16.8, 

one carbon was not observed.  

   

 

 

 

6.1.18. cis/trans Methyl 
3,3-Dibromo-5-ethenyl-r-1-cyclopentanecarboxylate (137) (Sequential 
Reaction) (227)  
A solution containing 136 (50 mg, 0.22 mmol), methyl acrylate (0.3 mL, 

3.32 mmol), phenyl disulfide (8 mg, 0.04 mmol), and AIBN (36 mg, 0.22 mmol) 

was irradiated for 4 hours with a 300-W sun lamp. Purification of the residue by 

flash chromatography using Et2O–hexanes (5:95) as eluent yielded 51 mg 

(74%) of cyclopentane 137 (diastereomer ratio = 9:1) as a clear oil. Partial 

separation of the two diastereomers was achieved by careful flash 

chromatography using Et2O–hexanes (3:97) as eluent. 

 

cis: IR (neat) 1715 cm–1; 1H NMR ( CDCl3) δ5.68 (ddd, J = 17.1, 10.1, 8.1 Hz, 

1H), 5.12 (d, J = 17.0 Hz, 1H), 5.07 (d, J = 10.0 Hz, 1H), 3.65 (s, 3H), 3.36 (m, 

2H), 3.14 (dd, J = 14.5, 9.0 Hz, 1H), 3.01 (m, 1H), 2.93 (ddd, J = 14.2, 4.3, 

2.3 Hz, 1H), 2.63 (dd, J = 14.2, 9.9 Hz, 1H); 13C NMR ( CDCl3) δ 172.5, 135.3, 

117.5, 62.2, 56.0, 53.5, 51.8, 46.3, 44.2; MS m/z 312, 233, 173; HRMS calcd 

for C9H12O2Br2, 311.9184; found, 311.9156. 

 

trans: IR (neat) 1715 cm–1; 1H NMR ( CDCl3) δ 5.59 (ddd, J = 17.4, 10.2, 

7.6 Hz, 1H), 4.91 (dt, J = 17.0, 1.2 Hz, 1H), 4.83 (dd, J = 10.1, 1.2 Hz, 1H), 

3.25 (s, 3H), 3.16 (ddd, J = 17.4, 8.6, 7.7 Hz, 1H), 3.02 (ddd, J = 14.6, 7.9, 

1.4 Hz, 1H), 2.72 (dt, J = 14.0, 1.3 Hz, 1H), 2.70 (dt, J = 14.0, 1.3 Hz, 1H), 

2.60 (heptet, J = 8.6 Hz, 1H), 2.32 (ddd, J = 14.5, 8.6, 1.1 Hz, 1H); 13C NMR 

( CDCl3) δ 173.3, 138.6, 116.0, 61.4, 56.9, 54.4, 52.2, 48.5, 45.5; MS m/z 281, 

233, 173; HRMS calcd for C8H9O2Br2(M
+ – OMe) m/z 280.9000; found, m/z 

280.8993.  

   

����������������������������������������������������

� � � � � � � � � � � � � � � 




 
 

 

6.1.19. 7,8-Dimethyl-8-phenyl-5-(2-propenyl)-3-oxabicyclo[3.3.0]octane-2-
thione (139) (Tandem Radical Cyclization of Homoallylic Xanthates; 
Sequential Reaction) (651)  
A mixture of 138 (0.225 g, 0.68 mmol), tributyltin hydride (0.224 g, 0.77 mmol), 

and AIBN (0.011 g, 0.066 mmol) in 35 mL of thiophene-free degassed dry 

toluene was heated at 80° with stirring for 1 hour under an argon atmosphere. 

The solvent was removed under reduced pressure. The pale yellow oil was 

purified by flash chromatography on silica gel (benzene) to give 0.138 g (71%) 

of the product 139; mp 87–88°; IR ( CHCl3) 3050, 1640, 1270, 1180, 

1030 cm–1; 1H NMR ( CDCl3) δ 7.43–7.23 (m, 5H), 5.86–5.77 (m, 1H), 

5.26–5.21 (m, 2H), 4.60 (d, J = 10.0 Hz, 1H), 4.44 (d, J = 10.0 Hz, 1H), 3.58 (s, 

1H), 2.39 (d, J = 7.2 Hz, 2H), ddq, J = 12.9, 12.9 and 7.0 Hz, 1H), 2.10 (dd, 

J = 12.9, 7.0 Hz, 1H), 1.74 (dd, J = 12.9 and 12.9 Hz, 1H), 1.29 (s, 3H), 0.77 (d, 

J = 6.7 Hz, 3H); 13C NMR ( CDCl3) INEPT δ 221.8 (C), 144.5 (C), 132.7 (C), 

128.0 (CH), 126.8 (CH), 126.5 (CH), 126.4 (CH), 120.2 (CH2), 88.0 (CH2), 78.6 

(CH), 53.6 (C), 50.4 (C), 47.8 (CH), 45.0 (CH2), 43.8 (CH2), 14.0 (CH3), 12.7 

(CH3); high resolution mass spectra for C18H22OS (M+), calculated for m/z 

346.1776, found m/z 346.1780. 
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7. Tabular Survey 

 

The computer search of Chemical Abstracts covers the literature from 1964 to 

the end of 1993. 

 

The tabular organization of the radical cyclization reactions starts with 

monocyclic rings followed by bicyclic and oligocyclic ring systems. 

Furthermore, each of these tables is divided into ring systems containing only 

carbon atoms and rings containing one or more heteroatoms. Within each 

table the compounds are listed according to ring size. Order of entry is 

determined by total carbon number of the substrate(s) and then total hydrogen 

number. 

 

The reaction conditions include the type of mediator, solvent, and temperature 

(°C) if provided in the literature. Yields are given in parentheses and are based 

on either isolation or GC analyses. A dash (—) indicates that no yield was 

reported. Numbers not in parentheses are product ratios. When a reaction has 

been reported in more than one publication, the conditions producing the 

highest yield are given, and the reference to that paper is listed first. 

 

The following abbreviations are used in the tables:  

Ac acetyl 

ACN azobiscyclohexylnitrile 

AIBN azobisisobutyronitrile 

B12 Vitamin B12 

BOC tert-butoxycarbonyl 

BOM benzyloxymethyl 

Bn benzyl 

BPO benzoyl peroxide 

bpy bipyridine 

Bu butyl 

Bz benzoyl 

Cbz benzyloxycarbonyl 

Cp cylopentadienyl 

CHD cyclohexadiene 

DBA di-tert-butylamino 

DCA dicyanoanthracene 

DCN dicyanonaphthalene 

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 
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DIPHOS 1,2-bis(diphenyphosphino)ethane 

DMF N,N-dimethylformamide 

dmgH dimethyl glyoximate 

DMP dimethylpyrrolidinium 

DMPU 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidone 

DPDC diisopropylperoxy dicarbonate 

DPPE 2-(diphenylphosphino)ethyl 

Glu glucose 

HMPA hexamethylphosphoric triamide 

Im imidazole 

IBDA iodosobenzene diacetate 

MEM 2-methoxyethoxymethyl 

Mes mesityl 

MOM methoxymethyl 

Ms methanesulfonyl (mesylate) 

NBS N-bromosuccinimide 

NIS N-iodosuccinimide 

pic 2-pyridinecarboxylate 

Piv pivaloyl 

PMB p-methoxybenzyl 

PTOC [(1H)-pyridine-2-thione]oxycarbonyl 

py pyridine 

pytos pyridinium tosylate 

salen N,N¢-1,2-ethylenebis(salicylidimine) 

salophen N,N¢-1,2-phenylenebis(salicylidimine) 

TBAF tetrabutylammonium fluoride 

TBAI tetrabutylammonium iodide 

TBDMS tert-butyldimethylsilyl 

TBDPS tert-butyldiphenylsilyl 

thexyl dimethyl-(2,3-dimethyl-2-butyl) 

TMS trimethylsilyl 

TMTHF tetramethyltetrahydrofuran 

Tf trifluoromethanesulfonate (triflate) 

THF tetrahydrofuran 

THP tetrahydropyran 

TMP 2,2,6,6-tetramethylpiperidin-1-yl 

Tol toluene 
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Tr trityl = triphenylmethyl 

Ts p-toluenesulfonyl 

p-TSA p-toluenesulfonic acid  
 

 

  

Table I. Monocyclic Rings Containing Only Carbon  

 

View PDF  
 

  

Table II. Monocyclic Rings Containing One or More Heteroatoms  

 

View PDF  
 

  

Table III. Bicyclic Rings Containing Only Carbon  

 

View PDF  
 

  

Table IV. Bicycic Rings Containing One or More Heteroatoms  

 

View PDF  
 

  

Table V. Oligocyclic Rings Containing Only Carbon  

 

View PDF  
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Table VI. Oligocyclic Rings Containing One or More Heteroatoms  

 

View PDF  
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TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

G A. 3-Membered Rings 

Br + Cl$SO$l Zn-Cu, CC14, 150” 

Cl2 

-wc~h(cP) 

CBr4, CH2C12 

ArS021, CH2C12 

Cl7 
C13CS02Cl, CH2C12 

-WdwHhpy cl~cso2c1, 

CH2C12, hv 

TsI, CH2C12, 40” 

Cl8 

R’ CN 
Cl$Br, CH2C12, 

55" 

Cl$Br, CH2C12, 

hv 

Cl$Br, CH2C12, 

hv 

(65) 229 

R 
47 

R = CBr3 (65) 
R = ArS02 (70) 
R = Ccl3 (65) 

c13cQy7 (75) 

Ts-v 
R’ 

CN 
c13c 

c13c 
47 

(85) 

c13c (82) 

230 

138 

(W 139 

R’ 

H (26) 
Me (66) 

Ph (43) 

231 

138 

138 



TABLEI. MON~~YCLICRINGSCONTAININGONLYCARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R2 

L Wdwm*PY 
c23 

~mwH)*PY 

Ph 

(N-o(sph 

” BrrN 

Cl2 

Brz 
C02Et 

SMe 

BrzCHCN, 

CH2C12, 55” 

p-M~6bS021, 

CH2C12, 40” 
p-MeCeHdS02 (72) 139 

Ph 

R’ R2 

PhMe, heat 

PhCH2 I-I (47) 
PhCH2 Me (43) 
n-CIOH21 H W) 

B. 4-Membered Rings 

CN 
Bu$nH, AIBN, (4% 

c,& 80” 
232 

C02Et 
Bu3SnH, AIBN, (72) 12 

c&&j, 80” Et0 

Et0 

MeS 

Bu$nH, AIBN, 

PhMe, 110” 

233 

TABLEI. M~NO~~~LI~RINGSCONTAININGONLYCARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C. 5-Membered Rings 
c6 

-1 1. SmI2,HMPA 
2. ArCHO 

H 
,c+-y 

0 
+ 

R2 

/ Br u 

AIBN,C6H6,800 

Bu$nH, I (34) + II (6) 

(TMS)$iH I (41) + II (11) 

VWnh W-b, 
70-75O, hv 

1. Mg12 

2. Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

xylene, 130” 

OH (80) 

lb = p-Meoc&j 

OH 

(77) 
(87) E:Z= 3.3:1 

Me (95) E:Z= l5:l 

OH H (35) 

234 

235 

236 

237 

238 

239 



TABLE I. MoNoCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

HgBr 

12, dioxane 

BujSnH, AIBN, 
w-&j, 80” 

CN 

Bu$nH, AIBN, 
6S”, 8 h 

E:Z = 65:35 

1. BnzNH, benzo- 
triazole 

2. SmI2, THF, 25” 

R 
z 

+ Bu$nH, AIBN, 
c,&j, 80” 

I/\() (62) 240 

KHCN I + &=o II 115 

Ii 
I + II (73) I: II = 52 : 48 

(78) 241 

CN 

(63) cktrans = 67133 242 

R 
R 

r?’ 
z 

z 

V 

TABLE I. MONOCYCLIC RINGS C0NTAINING ONLY CARBON (Continued) 

243 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Z X R 

CN Br H 

CN I Me 

COzEt I Me 

COMe I Me 

CHO I Me 

HQ-cd 

\02Et 

time (h) 

5 

4 

3 

4 

1.5 

SmI2, THF, HMPA 

Hg cathode, DMF, 

Bu4N+BF4-, 
DMP+BF4- 

Carbon rod cathode, 
MeOH, dioxane, 
Et4NOTs 

Hg cathode, DMF, 
Bu4N+BFa-, 
DMP+BF4- 

RuWf’Pf&, 
ChH6, sealed tube, 

150°, 22 h 

Yield 

(58) 

(65) 

(7% 

(75) 

(60) 

(86) 

” (loo) 

” (98) 

(85) 244 

178 

244, 
245 

246, 

245 

art (61) + ar (13) 
221 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 &Fe(C% N2, 
NaOMe, MeOH 

R’ R2 R3 

H H Me 

H H TMS 
H Me H 

Me Me H 

Me Me Me 

Me Me TMS 

@u3Sn)2, cd69 

70-80°, hv 

R*J&Jx + co 
Bu$nH, AIBN, 

CO (75-90 atm), 

cd&j, 80” 
R’ R2 R3 X 

Me Me H Br 

Me Me Me Br 

H Ph H Br 

H C02Et H I 

oNA I + &LNO I1 247 
2 ; i NO2 

o,r4 ’ 2 
I + II (71) 1:11=60:40 

I 

(71) 
(41) 
(65) E:Z = 77123 

(60) E:Z = 9317 

(54) E :Z = 79~21 

(45) E:Z= 19~81 

R’ 0 

+I!5 

R3 
R2 

(65) 
(77) 
(62) 
um 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

248 

249 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu3SnH, AIBN, 

C6H6, 80” 

Br 

Bu$nH, AIBN, 

C6H6, 80” 

Br 
Bu$nH, AIBN, 

C6H6, 80” 

Br 

Bu$nH, AIBN, 

C&, 65” 

Br 

Bu$nH, AIBN, 

C&&j, 70” 

AIBN, n-C6Ht4, 

74” 

(Bu3Sn)2, C&, 
sun lamp, 80” 

)& (27) + )-& (46) 16 

)& (48) + b--N (18) 16 

b (16) + --, (53) 16 

), + ‘0 40:60 24% 

(Jy u38) + y> (3) 
I 

239 

d (75) 250 

” (72) 106 



TABLE I. M0N0cycLlc RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c8 

C6H6, 80°, 10 h 

PI 1 + E II 156 

R=H I + II (85) I : II = 95 : 6 

R=TMS 1+11(U) 1:11=97:3 

\CI/\CHO +-yyOH 41,40 
I 

Bu$nH, AIBN, 

C6H6,80° 
I II 

I + II (84) I:11 = 3: 1 

I, II 
R2 

27 Ph$nH, AIBN, 

C6H6,80° 

RI R2 R3 I + II I:11 

Me Me Me 

Me H H 

Me Me (CH&CH=CMe2 

n-C5HI I H Ph 

(73 78:22 
(50) 80: 20 

(78) 79:2 1 

0-m 63:37 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OH cr I + 

\ 
‘---C02Me 

,-OH II 

\ 
‘-C02Me 

OHCmC02Me 
VClj(THF)3, Zn, 

CH2C12, 25” 

252 

I +I1 (68) I:11 = 24: 1 

H 
0 

0 

0 

H 

BujSnH, AIBN, 

C6H6,80° 

I + III 115 

I+111 (81) I:111 = 52:48 
Cl 

f PhSe \ / u (PhSe)z, DCN, 

MeCN, hv, 
(>280 nm) 

253 

0 

R I / 

v 

I II 156 (Me$n)2, AIBN, 

C6H6 

I 

cis: Pans 

57:43 

47153 

28172 

35165 

cis: trans 

34166 @3 

31169 (74) 

30:70 (68) 

33167 (63) 

R 

Me0 

t-BuO 

Ph 

t-Bu 

16h 

hv, 10 min 

hv, 10 min 

hv, 10 min 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R3 R4 

R2 

‘c=c=c 
R’ 

Bu$nH, AIBN 

Cd&, 80” 

254 

&HOMe 

R’ R* R3 R4 

Me Me Me Me 

H Me Me Me 

Et Me Me Me 

Me Me H H 

S OMe 

7-f 
S 

Br 

(t-BuO)*, PhCl, 

132” 

CpzTiCl, H+ 

Bu$nH, AIBN 

C6H6, 80” 

Bu$nH, AIBN 

C6H6, 80” 

Me0 S 

7-c 
S 

(61) 

(94) 172 

isomer-k ratio = 1: 1 

b (83) 

” (83) 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

255 

16 

16 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

” Br 

Bu$nH, AIBN 

PhMe, 100” 

Br 

Bu$nH, AIBN 

PhMe, 100” 

(Bu$n)z, AIBN, 

C6H6, 80°, hv 

hFe(CNhj, 
NaOMe, MeOH 

2 NO2 

+ 

bFe(C&, 
NaOMe, MeOH 

* (74) + yJ (4) 239 

5 (92) + 0 (4) 

I 

6 

(75) 

239 

106 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I 
MeOzC 

-?c 
q!!cH 

C 

MeO$ 

(Bu$nh, Cd-k, 
hv 

256 

R’ R2 

H Ph 

H CH2TMS 

Et Et 

I MeO&++ 

Me02C 

@u3Sn)2, c6f.b 

hv 

256 

R’ R2 

H Ph 

H CH2TMS 

Et Et 

(70) E:Z= 1:1.4 

(71) E:Z=4.6:1 

(72) 

)--JH* + y-JPHII L S 

T= 
0 

0 

116 Bu$nH, AIBN 

cfibj, 80” 

I:11 = 3:2 I + II (74) 

c9 

(74) 
cixtrans = 9: 1 

BY& + 
Bi 

227 

-\CO Me 2 

(PhS)2, AIBN, 

hv 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

\ 
CN cl+ + 

Ci 

(73) 
19:5:5: 1 

major isomer is shown 

227 (PhS)2, AIBN, 

hv 

0 
/,CH 

Y 

C’ R’ R2 

Me Me (91) Bu$nH, AIBN 

c&j, 80” 

257 
Ph H (92) 

-Y R’ C02Et H (88) 

R2 

(80- 100) 258 Bu$nH, AIBN 

CA, 80” 

I--&, + TsA;R2 
Ts 

259 

I I I I 

\ / v 
R’ R2 

TsBr, MeCN, 

hv, 20” 

I 
R’ 

I 
R’ 

I II 

YB’ 
R’ R2 

C02Me H 

Ph C02Me 
+ 

q 

1:II:III = 69: 19: 12 (70) 

Ts 1:II:III = 73:27:0 (76) 
R2 

R’ 
III 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

X = Br 

X = OC(S)SMe 

coH 
OHCwC02Et 

Bu$nH, AIBN 

C6H6, 80” 

Bu$nH, 02, 

PhMe 

1. Benzotriazole, 

0 
N 
H 

2. SmI2, THF, 25” 

Na, THF, ultrasound 

NaC 1 oH8, THF 

/C02Et 

17 

(75) 

(68) 
OH 
I OH I 

C02Et (70) 242 

(9 I + p II 261 

I:11 = 70:30 (44) 

I:11 = 74:26 (44) 

TABLE I. MONOC-YCLK RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Et02C 

0 0 

/Y 
R’ 

R2 
Y 

/ 

R’ R2 Y 

Me Me OEt 

Et Me OEt 

i-Pr Me OEt 

Me Et OEt 

Me H OMe 

Cr(OAc)z, THF, rt 

221 

263 



TABLE I. M~~~~~~LICRHWSCONTAININGONLYCARBON(C~IZ~~I~U~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Mn(OAc)3, Cu(OAc)z, 

HOAc, 50” 

192 

OH 
I 

co2Me Bu$nH, 02, PhMe 260 

OEt (87) EtoyslJou 264 C,Hth, reflux, hv 

+ 

/ 
0 

I 

Ph$nH, Et3B, 

GjH 149 W-k, 25” 

I + II (48) I:11 = 3:2 

Bu$nH, AIBN 

C6H6, 80” 

266 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Cl 

(67) 267 

215 

CuC12, DMF, 80” 

1. Ph$nH, AIBN 

CA, 80” 

2. H202 
I 

R’ 

R2 OH + H 

R3 

II 

R’ R2 R3 

H H Me 

H n-C5Ht t Me 

H H H 

H n-C5Ht 1 H 

km-h H Me 

T-I Ph Me 

I + II I:11 

(65) loo:0 

09) 9O:lO 

WV loo:0 

(67) loo:0 

(75) loo:o 

(80) 42:58 

0 SMe 
II I R' R2 

Me H (42) 

H Ph (54) 
SMe Bu$nH, AIBN 

cd-k, 80” 
268 

-l-- R’ 

R’ 

H Me (95) 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN 
CbH(j, 80” 

+ Bicycle 269 

II 

Bicycle 

COzMe 

H I 

CN 

I + II (94) I:11 = 3: 1 

COMe boH 

k ‘1 

/f  

o 

I + II (93) I:11 = 3.5: 1 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Contivlued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R Y 

(PhS)2, AIBN, 
C6H6,80° 

nor I + l/i.;,. II 270 

1:II:III:Iv 

Et 

Bn 

Bn 

Bn 

cH&&oMe-p 

CH2C&CF3-p 

TBDMS 

C02Me 

C02Me 

C02Bu-t 

02CBu-t 

C02Me 

C02Me 

C02Me 

OHCdC02Et 

OHCFC02Me 

3.3 : 2.0 : 1.0 : 4.2 (80) 

2.8 : 1.6 : 1.0 : 3.5 (63) 
4.2 : 1.1 : 1.0 : 2.4 (60) 

2.0 : 1.3 : 1.0 : 2.1 (43) 

1.8: 1.3: 1.0: 2.6 (74) 

3.1 : 1.8 : 1.0 : 3.7 (80) 

3.8 : 2.3 : 5.1 : 1.0 (78) 

OH 

VWTW3, Zn, 
6 

(77) 
CH2C12, 25” 

OH 

VC13(THF)3, Zn, 

CH2C12, 25” 

P 

- - -\C02Me @j7) 

_-- 

252 

252 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

mC=CH2 

0 

0 

“1 “f 
x 

MeOzC COzMe 

cl- -cl 

I 

L 

,i4H9-n 

C 
‘0 

C 

Hg cathode, DMF (55) 
NaClOH8 (56) 

MnOW3, 
CuOW2, 
AcOH, 60°, 1 h 

Ph2SnH2, BPO, 

CsH*s, 110” 

Bu$nH, AIBN 

C(jH(j, 80” 
2 (63) 

C4H9-n 

CrC12, DMF, 25” c? (85) 

225 

+02Me(36) + (+02Me (10) 271 

ci- (62) 

Me02Cl- 
C02Me 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

272 

273 

274 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I TMS 
C’ 

o/ Et3B, C6H,4, 25” (68) 275 
r 

Ph$nH, EtjB, 

C6H149250 

11-n 

Bu$nH, AIBN 

qjH6,80” 

C&j-n 

I 

Zn, AcOH 

Bu$nH, AIBN 

Bu$nH, AIBN 

C6H(j, 80” 

s;_+$ 265 

Ph$n 
I + II (62) 1:I.I = 18:82 

276 

w QFg-n 277 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

A: TsBr, MeCN, 

hv, 25” 
B: TsBr, PhCI, 

135” T:#-. + T:s-: 278 
2 2 2 

I II 

I + II I:11 R 

Me 

Et 

t-Bu 

(85) 90: 10 

(76) 81:19 

(85) 9317 

(85) 79:2 1 

(87) 93:7 

EtSH, (PhSk, 

W&j, hv PhS 

-v 

R 

R = H or SPh 279 

cktrans = 6: I (92) 

Me02C C02Me 

280 TsNa, Cu(OAc)z, 

AcOH, 90” 

\ / 
Y 00 

Ts SePh 

(95) 8.3: 1 281 TsSePh, AIBN, 

CHQ, 61 O 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (&&wed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R R 

A: (PPh&ReClj, 

CCl4, reflux 

B: (PPh&RuC12, 

CC14, reflux 

cc13-x-cl ;c13--g-cl 282 

I II 

I + II III R 

C02Et 

COPh 

COMe 

A (74) 
B 036) 
A (73) 

B (84) 
B (65) 

4.2: 1 

3.2: 1 

Me0 
I 

C02Et 
I 

1. Hg(OAc)z, MeOH 

2. NaBb 

(90) cktrans = 411 131, 

283 

I 

Me02C 

+ II 24 w 
Me02C C02Me 

Bu$nH, AIBN 

C6H6, hv, heat 

C02Me 

I + II (87) III = 3:1 

1. (Me$n)z, hv 
2. Bu$nH 

(84) 18 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

&-y I + (-j-J II 284 FeSO4, AcOH 

I II 

(38) (30) 

(28) (18) 
(32) (7) 

R 

Me 

Et 

Ph 

C02Et 

CT 
Cl 

‘Cl (53) + CY - %02Et (22) 221 
. . . . 

Cl Cl 

Et02C (PPh)3RuC12, 

t-BuPh, 150- 155” 

?I- \ 
S 

“i/ 

pgSH+ qSH 285 
Bu$nH, AIBN 

C&Is, 80”, 24 h 

I II 
I:11 = 65:35, (-) 

(3% 

0 

192 MntOAd3, 
Cu(OW2, 
AcOH, 50” 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

C02Et 

/ 

(20) 271 MnfOAd3, 
CuOW2, 

AcOH, 60” x OAc 

C02Et 

Cl Br / 

-‘.cp 

oHc&5H” 

I + II (32) III = 66:34 

286 

Diastereoselectivity 

25:l 

30: 1 

30: 1 

>200: 1 

Bu$nH, AIBN 

C6H6,80° 

BqSnH, AIBN 

C6H6, 80” 

0 0 

“-c- 
R’ Y 

R2 
/ 

SmI2, t-BuOH, 

THF, -78” 

R’ R2 Y 

Me Me OEt 

Et Me OEt 

i-Pr Me OEt 

H H NEt2 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl2 

Ph I Ph 

X 
Br Bu$nH, AIBN 

cd-&w 80” 
CrC12, DMF, 25” 

Bu$nH, AlBN 

C(jH6,80” 

(PhS)2, AIBN, 

hv 

Bu$nH, AlBN 

c&&j, 8o”, 10 h 

(93) 

(96) 

276 

274 I 

/CH2 
2 c’ 

I y  

U b- 
\ z 287 

z 
S(O)Ph 

S02Ph 

POPh2 

(69) 
(70) 
(79) 

‘+& + =b02Bu-t 
Bi 

I + II (72j 1:II = 4.1:1 

OTBDMS . 
OTBDMS F 

P 

(5% 
F 

288 

TABLEI. MONOCYCLICRINGSCONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

PhSH, 60” 289 MeO23AA + 
MeOzC’ 

R’ R2 

H OBu-n 

H OTMS 

OEt OEt 

Me OAc 

H CH2TMS 

(82) 
(65) 
(79) 
(74) 
(63) 

(PhS)2, C6H6, hv 290 

R’ R2 

Me Ts 

Me Cl 

Cl Cl 

E& + =[’ 
R2 

R’ 
E -N -0 R2 

PhSH, 60” 289 

E R’ R2 

C02Et H C02Me (76) 
C02Et Me OAc (77) 
COPh H C02Me (63) 
COPh Me OAc (71) 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN 

C6H6,80° 

Ph 

QPh ’ + TPh I1 ‘15 

I + II (80) I:11 = 53:47 

NC 

Bu$nH, AIBN 

C(jH6,80” 

291, 

208 

R’ R* 

Bu H (5% 
n-PI- n-Pr (86) 
Ph Me (82) 
i-Pr Me (76) 

p-02Nc&cl “““‘b., 292 
P-02NC6H4 

CuCl, DMSO, 80°, 

ligand 

I II 

I II I + II 

bipyridyl trans.& = 7 I:29 trans:cis = 74126 (90) 

phenanthroline trans:cis = 70120 transxis = 71~29 (95) 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

-% 

(87) 

Me02C 
C02Me 

CN 

Bu$nH, AIBN 

C6H6, 80” 

197 

Bu$nH, AIBN 

C6H6, 80” Me02C 

(62) 293 

\\ BujSnH, AIBN 293 

K 
Me02C C02Me 

C6H6, 80” 

602Me Me02C 

I, II III 
I, II + III (80) 

Bu$nH, AIBN 

C6H6, 80” 

NC” 

, ,Pr-i I + . ,Pr-i II 294 

I + II (52) I:11 = 20: 1 



TABLEI. MON~CYCLICRINGSCONTAININGONLYCARBON(CWZ~~IZU~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Me 

Et 

Me02C 

Br 

Bu$nH, AIBN . HBu I + 

P 

. .Bu n 
294 

c,&, 80” 

Nd NC 

I + II (82) 1:II = 2.9: 1 

TsBr, MeCN, hv 
Ro2cpBr ;02cp’Br 278 

C02R C02R 

I II 
1+11 1:II 

TsNa, Cu(OAc)2, 

AcOH, 90” 

(70-80) 57143 

(70-80) 63137 

Ts 

(73) 

b 

\ 

Me02C 
C02Me 

280 

Bu$nH, AIBN 

c&j, 80” 

I + II (60) 1:II = 955 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R’ R2 

Me Me 

OMe Me 

OTBDMS H 

C02Me H 

S(CH2)3S 

O(CH2)30 

Et02C 

Et02C 

Bu$nCl, AIBN, 

Na(CN)BHj, 

t-BuOH, 80” Me02Cg ‘MeOzC$r “” 

2 

I II 
I + II I:11 

(65) - 

V-W 14:86 

(66) 40:60 

w 82:18 

(96) - 

(56) - 

Mn(OAc)s, EtOH (40) 
Et02C 

Et02C 

296 

MWW3, 
CuOW2, 
AcOH,50" 

q I+?11 192 

I + II (67) I:11 = 713 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

BujSnH, AIBN 

C6&j,80° 

266 

R’ 
R2 + HC=CR3 (PhSb, AIBN, hv 

R’ R2 R3 

-C02Bu-t H H 

COzBu-t Me Me 

OBn H H 

1:n 1+11 

1.9:1 (50) 
3.8: 1 (53) 
1.7:1 (50) 

cd-k, 80” 
AlMe3, PhMe, -30” 

c,&, 80” 

Cl3 

Bu3SnH, AIBN 

c6&j,80° 

298 

i>Me 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

Y 
Ph Ph 

1. Hg(OAc)2, AcOH 

2. NaBH(OMe)j Acow (70) 
299 

OMe (95) Bu$nH, AIBN, 300 

(36) Ph2PH, AIBN, 

C6H6, 80” 

301 

Ts->-<-sePh (96) TsSePh, AIBN, 

C6H6, 80” 

302 

x 
Et02C C02Et 

Ts 

x- 

SePh 

A. (98) 7.2:1 ratio 281 

B. (89) 8.7:1 ratio 

Et02C C02Et 

A. TsSePh, AIBN, 

CHC13, 61” 

B. TsSePh, CHC13, 

hv 



TABLE I. MON OCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Et02C, 

I-COzEt 

Cr(OAc)z, THF, 25” 

262 

( R3)3SiH, (t-Bu0)2, 

140” 

(R3)3Si 

R’ R2 R3 

C02Et C02Et Cl (84) 

Ph OMe Et (60) 

303 

R 

(PlW2, W-k, 
hv, 40” 

R 

H 

Me 
(70) 

(84) 

CH 

Bu$nH, AIBN, 

C6H6, 80” 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

304 

25 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

\ 
Ts-‘- c CClF2 

I 

Bu$nH, C6H6, 

hv, 35” 

(62) + 
TV- Ts-‘- 

OH 

\ 

p-Tol, 
/c 

CClF2 
=, 3R, Rs 

/ 
5 I 

0 ‘:* OH 

ph>SeMe 

OH 

Bu$nH, AIBN 

C6H6, hv (350 nm), P-Tol\S 
F 

\ Cl 35” / 4 
0 ‘i” OH 

Bu$nH, AIBN 0 (90) 
C6H6, 80” 

(75) 5.8:5.4: 1: 1 306 

ratio of isomers 

CH 
III 

\ c 

k 
Et02C C02Et 

Ph2PH, AIBN, 

C6H6, 80” 

/ 

xc 

PPh2 

(74) 

Et02C C02Et 

B(SePh)j, AIBN 

34 

301 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

COzMe Kc / / / COzMe 

tranxcis = 7.5: I (66) 

308 

tram:cis = 14.8: 1 (73) 

SO,Tol SO,Tol 

h--R 1 + +R 11 

1:II 1+11 

84: 16 (72) 

8614 (4-Q 

> 9515 u-w 

> 9515 (94) 

/ 

k? 

Bu$n 

WW 

81 

309 

MeO$ COzMe 

cis:trans = 85: 15 (6w 172 

Hg cathode, 

CH2C02W2 

n-BudNBr, MeCN 

Hg cathode, CeC13 

CHdCWW2 
n-BudNBr, MeCN 

TolSOnL 

n R R 

2 H 

1 H 

2 OMe 

1 OMe 

Bu3SnH, AIBN, 

c&j, 80” 

0 

/ 

Y,; 
Et02C’ C02Et 

Bu3 SnH, AIBN, 

c&&j, 80” 

CpzTiCl, H+ 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Hg cathode, 

CH2W2W2 

n-BudNBr, MeCN 

310 

251 

311 

233 

312 

c 14 

CN 

AIBN, C,l-Q,, 80” 

(69) (19) 

Me02C3 (65) Me02C \ 
Mn(OA&, 

C~(OAC)~, 

AcOH, 55’, 3 d Meo2cc 
Ts 

I 

SMe 

Ts (8% Bu$nH, AIBN, 

PhMe, 110” 

(TMS)$iH, C&, 

AIBN, 70” 

Pd Ph’ 
I + II (78) I:11 = 4.6: 1 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

/HO ‘s , 

K 

T 
0’ 

N 
3 

S 

BzCi 

Bu$nH, AIBN, 
C&&j, heat 

(82) 220 

313 

A. (PhS)*, AIBN, hv 

B. Ph$nH, AIBN 

SnBu3 
III 

A 

B 

A 

B 

R I II III 

H (82) (lo) (-) Double bond 
H (81) (8) (3) I isomerizes 
Me (83 (< 2) c--3 
Me (85) (< 2) (3 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Cowi~d) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I BujSnH, AIBN, (88) 313 
C6H6, 80” 

NaCtoHs, THF, rt 
To1 

OH 
(50) 6 : 1 mixture 315 

R 

c 

Z 
/ Ph 

+ 
X 

R X 2 
Me I CN 
Ph I CN 
Ph Br CN 
Ph I C02Et 
Ph Br C02Et 

TsL 

Bu$nH, AIBN, 
C,&, heat 

R 

(67) 
(751 

(70) 

(53) 

(45) 

Ts 

243 

316, 
316a 

BPO, Ccl4 
TsNa, AcOH, Hz0 



I 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) 

/ R* 

F 
v  F 

OR’ 

Bu$nH, AIBN, 
ChH6, heat 

Refs. 

R’ R2 
MOM n-C6H t 3 (96) 
MOM Ph (90 

MOM BzOCH2 (84) 

TBDMS BnCH2 (W 

Eto2cy= + PR 
Et02C 

R 
n-Bu 
OAc 
CH2TMS 

Br 

MnWW3, 
Cu(OW2, 
AcOH 

Bu$nH, AIBN, (45) 
C6H6, 80” 

211 

266 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Br 

Bu$nH, AIBN, 
c&j, 80” 

Et026 I 
R’ 

R’ R2 R3 
H H H 
Ph H H 
Me Me H 
H H Me 

0 0 0 
+ 

RI R2 SmI2, THF 

R’ R2 

*OH 

I 

/ 

c:. 

0 

Et02C R’ 318 
Et02C R3 

R2 

II 

II 

(32) (27) 

(371 (20) 

(30) (22) 

(31) 6-3 

diastereomeric ratio 
31:l 
65:l 

>200: 1 
200: 1 

60: 1 

19 
1O:l 
1:1 
I:1 

17:17:1:1 

Me Me 
Et Et 
i-Pr i-Pr 

(CH2)5 

(CH2)4 

WW(CH2)4 

0-%)2WBu-00-!& 

Me (CH2)3cl 

Me (CH2)3NEt2 

H n-Pr 

179 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

‘;-0 Ac 

F 

/,CH 
0 C’ 

4 u 0 OTBDMS 

Bu$nH, AIBN, 

C6H6, 80°, 10 h 

Bu$nH, AIBN, 

PhMe, 110” 

Et02C C02Et 

HC-C 

3 NNHSOzMe 

BujSnH, AIBN, 

C6H6,80° 

0 

C02Me 

” 
I 

Ph 

MnOW3, 
CuOW2, 
AcOH, 50” 

+ 
[co2Me 

Heat _ 

C02Me 

X 
F 

9 

X 

OTBDMS (1:l) (81) 288 
F NBn2 (28) 

AcO 

HO 

‘$2 

(60) 319 

OTBDMS 

0 

C02Me 

4 

(70) 

OAc 

Ph 

Me02C 

(67) 320 

321 

Me02C C02Me 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R’ R2 

OAc Me 

OBn Me 

CH20Bn Me 

CH20Bn H 

(CH&OBn Me 

CH2C1 Me 

WI3 H 

Ph* 

Ts 

+ 

TsCl, BPO, 

PhMe, 100” 

Or 

(Bu$nh, Cd-k 
hv, 25” 

Bu$SnH, AIBN, 

c&j, 80” 

C02Me 
isomer ratio 

‘\ 

(77) 3.5: 1 

(73) - 
(81) 1.2:1 

(61) 2.4: 1 

(73) l.l:l 

(78) 1.2:1 

(75) 2.5: 1 

I 

\r 

322 

323 

-7(N‘i”” I +Nco-‘h II 294 

I + II (97) I:II=2.9: 1 

Y 
-C 

+H w / Ts 
316, 

316a 

BPO, CC4 

TsNa, AcOH, Hz0 
030) 
(80) 



TABLE I. MONOCYCLICRINGSCONTAININGONLYCARBON(C~&ZU~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

phSoJ3&R1 
n 

n X Rl R2 

2 Cl CO@ H E-alkene 

2 Cl C&Et H Z-alkene 

1 Cl CO@ H E-alkene 

1 Cl C02Et H Z-alkene 

2 Br H C02Et 

1 Br H C02Et 

TsL 

Bu$nH, AIBN, 

C6H6, 80” 

SOnPh SOnPh 

R2@R1 I +R2+Ri I’ 324 

I:11 I + II 

30:70 (81) 

5050 (73) 

25~75 (70) 

30170 (88) 

30:70 (70) 

3565 (60) 

BPO, CC14, 77” 

/ 
A- Ts (93) 3:l ratio 136 

Et02C C02Et 

x 

C02Me 

TsBr, MeCN, hv, 180 

I + II (66) III + IV (34) 

III = 58~42 1II:IV = 45:55 

TABLEI. MONOCYCLICRINGSCONTAININGONLYCARBON(C~~~~~ZU~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Me02C 

TsBr, MeCN, 

hv 

Br 

NNHS02Mes 

X Et02C C02Et 

Bu$nH, AIBN, 

ChH6, heat 

0 

Y 
s Im 

0 
s 0 h A 

\ 

PhS02 

R’ 

A R2 

Bu$nH, AIBN, 

C,&, 80°, 3 h 

(PhS)2, AIBN 

C,&i, 80” 

(BuS);rhv 

Et02C C02Et 

3 

I 

- -COzMe 

Br CH2Ts 

I + II (67) 

(60) 

Et02C C02Et 

+ 

i”: 

II 219 

- -CH2Ts 

Br C02Me 

HI = 52:48 

cis:tmns = 3: !  320 

HO 

I + II (98) 

PhS02 
324a 

R’ R2 III cis: trans 

i-Bu H 

CH20H H 

PhS H 

n-Bu H 

OTMS Me 

(81) 56:54 

(57) 81:19 

(88) 80:20 

(47) 76124 

(64) 33167 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

CN 
BusSnH, AIBN, 

C6H6, 80” 

CN 

two isomers 2.5: 1 

325 

0 

;-1”‘ 

N’ 
Me 

R2 
I 

C6H41-u 

I 
R’ 

R’ R’ 

CO*Et H 

COzEt Me 

Ph H 

Me H 

Bu$nH, AIBN, 

qjH(j, 80” 

0 
R2 \ \ 

< 

N’ 
Me 

I 
Ph 

R’ 
cis: tram 

(94) 2.1:1 

uw 1.4:1 

(83) 1.3:l 

(67) 1.3:1 

199 

Bu$nH, AIBN, (85) 

C6H6, 80” 

118 

Bu$nH, AIBN, 

c,&, 80” 
(65) tranxcis = 7: 1 80 

TABLE I. M0N0c~cLIc RINGS CONTAINING ONLY CARBON (Corttinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

SPh 

C02Et Bu$nH, AIBN, 

C6H6, 80” 

326 

(67) transxis = 45155 

(67) transxis = 35~65 

s:$ (45) 

SMe 

Bu$nH, AIBN, 

C6H6, 80” 

79 

X 

F 

9 

F 

TMS 
/ 

c\ 
+CTMS 

Bu$nH, AIBN, 

C6H6, 80°, 10 h 

288 

OTBDMS 

NHBn 

(84) 27 Ph$nH, EtsB, 

C6H6 



TABLEI. MONOCYCLICRINGSCONTAININGONLYCARBON(CWZ~~W~~) 

Reactant Condi tions Product(s) and Yield(s) (%) Refs. 

Bu$nCl, Na(CN)BH3, 197 

AIBN, t-BuOH, 80” 

\ 
& (51) 3:l ratio 

Ts 

5 
Ts 

(80) (53) 
&- Ts 

(90) 

(95) 

TsU 
BPO, CC14, 77” 135 

316, 

316a 

BPO, Ccl4 

TsNa, AcOH, Hz0 

Ts 

316, 

316a 

BPO, Ccl4 

TsNa, AcOH, Hz0 

0 

d 

(72) Bu$nH, AIBN, 

C6H6,80° 

38 

TABLE I. MONOCYCLICRING~CONTAININGONLYCARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C02Bu-t Rl*co :, .“*co2;umt ;;;v 
2 - 

I II 

Y 
/ 

A: (PhS)2, AIBN, 

C(jH(j, 80” 

B: (PhS)2, AIBN, 

AlMe3, C6H6, 80” 

Y 
R2 

I I 

Q 

IV 
C02Bu-t 

)1 -. R’ 

J 
I : II : III : IV R’ R2 Y 

H H OBu-n A 6.1 : 1.4 : 1.3 : 1 (94) 
B 14.2 : 2.0 : 2.2 : 1 (75) 
A 4.0 : 2.2 : - : 1 (55) 
B 12.8 : 10.9 : 1 : 4.4 (52) 

A 4.2 : 1.2 : 1 : 1.9 (53) 
B 10.3 : 4.0 : 1 : 1.3 (52) 
A 4.2: 1.4: 1 : 1.1 (96) 
B 7.0 : 2.6 : I : 1.2 (70) 
A 1.0 : 1.0 : - : - 656) 
B 1.8: l.O:-:- (69) 

X = OAc ,4 isomers (74) 172 

X = OBn, 45:30:15:19 (44) 

H H 02CBu-t 

H H C02Bu-t 

Me H OBu-n 

H Me OBu-n 

OBn 

CpzTiCl, H+ 

OBn 
I, II, III, IV 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Comi~ed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Y 

OBu-i 

Bu-n 

SPh 

(BUS)*, hv, 25” 328 

Y 

(81) 

(W 

(47) 

Bu$nCl, AIBN, 

t-BuOH, Na(CN)BHs 

197 

R X 

H I 

H Br 

Me I 

/TBDMS 

SnMe3 + ri R 
Bu$SnH, AIBN, 

C&, 80” 

cis : tram 

(56) 1 : 2.5 

(46) 1 : 2.5 

(45) 1 : 4 

TBDMS, I o- R 
329 

R E:Z 

CN (56) 89: 11 

C02Me (56) 98 : 2 

COMe (53) 97 : 3 
S02Ph (57) 97: 3 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Contirzued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 0 

N’ 
Me 

I 

y02Et 

X Et02C C02Et 

CTMS 

Bu$nH, AIBN, 

C6H6, 80” 

Me$nCl, Na(CN)BH3, 

AIBN, t-BuOH, 80” 

BySnH, AIBN, 

C6H6, 80” 

WOW3, 
Cu(OAc)2, 
AcOH 

Bu$nCl, Na(CN)BH3, 

AIBN, t-BuOH, 80” 

199 

330 

Et02C C02Et 

I + II (92) I : II = 2 : I 

EtoK:2) L,, x:y61) 331 
2 2 2 

Et02C 

5 

(86) 211 

Et02C 

R ’ \ \ 
N’ 

q 

Me R cis : tram 

I H 1.2: 1 (81) 
Ph Me 1:1 (84) 

Me$n 

75 

C02Et 

I, II 

(66) cis : trans = 40 : 60 197 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

‘\i 

(78) 332 Bu$nH, AIBN, 

C6H6, 80” 

I 
OTBDMS ~TBDMS 

Cl7 

To1 
(70) 1 : 1 mixture 333, 

334 
Bu$nH, AIBN, 

C6H6, 80” 

(68) 3 : 1 ratio 

Ts 

135 TsNa, AcOH, 100” 

?5 Ts 

Ts 

316, 

316a 

BPO, Ccl4 (50) 
TsNa, AcOH, I-I20 (a 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

S 

0 K 
OPh 

I 
)-jBu-’ (22) + ,,i”-:;5) 335 Bu$nH, AIBN, 

C6H I 4,60” 

MBu-t 

Ts I+ Ts 316, 

316a 

BPO, Ccl4 (60) 
TsNa, AcOH, Hz0 (90) 

Me, ,Me 

Me. Me 
0’ 

Si 
‘Ph 

(61) cis : tram = 1.1 : 1 197 

C02Et 

Bu$nH, AIBN, 

Na(CN)BHj, 

t-BuOH, 80” 

N 

-7 

cNTofyR 

R 

CF3 
I 

cl- R 
336 Bu$nH, AIBN, 

G&,, 80” 

n-C6&3 (66) 
n-C9H 19 (83) 
CH20COPh w 
Ph (6% 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R’ R2 

Mn(OAc)3, 

WOAd2, 

AcOH 

H w-43 

Me (CH2)2m6H13 

H 
cl8 

CH2Ts 

Br &SiPhzMe 

PYm%H)*Co / 

)J' HO 

I&SiPhzMe 

Ph 

Bu$nH, AIBN, 

c&&j, 80” 

W-&j, hv, 25” 

wSnBu3 

AIBN, C&, 80” 

(PhSh, AIBN, 

C&, hv, 80” 

(81) 2.5:1 

(60) 1:1 

(56) 

(81) 

HO- (63) 

(61) 338 

,COzMe 

p2 
‘C02Me 

TABLEI. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

210 

337 

168 

(58) 327 

+ 
S02Ph 

“i BrYso2ph 
Y 

Et02C C02Et 

4 
RI 

R2 

R’ R2 

H OBu-i (81) 56:44 

H CH20H (57) 83: 17 

Me OTMS (57) 61:39 

H Bu-n (42) 77123 

C02R’ 

/d(-02Rl + RirRi 

(BuS)~, AIBN 

Ph$nH, AIBN 

MnOW3, 

CuOW2, 

I 
& 

R’ 

R2 

Ph02S 
/ 

cis: t runs 

S02Ph 

Et02C 
C02Et 

339 

340 

210 

R' R2 R3 
Et H C6Hl3 

Et Me (CH2)20C6H13 

Me Me CH2Ts 



TABLEI. M~N~~~~LI~RING~CONTAININGONLYCARBON(C~~~~TZU~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

CH 

1. Bu$nH, AIBN, (56) 341 

C6H6,80° 

2. AcOH, MeOH 

MePh?,iU 
Bu$nH, AIBN, 

C6H6,80° 

(76) cis:trans = 55:45 342 

Ph 

Bu$nH, AIBN, 

PhMe, 110” 
(85) 343 

Et02C 
C02Et 

Ph 

Me$nCl, AIBN, 

Na(CN)BHs, 

t-BuOH, 80” 

(95) cis:trans < 4: 1 330 

(Bu3Snh hv 032) 85 

TABLE I. MoNocY~LIcRING~C~NTAININGONL~CARBON(CWZ~~.~~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OBn 

R’ R2 X 

H H I 

Me H I 

TMS H I 

C02Me AC Br 

0 

Ph 

Bu$nH, AIBN, 
C6Hfj,80° 

I II 

I II + III II:111 

(8) (80) 78~22 

(16) (80) 62138 

(3) (74) 86: 14 

Bu$nH, AIBN, 

C6H6, 80” 

I + II (52) I:11 1:1.3 

R 

BujSnH, AIBN, 

PhMe, 110” 

343 
SnBu3 

R = H (84) 

Et02C 
R = Me (96) 

C02Et 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C6Hl I 

Bu 

Bu 

(CH&CH=CHCOzEt 

Br R 

Ph 

R 

H 

Me 

‘C02Me 

Bu$nH, AIBN, 

PhMe, 110” 

(27) 
(43 
(38) 
(82) 

Et02C& :tOzC& 

C02Et C02Et 

I II 

I + II I:11 

(671 87:13 

(92) 94:6 

,COzMe 

I 

h- 

OH 
(83) CpzTiCl, THF, rt 

MeOzC, 

CpzTiCl, THF, rt (83) 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

345 

343 

346 

346 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Br 
\ 

BujSnH, AIBN, 

PhMe, 1 IO” 
(89) 343 

Et02C 

C02Et 

347 

c22 

Y- 
Qya 

(48) I: 99: 1 mixture of diastereomers 

71:29 (major isomer is shown) 

II: one diastereomer 

%NH4)2(N02)6 (42) 348 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c23 S 

Y  

Im 

Ph70 
Bu$nH, AIBN, 

Ph 

c,&i, 80” \ I 
w 38 

R’ 
R2 

A. TsCl, BPO, PhMe Ts 

B. (Bu$nh, c&b 
hv b 

Et02C C02Et 

A W) 
B (51) 
A (53) 1.1:l 

B (65) 
B (86) 
B (4% 

+ 349 

R’ R2 

c24 

H C02Et 

H C02Et 

C02Et C02Et 

H Me 

H Cl 

H H 

0 

(92) 0 350 THF, hv, 25” 

Me02C \ ,COzMe 

+ Bu$nH, AIBN, 
0 C6H6, 80” 

p-MeOC6&+C02Me (61) 209 

cis:trans = 2.4: 1 
p-“em6H4 SePh 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R02R + RO;;,ER 37 

S NOBn 

B u$nH, AIBN, 

C6H6, 80” 

I II 

R = Bn I:11 = 62:38 I + II (93) 

R = Me I:11 = 60:31 I + II (82) 

Ts OEt 

2 + &OEt 

0 

351, 

210, 

349 

PhMe, 110” 

R’ R2 

H C02Et 64 
H COMe (60) 9.6:1 

C02Et CO 2Et (53) l.l:l 

OBn OBn X R3 

R1+N 
3 

OBn 

Bu$nH, AIBN, 

80” 

R’ R2 R3 X I + II I:11 

W-61 H H PhOC(=S)O C6H6 (84) 52:48 

C6HI I H Me PhOC(=S)O PhMe (74) 69:3 1 

Wll Me H Br c6H6 (63 78122 

p-MeoC& H H PhOC(=S)O C6H6 (42) >98:2 

BnOMe H H PhOC(=S)O PhMe (59) 50:50 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Contiwed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c25 

Ph SePh 

Y 

CzCPh 

HO 

c26 

CN 

R’ R2 
Bn H 
Bn Me 

n-w321 I-I 

Ph$nH, AIBN 352 

PhMe, heat 11 

(50) 
(52) 
(63) 

Ph 

HO I 6 CN 
n-Bu 

n-Pi 

Ph$nH, AIBN, 
C6H6, 80” 

353, 

354, 

354a 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph 

Bu$nH, AIBN, 
PhMe, 110” 

c27 

Ph Bu$nH, AIBN, 
PhMe, 1 IO” 

Bu$n 

9‘ 

(92) 
Ph 

Et02C 
C02Et 

343 

R 

\ 

P 

R= H (62) 
R = Me (82) 

Et02C 
C02Et 

343 

c29 

I 
R*O2Cn I + . . . ..D II 

(>- I O\ 

BujSnH, AIBN, 
C6H6, 80°, 6 h 

84 

I 
$Ph 

Ph 
I + II (90), I:11 = 4: 1 

R* = 8-phenylmenthyl 

I: cis:trans = 64136 

II: cis:trans = 35:65 

0 

o&02E;25) + oy$02;8) Heat, sunlamp 355 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OTMS + Bu$n 

COzMe 
I 

OBz 

BnO 
7 

CHBr2 
/ 

AIBN, C6H6, 80” 

\ 

cr”‘+cy”‘ 80 

‘OTMS OTMS 
I II 

I + II (67) I:11 = 7: 1 

Me$nCl, Na(CN)BHj, 

AIBN, t-BuOH, 80” 

330 

A 
OBz 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, I + 

C6H6, 80” 

II 

I + II (66), I:11 = 1:4.5 

356, 

357 

356, 

357 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c31 
AcO, 

S 

c32 

Ph~Co(salophen)py 

c33 

“1 fk02Et 

TBDPSO=vx’OBn I 
HCb2 

Bu$nH, AIBN, 

c&j, 80” 

AcO 
NHOBn 

L -w 

4 

c -NHCbz 
I + 358 

Ad’ OAc 

Heat, sunlamp 

Bu$nH, AIBN, 

C6H6, 80” 

II 

355 

TBDPSO. . 

-CT 

C02Et 1 + 

HCO; 
\ 
bBn 

359 

I + II (77) I:11 = 8: 1 



TABLE I. M~NO~Y~LICRINGSC~NTAININGONLYCARB~N (Continued) 

Bu$nH, AIBN, 

PhMe, 110” 

BnO BnO 

BnO I II 

BnO 

Y=H I + II + III (61) I:II:III = 74:14:12 

Y=OMe I + II + III (63) 1:II:III = 78:20:2 

c6 

D. 6-Membered Rings 

18 

R 
H 

Me 

I + II I:11 

(56) >97:3 

(73) 75~25 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c7 
CH 

HCGCC02Et + @R 

0 0 

P R 

w 
R 

R 

C02Me 

CN 

PhSH, AIBN, 

TMTHF, reflux 

Bu$nH, AIBN, 

C6H6,80° 

Carbon rod cathode, 

MeOH, dioxane, 

Et4NOTs 

Mn(OW3, 
Cu(OAch, AcOH 

PhS 
(70) 361 

C02Et , I’ -o- I 1: 1 mixture I 

R R 

(43) 
(48) 

HO, \ 

& (75) 

362 

246 

Hpy I + Hs.OF n 178 

I+11 (91) 1:11=36:1 

OH 0 

363, 

321 

OMe (94) 
Me (96) 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

(82) 
(81) 
(85) 4637 
(87) 

0 

I II III 

I + II + III (91) I:(11 + III) = 5245 

OH 

(71) 363 

0 \ 
G R A. (PhS)2, AIBN, hv 

B. B@nH, AIBN 

R 
H 
H 
Me 
Me 

A 
B 
A 
B 

0 

Bu$nH, AIBN, 
C6H6, 80” 

(Bu$n)2, C6H6, hv 

0 

C02Me 

Mn(OAc)3, 
CU(OAC)~, AcOH 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

C02Me 

lb / 

0 

tb 

C02Me 

/ 

0 

C02Me 

OH 

(38) 363 MnOW3, 

Cu( OAC)~, AcOH 

OH 

(78) 363 Mn(OW3, 
Cu( OAC)~, AcOH 

OH 
I 

(70) 363 Mn(OW3, 

Cu( OAC)~, AcOH 

(86) diastereomeric ratio = 4: 1 178 SmI2, THF, HMPA 

(89) diastereomeric ratio = 6: 1 178 SmI2, THF, HMPA 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OH 

C02Me (72) trans:cis 1.8: 1 365 

Hg cathode, 

EtdNOTs, H20, 

CH2(CO2W2 

OHC2 
, C02Me 

Cl0 

(95) 52148 ratio 

\ I CN ir CN 
AIBN, C6H6, 

80°, 10 h 

251 

C02Et 

HCXC02Et + / 
93 

(46) 
Me02C C02Me 

Bu$nH, AIBN, 

C6H6, 80” 

362 

C02Et 
I 

(1w 
\ Br , 
YJ 

366 Bu$nH, AIBN, 

w&j, hv 

0 

C02Me 

OH 
I 

(91) Mn(OAch, 
Cu(OAch, AcOH 

363 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 OH 

Mn(OW3, 
CU(OAC)~, Ac0I-I 

(40) 363 

0 

ti 

0 

X 53 / 

X 

Bu$nH, AIBN, 

C6H6, 80°, 2.5 h 
35, 
367 

SePh (84) 
SPh no reaction 

Cl (59) 

u Br 

I I \ , 
R1 

\ 
R2 

R’ 

25 R2 

Bu$nH, AIBN, 

PhMe, 110” 

368 

R’ R2 

Bn H (71) 
H TMS (41) 

;: 

(89) (Bu$n)2-resin, 

MezCO, i-PrOH, 

hv (300 nm), 40” 

369 



Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R*Q Br 
\ 

COzMe 
R2-- - 

e 
R3 

Bu$nH, AIBN, 

PhMe, 110” 

R’ R2 R3 

AC OBn OMe 

TBDMS OBn OMe 

AC H OBn 

TBDMS H OBn 

AC OBn H 

TBDMS OBn H 

MS H H 

I + II I : II 

(100) 34:68 

(90) 68 : 34 

(80) 37 : 63 

(91) 55 : 45 

(72) 50 : 50 

(70) 74 : 26 

(81) 35 : 65 Cl1 

b 
I (Me$n)z, Bu$nH, (84) 

C02Me 
hv 

C02Me 

HO 

MnOW3, 
W@W2, 

AcOH, 60°, 1 h 

0 

a-OH (41) 

P-OH (8) 

HO 

TABLEI. MONOCYCLICRINGSCONTAININGONLYCARBON(CWZ~~IZU~~) 

18 

271 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Et02C 
BPO, c-C6Ht2, 85” a CN 

(7% 
C02Et 

22 

Bu$nH, C6H6, 

hv, heat 

24 

I 0 

j’- 
0 BPO, Ph2C0, hv 

I 
OMe + 

H 
-+-fM: + -flM:' 371 

I + II I:11 

0 

-25” 

4” 

25” 

78” 

WOW3, 
CuWW2, 
AcOH, 60” 

(45) 1:1.4 

(57) 1:1.3 

(41) 1:1.2 

(43) 1:1.2 

271, 

192 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 OH 

1. Mn(OAc)3, 

CuWW2, 
2. AcOH, LiCl, 

100” 

363 

0 0 OH 
I I I 

MnWW3, 
WOW2, 

AcOH, 50” 

192 

0 

JY I, II Bu$nH, AIBN, 

C6H6, 80” 
34 

I + II (85) I:11 = 2: 1 

Me 
I 

Si 
0’ 1 ‘R2 

Me DCA, MeCN, hv, 

65” 
372 

R’ R2 

Ph Me 

Ph t-Bu 

C6HII Me 
Me Me 

(38) 

(30 

(27) 

(4 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl2 

0 

7-i 
0 s I 

..r’ 

117 

I I I I I I 

I + II (80) I:11 = 1: 1 

Bu$nH, AIBN, 

C6H6, 80” 

TBDMSDBr 

OTBDMS 
Bu$nH, AIBN, (64) 

C6H6, 80” 
337 

18 

1. (Me$n)2, CbHb, hv 

2. Bu$nH, AIBN, 

C6H6, 80” 
(62) 

R’ 

F G 
R’ 

I 
Bu$nH, AIBN, 

C6H6, 80” 
F 

F .?:: F 
OMOM OMOM 

R’ 

317 

Ph 

C02Et 

BnOCH2 

(53) 

(79) 

(64) 



TABLE I. MONOCYCLICRINGSCONTAININGONLYCARBON(C~~ZU~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl3 

‘LSePh 

Hg cathode, 

EbNOTs 

(70) trans:cis 1~2.9 365 
C02Me 

Bu$nH, AIBN, 

C(jH6,80” 

0 

.o 

(76) 

Bu$nH, AIBN, 

C6H6,80° 

z 
a I 

19 

287 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

S(O)Ph 

SO*Ph 

POPh2 

0 

MnOW3, 

Cu(OAc)2, 
AcOH, SO” 

192 

0 

C02Me MnOW3, 

CuOW2, 
AcOH, 60”, 1 h 

Bu$nH, AIBN, 

c&j, 80” 
t-Bu 

1. Ph+nH, AIBN 

C6H6 

2. H202 

CrC12, DMF, 25” 

Cl4 

I CF3 

BujSnH, AIBN, 

OBz 
C6H6, 80” 

C02Me tY!x- (7% 

/ 

C02Me 

/cr” 

035) 

t-Bu 

Hop +Hs4f 

(95) (5) 

/ Ph 

r 

(85) 

(J;zz I + $Bz II 

I+11 (94) HI= 1l:l 

271 

17 

373 

274 

313 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6, 80” 

OMe 
hv 

24 

pMe(60) + MOMe (20) 88 

I 
SePh ‘x---SePh 

(85) Bu$nH, AIBN, 

I 
C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

41, 
40 

374 

0 OH 

‘&R-p (52) 
p-Mec6Hi 

F 

375 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R’O 
R 

F 

X 

R 

SPh 

R’ X 

A. (Bu&O2, G,H6, 
hv, 10” 

B. (Me$n)z, Ph$O, 

C6H6, hv, 10” 

C. (Me$nOCPh+, 

C6H6, 80” 

376 

cis: trans 

(35) - 

(75) - 
(W 1.2: 1 

WV 1.3:1 

(55) l.l:l 

(61) 1.3:1 

(61) 1.2: 1 

H Me Br 

H (CH2)20H Br 

Ph Me Cl 

n-CSHl1 Me Br 

Me Me Br 

Me Bz Br 

Me Bz OC(S)Im 

P OTMS 

OH 
> (72) 

n-Bu 

30 Bu$nH, AIBN, 

C6H6, 80” 
n-Buv 

Br 
Cl5 

X 
I 

Q c&t&fe-p 56 C$&Me-p 

Bu$nCl, AIBN, 

Na(CN)BHd 

BusSnH, AIBN, 

C6H6, 80” 

(70) 

(90) 

333 

377 

X = Br 

x=1 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I SMe 

“1 pJTs 

\I\,,, 

XTe 

X R 

4-Mem&j SOzPh 

4-Meoc& P(a(Ow2 

Ph C02Me 

4-Meoc& C02Me 

-5CCF3 
C’ 

Bu$nH, AIBN, 

PhMe, 110” 

Bu$nH, AIBN, 
C6H6, 80” 

hv, rt, 15 min 

Bu$nH, AIBN, 

C,Hb, heat 

SMe 

e 

Ts (48) 233 

OMe 

bHHyTs I + eTs II 378 

I+11 (loo) I:II= 1:l 

I + II (98) I:11 = 94:6 

PyS R 

6 

379 

/ CF3 

cr 

(93) 313 

OBz 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) 

ITF3 

BujSnH, AIBN, 

c 

CF3 (90) 

C6H6, heat 
OBz 

Refs. 

313 

Br 

R SMe 
BujSnH, AIBN, 

Ts C6H6, 80” 

@is I + (JJxs II 378 

R I diastereomeric ratio II diastereomeric ratio 

OH E:Z = 46154 (68) (54:46) (7) (1:l) 

OAc E:Z = 67133 (85) (78:22) (6) (1oo:O) 

OMe E (81) (73127) c-4 

OMe Z (82) (74126) (-4 

OPr-i Z (78) (7 1:29) G--> 

Me E:Z = 60:40 (70) (61:39) (-1 

cl6 

OBz OH 
I 

r 
0 

1. Mg12 
BzO- \ 

L 

(50) 238 

2. Bu$nH, AIBN, 

C6H6, 80” 

C02Me 

/ 

ic: 
Et02C C02Et 

MezSnCl, 

Na(CN)BH3, 

AIBN, t-BuOH 



TABLEI. MONOCYCLICRINGS CONTAININGONLYCARBON(C~~~~~~~~) 

Reactant Conditions Product(s) and Yield(s) (o/c) Refs. 

BujSnH, AIBN, (84) 

C6H6, 80” 

34 

(t-BuO)2, 
c-C6H I 2, 85 O 

380 

COzBu-t I + 
Bu$nH, AIBN, 

C6H6, 80” 

17 

D 
, -2C02Bu-t 

II 

t-Bu 
I + II (75) I:11 = 1:9 

I + II (85) I:11 = 1:3 
z 
E 

Br CN 

NMePh 

CN * 

NMePh I, II Bu$nH, AIBN, 

C6H6, 80” 

325 

I II 

(87) (5) 

(83) (4) 

(70) (15) 

R 

Ph E 

Ph Z 

Me E 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl7 

q02Et 
1. H~(OAC)~, AcOH 

2. NaBH(OMe)J 

AcO Ph (77) 299 

MoMoaoBn (62) MoMozoBn Bu$nH, AIBN, 

C6H6, 80” 

317 

R’ 
I  

RZ. 

c 

Br 

R’ 

Bu$nH, AIBN, 
\ ,OBn 

N 
PhMe, 110” 

I 

Ii* 
I 

R2 
I II Ii* 

R’ R2 I + II I:11 

OAc OAc 

OBz OBz 

OBn OH 

OBn OAc 

(52) 83: 17 

(55) 75125 

(40) 80:20 

(42) 78122 

Cl9 

TMSO 

TMSO 
I I 

,cr- (61) Bu$nH, AIBN, 

C6H6, 80” 

80 



TABLEI. MONOCYCLICRINGSCONTAININGONLYCARBON(CWZ~~~U~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

SiPhzMe (60) eSnBu3 

AIBN, C6H6, 87” 

338 

c20 OR4 OR4 I 

Rf. I + R*$J II R*jxBn 37 BusSnH, AIBN, 

reflux 

I + II I:11 R’ R2 X 

C6HI I H PhOC(S)O 
C6H11 Me Br 

p-Meoc6H4 H PhOC(S)O 

(71) 33167 

(68) 33:67 

(18) <2:98 

PhMe 

C6H6 

C6H6 

Br 
Ph (85) Bu$nH, AIBN, 

PhMe, 110” 

343 

C2I 0 

I;‘” SePh + 4b02Me 
/ 

,,“r: + phaoII 209 Bu$nH, AIBN, 

C6H6, 80” 
I 

602Me 
A 
C02Me 

I + II (71) I:11 = l.l:l 

TABLEI. MONOCYCLICRINGSCONTAININGONLYCARBON(C~TZ~~TW~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C6H6, hv, 25” (51) 168 

Bu$nH, AIBN, 

C6H6,800 
I 

SnBu3 

382 

(35) ZE = 14: 1 
(48) ZE = I:77 

MeO$, C02Me 

6 I + 

TBDMS6’ OBn 

383 Bu$nH, AIBN, 

C6H6, 80” 

/02Me 

II I + II (91) 

TBDMSO” 
I:11 = 55:45 

c23 

(94) 168 C6H6, hv, 25” 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Et02C -$ Bu$nH, AIBN, 

TBDMSb OTBDMS 
C6H6 800 , 

I 
/ N-N 

v  

Y 
Ph + 

dY Bu$nH, AIBN, 

PhMe, 110” 

Et02C C02Et 
Y=CN 

c24 
Y = COzMe 

h 

S 

0 A Im Bu$nH, AIBN, 

Ph Ph xylene, 140” 

T 

Ts R’ 
C02Me + 

ri 

MWAch, 
CuOW2, 

Me02C 
R’ 

C6H13 

CH2Ts 

Et02C 
\ 

ti 

(94) 384 

TBDMSO” OTBDMS 

343 

x Et02C C02Et 

(86) 
(87) 

Ph 

(35) 
(28) 

+ 385 

(6) 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

210 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c25 0 

py@wHWo 
/ 

HO 

\ 

/ 

--- 

HO 
c29 

PhSeA ‘f 

TBDPSO- 

R = TBDMS 

SePh 

THF, hv, 25” 

BujSnH, AIBN, 

PhMe, 110” 

C6H6, hv, 25” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

168 

GePh3 (86) 350 

34 3 

386, 

387 

I, II III 

1,11(41) III(l1) I:II= 1:l 

0 

I, II (90) 388, 

TBDMSO” 
I:11 = 1: 1 389 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c35 Et02C ‘-I.sc6H4c1-p B;;Zh;,,A$BN, 

SePh OR OR 

SC6H4Cl-p cfj7) 384, 

390 

391 

178 

74, 

75, 
200 

193 

RO=-OR 
R = TBDMS 

E. 7-Membered Rings 

\ 
C=C=CwBr 

/ 
Bu$nH, AIBN, 11 I + II (90) 

C6H6, 80” I:11 = 455 1 

SmI2, THF, HMPA (52) 

Bu$nH, AIBN, 

C6H6, 80” 

Mn(OW3, 

&“I”: + &02Et II 

Cu(OAc)*, AcOH - 

I + II (68) I:11 = 2.8: 1 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl1 0 

(35) 194 Mn(OW3, 
CU(OAC)~, AcOH 

C=CH - 

0 

C02Et 
@02Et I + +02Et II 194 Mn(OW3, 

CU(OAC)~, AcOH 

CF3 Bu$nH, AIBN, 

C6H6, 80” 

:hR4: :‘::::: 
R3 

phse3 
Bu$nH, AIBN, 

C6H6, 80” 

392, 

387 

R’ R2 R3 R4 I II 

H H WH2)20 (32) (5% 

OCH2)20 I-I H (72) (12) 
OTBDPS H H H (17) (54) 

WH2)20 OTBDPS H (24) (4 
H H H OEt (27) (1) 



TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

‘s 
I 

COzMe 

F. 8-Membered Rings 

0 C02Me 

BujSnH, AIBN, “\ (90) 
C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Mn(OW3, 
CU(OAC)~, AcOH 

Mn(OAd3, I 

CU(OAC)~, AcoH 

0 

0 (55) 

C02Me 

I + II (69) I:11 = 2.5: 1 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

II 

200 

200 

193 

194 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Mn(OAch, 
CU(OAC)~, AcOH 

(3% 

Mn(OW3, (38) 
CU(OAC)~, AcOH \ // 

Cl0 

G. Macrocycles 

0 
0 n=7 (15) 

I 
Bu$nH, AIBN, n = 11 (55-65) 

C6H6, 80” n = 15 (55-65) 

Cl4 

/CA 
I c5 
Yr 7 

Bu$nH, AIBN, 

C6H6, 80” 

(70-80) 

194 

193 

7% 
393 

7% 

393 



TABLE I. Monocyclic RINGS CONTAINING ONLY CARBON (Cuntinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, (70-80) 

C6H6, 80” 

0 

Bu$nH, AIBN, 

:; 

I 
(75) 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

TABLE I. MONOCYCLIC RINGS CONTAINING ONLY CARBON (Contiaued) 

78, 
393 

78, 
393 

394, 

395 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

CN 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

(54) 208 

I + 

I + II (40) 

I:11 = 4: 1 

394, 

395 



TABLEI. MONOCYCLICRINGSCONTAININGONL~CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c23 CN 

c26 

c29 

0 

Bu$nH, AIBN, 

qjH(j, 80” 

BusSnH, AIBN, 

qjH(j, 80” 

CN I 

CN 

(50) 

Bu$nH, AIBN, (fw 
C6H6, 80” 

78 

396 

76 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

A. 3Membered Rings 

c9 

R (t-BuO)*, ZH, R z R=H R=Me 397 

+ 6 

0 
OOBu-t zb 

% 

HC(C02Me)z (75) (80) 
NeBH3 C(C02Etj3 (50) (58) 

HC(CN)C02Et (50) (56) 

GO 
C6H6, hv, 30” CHz(C02Me) (54) (60) 

BhN@ 
Bu$nH, hv Nll..Q~ (45) 398 

I 
I Bn’ I 

Bn 
B. 4-Membered Rings 

Cl9 
I 

Bu$nH, AIBN, Et02C (71) 
C6H6, 80” 

399 

400 

Et Me (40) 

Et Bu-t (58) 

Et C6Hll (70) 

Me C6Hll (69) 



TABLE II. MON~CYCIAC RINGS CONTAINING ONE OR MORE HETER~AT~MS (Co&wed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c20 
0 

--,A 

R2 

R’ SPh Bu$nH, AIBN, 

Br 
C6H6, 80” 

R’ R2 

401 

Et H 

H SPh 

Et SPh 

(R’ = Et, R2 = H) (45) 

(R’ = H, R2 = SPh) (45) + (R’ = H, R2 = H) (24) 

(R’ = Et, R2 = SPh) (45) + (R’ = Et, R2 = H) (3) 

c22 

AcO 0 

A&A(SPh 
I 

lir 
I I 

PMB R’ 
R’ 

H 

SPh 

AcO 0 

SPh 

Br PMB SPh 

n-Bu 

Bu$nH, AIBN, 

C6H6, 80” 

1. BujSnH, AIBN, 

C6H6, 80” 

2. NaOH, Py 

CH2C12, hv 

HO PhS 

SPh 

d- N 
0 ‘PMB 

(50) 

Ov Co(salophen) 

‘J N 
(45) 

n-Bu’ 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

401 

401 

402 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

hv 

c4 

Br 

‘- 

5 0 
C 

N // 

0 
G 

-OH 

-ON0 

C6H6 

MeCN 

MeOH 

CHC13 

(92) 

(69) 

(84) 

(16) 

C. 5-Membered Rings 

Et3GeH, MeOH 

HgO, 129 hv 

W-k, hv 

403 

404 

61 

405 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued ) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

CsHt2, hv, 80” 

R’ R2 

I II III 

I + II + III I:(11 + III) 

(46) 66:34 

(70) 30:70 

(87) 60:40 

H Me 

Et Me 

Bz H 

0 0 

li /C 0-R 
He”/ 

408 

281 

409 

Ph$nH, AIBN, 

C6H6, 80” 

I + II R 

(40) 
(42) 
(62) 

H 

Me 

Ph 

TsSePh, AIBN, 

PhMe, 110” 

Ts SePh 

(97) cis:trans = 3.2: 1 
\ / 

u 
0 

TsBr, AIBN, 

MeCN, hv, 25” 

Ts 

(58) cis:trans = 4.2: I 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

y-Irradiation, 

i-PrOH 
410 

Y I + II I:11 

4:l 

3.2: 1 

5.7: 1 

4.6: 1 

4.9: 1 

4.3: 1 

4:l 

0 (97) 

CH2 (93) 

w02w2 (83) 
NH 03% 
NMe w 
NCH2CH=CH2 (4% 
NMez+Cl- (80) 

A. (PPh&ReC13, 

CCld, reflux 

B. (PPh3)2RuC12, 
CC14, reflux 

“-~y~“I + cl-lJcl \ / x.1 
Y 

II 282 

I + II I:11 Y 

0 

NC(O)Me 

A G-w 4.3: 1 

A (64) 6:l 

B (77) 6:l 

Ts 

TsBr, CH2C12, hv (40) cis:trans = 1.2: 1 
\ / 

u S // + 0 0 

411 



TABLEII. MONOCYCLIC RINGSCONTAININGONEORMOREHETEROATOMS(C~~~~IZU~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

(~-BuO)~, 135” 

Y0 
N, 

w Me 
MeOH, hv, H+ 

CuCl, MeCN, 1 loo, 

3 h, sealed tube 

R 

Me 

Et 

i-Pr 

I Me 

(Bu$nh, W-k 
hv, 80” 

l-.J (72) + 0 (13) 412 
Si 

Me’ ‘Cl 
Si 

Me’ ‘Cl 

Q- 
/N \OH I + QJ”II 413 

JIe I Me 
I + II (83) I:11 = 4: 1 

y-LclI + -J-j-J1 90 

I + II I:11 

(60) 89:ll 

(50) 92:8 

(80) 98:2 

46 

I 

(87) 51 

’ N 
I Me 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c7 

c13c ’ 

AL 0 N 
R 

R 

Bn 

Bn 

Me 

Ts 

MS 

Cbz 

Boc 

c1g ’ A 0 0 ,r\ 
/ 

T 

CuCl, MeCN, 80” 

CuCl, CH2C12, 

bipyridine, - 15 O 

(98) 90: 10 

(90) 15:85 

(98) 20: 80 

(76) 20: 80 

WV 14:86 

CuCI, MeCN, 140” 

NIS 

415 

166 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (o/o) Refs. 

BujSnH, AIBN, 

C6H6,80° 

SMe 

R 

Me 

Bn 

Ph 

trans:cis 

(68) 71:29 

(80) 72~28 

(90) 83117 

89 

R’ R* 

Me H 

Me H 

H Me 

H Me 

CuCl, CuC12, HOAc, H20 

FeS04, HOAc, Hz0 

CuCl, CuC12, HOAc, H20 

FeSO4, HOAc, Hz0 

I + II I:11 

(7% 9:91 

(93) 0:100 

(81) loo:0 

(74) loO:o 

Cl 

A Me02C OwR 

R 

H 

Et E 

Et Z 

Cu(bpy)Cl, reflux 

CH2C12 

THF 

MeOAc 

R R 

1’1 

Cl L / ’ Cl 

I + II 417 

0 C02Me 

I + II I:11 

(84) 71:29 

(85) 60:40 

(76) 67:33 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

S 

-7-f 

OMe 

S 

I: 
Ge-Me 

- 
Ale 

R 

‘(\ 
\ 

0 
‘SinBr 

Me’ ‘Me 

R 

Me 

i-Pr 

t-Bu 

CH2=CH 

Ph 

R I/ 

I.i 0 0 

( t-Bu0)2, PhCl, 

135” 
Meoys>-) (57) 255 

0 

AIBN, heat C Ge’ 
Me 

’ ‘Me (70) 418 

BujSnH, AIBN, 

C6H6, 80°, 2 h 

I + II I:11 

W34) 4.6: 1 

(>W loo:o 

(>71) 1oo:o 

W2) 5.5: 1 

(-3 1l:l 

Ph$nH, AIBN, 

C6H6 

oJ---I + oJ--~II 419 

R 

H 

Me 

I + II I:11 

(741 81:19 

(86) 78122 



TABLE II. M0N0CYCW RINGS CONTAINING ONE OR MORE HETER~AT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

I 3 0 

>-/ 

(Bu$nh, W-b 
hv, heat 

R1 
CH 

Br III 

$: 

C 

R2 

0 
I 

R3 

Bu$nH, AIBN, 

C6H6, 80” 

C lCo(dmgW2py, 

NaBH4, MeOH, 

NaOH, 50” 

Bu$nH, AIBN, 

C6H6, 65-70” 

Ph (82) 

p-ClC6H4 (85) 

Et (76) 

PWHh (88) 

(68) 420 

421 

223 

R’ R2 R” 

H Me Me 

H H H (88-92) 

Me H H 

Me H Me 

H 

H 

H 

H Ph 

Me Ph 

Ph Ph 

(78) 

(73) 

(85) 

--(CH2)3- H (48) 

+H2)4- H W) 

c8 

241 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

MeS 

3J 

Cl 

0 N 
Me 

Bu$nH, AIBN, 

C6H6, 80” 

MeS 

ti 

(74) 

’ N 
Me 

1 

OOH 

2. 1. Hg(OAc)2 NaBr 

3. NaOH 

4. NaBH4 

89 

422 

423 R2 , 

phs-hH 
R’ 

1. PhSh, O2 

2. Ph3P 

R’ R2 
(59) 
(49) 

H Me 

Me H 

Bu$nH, AIBN, 

C6H6, 80” &&co2Et t I;:; 
R 

424 

425 

CH 
Br 

M 

III 
C 

R’ 

0 Y k R2 

Bu$nH, AIBN, 

PhMe, 110” 

Y R’ R2 

NH Me Me 

0 Me Me 

0 Me Ph 

(95) 

c--> 

G--> 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (o/G) Refs. 

BujSnH, AIBN, 

ChH6, 80” E&$, I + ,,O&iR I1 426 

I + II I:11 

(52) 964 

(71) 96:4 

(66) 98:2 

Me 

Et 

i-Pr 

AcO 
Bu$SnCl, AIBN, 

Na(CN)BH3, 

t-BuOH, 80” 

427 

R\;-2 1 + R)---2 II 428 

S 

‘+&SMe Bu$SnH, AIBN, 

PhMe, 80” I 
R2 Ii3 

I + II I:11 R’ R2 R3 

H Et H 

Et H H 

Me H Et 

Et H Et 

m-MeoC4H6 H m- MeOChHd 

H -(CH2)3- 

(50) - 
(72) - 
(80) 4:96 

(77) 4196 

(75) 10:90 

(71) 99:l 

S 
K OEt (84) 264 “OyS Y-y C,Hlh, hv, reflux 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl 

A Me02C O- 

+,CMe 
C 

. 
1 + II 417 

COTMe COpMe 
Cu(bipy)Cl, 

AcOMe, reflux 

I + II (89) I:11 = 5.8:l 

R3 

I /“J R2 

R’ 
MeHsi-o 

Br-Si’ 
0 

/’ Me Me 

Ph$nH, AIBN, 

C6H6, 80” 

429 

Me R’ R2 R3 

H n-CSHt 1 H 

n-CsH1, H H 

H Me Me 

n-C4H9 n-C4H9 H 

(>77) 

wm 

(>69) 

wm 

r) I N 
Cl’ ‘Pr-n 

Cl~--) @) AcOH, H2S04, Fe2+ 430 

I 
Pr-n 

R2 
Br / 

R’ XL 0 R3 

Bu$n- 

AIBN, C6H6 

431 

R’ R2 R3 

Ph H H 

Ph H Me 

Me2 CH20H H 



TABLE II. ~ONOCYCLICRINGS~ONTAININGONEORMOREHETEROATOMS(C~~~~~~~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I 

Bn 

Bn 

Bn 

CH2CH=CH2 

t-Bu 

R' R2 

TsX ‘>--GTsI + x)N)*ijTs II 219 

X 

Br MeCN, hv, 18” 

Cl MeCN, hv, 18” 

Cl PhMe, 110” 

Br MeCN, hv, 18” 

Br MeCN, hv, 18” 

I I 
R R 

I + II I:11 

(6% 24176 

(60) 1090 

(65) 26174 

(66) 20:80 

(53) 5:95 

BujSnH, AIBN R’ 

CN C02Et 

COMe C02Me 

COMe COPh 

C02Et C02Et 

N-C 
I 

+ 
‘CH 

Me 

Mn(OAc), 

432 

433 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

-if” 
R 

(Ph2Se>2,02, AIM 
MeCN, hv, 0” 

I + II I:11 

C02Bu-t 
CH=CHCOzMe ’ 

Ph 

(41) 1:1.8 

(88) > 95:5 

(88) > 95:5 

CTMS 
Br 

M 

III 
C 

0 -C 
III 
CH 

-:;, 

Bu$nH, AIBN, 

PhMe, 110” 

THF, hv, 25” 

THF, (PhSe)z, hv,25” 

THF, ?-BUSH, hv, 25” 

Ph$nH, AIBN, 

C6H6, 80” 

TMS 

C30) 

0 

O< II- 

Y 

0 

Y 

S-( 2-pyridy l) (85) 

SePh (70) 
H (1w 

0 

c c@ 1 SnPh3 

x- 

(96) 

425 

436 

27 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Contimed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

/,CR 
C’ 

BujSnH, Et3B, 437 

THF, -78” 

R 

TMS 

Ph 

CN 

Bu$nH, AIBN, 

C6H6, 80” 

I + II (85) I:11 = 70:30 

111, 

438 

0 

‘i 

\ 
S 

,OAc ,OAc 

Bu$nH, AIBN, 

C6H6, 80” 

=f--j I + -=j--- II 

1. MeOH, hv 

2. MeC=CMe 

I + II (90) I:11 = 65:35 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Cmtinued) 

111, 

438 

439 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu-n 

Substrate R1 R2 R3 

A H H H 

B Me H H 

C H Me H 

D H Me Me 

Cl0 
0 

ClWdmgHhpy, 
NaBH4, MeOH, 

NaOH, 0” 
(60) 439a 

AcOH, H2SO4, 

Fe2+ p 
Cl (55) 

Bu-n 

430 

(PhS)2, hv 

~5 Substrate Product (%) cis: tram 

A I (57) 0:loO II (22) 1:l 

B III (89) 1: 1 IV (2) 440 
C v (37) 2: 1 
D VI (63) 2:l 

Product R’ R2 R3 R4 R5 

I H H H SPh H 

II H H H H SPh 

III Me H H SPh H 

IV Me H H H SPh 

V H Me H H SPh 

VI H Me Me H SPh 

PhhC1 Bu$nH, AIBN, 

ChH6, heat 

441 



TABLE II. MoNoCYCLIC RINGS CONTAINING ONE OR MORE HETER~ATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

,,02CLR1 + R*SH 

R’ R2 

AIBN, hv 442 

H Et 

H Me02WH2)2 

Ph Me02C(CH& 

AcO 

R 

H 

Me 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

C6H6, 40” 

PhMe, 110” 

C6H6, 40” 

(98) 
(93) 
(86) 

1. C6H6, 40” 

2. H20 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

(98) 
C02Et 

H 

(81) 

OBu-n 

111, 

438 

52, 
53 

443 

(62) 
(65) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

+ R3C02- 

R’ R2 

H Me 

H Me 

H H 

H H 

Me Me 

Me H 

Me H 

Bu$nH, AIBN, 

PhMe, 110” 

or 

Bu$nCl, AIBN, 

Na(CN)BH3, 

t-BuOH, 80” 
R’ R2 R3 

HH H (60) 
H H Me (5% 
H Me H (54) 
Me Me H (50) 

R3 

Me (58) 

W-6 1 (46) 
Me (58) 

C5I-h 1 (45) 
Me (56) 
Me (67) 

w-h 1 (63) 

IBr 

Pt electrode, 

MeOH, 40-45” 

Bu$nH, 85” 

R3 
7 

m 
N R’ 
I 

R’ 

LR* 

9 I, II 

0 ‘\,- 

167 

445 

I + II (70-80) I:11 = 1: 1 



TABLEII. MON~YCLICRINGSCONTAININGONEORMOREHETEROATOMS(C~~~~~~~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

CR 
III 
C 

I 

n-C6h3 

n-Bu 

C02Et 

. \ R’ . 

A R 
R R’ 

Bu$nCl, AIBN, 

Na(CN)BHs, 

t-BuOH 

(PbS&, 02, AIW 
MeCN, hv, 0” 

R 

(67) 

(75) 

446 

qR 1 + qRII 435 
, / 

I + II 1:II 

CH=CHCOzMe H 

CH=CHCOzMe Me 

Ph Me 

(55) 6.4: 1 

(73) > 95:5 

(63) > 95:5 

RO 
Br 

<O/+co2Et 

R 

TBDMS 
MOM 

Bu$nH, (slow 

addition), AIBN, 

C6H6, 80°, 6 h 

“6. \ /C02Et ‘l&C02Et 424 

I II 
I + II I:11 

WV 1:1.6 

(95) 1:0.7 

TABLEII. MONOCYCLIC RINGS CONTAININGONEORMOREHETER~ATOMS(C~~Z~~~U~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph 

C02Bu-t 

C02Ph 

R’ R* 

(Ph$e)2,02,AIBN, 
MeCN, hv,O” 

GR I + aRII 4.47 

I + II I:11 

(63 > 1O:l 

(66) 1:1.8 

(63) 1:3 

(60) 115.4 

(70) 1:6 

(6% > 1:lO 

Et02C, ,-R2 
I 

Cr( OAc)2, ‘I’HF, 25” 

Et OG 

I + II 448, 

R’ 44g 

I + II I:11 

H H 

Me H 

H E/Z-Me 

n-CSHt 1 H 

i-C3H7 H 

H E/z-Ph 

Ph H 

Me Me 

(7% 1:3.9 
(83) 1:o.g 
(83) 1:1.7 

(73) 1:l 

(57) 1:l.l 

(76) 1:0.6 

(99) 1:o.g 

(85) 1:0.3 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 

H 

Me 

CH 

Et02C\/’ P 

EtOAO’ 

0 

I-O- + /J( 
R R 

R 

Cr(OAc)z, THF, 25” 

Cr(OAc)z, THF, 25” 

SmI2, HMPA, THF 

Et02C 

t/: 
I + II+ III (92) 

EtO= o 1:II:III = 2: 1: 1.1 

III 

Diastereomeric ratio 

262 

176 

Et 

Pr 

-(CH2)4- 

-u32)5- 

-CH(Md(CH2)4- 

-(CH2)2CH(Bu-t)(CH2)2- 

(57) 

(38) 

(53) 

(52) 
(74) 1.3:1 

(55) 5:l 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I 
CMe \ \ \ 

31 

I III 
c \ I \ \ 

A 
BPO, C6H6, 80” e-e 6 0 (75) 160 

0 0 
--- 

0 

Cl1 
R’ 

/J-a 

R2 R2 

Bu$nH, AIBN, 

Ph N 0 C6H6, 80” LL Ph 
Me 

N 0 
Me 

450 

R’ R2 

Cl H 

Cl Cl 

I H 

SPh SPh 

(17) 

c-3 

(47) 

(75) 

Y 

Bu$nH, AIBN, 

C6H6, 80” 
phy--- I + py--- II 451 

x Y z 

Br H H 

Cl Cl Cl 

Cl Cl H 

I + II I:11 

(83) 34:66 

(92) 90: 10 

(78) 5:95 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph 

I / 

:,i R 0 

Bu$nH, 02, PhMe, 
O”, 5-24 h 

R 
H 
Ph 

I 
PhS02 

Bu$nH, AIBN, 
CeH6,heat 

CH2C12, hv 

Y 
NAc 
0 

Mn(OAc)3, AcOH 

Ph 
L / OH 

A-J R 0 
transxis 

(84) loo:0 
(74) 87:13 

ct 

R 
R 

N 
I 
S02Ph 

I-I (87) 
Me (85) 

(77) 

e-4 

0 0 

% 

N J+ 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~MS (Continued) 

260 

452 

453 

433 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

+ ArN*+Cl- 
OH 

Ar 

TiC13, MeOH, 0” 

p-ClC6H4 
p-Meoc& 
Ph 

S / 
Ph’ ‘O- 

COzMe 

-\ )=I--\= 

Bu$nH, AIBN, 
t-BuPh, 80” 

Cl(CH2)2C1, 85” 
Me$O, reflux 

t-Bu02H, AIBN, 02, 
2,2,4-trimethyl- 
pentane, 60” 

Ar 

(40) 
(30) 
(45) 

455 

454 

C02Me C02Me 
I + II (78) I:11 = 80:20 

I + II (83) I:11 = 11:89 

456, 

417 

HOOH (73) + 457 

o-o 

HO0 

o-o 



TABLE II. M0N0CYCLIC RINGS CONTAINING ONE 0~ MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 

C02Bu-t 

=tf 

R 
Me 
t-Bu 

(PhSe)z, AIBN, 
02, MeCN, hv, 

0” 

- 

s= 

I + 
C02Bu-t 

447, 
435 

o-o \ 

Rv+ 

\ II 
C02Bu-t 

R 
I + II I:11 

(70) lA.7 
(84) 1:l 

R’ 

% 

/,CR3 
C’ 

R2 
458, 
215, 
459, 
460 

Ph$nH, AIBN, 
C6H6, 80” 0 

‘SinBr 

Me’ ‘Me 

R’ R2 R3 E:Z 

70:30 
75:25 
95:5 
0:lOo 

loo:0 
25175 
35:65 

Me Me CH2CH=CH2 (67) 
Me Me (CH2)2CH=CH2 (75) 
Me Me (CH2)2CH=CH2 (70) 
Me Me (CH2)30THP (60) 
H n-Bu n-Bu (65) 
Me Me Ph (84) 
Me Me TMS (8% 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETER~ATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

NaWdmgHhpy, 
MeOH, NaOH, 
O-25 o 

461 

R 
H 
Me 

Ph 
I (60-70) 86 BuzSnH2, THF, 

ultrasound 

trans:cis 

6” 87: 13 

-55” 94:6 
R 

TsO 
R 

R - 
H (67) 
Me (56) 
n-Pr (63) 

Bu$nH, AIBN, 
C6H6, 70” 

462 

(49) 463 
MeS 

-7-r 
O-C 

*CPh 
S 

206 

Bu$nH, AIBN, 
C6H6, 80” 

I  
-CN 

EtOG5HlI-n @I) 

(Ph$n)z, t-BuNC, 
C6H6, hv, 50” 



TABLEII. MONOCYCLICRINGSCONTAININGONE OR MOREHETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Zn, NH&I 

‘c-o 
B12 (2 mol%), 

HC5 DMF, 20” 

464 

CMe 

BPO, C6H6, 80” 160 

Ph Me$n~--x ,,-Ph 
Me$nCl, 

Na(CN)BH3 

AIBN,t-BuOH n 
I, II 

0 

218 

I + II (84) I:11 = 2: 1 

S02Ph 
I 

(67) 452 MeC(O)SH, AIBN 

0 5 (99 

0 yOYePh Bu$nH, AIBN, 

C6H6, 80” 

36, 
465 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

R’ R2 

H H 

H Me 

Me H 

MeC(O)SH, AIBN 

ykI +ReII 

IT I 
Ts Ts 

I II 

(4 (-) I:11 = 3: 1 

(67) (4 

(4 (80) 

452 

$r-+ ,fr” / ~“lrseph Bu$nH, AIBN, 

C6H6, 80” 
36, 
465 

I + II (92) I:11 = 2.5: 1 0 / 
u ;3 n-PrW0 0 
/N 

S 

n-Pr n-Pr 

RkI+o I + ROOk;;-o II 466 

R = (S)-2-pyridyl; I + II (70), I:11 = 3: 1 

R = H; I + II (65) 
W%, hv 
~-BUSH, reflux 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 
_- 

Ph Br / 

I/’ 
Me0 0 

Bu$nCl, AIBN, 

NaBI%, C6H6, 
EtOH, hv 

426 Meal-i I + Meow-- II 

I + II (60) I:11 = 86: 14 

S 

Ph- 
0 

K 

SMe 

S 

R PhS02 R 

dud+ 

/ 

Jr 
R N’ 

Me 

H 
R 

Ph 

p-Mec& 

p-Meoc6H4 

S 

I,? 

\ N--C02Et 

0 

Bu$nH, AIBN, 

C6H6, 80” 

MeC(O)SH, AIBN, 

C6H6, 80” 

BuLi 

(TMS)$iH, PhMe, 

AIBN, 88-90°, 2 h 

Ph 
-i”; 

0 (77) 467, 

463 

R 
S R 

R 452 

yti 
0 N 

H ( 100) cixtrans = 2: 1 

I Me w 

S02Ph 

R-clJj- 
468, 

469 

I Me 

(52) 

(48) 

(46) 

C02Et 

53 

~~s,si(TMS)3 

I, II 470 

0 
I + II (82) I:11 = 2.5: 1 

f 

XTs 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROAT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) 

x=o,s BPO, 80-90” 

Refs. 

471 

Ph 

A \.- -. \ 

0 
Ivc 

R 

i 

SePh 

I 

Ph& 

(Ph#e)z, AIBN, 

MeOH, hv, 50” 
/ 

-z 

h 
c -Ph 

I + /y‘ cr - 
-Ph 

II 434, 

o-o o-o 435 

I + II (73) I:11 = 2.8: 1 

Bu$nCl, Na(CN)BHj, 

AIBN, t-BuOH, 80” 
WQ 472 

W-&j, hv 

0 0 

c!P 
R 

0 R OEt (41) 

Me (47) 
‘x-SePh 

88 

R’ 
+ PhSH, C6H6, 80” 

R2 
phAf- I +p&f- II 473 

R’ R2 I + II I:11 

CN H (53 2.1:1 

C02Me H (56) 1.8 :l 

Ph H (57) 4:l 

C02Me Me (55) I:1 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ts 

I 
PhSO;! 

diastereomeric ratio = 5: 1 

diastereomeric ratio = I :2 

TsSePh, AIBN, 

CHC13, 65” 

Ts SePh 

(96) cktrans = 60:40 281 

TsBr, AIBN, 

MeCN, 25” 

Ts 

Bu$nH, AIBN 

Bu$nH, AIBN, 

C6H6, 80” 

BqSnH, AIBN, 

C6H6, 80” 

(74) cis: tram = 77123 409 

u 
(84) 452 

N 
I 
S02Ph 

BuoA-G +~u&~cF3 313 

I II 

(62) (12) 
(21) (42) 

Me 

(40) 

TABLEII. MONOCYCLICRINGSCONTAININGONEORMOREHETEROATOMS (Continued) 

474 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R2 

Y R' R* R3 
SO H 
S H 
SO2 H 
SO H 
S H 
SO2 H 
S H 
SO H 
SO H 
so Cl 

H H 
H H 
H H 
H Ph 
H Ph 
H Ph 
Me Me 
H Cl 
H Cl 
H H 

R’ uy R2 

I 

0, SinBr 
Me' 'Me 

Bu$nH, AIBN, 

CfjHfj,80° 

cis: trans 

(70) 

(55) 

(51) 

(80) 

(59) 

(66) 
(67) 

(84 

(62) 
(25) 

9:l 

9:l 

9:l 

4:l 

4:l 

4:l 

3:l 

3:l 

3:l 

1:1 

475 

Bu$nH,AIBN, 
c6H672 h 

lfph I + lfph II 56 

Me’ ‘m Me’ ‘Me 

R’ R* 

H Ph 

Ph H 

I + II I : II 

~(85) 84 : 16 

<(94) low0 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph$nH, AIBN, 

C6H6, 80” xi 

(66) 

0 0 

49 

(11) 465 Bu$nH, AIBN, 

C6H6, 80” 

0 

-EC-o K SePh 

H R’ R’ 

R* 

p-Tel, 

.A, 

Bu$nH, AIBN, 

c6wj9 80” 

476 

P 

tram:cis 

(87) 911 

(70) 911 

(92) 4~1 

(85) 2:l 

H H 

H H 

C02Et H 

Me Me 

Bu$nH, AIBN, 

C6H6, 80” AJ4TOAIm 198 

R 

H 

Me 

n-Bu 

(14) 
(53 
(63) 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

(PhSe)z, AIBN, 02, 

MeCN, 0” 

I +I1 (48) I:11 = 1:1.4 

Ph ’ c, \ 
N 
\ 

I (70) Bu$nH, AIBN, 

C6H&80° 

463 

<o+ 
CH 

(fw Bu$nH, AIBN, 

ChH6, heat 
477 

478 

479 

Ph SMe 

R R 

Me (69) 

I-I (71) 

SMe 
I 

RwsMe Bu$nH, AIBN, 

C6H6, heat 

fJ SPh (53 cktrans = 57143 Bu$nH, AIBN, 

CeH6, heat 

(OA C02Et 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

u SePh 
Bu$nH, AIBN, 

C6H6, 80” 

(90) cktrans = 3:l 465 

t-BUSH, CH2(C02H)2, 

MeCN, hv, 25” 

68 

I Bu-n 
Bu-n 
I 

Gjhj, hv (S)-Zpyridyl (95) 

C6H6, t-BUSH, hv SePh (70) 

W-b, (PhSeh, hv Me (73) 

CH2C12, hv 

OEt 

ClWdmgHhpy, 
MeOH, NaOH, 

NaBHd, 0” 

\ 
1“.u.:::; 

(60) 
,O 

480 

(68) 453 

OEt 

439a 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

SMe MeS 

TBDMSO 
Bu$nH, AIBN, (68) 478 

C(jH6,80” 

Et 
Ph$nH, AIBN, 

C6H6, heat 

I II 
I + II (74) I:11 = 8:92 

0 E&J 0 0 

0 
0 

xf 
Ph$nH, AIBN, 

C6H6, heat 

419 

I 
c COzMe \ C02Me 

I II 
I + II (77) I:11 = 96:4 

C02Bu-t 

481 Y-co2Bu-t + H 
SH 

AIBN, Ccl4 

t-BuOH, hv 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C8&7-n 

Bu$SnH, AIBN, 

ChH6, heat 

Bu+nH, AIBN, (78) 
C6H6, 80” 

Bu$nH, AIBN, (88) E:Z = 5050 
C6H6, 80” 

n-By 

w 
Y 

?-BUSH, CH2(C02H)2, 

MeCN, hv, 25” 
THF, BF3*OEt2, 

22”, hv 
THF, BF3*OEt2, 

(Ph$e)2, -78”, hv 

Y 

Me (92) 

(S)-2-pyridyl (98) 

SePh (80) 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

482 

479 

6% 
483 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Me0 

OMe 

Bu$nH, AIBN, 

C6H6, 65” 

MesSnCl, Na(CN)BHj, 

AIBN, t-BuOH, 80” 

484 

I 
n-Bu 

OMe 

Me0 

(92) 218 

SnMe3 cktrans = 2: 1 

CH2Cl 2, hv, 25” (4 485 

Bu$nH, AIBN, 

C6I-36 

(46) syn:anti = 1: 1 478 



TABLE II. MONOCY CLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl6 
H 

NN 
1 I_ LN~I, 

N 

7-f 

NH2 

0 
BnO 

Pt electrode, 

MeCN, EtJNClOd 

0’ - 
BnO 

L 

(81) 

OMe 

I n-Bu 

CR’ 
III 
C 

i)Me 

THF, BF3*Et20, 

hv, -78” 

1. Bu$nCl, 

Na(CN)BHj, AIBN 

2. TsH 

n-w 13 

n-w-h3 

n-C6H13 

rt-BLl 

n-Bu 

Ph 

p-MeCeHd 

i-Pr 

Ph 

p-Mec&j 

486 

(63-74) 483 

487 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Bu$nH, AIBN, 

C6H6, heat 

Pr-n 

l-f 

(77) cktrans = 35165 

(65) cktrans = 54146 

Bu$nH, AIBN, 

C6H6, 80” 

(80-82) 

/ 
NW+ @OEt 

H+, hv I, II 488 

I 
R R 

I + II I:11 x 

(38) - SPY 
(56) 1:1.4 H 

(48) 2:l H 

(75) E:Z = 59:41 489, 

113 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 

n-Pr 

n-C7H15 

n-Bu 

C02Me 

Bu$nH, AIBN, 

PhMe, heat 

C02Me 

479 

490 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Co&wed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C02Me 
Mn(OA&. I + 491 \ 

Cu(OA& 

AcOH, 75” d3H17 

0 
I + II (82) 

I:11 = 3.1: 1 

Cl7 

R TsO Br 

Y 462 Bu$nH, AIBN, 

C(jH6,80” \O/-CGCR 

R cis : tram 

(8% 54 : 46 

(93) 0: loo 

Ph 

n-w1 1 

Bnse-oD S 
0 

Se 

(79) C6H6, hv, 80” 492, 

493 

,-C02Me 
Br 

\1 f‘ A’ C02Me Bu$nH, AIBN, 

C6H6, 80” 

494 (92) 
EtOAo&oBn 

EtObLoBn 

TABLE II. MoNoCYCLiC RINGS CONTAINING ONE 0~ MORE HETER~AT~MS (Corttinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C1WdmgW2py9 
MeOH, NaOH, 

Py, NaBHq, 0” 
$0 E: +bC02E:’ 495 2 

I 
C02Ph C02Ph 

c02Ph 

I + II (50) I:11 = 9: 1 

(87) 

0 
PhCs 

c-O A SePh 
Bu$nH, AIBN, 

C6H6, 80” 
465, 

496 

R 

PhSe 

‘i 
/R 

0 

I- 
i’h 

R R 

R L / R I 

I + II 497, 

48 

Bu$nH, AIBN, 

C6H6, 80” 

R I + II I:11 
H (95) 2.6:1 
Me (83) 2.2:1 

d (36) 

r 
S02Ph 

Bu$nH, AIBN, 

C6H6,heat 
452 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph- 
0 

K 

SePh 

0 

Ph- 
0 OPh 

K 
S 

R’ 
R2 

d 
N C02Me 
I 

C02Me 
cis: Pans R’ R2 

Et H (93) 35:65 

H Et (91) 30:70 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

PhMe, 80” 

Ph (80) 36, 
465 

Ph 
(12) 

489, 

113, 

456 

PhS*CO Et 2 

Bu$nH, AIBN, 

C6H6, heat 

(72) cixtrans = 4456 479 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6, heat 

69 

R’ R2 

C02Me H 

C02Bu-t C02Bu-t 
(83) 

(68) 
CN H 

Me02C C02Me 

Y 
PhSe 

Cl8 
R2 

Boc 

R’ R2 

C6H6, hv, 12 h 

(60) 

MeOzC, 

R’ 

Ph$nH, AIBN, 

C6H6, 80°, 8 h 
R2 

/-h- 
N C02Me 
I 

Boc 

cis: trans 

(86) 
cis:trans = 1.8: 1 

498 

87 

H H (90) 62:38 

H Me (85) 60:40 

H Pr (75) 60:40 

H Ph (85) 55:45 

Me H (83) - 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE 0~ MORE HETER~AToMS (Corttinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

PhSe 

‘i 

CMe 
III 
C 

Bu$nH, AIBN, 

C6H6, 80” 

(83) 1 S: 1 isomer mixture 497, 

48 

Cl 

c13cso~cl, 

CH2Ci2, hv, 15” cl,c%;AR21 + “OR; 
o” go 

o” a0 

499 

R’ R2 

H H 

Me H 

Me Me 

H Me 

I II 

(82) c--> 

(22) 6) 

(48) (19) 

(60) (17) 

PhSe 

i 
0 . 

Bu$nH, AIBN, 

C6H6,80° 

lib I + II (>98) III = 3.2: 1 

Tsolxr 
R X 

H NTs 

Ph NTs 

Ph 0 

R 
Bu$nH, AIBN, 

NaI, DME, 

80°, l-2 h d 
X 

R 

500 

(80) 
(82) 
(76) 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl9 

TMSnfCTn ii\, 
DCA, MeOH, 

MeCN, hv 

BnO& 

CH 
III 
C 

J Bu$nH, AIBN, 

PhMe, heat 

S02Ph $02Ph 

c20 
S 

/J-L Im .O 
4 0 I 

-0TBDMS 

. . 
P 
Ph 

Bu$nH, AIBN, 

THF, heat 

(Ph+e)2, AIBN, 02, 
MeCN, 0”, hv 

Y 188 

Me (83 
OMe (88) 

(58) 

Phf’$J’++ I + 

- o-o 

Ph+J+JPh n 

- - 

501 

204 

434, 

435 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE 0~ MORE HETERoAT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c22 

.’ J / 
.‘;.(I TBDMSO, , . N 

I 
C02Ph 

c23 

Bu$nH, AIBN, 

PhMe, 110” 

ClWdmgW2py, 
NaBH4, MeOH, 

NaOH, 0” 

H+, hv 

IzCoL, Zn, DMF, 

hv, 20” 

m 

(60) 
cis:trans = Sk42 

I 
C02Ph 

C02Bu-t 

I + 

b C02Bu-t 
II 

n-BuO’* 0 
I + II (66) I:11 = 81:19 

450 

502 

503 

184 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

ph+j+Ph 
(Ph$e)z, AIBN, 02, 

MeCN, hv, 0” 

c24 

C7H,6, hv, 25” 

Ph3Ge 
C,Ht6, hv, 25” 

JIe 

Bu$nH, AIBN, 

C6H6, 80” 

Ph (38) 434, 

435 

o-o o-o 

GePh3 

(75) 

GePh3 

(82) 

I Me 

I + 

R X I + II I:11 

350 

350 

419 

H Cl, I (81) 88:12 

Me Cl (81) 80:20 

i-Pr Br (91) 91:9 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Contiutued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c26 

R’ X R2 R3 
H 0 Bn OEt 

H 0 Bn NHBn 

Me 0 Bn OEt 

H H2 C(O)Bu-t NHBn 
H H2 C(O)Ph OEt 

TsCl, BPO, 

PhMe, 110” 

A* 
(51) 

(46) 

(51) 

(53) 
(58) 

ratio 

3.6: 1 

3.5: 1 

1.51 

1x1 

1.6:1 

R 
R X R’ 

Bn 0 C02Et 
Bn 0 CONHBn 
Ts H2 C02Et 

Bn 0 C02Et 

c02Ph 

A. TsCl, BPO, PhMe 

B. (Bu$n)3, C&, 
hv,4h 

ClWdmgW2py, 
NaBHA, MeOH, 

NaOH, 0” 

-a,r-j- R’ 
I, II 

R 
I + II I:11 

(51) 3.6: 1 

(46) 3.5: 1 

(68) 1.&l 

(54) 2:l 

351 

504 

BnO 
(80) 502 

TBDMSO 
ti L- cktrans = 62138 

N 
I 

c02Ph 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c29 

c32 

PhMe, 110” “::“,;, I + + II 

/ n-Bu 
/ 

n-Bu 
I + II (62) 

TMS 
Bu$nH, AIBN, (86) 

C6H6,80° 

b02Me I 
C02Me 

D. 6-Membered Rings 

cyo* + y30* + &* G 
/ SO*Cl 

(/ 
I II III 

I + II + III 1:II:III 

Hc=c-L/sH 

CuC12, AIBN, 170” 

Bu$nH, AIBN, 80” 

Bu$nH, uitrasound 

Ph$iH, hv 

C5H12, hv, 36” 

(17) 0: loo:0 

c-1 7:93:0 

(-3 loo:o:o 

402 

505 

506 

507 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c6 

1. BPO, 02, C6H6, 

rt 
2. PPh3 

OH 

(30) 

Cyclohexane, hv, 80” I + II (46) I:11 = 97:3 

c9 
C6Ht4, hv, -65” I + II (61) I:11 = 23:77 

Bu$nH, AIBN, 
C&Et 

R = H (96) 

R C6H6, 80” R = Me (96) 

Bu$nH, AIBN, 

X 0 

.G.C I 
\ so;! 

I 
\ 

/ 
Y 

III 
CH 

X Y 

508 

509 

424 

510 

COzMe H 

H Me 

F F 

(61) 

(3% 

(3% 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Me02C \ 
I 

“c 0 

Me02C 

Bu$nH, AIBN, 

C6H6, heat 

Meo2cbcoLe + &r; 511 

2 

I + II (85) I:11 = 4.7: 1 

R R 
Bu$SnH, AIBN, 

WCWH3, G$$,, 
benzo- 15-crown-5, 

t-Bu 80” 

t Buz I +tmBui’;t II 512 

R 

Me0 

Et0 

I + II I:11 

(40) 75125 

(53) 80:20 

(53) 75125 

0 

+ 

(35) 85: 15 

(33) 90: 10 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R’ 
AIBN, C6H6, I 513 

hv, 80” 

R’ R2 cis: trans 

(54) 1:l 

(50) l.l:l 

(51) I:1 

(65) 2:l 

Cl Cl 

Br Br 

Ph H 

OBn H 

Br 

Bu$nH, AIBN, 

cd-k, 80” 
Mk I 

Mb II 

I + II (29) I:11 = 20:80 

MeOzC, 

1. Bu$nH, AIBN, 

C6H6,80° 

2. TsOH, 80” 
I II 

I + II I:11 R’ R* 

H H (80) 
(74) 3:l 

(74) 1 :3 

(64) 1:2 

(80) 1:3 

Me H 

H Me 

Me Me (anti) 

Me Me (syn) 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (cwztincred) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

cIF0-c (70) 
OOH 

516 

465 

517 

518, 

188 

(t-BuON=)z, 02, 

C6H6,30° 

0 

--;‘:. 

0 (5% 
0 

-0 A SePh 
Bu$nH, AIBN, 

C6H6, 80” 

f 
SPh 

S 

“I HN 
Bu$nH, AIBN, 

PhMe 

75” (17) 
30°, sunlight 03) 
loo, Hg lamp (64) 

PhS 
- 

NCS 

DCA, hv 

R’ R2 

Me Me 

Me Bn 

OMe Me 

OMe Bn 

W) - 
(W - 
(55) (48) 

(40) (40 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C02R 

Br I 

:a.-- 

0-1 

Et0 0 

, . \ 
R 

Me (88) 

Et (97) 

519, 

93 

BujSnH, AIBN, 

CeH6, heat 

Cl3 

Bu 
I 

TMS,,N- 
u 

(70-78) 

N 
I 

Bu 

DCN, i-P&H, hv 520 

Bu$nH, AIBN, 

C6H6, 80” 

510 

N (57) 
CH (53) 

Ph Ph 

TiC13, AcOH, 

H20, 0” k (92) 
Cl 

N 

Me’ ‘Cl Me 

0 

-0 K SePh 
Bu$nH, AIBN, 

C6H6, 80” 

521 

(74) 465 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~MS (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

PhMe, 75” 
R’aR2 

H 

517 

522, 

93 

440 

SCN-R2 

R’ R* E:Z 

SPh C02Me l&l 

COzBu-r C02Me 1.3:1 

SPh Ph 12:l 

(90) 

(93) 

(69) 

Bu$nH, AIBN, 

C6H6,80° 

I$ Br 
I 

0 
Et02C- q 

OEt 
Cl4 

PhSh, hv 
PhS 

35 
(87) cixtrans = 6: 1 

0 N 
I 

Bn 

0 

\II \ 
N- 

Bn 

Bu$nCl, Na(CN)BH3, 

AIBN, t-BuOH, 80” 

R 

I-I (90) 
Me (89) 

72 



TABLEII. MONOCYCLICRINGSCONTAININGONEORMOREHETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, (86) 465 

C6H6,800 

Bu$nH, AIBN, 

C6H6, 80” 

R SMe 

Ts 
I, II 378 

R I + II diastereomeric ratio 

Me E (97) (60:40) 

Ph Z (82) (74:26) 

Bu$nH, AIBN, 

C&j,heat 

I + 511 

TBDMSO 

I + II (85) I:11 = 80:20 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

/R r 
o~~02BU-t 

R 

H (85) 1.6:1 

cis-TMS (91) 5:l 

warts-TBDPS 056) 1.3:1 

cis-TBDPS (82) l:o 

cl8 

Ph 

flC02Et 

Bz 

Bu$nH, AIBN, 

W-b, go09 
3.5-27 h 

Bu$nH, AIBN, 

C6H6, heat 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$SnH, AIBN, 

C6H6, 80” 

‘O&O 2 - Bu t 

I + II tram:& I: II 

(62) 479 

I, II + III (97), I, II:111 = 14.3: I 

C02Et 

75 
/C02Et 
I I 

/ / 
I + 

N 
-0 

II 

N 
I I 

Bz Bz 

94 

48, 
497 

523 

z 
E 

I+11 (go), I:II= 1:1 

I + II (go), I:11 = 1: 1 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl9 
Ph R3 

524 

Mn(OAc)3, 
CuOW2, 

AcOH, 02, 23” 

Ph 

R’ R2 R3 

Me OMe H 

Me OPr H 

Me OBu H 

Me OBu-t H 

Ph OEt H 

Me OCH2CH20 

Bu$nH, AIBN, 

GjH6, go09 
3.5-2’7 h 

P 
Y 

0 
TMS-TT’ 

C02Bn 0 

DCA, MeOH, 

MeCN, hv 
188 

I 
C02Bn 

Y 

Me 

OMe 
(75) 
(7f9 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

q$-$j, 80°, 
3.5-27 h 

(74) 94 

/C02Me 

OTBDPS 
I + 

II 

419 

c29 

R X 

H I 

Me Cl 

I 

I + II I:11 

(51) 23177 

(63 78~22 

BoMo+z\TMS Bu$nH, AIBN, 

0 C02Bu-t 
Y 

Gjhj, No, 
3-27 h 

SePh 

“2TMs (61) 

4 
: 0 

H 
02Bu-t 

BOMO 

94 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c30 
Et02C 

> I 
EtO$\ 

OEt 
I 

Bu$nCl, Na(CN)BH3, 

. 

(78) 92 
AIBN, t-BuOH, 1 h 

TBDPSO 0 OEt 
H 

TBDPSO’ 

c31 

0 
/ 

A Y (salophen)Co N 
I 

n-Pr 

PhMe, 110” 
oe+oo +$I;> 402 

I I I n-Pr n-Pr n-Pr 

I II III 

I + II + III (65), 1:II:III = 78: 11: 11 

MeO+ 

1. Bu$nH, AIBN, 

C6H6, 80” 

2. TsOH, 80” 

Me02C 
1 + 515 

Me02C 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (G/o) Refs. 

Me, Me 

p’ 
Sc-Br 

Me, Me 

9’ 
SC, 

HC3\S/\/SH 

BujSnCl, Na(CN)BH3, 

AIBN, t-BuOH, 80” 

OMe 
Me, Me 

0’ 
SC-Br 

OMe 

Bu$nCl, Na(CN)BHj, 

AIBN, t-BuOH, 80” 

E. iTMembered Rings 

(98) 

72 

72 

C5H12, hv, 36” 
c”a +JI) + kg 507 

S 

I II III 

I + II + III (51) 1:II:III = 77:3:2 



TABLE II. M0~0cYcLIc RINGS CONTAINING ONE OR MORE HETERoAToMs (Contirzued) 

c7 

Cl2 

Cl3 

Cl4 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

(~-BuO)~, PhCl, 132” 

Me 
I 

R’ 

H w 
Me (58) 

525 

PhSeLOe 
Bu$nH, AIBN, 

c&i, 80” 
392 

Me, Me 

0’ 
Si/\/Br 

Me, ye 
Si 

Bu$nCl, Na(CN)BH3, 0’ 

0: 

(92) 
AIBN, t-BuOH, 80” 

72 

Bu$nH, AIBN, 

C6H6, 80” 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

cl6 

Cl9 

c28 

i-p~Si’O-Br 
i-Pr 1 

P ’ C02Bu-t 

II 
0’ SePh I 

Me4 J.-A,, 
Me’ ‘O 

Me, Me 

0’ 
SC-Br 

I 

Bu$nH, AIBN, 

C6H6, 80” 

iB”““i,,,.:mt + i-Lr:Q II 526 

CO;?Bu-t 
I + II (63) I:11 = 91:9 

Bu$nH, AIBN, 

PhMe, 60” 
r, O\ 

- - pph (60-70) 

Si-0 
Me’ \ 

Me 

Me 
Me, I 

Si 
0’ I 

Bu$nCl, Na(CN)BHj, 

AIBN, t-BuOH, 80” 

527 

72 

A 
OMe 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Me, Me 

0’ 
S<-Br 

Bu$nCl, Na(CN)BHj, 

AIBN, t-BuOH, 80” 

v\( 
OMe 

F. &Membered Rings 

i-pr\ .,o\/\BT 
i-Pr+ 

0, 

0 

0 

7-F 
Ph 

0 

Bu$nH, AIBN, 

C6H6, 80” 

C&9 hv 

(59) 

(49 

I 
Bn 

(PhSh, hv 

42 
(13 

PhS 
Y 

0 Bn 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

72 

526 

528 

440 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c6 

0 

c9 

cl8 

CR 
+ III 

CH 

R = Me, Bu, CH20Ac 

CL I n 

x 2 n 

G. Macrocycles 

Bu$n2, C6H6, hv 

h3B,02 

Bu$nH, AIBN, 

C6H6,80° 

420 

529 

CH2 C02Et 10 

CH2 CONEt2 9 
(57) >98:<2 

(40-45) 1O:l 

9 

10 

0 C02Et 11 

(40-45) 14:l:l:l 

(40-45) 13:l:l:l 

(40-45) 2.5: 1 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6, 80” 

0 
n 

16 (63-67) 

20 (68-76) 
77 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

0 

i” / 
0 

(74) 
0 

R 

I-I (30) 
Me (74) 

TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

530 

530 

530 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C28 SnBu3 
I 

PhSe 

5 (54) 10 

6 (46) 11 

7 (61) 12 

8 (50) 13 

9 (80) 14 

10 (72) 15 

c32 

Bu$nH, AIBN, 

C6H6, 80” ( n no 0 

Ring size 

531 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$n 
I 

532 



TABLE II. MONOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c42 

Bu$nH, AIBN, (74 
w-k, 80” 

532 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON 

wC~(dmgH)~py 
TsI, CH2C12, 40” 

BusSnH, AIBN, 

C6H6, 80” 

TsI, CH2C12, 40” 

Me2NSO#, CH&, 

50-60" 

\ 

I + II (63) I:11 = 5: 1 

Ts (80) ratio = I:1 

R 
I 

on 
R =Ts (76) 

R = Me2NS02 (72) 

/ Wdwm2PY 0” 
C2I 

~co~dmgH)2py 

Ts 

TsI, CH2C12, 40” (77) ratio = 1:1 139 

R 

tY 

139 

TsI, CH2C12, 40” R = Ts (78) 

Me2NS02C1, CH2C12, R = Me2NS02 (68) 

50-60" 

Reactant Conditions 

A. (3+ n) -Membered Rings 

Product(s) and Yield(s) (%) Refs. 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Cmtiwed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

B. (4 + 5)Membered Rings 
c7 

R’ Rk 

T-7 

I 

0 

p-Xylene, hv, heat 534 

R’ R* R3 

Me Me H 

H H Me 
(1W 
(43) 

c8 

c8 

Bu$nH, AIBN, 

C6H6, 80” 
(85) 535 

C. (5 + 5)-Membered Rings 

CN 

H 

(68) 536 

A. (69) 246 

B. (67) 180 

Sn cathode, i-ProH, 

Et4NOTs, 25” 

OH 

A. Carbon cathode, 

MeOH, dioxane, 

Et4NOTs @ 
B. HMPA, hv H 

0 0 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c9 

Hg cathode, 

DMF, rt 

OH I I cd \ (41) 

Ii 

CH2 
0 II 

a/ 

C 
II 
C 

225 

225 

537 

OH I I 

NaCIOH8 cd (53) 

iI 

0 

b- 

+,!H 
C 

H 

0 

I 

k 

Bu$nH, AIBN, 

C6H6, 80” 

OH 1 I 

(3 
H 

;l.J--^- \ 
246 

180 

Carbon cathode, MeOH, 

dioxane, Et4NOTs 

HMPA, hv 

(87) 

(81) 



TABLEIII. BICYCLICRINGSCONTAININGONLYCARBON(G~~PZU~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

n m 

--i-i- 

2 1 

1 2 

2 2 

ratio 

(90) >150:1 

(92) 93:5:2 

(89) >150:1 

(85) 2:1:1 

I 
5 

w 
0 

Cl0 

/,CR 
C’ 

BusSnH, AIBN, 

CSH 12, reflux 

I + II (50) I:11 = 8.1:1 

(Bu$nh (cat.), 
CeH6, sunlamp 

OH 

(40) 1.5: 1 ratio of isomers 

Bu$nH, AIBN, 

C6H6, 80” 

R 

O \ 

fb 

R 

H (47) 
TMS (78) 

178 

538 

213 

537 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

Y-i 
0 s 

u3 

1. Bu$nH, AIBN, 

C6H6, 80” 

2. NaOH, EtOH 

0 

a 

C//CH2 
// C 

Hg cathode, DMF, rt 

NaC1ob 

‘3 
OR 

R 

H 

MOM 

* 
\ 

Bu$nH, AIBN, 
C6H6,800 

&j I+ Q-$ II 

OR 

1. Cp2TiCl 

2. 12 

I + II 

(45) 

WV 

HO A I , 

(5 
H 

(63) 172 

117, 

116 

225 

539 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Contirzued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl1 

MeOzC 

Zn, TMSCl, 

2,6-lutidine, 

THF, reflux 

(82) 540 

COzMe 

0) 
I 

Bu$nH, AIBN, 

NAYR 

c&j, 80” 

R=H 

R=Me 

I 

C=CH Bu$nH, AIBN, - 
C6H6, 80” 

0 

(r 
MeO$ 

‘--C\ 
+CH 

Zn, TMSCl, THF, 

2,6-lutidine, reflux 

HMPA, hv 
Et3N, MeCN, hv 

I+11 (61) 1:11=81:19 

I + II (64) I:11 = 20: 1 

CN 

R 

I-I (83) 
Me (63) 

COzMe 

(77) 540 

(80) 180 

(86) 180 

208 

291 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

AcO 
\ 

(PhS)2, AIBN, 

C6H6, hv, 80” 

0 

(7, . / \ 
MeOzC 

Zn, TMSCl, THF, 

2,6-lutidine, reflux 

HMPA, hv 

KCOzMe 

Hg cathode, EtdNOTs, 

MeCN, H20,25” 

Bu$nH, AIBN, 

C6H6, 80” 

541 

&I+ ($11 

COzMe COzMe 

I + II (82) I:11 = 83: 17 540 

I + II (90) I:11 = 97:3 180 

OH 

d 
C02Me 

II 

H 
I + II (79) I:11 = 92:8 

0 

0 

I + 

& 

III 

H 

365 

115 

I + III (69) I:111 = 75:24 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

117 Bu$nH, AIBN, 

C6H6,80° 

R 

CH212SH (66) 
H (after ester cleavage) (93) 

X 

H2 

0 
Cl2 

0 

R’ R2 

Me H (35) 

H Me (32) 

Mn(OAc)j, EtOH 296 

HO 2 I I 

0 

OH 

C02Et C02Et 

SmI2, Me$O, 

THF, -30” to rt 

(66) 179 

Br 

Bu$nH, AIBN, 

C6H6,80° 
(90) 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

TMS HO 1 I 

0 
H 

(81) 342 1. Bu$nH, AIBN, 

C6H6, 80” 

2. TBAF, THF 

0 

k 

Br 

I /C I 

CG 
Bu$nH, AIBN, 

C6H6, 80” 

I+11 (44) 1:11=3:1 
Cl3 

S 

NfiN 0 J-L 

Ll 

H 

/;d 
OH 

* 

Bu$nH, AIBN, 

C6H6, 80” 

(52) ratio = 1.3: 1 96 

0 

JyMe + p, 543 Mn(OAc)s, EtOH, 

H+ 
(54) 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

trandcis 6: 1 

C\ 
+CTMS 

+,CTMS 
C 

Cl4 

uSeI 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6,80° 

Bu$nH, AIBN, 

C6H6, 80” 

Zn, TMSCI, THF, 

2,6-lutidine, reflux 

Ph+nH, AIBN, 

C6H6,80° 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

.-PI+@ 
MeOzC 

I + II (56) 
COzMe 

II 544 

0 TMS 

I 

ti 
H 

(7% Z.-E =4:1 

H CR 

P 
R 

H (71) 

TMS Me (73) 

H 

COzMe 

I;I 

(-po (64 

537 

545 

540 

19 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

\ 
COzMe 

0 ’ 
N I 

CY T 1 
0’ 

S 

Mr@Ac)3, 

CuOW2, 
AcOH 

R 

OMe (75) 

OEt (100) 

Bu$nH, AIBN, 

C6H6, 80” 

C02Me 

(90) 

211 

546 

(Bu3Snh Cd% 
hv, 25” 

%I---; 

\ w 

Me02C 
C02Me 

323 

PhMe, 1 IO” (52) 547 

Cl5 

Bu$nH, Et3B, air, 

C&4,% 3 h 

548 



TABLE III. BIcYCLIC RINGS CONTAINING ONLY CARBON (Contirtued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C. (5 + 5)-Membered Rings 
Cl5 

Me$n, \ 
Et02C b 

C02Et 

Me$SnCl, Na(CN)BHj, 

AIBN, t-BuOH 

(54) 69 ratio 330 

cl6 H I 

v SePh 

B 
OH 

C02Me 

DOH (89) 549 Ph$nH, AIBN, 

c&&j, 80” 

&O Me 2 

H c 

( (2JSePh (a n I 

Ph$nH, AIBN, 

c,& 80” 

102 

i-I< 
C02Me ’ kOMe 2 

n Ring fusion 

cis 

cis 

cis and trans 

Isomer ratio 

80:20 

90: 10 

72: 14: 1112 

(93) 

(83) 

(71) 
J’h 

..Kh (75) Bu$nH, AIBN, 

C6H6, 80” 

544 

four isomers 5.3:3:2.5: 1 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6, 80” 

340 

256 

549a 

Me 

S02Ph Br (61) 
SOzBu-t Br (74) 
C02Me PhSe !80) I 

+ ,l4H9-n 1. (Bu$n)2, 

W-b, hv 

2. Bu$nH, AIBN 

I + II (73) I:11 = 89: 11 

H 

Tl 
H 

/ 
0 

/;- 

I 

Bu$nH, AIBN, 

C6H6, 80” 
(60) cis:tTans = I: 1.2 

Me 

5’ 
Ph 

Me 

Br 
Bu$nH, AIBN, 

C6H6, 80” Br 

I + I I + III (75) 1:II:III = 45:20:35 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl7 

_/CN 

d 
‘Si-Br 

Me’ ‘Me 

0 

BnON 

C + ‘CH 

Bu$nH, AIBN, 

C(jH(j, 80” 

MnOW3, 

Cu(OAch, 
AcOH 

1. Ph$nH, AIBN, 

C6H6,80° 

2. H202 

Bu$nH, AIBN 

1. Bu$nH, AIBN, 

C6H(j, 80” 

2. AcOH, MeOH 

OH 

0 
H 

(4% 

HO’ 

-CN 

HI1 (51) 

SnBu3 

(85) 551 

(90) 

t]OzMe 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

80 

211 

215 

550 

341 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

/ c-o” 
HC”’ OMe 

Cl9 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

WO\N$ + I(so2ph hv 

(80) 552 

(95) 1: 1 ratio 553 

(80) 553 

Ph02S, 

o- 

/ \ 

-N 
(74) 554 



TABLE III. BIcYcLIc RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 + 
Ts =c 

C02Et 

TsCl, BPO, PhMe 

c22 

R 

CN 

S02Ph 

Ph$nH, AIBN, 

C6H6, 80” 

SePh 

(3(r/c’“‘h 
OH 

C 
PhC% 

PhjSnH, AIBN, 

&He, 80” 

Bu$nH, AIBN, 

351 

(89) 
(30) 

JPh \ 
4 W-9 352 

HO 

Me 
I 

R 

I-I (62) 
Me (71) 

Ph 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

353, 

354, 

354a 

199 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c26 

c29 

c44 

/,CH 
TBDMSO+ ’ 

I Bu$nH, AIBN, 

=\1 C6H6, 80” 

THPd’ YOTHP 

TBDMSO w-4 1-n 

7 / VC13(THF)3, Zn, 

TBDMSOTCZCH 
CH2C12, 0” 

\CHO 

PhMe2Si \/OC(S)SMe 
I  
I  Bu$nH, (t-Bu0)2, 

-c-cMco Me - C6H6,65O, 4 h - 2 

TBDMSG’ 
I  

~TBDMS 

(82) 555 

(71) a$ = 4.2:1 252 



c8 

Br 

ti 

Bu$nH, AIBN, 

C6H6, 80” 

c9 

0 Mn(OAch, 
Cu( OAC)~ 

SmI2, THF, HMPA 

cc2 CN 

Zn, TMSCI, THF, 

2,6-lutidine, reflux 

Sn cathode, i-PrOH, 

Et4NOTs, 25” 

Sn cathode, i-PrOH, 
Et4NOTs, 25” 

HMPA, hv 

a----- 

Carbon cathode, 

MeOH, dioxane, 

Et4NOTs 

0 

\c: 
I 

. . 

1. Hg(OAc)2, THF, 

H20, CaO, rt, 1 h 

2. NaBI&, MeOH, 0” 

557, 

558 

192 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) 

D. (5 + 6)Membered Rings 

Refs. 

OH 

‘2:h (88) 178 

diastereomeric ratio = 17: 1 

H 

(78) 540 

(63) 536 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

wo 536 

OH ,’ I 

a 

(76) 

H 

I OH I 

(65) one isomer; 246 

stereochemistry not 

determined 

R’ R2 

Me OH (35) 

OH Me (35) 

180 

559 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

NHOMe 

(69) 

NOMe 

560, 

561 
Bu$nH, AIBN, 

qjH(j, 80” 

H 

b \ SnBu3 (76) 

HO 

\ 
Q- +CMe 

C’ 

OH 

Bu$nH, AIBN, 

C6H6, 80” 

118 

HA I + Ho& II 117 

I+11 (81) 1:11=2:1 

1. Bu$nH, AIBN, 

C6H6,80° 

2. Ester cleavage 

0 0 

k 

0 

9f (48) 

0 

192 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

O \ 
‘s 0 

1. Mg12 

2. Bu$nH, AIBN, 

C6H6,80° 

238 

2. 

YBr PI \ 
03 (63) Bu$nCl, Na(CN)BH3, 332 

OH 

AIBN, t-BuOH, 

1 loo, 3 d s’ 
HO 

H 
0 u / R = H (83) 

R = Me (85) 

R 

YJy 
R 

Bu$nH, AIBN, 

C6H6,80° 

562 

WW 563 Bu$nH, AIBN, 

C6H&80° 

&j (56) + &j (16) 97 

H H 
03 Bu$nH, AIBN, 

C6H6,80° 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (G&wed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I , > 

ou R 

0 213 

R 
Me 
Ph 

(66) 2.51 
(75) 6.2:1 

CH2 
0 II 

a 

C 
II 
C 

Hg cathode, DMF, rt 225 

Cl1 

Bu$nH, AIBN, 
PhMe, 80” 

564 

I 
C02Et 

Bu$nH, AIBN, R2 (90-98) 
C6H6, 80” 

\ Br / s,c I / 
R2 

R’ 

565 

-R’ R2 
C02Me H 
Me H 
H C02Me 
H Me 

cis: Pans 

1.4:1 
2.1:1 

0.14: 1 
0.27: 1 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Conlzkued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

(82) 
1 : 1 mixture of isomers 

Bu$nH, AIBN, 
C6H6,70° 

566 

Br 

Bu$nH, AIBN, 
C6H6, 65” 

t]OzMe C02Me 

(50) 567 

(68) 1. DTBP, CljSiH, 
ChHfj, 140°, 
sealed tube 

2. H30+ 

568 

C02Me 

Oe 

MeOzC, 

0 -- L 
Yl 

/ / I 
R 

Mn(OAch 
CuOW2, 

AcOH, 25” 

569 

Cl 

OPO(OEt)2 

Me 

(4 

(72) 

(77) 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

;b I + Oy.& II 570 

k02Me k02Me 

oQ-x 
COzMe 

Bu$nH, AIBN, 

C6H6, 80” 

I + II I:11 R X 

H I 

Me Br 

(81) 100:0 

(65) 42:58 

(90) a$ = 45:55 

COzMe 

BujSnH, AIBN, 

w--&i, fm” 

570 

R 

H (96) 
Me (85) 

OMe (92) 

CBr 
570, 

567 

Bu$nH, AIBN, 

C6H6, 80” 

COzMe 

0 
C02Me 

Gt 

(51) 

0 

Mn(OAc)3, EtOH, 

H+ 
543 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

X 

Lb 

I 

C02Me 

X = Br 

x=1 
Br 

Bu$nH, AIBN, 

C6H6, 80” 

562 

R 

H 

293 I-I (93) 
Me (59) 

BusSnH, AIBN, 

C6H6, 80” 

0 

b3 
* . . 

I (10) 571 

OH 

0 

bu 
0 Bu$nH, AIBN, 

C6H6, 80” 

0 OH R 

AA R Ju R 

w k I + L/u I1 572 
H 

Bu$nH, AIBN, 

c,&j, 80” 

I II 

H (31) (9) 

Me (26) (15) 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Cmh~dj 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C(jH6,80” 

CHO I 

HMPA, hv 

Et3N, MeCN, hv 

DTBP, Et$iH, 

C6H6, 140” 

CR/ 0 
Bu-t 

(-ho; + do, 24 

I + II (71) I:11 = 2: 1 

I + II (65) I:11 = 9O:lO 

I + II (74) I:11 = 77:23 

(71) 

(BWO2, Cd-b, hv 
I 

H 

b 
(40) . . . 

OH 

568 

213 

TABLE III. BKYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 

Me 

OPO(OEt)2 

OCH20(CH&OMe 

H 

cis:trans = 1 S: 1 

MnOW3, 

Cu(OW2, 
AcOH 

574, 

296, 

196 

(86) (-3 
(77) (3 

(52) (4 

(48) (18) 

Bu$nH, AIBN, 

C(jH6,80” 

R 

I-I (79) 
Me (45) 

BusSnH, AIBN, 

C6H6,80° 

tic‘+ @TN 

4 isomers 14:2:2:1 (55) 

291, 

208 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I? I R 

db I I I k 

R 

C02Me (77) 

H (36) 

203 SmI2, THF, DMPU 

RJ& * + QJ II 
k02Me b02Me COzMe 

Bu$nH, AIBN, 

C6H6,80° 

I + II I : II a-R : II 13-R R 

Me 

OMe 
(80) 32 : 14 : 54 

(89) 48: 13:39 

Br 
Bu$nH, AIBN, 

C6H6, 80°, hv 

24 

jg* +Et;p** 575 
I+11 (80) I:II= 1:1 

Bu$nH, AIBN, 

C6H6,80° 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

(68) 

0 

EtjSiH, ChH6, 140”, 

sealed tube 

(65) COzMe (Me$n)z, AIBN, 

c,&, 80” 

18 

iJO*Me 
0 

0 & 
H 

COpMe 

I + Bu$nH, AIBN, 

C6H6,80° 

II 115 

I + II (88) I:11 58:42 

OH 

c& \ SnBu3 (70) 

HO 

/4 /,C OH 
C 

Bu$nH, AIBN, 

C6H6,80° 

118 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

364 

X=H 

X = Br 

Mn(OAc)3, LiCl 

(Bu$n)z, (lo%), hv 

Y = Cl 

Y = Br 

I + II (50) I:11 = 2: 1 

I + II (74) I:11 = 2: 1 

0 
C02Me 

‘1-Q 

(86) 
X=H MnOW3, 

Cu(OAc), 

I 
H 

--- w (52) 

OH 

213 (Bu$Q&, Cd-k, hv 

CN , 

(73) tranxcis = 1.711 

CHO 
Hg cathode, 

Et4NOTs 

365 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Coiztin.ued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 , C02Me 

&02Me 
OH 1 I 

@ 

I + 

H 

OH 

d 
C02Me 

II 

H 

365 Hg cathode, 

Et4NOTs 

I + II (74) I:11 = 2.5:1 

PWh, AIBN 
C6H.6, 80°, hv 

AcO 

&J I + A@ II 541 

OH 

AcO 

/ 

ti 

R 

0 

R I + II I:11 

(73) 3:2 

(82) 13:l 

(60) 4:l 

Me 

CH2=CH 

Ph 

@C02Me+ 

X 
gi - - ‘c02Me 370 

I X II 

Bu$nH, AIBN, 

PhMe, 110” 

E.-Z= 1:l 

I + II I:11 R 

COPh 

TBDMS 

MS 

(70) 90: 10 

(83) 90: 10 

69 100:o 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Br 

R’ R* R3 

293 Bu$nH, AIBN, 

C6H6, 80” 

H H C02Me 

Me H C02Me 

H OAc H 

(86) 
(92) 

(58) 

S 

Y 

Im 

CN 

38 Bu3SnH, AIBN, 

C6H6, 80” 

SmI2, THF, DMPU 

0 

4lL I I C I \\ 
‘CR 

203 

(37) >Nco2Et BPO, c-C6H 1 2, 

heat 

576 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

Mn(OAc)3, EtOH, 0 (57) 
H+ 

111 ‘\\ 

543 

Bu$nH, AIBN, (>76) 
C6H6, 80” 

H 

18 

OMe 

MebBr 
C02Me 

Me0 

(60) a$ 26:74 570 Bu$nH, AIBN, 

C6H6, 80” 

0 

2: 1 mixture 

574 Mn( OAc)3, 

WOAd2, 
AcOH 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H 

d 
H 1 

I + I 

A 
C02Et 

-- I x, II 577 

C02Et C02Et 

1. TsNHNH2, THF, 

2.ZnCl2, NaCNBH3 

I + II (66) I:11 = 1:3.5 

0 

(36) 

0 

be 
SmI2, THF, DMPU 

I \ \ / I I 

203 

0 0 

364 

X 

H 

Br 

Mn(OAc)s, Cu(OAc)z 

1. (Bu$n)z, C&&j, hv 

2. DBU, 120” 

(67) 11: 1 mixture 

(40) single isomer 

MeOzC- - - 
X = Br (82) 

x = 1(86) 

562 

0 

X 

A 
I 

OAc 
C02Me 

Bu$nH, AIBN, 

C6H6,80° 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 0 

MnWW3, 
Cu( OAC)~ 

574, 

569, 

196 

z I + II (67) I:11 = 25: 1 

E I + II (46) I:11 = 2: 1 

TMS, 
0 

I 

::” 

/,CTMS 
C’ 

Bu$nH, AIBN, (43 537 

0 TMS 
H 

I 

Bu$nH, AIBN, 

C6H6, 80” ti 

(73) Z.-E = 6: 1 

H 

0 

537 

Bu$nH, AIBN, OfiS (90) 578 

C6H6, 80” m OH 



TABLE III. BICYCLIC RINGS C~NTANNG ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

L CN 

Mn(OAc)3, EtOH, 

AcOH 
543 

MnOW3, (41) 
CU(OAC)~ 

HO 

Et02C 

579 

0 0 TMS 

I 05 (65) Z.-E = 5: 1 

H 

Bu$nH, AIBN, 

c&&j, 80” 

537 

S 

J-L 
0 

o,( 

R 

0 

N@N 
\ 

OH OH 

II Bu$nH, AIBN, 

C6H6, 80” 

96 

R I + II I:11 
Me 

C02Me 

Ph 

(68) 2.7: 1 

(69) 2.7: 1 

(47) 2.7: 1 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Cmthued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

SePh 

W-0 282 (Ph$‘)3RuCl2, 
CC14, reflux 

(58) Bu$nH, AIBN, 

C6H6, 80” 

33 

D 
(6% 

0 

Bu$nH, AIBN, 

C6H6, 80” 

33 

R” 
H 

R Y 

I1 580 

H H 

Bu$nH, AIBN, 

C6H6, 80” 

I + II cis: tram 

Ph CH2 

t-Bu CH2 

H CH2 

Ph 0 

(29) 87113 

(37) 86: 14 

(-4 78122 

(55) 70: 30 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Et OS.,‘,,,,, MntOAd3, 
Cu( OAC)~, AcOH o&- + o&& 19* 

Li, THF, ultrasound (84) 581 

0 
0 

* 
R 

582 MntOW3, 
CuWd2, 
AcOH 

R = NEt2 (45) 

R= (90) 86% de 

R= , .Ph 
(89) 60% de 

TABLIZ III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph 

&$I I+ &II 571 

OH OH 

(Me$n)2, AIBN 
C6H6, hv, 6 h 

Bu$nH, AIBN, 
C6H6, 80” 

1 (56) 

I + II (72) I:11 = 22: 1 

0 0 
II 

:- -is 

R’ 
MnOW3, 

WOAch, 

AcOH, 25” 

583, 

584 

R’ R2 
Ph H 
Ph Me 
p-MeCeH4 Me 

SePh 

(34) 549 Ph$nH, AIBN, 
c&j, 80” 

A 
I 

I ?Q (80) E:Z = 3: I 

Me02C 
C02Me 

I 
Me02C -L 

q!!w 
C + (Bu3W2, C6H6, hv 

MeOzC 
256 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Contimed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. y I w 0 585, 

I 19 

A 

w Ph$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

c&k, 80” 
(72) 

C 

OH 
1,4-CHD, C6H4C12, 

170-230” 

586 

I n-Bu 

AR2 
H 

m 

R’ 

R2 

H 0 

33 I I I Bu$nH, AIBN, 

v O%ePh C6H6, 80” 

R’ R2 

H H 

Me H 

Me Me 

(86) 
(68) 
(4% 

H 
03 

SePh 
35 (86) Bu$nH, AIBN, 

C6H6, 80” 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I 

IQ (72) 

Me02C 
C02Me 

(Bu3Snh W-&j, hv 256 

Eto5&yJ + ““&y-J 117 
Bu$nH, AIBN, 

C6H6, 80” 

I 
I + II (70) 

OTBDMS Bu$nH, AIBN, 

C6H6, 80” 

288 

I+11 (82) I:II= 1:l 
cl6 

0 

33, 
35 

Bu$nH, AIBN, 

C6H6, 80” 

0 OH 

SePh 

Ph$nH, AIBN, 

C6H6, 80” 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R \ 
:_(::::_ 
I 0 

/ 
Ph 

R 
R 

H 

H 

Et 

Et 

hv 

C6H646 

MeoH-d6 

C6H646 

MeoH-& 

‘&zH ?f-+; 587 

R 1 R II 

I + II I:11 

uw 20: 1 

(100) 2:l 

uw 30: 1 

(100) 4.3: 1 

1. Hg(OAc)z, MeOH 

2. NaBH4 
& 

(70) 
CH(OMe)z 

C02Et 

131 

(PhS)*, AIBN, hv 

t-Bu 

(60) 
diastereomeric ratio = 5: 1 

314 

Bu$nH, AIBN, 

C6H6, 80” 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

195 

Reactant Conditions Product(s) and Yiel d(s) (%) Refs. 

OTBDMS I 

R 

Ph (68) loo:0 

OBn (80) 88: 12 

CH=CH* (61) 95 : 5 

Me (67) - 

(V 

SePh 

n I 

Ii 
C02Me 

CPh 

Bu$nH, AIBN, 

C6H6, 80” 

TBDMSO 

& I Ty”& II 588 

OH OH 

I + II I : II 

Ph$nH, AIBN, 

C6H6, 80” 

(93) 

(83) 

(71) 

ring fusion isomer ratio 

cis 80: 20 

cis 90: 10 

cis and trans 72: 14: 11:2 

Ph 

Bu$nH, AIBN, (71) 

C6H6, 80” 

102 

313 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C 
+Ph BusSnH, AIBN, 

C6H6, 80” 

+ 2” 
(15 equiv.) 

Ph$nH, AIBN, 

C6H6, 80” 

Ph$nH, AIBN, 

C6H6, 80” 

Br 

Bu$nH, AIBN, 

PhMe, 110” 

(86) cixtrans > 9713 589 

H 

(47) + 

Pi 

(25) 

354 

340 

590 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

XSePh 

Ph$nH, AIBN, 

C6H6, 80” 

Ph$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

DCA, MeCN, hv 

C02Et 

&J+ q II 549 

I + II I:11 

P-OH (69) 1.4:1 

a-OH (81) 1:1.6 

(51) 549 

(4.y* ,.&OH11 80 

372 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Cmi~~~ed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OMe ClHg 

+ _/Bu-n 

Ii 

SePh 

COzMe 

591, 

592 

1. BujSnH, PhCI, -40” 

2. 02, -40 to 0” 

3. PhjP, i-PrOH, 0” 

4. PyTs, MeOH, 23” 

bH OH “” 
I II 

I + II (60-90) I:11 = 2: 1 

1. (Bu$nh, Cd%, 
hv 

2. Bu$nH, AIBN, 

80” 

Ph$nH, EtJB, air 

C02Me 

CD- 
I (92) 

CI 

I;I 0 

a 

(58) 

C02Me 

593 

594 1. Ph3SnH, EtjB, air 

2. PCC 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C02Me 

(97) 595 Bu$nH, EtjB, -30” 

S 

Y 

Im 

H 1 H I 

I + 

R” d 
iI 

R.0& A 
R 

R” Gi3 I 
A 

580 Bu$nH, AIBN II 

I + II I:11 

Ph (21) 31:63 

t-Bu (-3 22:60 

H 

SePh Y 

+ 
+ 

R 

209 Bu$nH, AIBN, 

C6H6,80° 

R Y 

H C02Me (6% 
H CN (68) 
H Ph (52) 
Me C02Me (60) 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

TBDMSO I 

&-02Me C6H6, 80” 

Bu$nH, AIBN, 

COzMe 

’ 
05 

(61-78) 

OTBDMS 

332 

C02Me 

Bu$nH, Et3B, -30” 

a 
(87) 

I tranxcis 95 : 5 

TBDMSd ’ 

H 

I 

TBDMS$ 
G \ Br 

C02Me 

595 

(BuS)~, hv, 25” 

Bu$nH, AIBN, (61) 
C6H6, 80” 

1. Bu$nH, AIBN, 

C6H6, 80” 

2. AcOH, MeOH 
UJ (82) 

602Me 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

328 

112 

341 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OTMS 

TBDMSO I 

0 

PhS02 

c20 

0 
, C02Me 

I . 
PhSe %02Me 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

ChH6, heat 

03W2, hv 

Ph$nH, AIBN, 

C6Hb, 80” 

d (51) + d (16) 80 

transxis = 2: 1 

TBDMSO 

P (5% 
PhSO; 

I 
COpMe 

wo 

%02Me 

332 

34 

112 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

S 

0 A Im 
I Bu$nH, AIBN, 

C6H6, 80” 
202, 

596 

C 
*CTMS 

c21 
S 

0 J-L Im 

‘C+. 
‘CTMS 

Bu$nH, AIBN, 
C6H6, 80” 

202, 

596 

340 Ph$nH, AIBN, 
C6H6, 80” 

R Y 
H S02Ph (9% 
Me SOzBu-t (98) 

SePh 

C02Me 

CD=? 
tI 

R 
Ph (96) 
Pr (82) 

597 Ph$nH, AIBN, 
C6H6, 80” 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c22 

Mn(OW3, 
CuOV2, 
AcOH, 25” 

R = D-Camphorsultam 

c23 
CPh 

Bu$nH, AIBN, 

C6H6, 80” 

209 

(72) 209 

I 
P H 

0 

Bu$nH, AIBN, 

C6H6, 80” 

OH 

C\ 
%Ph 

Ph$nH, AIBN, 

C6H6, 80” 

585, 

352 



TABLE III. B~cycLIc RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Y ieId(s) (%) Refs. 

0 0 

R 

* 

\ 

0 

0 

T 
R 

584 

” Ph 

R= 

b 

\( .’ (90) 86% de 

0’ 

R= 

6 

, .Ph 
(89) 60% de 

R= = (87) 23%de 

Ph$nH, AIBN, 

C6H6, 80” 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

354, 

354a 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ts 

t 

0 0 
R 

+ 
& 

Ts 

R 

C02Et 

CI 

504, 

351 
A. TsCl, BPO, PhMe 

B. @u&-h W-k 
hv, 4 h x 

Yield 

-iW 

(81) 

Ratio 

6.7: 1 

7.5: I 
A 

B 

c27 

t-Bu Ph 

(86) 352 Ph$nH, AIBN, 

C6H6, 80” 

HO’ 

H ’ 

a 

(73) 
GePh3 

H 

350 C7Ht6, hv, 25” 

Ph 

S02Ph (55) 353 Ph+nH, AIBN, 

C6H6, 80” 



TABLE III. B1cYCr.K RINGS CONTAINING ONLY CARBON (Continued) 

0 

C7Hr6, hv, 25” 

(90 1 Hg cathode, MeCN, 

n-BudNBr, 

CH2( C02Me)z 

310 

OTBDMS 

. . I 
C 

*CPh 

Me0 C OTBDMS 2 
Ph 

a+ 
m-9 

Ii 

Ph$nH, AIBN, 

C6H6, 80” 

597 

Ia I 
SePh 

c32 

(65) 353 

t-Bu 

Ph$nH, AIBN, 

C6H6, 80” 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

E. (5 +7)-Membered Rings 

c9 

Br Bu$nH, AIBN, 

C6H6, 80” 

Cl0 

\ 

c 
0 

d+ + &(70) 

SmI2, MeOH (68) 
Bu$nH, AIBN 60) 

SmI2, t-BuOH, HMPA 

Bu$nH, AIBN 

557, 

558 

599 

599 

OH ’ a 
H 

CL CN 

Sn cathode, i-PrOH, 

Et4NOTs, 25” 

(76) 2: 1 rnixture of isomers 536 

Br 

H 

/ 

Q H 
0 

\ 
H 

+ + 

0 2 @ 0 
H 

Bu$nH, AIBN, 

C6H6, 80” 

6W 
601 

I II III 

I + II + III (84) 1:II:III = 16:4: 1 



TABLEIII. BICYCLICRINGSCONTAININGONLYCARBON(C~~~~~~~~) 

Reactant Conditions Product(s) and Yield(s) (5%) Refs. 

c Br 

H O 

Bu$nH, AIBN, 

C6H6,80° 

I II III 

I + II + III (-) 1:II:III = 6.2: 1:2 

Hg(OAch, CaO, 

0 b / 
Me0 (70) 1: 1 ratio 602 

NaBH4, MeOH 

5 
0 \ 

~ 

;;; 
4 

(33) 
' 3 

192 Mn(OAch, 
Cu(OAck 

A3:A4= 1:I 

Cl1 

R 

Me (78) 

H cw 

HO 

0 
R 

603 IBDA, 12, hv 

TABLEIII. BICYCLICRINGSCONTAININGONLYCARBON(C~~~~~U~~) 

Reactant Conditions Product(s) and Y ieldb) (c/c) Refs. 

0 

H , 

-2-r 

, 

H 

103 Mn(pic)ja, Bu$nH 

DMF,O* 
(7% 

(68) 196, 
194 

Mn(OW3, 
Cu(OAc j2 

Cl4 Im 

CN 

H ’ 

Bu$nH, AIBN, a (65) 

C(jH6,80” 

H 

38 

(66) 103 Mn(pic)3a, Bu$nH 

DMF,O* 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Contivtued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

cl6 

Na, MeOH 

HMPA, hv 

TiC14, Mg/Hg 

Ph$nH, AIBN 

Bu$nH, AIBN, (52) 
C6H6,80° 

585, 

19 

605 

Bu$nH, AIBN, 

C6H6, 80” 

0 
H 

i:’ 

(80) ring fusion 589 

\ 
cixtrans 4-456 

Ph 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

S 

NON 0 J--L 

\ 
0 

/ 
Ph 

Bu$nH, AIBN, 

C6H6, 80” 

c22 
SnBu3 

\ 

ti 
0 

SnC14, THF, -70°, 2 h 

Na, CIOH~, THE 
25’, 3 min 

SmI2, MeOH, THF, 

25’, 5 min 

PhsSnH, AIBN, 

C6H6, 80” 

H 

a 
HO 

I 

(58) ratio = 1: 1 96 

606 

(57) (6) 

(56) (0) 

(51) (13) 

597 

SePh 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Cmtimed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c24 

Ph$nH, AIBN, 

C6H6, 80” 

354, 

354a, 

353 

Mn(pic)3a, DMF, 0” H 
0 

, 

c 

, (81) 
Ph 

H 

OTBDMS 

Ph 

103 

F. (5 + (n+7))-Membered Rings 

Cl1 

ff-j,yy 

H 0 

I-i A1 
/ 
G H 

0 
w 

(19) 6W 
601 

0 

Bu$nH, AIBN, 

C(jH6,80” 
04) + 

0 

\ b 
R 

+CH 
C’ 

607 Bu$SnH, AIBN, 

C6H6, 80” 

R 

H 

C02Et 

OSiEt3 

(18) 
(22) 
(51) 

TABLE III. BlcYCLlC RINGS CONTAINING ONLY CA4RBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

X 

: 
I 

X 

:x 

X 

105 cis-OH (70) 

0 (79) 

Bu$nH, AIBN, 

C6H6, 80” 

X X 
HH 

Bu$nH, AIBN, II 105 

C6H6, 80” Q-r I 

X 

H2 

cis-OH 

trans-OH 

0 

I II ~ ~ 
I + II trans:cis:trans:cis 

e-> 73:11:11:5 

(65) >99:< 1 :o:o 

(70) 50: 10:20:20 

(65) 95:5:0:0 

H 

0 “H 

H 

0 H 
I + II 104 Bu$nH, AIBN, 

C6H6, 80” 

I + II (51) I:11 = 73:27 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) R efs. 

0 I 

0 
R 

R 

Me (20) 

I-I (50) 

Bu$nH, AIBN, 

C6H6, 80” 

603 

Cl2 

0 

0 Hg cathode, DMF, 

Bu4N+BF4-, 

DMP+BF4- 

Cl4 Br 

n 

B 

B 

0 

SePh Bu$nH, AIBN, 

c&j, 80” 

II 78 

cis: Pans 

6.4: 1 

0.63: 1 

H 

/ 

a? 
I I 

H 0 

33 (79) 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 
H 

a 
\ 

Bu$nH, AIBN, 

C6H6, 80” 
(83 

Ph 

589 

COzMe 
. ,\ 

Q 

c\ 
+CPr-n 

c26 

f  
III 

SePh 

OTBDMS 

Ph 

COzMe 

2-n 
iI 

PhJSnH, AIBN, 

C6H6, 80” 
(77) 597 

Mn(pic)& DMF, 0” (63) 103 

G. (6 + 6)-Membered Rings 

Cl0 
CHO 

OF 

0 

Mg, TMSCl, THF, 

12, r-t, 60 h 

SmI2, THF, HMPA (66) diastereomeric ratio 17: 1 178 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Sn cathode, i-PrOH, 

Et4NOTs, 25” 

536 

178 

I + II (60) III = 2: 1 

Cl1 

HO 

SmI2, THF, HMPA a5 (85) diastereomeric ratio 2: 1: 1 

H 

0 

03 
I 

\ R 

/ 

A. Hg cathode, DMF, 

Bu4N+BF4-, 

DMP+BF4- 

B. Sn cathode, i-PrOH, 

Et4NOTs, rt 

R = Me (80) 244 

R = Me (70) 610 

R = Et (55) 610 

A 

B 

B 

R 
0 

02 
I 

\ 

/’ 
R 

7-Me (56) 
6-Me (19) 
5-Me (29) 

TOMe (73) 
8-OMe (17) 
7-Cl (63) 

610 Sn cathode, i-PrOH, 

Et4NOTs, rt 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl2 0 

‘3 1 ;*I1 610 Sn cathode, i-PrOH, 

Et4NOTs, rt 

R I II 

(32) (24) 
(13) (34) 

CN 

COzPr-i 

0 

I e I AR / 
R2 

610 Sn cathode, i-PrOH, 

Et4NOTs, rt 

I 
R’ 

R’ R2 R3 

MeH H 

H Me H 

H H Me 

OaBr 
C02Me 

570 Bu$nH, AIBN, 

C6H6, 80” 

9, 
C02Me 

Bu$nH, AIBN, 

C6H6, 80” 

e02Me 

I + II (79) I:11 = 85: 15 

I 

h02Me 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

HO (9 
CHO 

c+c+cH 

573 

HMPA, hv 

Et3N, MeCN, hv 
(55) 
(48) 

0 

COzMe 

OH 

363 Mn(OW3, 
Cu(OAc);! 

YOzMe C02Me 
I 

0 

OlY I 

MWAc)3, 
CU(OAC)~, 

AcOH, LiCl 
363 

30 

Br 
OTMS 

1. Bu$nH, AIBN, 

C6H6, 80” 

2. HCl, MeOH 
R 

H 

n-Bu 
(72) 
(74) 1: 1 mixture 

TABLE III. BICY~LI~ RINGS CONTAINING ONLY CARBON (Cmit~d) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H 

o:* 
OAc 

(93) 578 BujSnH, AIBN, 

C6H6, 80” 

+ -,cN Bu$nH, AIBN, 

cd-&j, 80” 
II 611 

Cl4 

(80) 612 c02Et Pb( OAc)4, MeCN 

613 

H I I C02Me 

a 

I 

C02Me 

Bu$nH, AIBN, 

W-k, 80” 
(84) 

H 

0 

Bu$nH, AIBN, 

C6H6, 80” 

(40) ZE = 9: 1 537 



TABLE III. BICYCLICRINGSCONTAININGONLYCARBON(C~~~~~~~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ts 

/ :x!: COzMe 
\ 

C02Me 
R 

Cl5 / i:_ll-, C02Me 
\ 

C02Me 
R 

R 

H 

CN 

280 TsNa, Cu( OAc)2, 
AcOH,90" 

(72) 
(82) 

MnOW3, 
CuOW2, 
AcOH 

PhSe.,‘i.c, 

0 

R 

H 032) 

R 
t-Bu (83) 

605 Bu$nH, AIBN, 

C6H6, 80” 

H 

G H 
0 

SePh 
(82) cktrans = 38162 35, 

33 
BgSnH, AIBN, 

C6H6, 80” 

TABLE III. BICYCLICRINGSC~N'T'AINING~NLYCARBON(C~~~~~~~~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

a Me02C 
(48) 202 Bu$nH, AIBN, 

C6H6, 80” 

,&COfMe 

0 

o? 
1 

\ R f+ 
(76) 

/ C02Me (84) 
35, 
33 

Bu$nH, AIBN, 

C6H6, 80” 

Br 

I +I1 (80) HI = 1:1.5 

0 

Bu$nH, AIBN, 

PhMe 

Cl8 
C02Me 

. , 

q 

1 
CHO 

SePh 

C02Me 

cID+ 
(7% 

iI 
0 

594 1. Ph$nH, EtjB, air 

2. PCC 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

209 

IV H Me 
0 0 

I, II III, IV 

I + II + III + IV (71) 

1:II:III:IV = 57: 11: 11:21 

phseqp Bu$nH, AIBN, 

C6H6, 80” 

0 

Bu$nH, AIBN, 

C6H6, 80” 

I 
\ 

q 
/ 

0 (83) 35, 
33 

b02Me 

@33502Me 
Bu$SnH, AIBN, 

C6H6,80° 
(37) + 

(42) 

35 

-C02Me 

&C02Me 

Bu$nH, AIBN 615 

\/i/ iI 
C02Me 

(85) 

5 
SPh 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C2I 

c23 

c24 

sv Im Ph 

:-ga, (7% 38 

H 

I 

03 

+,CPh 
C 

Ph$nH, AIBN, 

C6H6,80° 

Bu+nH, AIBN, 

C6H6,80° 

Cd&, hv 

Bu$nH, AIBN, 

C6H6,80° 

Bu$nH, AIBN, 

PhMe, heat, 2 h 

N 
“OMe 

(62) 33 

c02Et 

0 

(r:ll^:,. 
I \ R 

/ 
SR Et (81) 

0 t-Bu (86) 

403 

ph% /,CPh 

PhSec’ ’ 

0 

I 
:::li::’ (82) 

H 
0 

209 

H 
C02Me 

m 

I (86) cixtrans = 1~7 613 

OTBDPS 
Br 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Coh2~edj 

Reactant Conditions Product(sj and Yield(s) (%) Refs. 

+ a11 

I:11 

Bu$nH, 80” 

(TMS)$iH, 80” 

Bu$nH, 145” 

Bu$nH, 80” 

BqSnH, 145” 

AIBN 

a 

I 

H 
I + II 

(99) 2.4: 1 

ww 4.0: 1 

wa 4.1:1 

(82) 0.2: 1 

(94) 0.4: 1 

H 

/ 

w 

(3% 

H 
0 

H 

Q 

(63) 

H 
0 

H 

Bu$nH, AIBN, 

C6H6, 80” 

BujSnH, AIBN, 

C6H6, 80” 

CiS 

cis 

cis 

Pans 

trans 

Br 

Br 

H. ((n+6) + (n+6))-Membered Rings 

H 

Bu$nH, AIBN, 

C6H6,80° 

w 

(6 4) 

H 
0 

TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

616 

60% 
601 

600, 

601 

600, 

601 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Mn(OAc)3, 

Cu(OAc)* 

h&CH NaC 1 OH8 

ac- 
H ’ 

Bti$nH, AIBN, 

C6H6, 80” 

WOAcj3, 
CuOW2, 
AcOH, 25” 

Bu$nH, AIBN, 

C6H6, 80” 

(28) 225 

H 

0 

03 

W5) 

(43 60% 
601 

617, 

618 

605 



TABLE III. BICYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

PhSe 
33 

Cl8 

QJL!& 

R 

Cl9 
C02Me 

,.-CHO 

KL 
SePh 

n 

c20 0 

I 
\ 

a2 

SePh 

/ \ C02Me 

c21 
0 

, . 4 

(I:, 

CO2 Me 

C02Me 

PhS 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

1. PhjSnH, EtjB, air 

2. PCC 

BusSnH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

CeH(j, 80” 

(82) 605 

0 

05 
R 

\ 

/ 

R 

H (74) 
C02Me (92) 

n 

35, 
33 

l,COzMe 

0 

1 (80) 617, 

2 (77) 618 

(71) 35, 
33 

615 

a Mn(pic)3 = Manganese( III) tris( 2-pyridinecarboxylate). 



TABLE Iv. BICYCIX RINGS CONTAINING ONE OR MORE HETER~AT~MS 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

SH 

A. (3+r$Membered Rings t I 

Mn(OAch 

CuOW2, 

AcOH, 25” 

W-42, hv 

-70” 

80” 

Cl 
I 

N, 
Me 

Ph 

TiC13, AcOH, H20, -5” 

MeOH, hv 

hv 

I + II (62) I:11 = 9.3: 1 

/3 +?a5 + k? 619 

I XI III 

I + II + III (65) 1:II:III = 98:2:0 

I + II + III (85) 1:II:III = 36:3:61 

. \ . Cl 

b N, 
Me 

(55) 

(18) 

620 

528 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~~~~ (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl7 

R2Me$3i/‘\\\/\\/Br /’ 

/Al 

Bu$nH, AIBN, R2Me2Siw 

23 

621 

R’ 0 
C6H6, 80” . 

R’ .’ 0 

R’ R” 

Me Ph (58) 
Ph Me (54) 

C6H13 Me w9 

c8 

B. (4+5)-Membered Rings 

H 

r 4 

Bu$nH, AIBN 
N 

0 

,,;-& I +ogN- II g, 

Br 
C6H6,80° II (50) 

C6H6, hv, 25” 1 (58) 

c9 I 
I I 

A 

, I / 

Bu$nH, AIBN 
N 

Br 

C6H6, 80” 

C6H6, hv, 25” 

0 
I+/&6 

11 + 622, 
N 623 

J--CL 

III 
N 

0 

I II III 

(59) (3 (30) 

(58) (10) (10) 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Contirzued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

t-Bu02C! 

Bu+nH, AIBN, 

&H&80” 

P N 

0 
Y 

Cl 

t-Bu02d 

Cl9 

Bu$nH, AIBN, 

qjH(j, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

c27 

JPh MeO, , - \ / 

Bu$nH, AIBN, 

PhMe, 90” 

c02Bu-t 

I:11 = 2: 1 

II 625 

I + II (62) I:11 = 1.1:l 

H H 

II 

624 

625 

626 



c33 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) 

Ph 

Refs. 

Bu$nH, AIBN, 

PhMe, 90” 

C. (4+6)-Membered Rings 

626 

Cl2 

NOH 
Me 

N’ W 
I 

\ 
(1._ 

To N, 
Me 

0 

164 W-k5 hv 

H I I 

Bu$nH, AIBN, 

J-9 

(50) 

C6H6, 80” N 

0 
b02Bu-t 

/ 
P+ N 

0 
Y 

Cl 

625 

t-Bu02d 

C6H13-n 
I 

NH 
627 Na&@, 

CuC12*2 H20, 

H20, 90°, 5 h 

TABLE IV. BKYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

IyI 

Bu$nH, AIBN, 

&H&80” 

C02Me k02Me 
R 

SPh (43) 

SePh (5% 

Bu$nH, AIBN, 

C6H6,80° 

628, 

629 

(55) 630 

Bu$nH, AIBN, 

C6H6,80° 

c02R2 
R’ R2 

Et Me 

CH2CH(OTBDMS)Me Me 

CHzCH(OTBDMS)Me Bn 

H H cl8 

Bu$nH, AIBN, 

C6H6,80° 

t-Bu02d l$ t-Bu02d l!h t-Bu02d 

I + II (64) I:II= 1:1.3 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

RNH SH 

ya 
N 

0 

Cl c-o’c~o 3 

Fe(ClO&, AC@, 
MeCN, O-5” 

““~>~\.. I +RNI>clII 633 

I I I 

Cl C-o’c\‘o 
62 

3 c13c-0’ 0 

R = COCH2COPh 
I + II (42) I:11 = 80:20 

Fe(N0&9H20, 

AqO, MeCN, 

O”, 3 h 

I + II (49) 634 

OH 

7 
OTHP 

Bu$nH, AIBN, 

PhMe, 90” 

I + 

I, 11 e-4 
a$ = 4: I 

635 

C02Bu-t c02Bu-t 

c02Bu-t 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

D. (4+ 7)Membered Rings 

Bu$nH, AIBN, 

C6H6, 80” 
636, 

637 

R 

Cl 

SePh 

SPh 

JQ N 
(771 

0 

Bu$nH, AIBN, 

C6H6, 80” 
623 

Bu$nH, AIBN, 

c&h5 80” 
(49) 636 

t-Bu02C t-Bu02ti 

F 
0 

wR 

N Cl 
0 Y 

oJf+ I +oJILR I1 638 

t-Bu02k 
R t-Bu02d 

Bu$nH, AIBN, 

C6H6, 80” 

C02Bu-t 

I II R 

H 

C02Me 
Ph 

(47) t-1 
(4) (68) 
(3 VW 



TABLE Iv. BICYCLIC RINGSCONTAININGONE OR M~REHETER~AT~M~(COTZ~U~~~) 

C6 

\ / ‘I( 
X 

X 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

w02w2 

WO2Md2 

CH2 

0 
0 
CH2 

CH 
Ill 
C 

J 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

E. (5+5)-Membered Rings 

A. (TMS)$iH, 

Et3B, 25” 

B. (TMS)$iH, 

AIBN, PhMe, 80” 

I cis: trans II cis: trans III cis:trans 

(11) W) t-4 

(71) 15:l (17) 1:2 (8) 51 

(62) 6:l (27) 15 (4) 3:l 

(53) 100:o (26) 1:8 (3) 3:l 

(55) (1% (15) 

(35) (1% (21) 

Bu$nH, AIBN, 

C6H6, 80” 

H I I cd (>90) 

0 ’ 0 
Ik 

Bu$nH, AIBN, 

C6H6, 80” 

639 

639 

639 

639 

142 

142 

640 

640 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 

H 

Bn 

H 

Bn 

c8 Q-J 
/ 

0 

CuCl, MeCN, 

110-140” 

RuWPPh3)3, 
C6H6, 1 lo- 140” 

CuCl, MeCN, 

150” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 
> (88-92) 

0’ 

H 

641 

222 

642 

421 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

BujSnH, AIBN, 

Q- 

R2 

C6H6, 80” N 

0 

R’ R2 

H H 

H SPh 

H SMe 

C02Et SPh 

(56) 

(4% 

(60) 

(77) 

BrCC13, hv 

Bu$nH, AIBN, 

C6H6, 80” 

R’ R2 R3 

H H H 

H H Ph 

Me H H 

(CH2)3 H 
H H Me 

H Me H 

(70) 

(72) 
(54) 65:35 

(58) 

(72) 

(52) 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

643 

164 

64.4 
645 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

/ w N 

I 

(Bu$n)z, EtI, hv 

AcOH, H20, 

I 
Tic13 (15%), -10” 

Cl 

HgO, 12, hv 

Br 

2,4,6-Collidine, 

Ph2CO (cat.), 

MeOH, i-Pi-OH, 

hv, 350 nm 

Br I 
OEt 

BujSnH, AIBN, 

C6H6,80° 

647 

61 

648 

300, 

298 



TABLE Iv. BICY~LI~RINGSCONTAINING~NEORMOREHETER~~T~MS(C~~~~~~~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 

R 

Et (87) 

W-41 (84) 

H 

ClCo(dmgW2py, 
Pt cathode, 

Et4NOTs, NaOH, 

MeOH 

649 

I 
R 

H I d 0 

0 
H 

R 
Me (88) 
TMS (85) 

160 

(70) 228 

BPO, C6H6, 80” 

SMe 

Bu$nH, AIBN, 

C6H6, 80” 

SMe (60) 650 BujSnH, AIBN, 

C6H6, 80” 

Et0 

R 

H (62) 
Me (65) 6:l 

(Ph3Snh W69 
t-BuNC, hv, 50” 

206 

TABLE IV. BICYCLICRINGS CONTAININGONEORMOREHETEROATOMS(C~IZ~~IZU~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

qoH 191 Mwt OAch, 
AcOH,64" 

C02H 

QNL 
I \ 

CHO 

I + II (60) 

fx? \ II 167 Pt anode, AcOH, 

MeOH, 45” 

i3HO 

I:11 = 2: 1 

CHO 

0 0 

9-’ 
N’ 

Me 

R i 

R 
C \\ 

‘CH 

R 

R 

I-I (60) 
Me (55) 

433 Mn(OAc)3, EtOH, 

rt, 1 h 

0 

\ 

QoJ+ R 

R 

H (30) 
Et (70) 

(87) 

651 

286 

Bu$nH, AIBN, 

C6H6, 80” 

SmI2, t-BuOH, THF, 

-78 to 0” 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

SmI2, MezCO, THF, 

-30” to rt 

HO&~ ri + diastereomer 286 

(PhS)2, AIBN, 

x-t, 4 h 

0 0 
Cl 

YY Cl=’ 
-- ) 

0 0 
Cl 

I+ 
8 

cy’ -- ) 

b “9 

I+11 (61) I:II= 151 

> 

S 

0 K SMe 

R / 
R 

R 

H 

Me 

Ph 

H ’ I I 

BusSnH, AIBN, 
/-cc 

0 
C6H6, 80” R I 

R> a$ 
(76) 76124 

(67) 86: 14 

(53 58:42 

1. Bu$nCl, AIBN, 

Na(CN)BHs, t-BuOH, 

4 

0 
(79) 

sealed tube, 110” 

2. Jones reagent 0 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~MS (Contivtued) 

II 227 

652 

653 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl1 
R 

R Br 

txL 0 OEt 

R 

C02Me 

Me 

Bu$nH, AIBN, 

C6H6, 80” 

&OEt I + &OEt 11 298 

k i-I 

I + II I:11 

(80) loo:o 

c--G 50:50 

(TMS)$iH, AIBN, 

CeH6, reflux 

MeOzC 

MeOzC 

MeOzC 

MeO$ 

Si(TMS)j 

(39) 

Me$n, 
\ H \ 

Me$nCl, Na(CN)BHJ, 

AIBN, t-BuOH m 

/ 
/ -- 0 (42) 

0 
H 

639 

330 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Contimed) 

Reactant Conditions Product(s) and Yield(s) (o/G) Refs. 

Ph2C0, C6H6, hv 

x Y 

S S (78) 

C02Et s 0 (15) 

654 

1,4-Dicyanonaphthalene, 

i-Pi-OH, hv 

& I+ &II 655 

I + II (90) I:11 = 97:3 

OEt 
MeOzC 

-7 Bu$nH, AIBN, Ij 
C6H6, 80” 

or 

Bu$nCl, Na(CN)BH3, 

AIBN, t-BuOH, 80” 

0% 
OEt (>80) 

’ 0 
k 

656 

452 Hc$ 
S02Ph 

/CH 
C N CI” l/l/ 

MeCOSH, AIBN 

Bu$nH, AIBN, (44 
C6H6, 80” 

652 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (5%) Refs. 

c Y 0 Br 
197 

b/ AIBN, t-BuOH, 

Me02C C02Me reflux 

M&2C~~k~~~ RC02H 40-45” 
Pt anode, MeOH, 

R 

Me 

(CH2)2C02Me 

Ph2C0, C6H6, hv 

OEt 

Me02C 

187 

(35) 

(3% 

(58) 654 

C02Et 

Mn(OAc)s, EtOH, 

rt, 1 h 

433 

R 

H 

Me 



TABLE IV. BICVCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

RObBr 
R 

H z 

H E 
COMe Z 

COMe E 

COPh z 

COPh E 

COBu-t z 

Bu$nH, AIBN, 

C6H6, 80” 

1. CpzTiCl 

2. I* 

I + II I:11 

(80) 6:l 

(80) 2:l 

(80) 5:l 

(82) 1:l 

(8% 10: 1 

(87) 1:1.2 

(87) 11:l 

H 
C02Et 

0 

* C02Et 
H 

(52) 172 

0 

x I+ 

> 

Bu$nH, AIBN, 

C6H(j, 80” 

0 
X 

NPh 

NBu-t 

0 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

657, 

658 

243 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

2 

dfp \ 0 b x 
R 

AIBN, c-C6H12, 

heat 24 h 

Bu$nH, AIBN, 

C6H(j,80° 

,& I + p& II 

Ph 
I + II (89) I:11 = 4.8: 1 

659 

660 

(Bu$nh, W-b 
hv, 25” 

0 h w 

Me02C 
C02Me 

Bu$nH, AIBN R&~~~II 661 

I + II I:11 

323 

CN (71) 4.8: 1 

C02Et (92) 10.5: 1 

COPh (57) 4.2: 1 

n-w-4 1 (76) 2.6: 1 



TABLE IV. BIcYcLIc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H s 

Ct’ N 3 
MeCN, H+, 25” 

CuCl, bipyridine, 
25” 

(82) 

1) 

152 

Cl 

(6 

Bn 
Bn 

(92) 

Ph 

AIBN, C6H14, 2 h 659 

Bu$nH, AIBN, 
C6H6, 80” 

Ph 

662, 

663 

R R’ 
H H 
H H 
Me Me 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

&+ aI clod- SmI2, CSA, MeCN 664 

665 

II 665 

Bu$nH, AIBN, 
C6H6, 80” 

0 

R*Gq N 

0 

+ Bu$nH, AIBN, 
C6H6, 80” 

R’ R2 R3 I II 

H H H (45) (24) 
Me H H (42) (22) 
H Me H (4% (4 
Me Me H (60) (0) 

Bu$nH, AIBN, 
C6H6, 80” 

666 

I + II (84) I:11 = 1O:l 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant 

0 

Conditions 

Bu$nH, AIBN, 

CbH6, 65” 

Product(s) and Yield(s) (%) 

I + II (58) I:11 = 88: 12 

Refs. 

484 

Bu$nH, AIBN, (95) 484 

C6H6, 65” 

0 

Bu$nH, AIBN, (67) 

CN 
C6H6, 80” 

CN 

MeCN, ~-BUSH, H+, 25” 

R 

H (56) 

MeCN, H+, 25” 

CH2C12, BF3*OEt2, hv, -78” 

t-s 

” 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

659 

197 

483, 

152, 

67 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

@? 
152 

N 

R 

R 

d- 
Br 

\ 

0 -2 

R 

MeCN, I-BUSH, H+, 25” 

MeCN, H+, 25” 

H 

S-PYr 

(68) 

(96) 

OEt 
Bu$nH, AIBN, & (75) 

C6H6, 80” \ 
I ‘v-0 

Bu$nH, AIBN, 

C6H6, 80” 

667 

R I II III 

Me (-1 (27) (61) 
TMS (48) (22) c-4 
t-Bu (49) c--3 (4 

C(Me)zOMe (20) (4) (65) 

i-Pr (4% (24) t-1 

n-Pr (53) (40) e-> 



TABLE Iv. BICYCLIC RINGS CONTAINING ONE OR MORE HETER~ATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6, 80” 

Etf+:%+Q 666 

R’ R2 

Me H 

H Me 

I + II + III 1:II:III 

(6% 7:61:33 

(3% 12:81:7 

Bu$SnH, AIBN, 

C6H6, 80” 

‘q I +‘crp II 669 

R I + II I:11 

C02Bu-t (72) 9:l 

CN (85) 9:l 

(85) 9: 1 (no significant induction) 

SMe Bu$nH, AIBN, (78) 
C6H6, 80” 

TABLE IV. BIcYcLIc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

652 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

MeOzC \ 

TMS-6 

HO- - 

0 

K 
N 0 

JJ -- 

t-Bu02C q 
I 

0 

a 
I 

NvSePh I 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

ClCo(dmgW2py, 
NaBH4, NaOH, 1 

MeOH, 0” 

Bu$nH, AIBN, 

C6H6, heat 

OEt (94) 670 

HO- - NHOBn 

(74) 671 

6 ‘b 

X 

(67) 

0 

f  

%I 

N (79) 

672 

673 

Ad 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (96) Refs. 

c-3 I 
N 

1.‘1 

b-f 

\ 
N- 

0 

Cl7 

a-r- 

1 

N C02Me 

H &O Bn 3 

PhjSnH, AIBN 352 

6 0 
I II 

Co( OAc)*, rt I + II (60) I:11 = 955 

AgOW2, rt I + II (51) I:11 = 94:6 

Bu$nH, AIBN. 

C6H6, 80” 

C&Me (88) 

\ 
’ C02Bn 

Bu$nH, AIBN, 

C6H6, 80” 

R EL2 
H (5% - 
TBDMS (57) 80:20 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

675 

329 

Reactant Conditions Product(s) and Yield(s) (96) Refs. 

Ph 

R 

H 

Me 

R 

H 

Me 

R 
Y 

OAc 

0 

Bu$nH, AIBN, 

C6H6, 80” 
dBu-’ + &Buet 676 

Ph Ph 
I II 

I II 

(65) (9) 
(49) (4 

Bu$nH, AIBN, 

C6H6, 80” 

&$Bu-t + dBuet 676 

I!h i’h 
I II 

I II 

BujSnH, AIBN, 

C6H6, 80” 

(41) (9) 
(50) c-1 

AcO 

v  
R 

i-; 

R 

H (64) 
N -Me (86) 

0 
mixture of isomers 

669 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

\ 7 SPh 

A 

Y 
C02Me 

C02Me 

BusSnH, AIBN, 

C6H6, 80” 

H 

8 

H (89) a$ = 1387 

N C02Me 
I 

C02Me 

113 

0 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

R’ R* R3 

R1 
R2 TMS 

-. . H I I I 

% 
0 

;r 
N 

\ 
0 

\ 
R3 

Me H H 

Et H H 

Ph H H 

Me Me H 

H H Me 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

677 

678 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

cl 
4 C6H4X-p Cl04 

‘r- 
TMS 

MeCN or MeOH, hv 
X 
H (47) 
F (47) 
OMe (46-65) 

C02Me 

Bu$nH, AIBN, 

PhMe, 1 IO”, 5 h 

-% 
0, );I 1 

&O$Ie 
\ I 

O-- 
-CD 

II 

0 1 

t-Bu02Cv 

i 

Bu$nH, AIBN, 

C6H6, 80” 

H 

679 

680 

I + II (76) 

I:11 = 88: 12 

681 

ClWdmgW2py, 
NaBH4, NaOH, 

MeOH, 0” 

0 -4 
0 

J 
(69) cis: tram = 1: 1 672 

-_ 



TABLE IV. BICYCLJC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 
1. BySnH, AIBN, 

-\CO Me 2 
CbH6, heat 

2. F- 

682 

COzMe 

COzMe 
Bu$nH, AIBN, 

PhMe, 110” 

680 

683 

main isomer 7-p 

c11H231c02Me 
I 

Me02C 

b 

i\ / 
' CllH23 

+ III 

I + II + III 1:II:III 

(50) 33:28:39 @u3Snh W-k, 
hv, 3 d 

AgOAc, SnC12, 

MeOH, hv, rt 
(68) 35:3 1:34 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Et0 

Bu$nH, AIBN, (76) 

C6H6,80° 

684 

S 

%c 

Y- 
SMe 

0 

Ph 
HC-C - CZCH 

BqSnH, AIBN, 

C6H6, 80” 

652 (61) 

4 / 
HC$ 

3 
\ 

+ 685 

0 

0 ‘1 \ 
1. Mn(OAc)3, EtOH 

2. AcOH, H20 

6 N 3 \ I I 

0 
I II 

I+11 (72) I:II= 1:l 

AcC) 

(60-7 1) 678, 

668 
Bu$nH, AIBN, 

C6H6,80° 



TABLE IV. BICYCLIc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Cond itions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6,80° 

652 

R 

H 

Me 

c20 

& (49) + & Phv-) 
Bu$nH, AIBN, 

C6H6,80° 
(8) 686 

687 

N 
- ‘SPh 

Ph 

Et$A 02, W-&j 
Mn(OAc)3, AcOH, 

NaOAc, 80” 

hv, H+ (52) 488 

TABLE IV. BrCycLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H 

Ph02S 

a 

N 
MeO$ 

H 

+ 
(~HB~C 

1. (Bu3Sn)2, C6H6, hv 

2. Et3N 
HBOC (50) 688 

0 

ClWdmgW2py, 
NaBH4, NaOH, 

MeOH 

(64) 689 

Eto*c$p=:t;2c~o 690 
Et02C Et02C 

I II 

I + II (87) I:11 = 2: 1 

BgSnH, AIBN, 

PhMe, 110” 

c22 
PhO OEt 

s-( bo 

,,,dp &CH 
Bu$nH, AIBN, ‘.(.;I /O 

T 
OEt 

MOM0 
b 

(63) 691 

I \ endo:exo = 6.4: I C6H6,80° 

d b 
X 

d 0 
X 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c23 

SPh 

OEt 

L R 
0 

0 I 
TBDMSd 

R = 1 + B”3snTc5H1 1 

0 

w-6 1 
R=Br + H-CEC 

-s 
0 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, ACN, 

PhMe, 110” 

Vitamin B 12 , 

C-felt cathode, 

LiC104, DMF, hv 

692 

(>55) 

205 

224 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

?Y 

R 
9 

P 

I 

I 

TBDPSO 
R 

H 

Me 

Ph$nH, AIBN, 

C6H6, 80” 

R 

c24 

I 

R---d 
N 

0 
R = PhMe2Si 

cktrans = 18: 1 

cixtrans = 1.3: 1 

Bu$nH, AIBN, 

C6H6, 80” 

‘qcI +RqII + 693 

III 

I II III 

(63) (10) (18) 

(64) (11) (12) 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

TMSC !$CeHdMe-p 

0 

c25 

c26 
OEt 
5 

I 

TBDMSd’ 
0 

Bu$nH, AIBN, 

C6H6,80° 

I + II (74) I:11 = 6.4: 1 

Bu$nH, AIBN, 

PhMe, 110” 

0 (85) E.-Z= 1.3:1 690 

Et02C 

TBDMSO 

Bu$nH, AIBN, 

C6H6,80° 
(50) 

Ph 

694 

Bu$nCl, THF, 

Na(CN)BH3, hv 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c27 

c29 

c34 

hv 

r 

0 

i-Pr, 
Si 

i-Pr’ I 
0, 

SePh 

Si-6 6 

i-Pr’ ‘Pr-i ‘Si--CfCPh 
/\ 

Me Me 

BnO 

Me, Me , 

Bu$nH, AIBN, 

C6H6,80° 

Bu$nH, AIBN, 

C6H6,80° 

,:::r;;* + ,::l:i;,, ;;;, 
I + II (45) 1:II = 11.3: 1 

0 

Y 
C5Hll-n 

H 

Et0 d 0 
H 

(74 205 

696 

Me/ kfe 

Ph 

W5) 696 

OBn 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 
.----- 

c7 

R’ R2 

H H 

H Me 

H Et 

H Bn 

Me Me 

Me Me 

Me Me 

F. (5+6)-Membered Rings 

PhCl, t-(Bu0)2, heat 

or 

c-CbH 12, hv, heat 

a3:: 1 + Rg II 

R2 
I + II I:11 

697 

c8 

H 

MeOH, hv 

MeOH, H+, hv 

RuC12(PPh& (l-5%), 

xy lene, 140” 

CuCl, CH2C12, 

bipyridine, 25” 

(82) loo:0 

wo 1oo:o 

(72) loo:0 

(70) loo:o 

(35) loo:0 

(45) 60:40 

(43) 55:45 

0 

(71) 698 

(98) 

Bu$SnH, AIBN, 

C6H6,80° 

0 

ti 

Br 
N 

(63) 

H 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

91 

642 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 

H 

Me 

I- Bu$nH, AIBN, I- 699, 

C6H6,80° 700 

(65) 

(65) 

I 

(Bu#-h, Cd%, 
hv, 80” 

156, 

51 

R2 
CR’ 

Br III 
C 
I 

ClCo(dmgHhpy, 
EtdNOTs, NaOH, 

MeOH, Pt cathode 

R’ R2 
II 

649 

H H (35) 

C5I-h H (70) 

CSHll Me (0 

R 
CR 

Et3B, C6Ht4, 25” R= H (75) 

R = TMS (90) 

H 

275 



TABLE IV. B1cycr.x RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H 

ti 0 O 
H 

Br / 
aJ 0 

C1WdmgW2py9 
EtdNOTs, NaOH, 

MeOH, Pt cathode 

Polymer-SnCl, 

AIBN, NaBHd, 

C6H6, EtOH, hv 

Bu$nH, AIBN, 

C6H6, 80” 

649 

426 

426 

” (73) 

” (50) 

R1 
R2 

H 

d 0 O 
H 

R’ R2 

PhSiH2, BPO, 

CgHts, 110” 

272 

isomer ratio 

H H 

H Me 

Me Me 

c9 

RC-CPh 

(65) 3.5: 1 

(65) 2.5: 1 

(63) 1.3:1 

Ph 

(PhS)2, 100” 701 

R 

Me 

t-Bu 

Ph 

TABLE IV. BIcYcuc RINGS CONTAINING ONE OR MORE HETEROATOMS (Contirzued) 

d 
I 

\ 

’ x 
Bu$nH, AIBN, 

C6H6 

29 

CH2 

0 

NMe 

(50) 
(9% 
(78) 

{COL 

L 

(salen) (6% 
(salophen)py (55) 

CoI( salen) or 

CoI( salophen)py , 

hv 

186 

f 
Co(salophen)py 

-9 I 
\ 
’ 0 

169 

702 

CoI( salophen)py , 

NaHg, dark 

al I 
\ (73 
’ 0 

Ni( II)complex, 

DMF, NH&104, 

Et4C104, 

Hg cathode 

X= Br (65) 

x=1 (82) 
x = Cl (48) 

X=F (21) 

1 O-Me-9,1 O-dihydro- 

acridine (cat.), DMF, 

NaBH4, hv 

703 



TABLE IV. B1cYa.x RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

f 
E \ m ’ 0 SmI2, E+ 174 

E+ 

H2O 

D20 

I2 

(PW2 

w-w2 

Bu$nI 

E 

H 

D 

I 

SPh 

SePh 

Bu$n 

OR* 

704 BF4- N-Oxide A or B, 

Me$O, 60” 

X R’ R2 N-Oxide 

A 0 H DBA 
t-By 

c 

(76) 
B 0 H TMP 

N-O l 

(84) 

t-B: 
N-O l A 0 Me DBA (68) 

B 0 Me TMP (82) 

A B’ 
A NAc H DBA (75) 
B NAc H TMP (fw 
A NAc Me DBA (35) 
B NAc Me TMP (51) 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 

\ m X 

I 
’ 0 

BF4- 705, 
706 

CuBi- 

CuBI- 

cuc12 

WCN)2 

NaSPh 

NaSPh 

Cu, NaSBu-n 

NaSC(S)OEt 

X R 

H 

Me 

Me 

Me 

Me 

H 

Me 

Me 

Br (82) 
Br (89) 
Cl (63 
CN (40) 
SPh (60) 
SPh (53) 
SBu-n (64 
SC(S)OEt (75) 

NaI, MezCO, 25” 707 

R’ R2 

H H 

Me H 

H Me 

708 Bu$nH, AIBN, 

C6H6, 80” 



TABLE IV. BIcmxIc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

SmI2, HMPA, 

THF, MeCN 

X 

X R’ R2 

H H H 

H H Ph 

AC H H 

AC Me Me 

CH 

Ph2PH, AIBN, 

C6H6, 80” 

CH 
I 
J 

I 
0 

PhjSnH, EtsB 

Bu$nH, AIBN, 

Oe 

C6H6, 80” 

\ 
X 

(70) 
(59) 

(88) 

(99) 

H I 
:::Ic X 

H 

H I 
d 0 

H 

,PPh2 

x=0 (66) 1.7:1 

X = NC02Me (66) 6.1: 1 

SnPh3 

(60) 

(94) 

175 

301 

709, 

27 

710 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

CH 
0 III 

cx 

C 

I 
X 

X 
0 

0 

NTs 

Cl 

aR2 

Cl 

N 0 
Me 

BujSnH, AIBN, 

PhMe, hv 

-20” 

-20” 

17” 

Bu$nH, AIBN, 

PhMe, heat 

R 

Ho I 

c::c 

607 

X 
H 

R 

SnBu3 (72) 
H w3) 
H (22) 

I 
R 

0 I-I (92) 711, 

6 1 N 
h Me 

Me (47) 712 

H 

Bu$nCl, Na(CN)BHj, (96) 713 
AIBN, t-BuOH 

ti 0 
H 

R 

3-,s 

Cl 

0 
Me 

R 

H 

Me 

Ph 

BujSnH, AIBN, 

c,&, 80” 

H R I I 

ti 
0 

1 N 
k Me 

(63) 

(73) 

(75) 

714, 

715 



TABLEIV. BICYCLICRINGSCONTAINING ONEORMOREHETEROATOMS(C~~~~~~~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 u SMe 

OHC 

0 

H ’ 

Bu$nH, AIBN, 

cc 

0 (71) 
C6H6,80° 

H 

228 

BusSnH, AIBN, 
C6H6, 80” 

I II III 

I + II + III (69) 1:II:III = 19:39:42 

TsSePh, AIBN, 
C(jH6,80” 

PhSe Ts 
H 

c:::f 

(53) 1.51 
0 

H 

Bu$nH, AIBN, (88-92) 
C6H6, 80” 

I-i 

302 

421 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 
C6H6, 80” 

@u$nh, JX 
W-&j, hv 

(B@rO2, C&&j, 
hv, 80” 

BF4- 

Br 

L OEt 

MezCO, 

S 

c;w 
I 

S 

Bu$nH, AIBN, 
C6H6, 80” 

0 I + reduced II 

product 

I + II (80) I:11 = 1:2 

0 Ia, Ib + reduced II 

product 

R’ R2 

I + II (88) Ia I I-I (57) 
Ib I-I I (11) 
II wo 

I (60-70) 

R* = H, R2 = Me (72) 
RI= R2 = Me (quant., NMR) 

OEt 

646 

646 

51 

716 

52 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE H ETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$SnH, AIBN, (7% 717 

C6H6, 80” 

Bu$nH, AIBN, (52) 
C6H6, 80” 

718 

Me 

R3 R2 

Bu$nH, AIBN, 

C6H6, 80” 

Me A* 
R’ R2 R3 

H H H 

H Me H 

H Me Me 

Me H H 

(CH2)4 H 

Me 

OMe 

R 

Bu$nH, AIBN, H (80) 

-R 

C6H6, 80” Ph (88) 
C02Et (75) 

718 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu3SnH, AIBN, 

C6H6, 80” 

718 

R’ R2 

H H (41) 
H Cl (56) 
H OMe (54) 

OH 
1. HgO, 12, W-b 

2. hv Ax? I \ 0 

R’ 
/ 

720 

I 
R2 0 OMe OMe (67) 

R 
R ~ 
I C6Hll (92) 

t-Bu (80) 
n-Bu (70) 
i-Pr (49) 
Me (39) 
Ph (<5) 

,R 
Bu$nH, AIBN, 

CA, 80” 

2,4,6-Collidine, 

Ph2CO (cat.) 

MeOH, i-Pi-OH, hv 

CH 

Bu$nH, AIBN, 

C6H6, 80” 

721 

CP .‘O 
O (69) 648 

(85) 722 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

b 
I 

\ 

X 

0 

Q3 

X 

0 (50) 

(332 (40) 
X 

Et3N, MeCN, hv 181 

MeOzC Me02C 

c& (50) + &(16j 723 

(5) 723 

723 

160 

Br 

Bu$nH, AIBN, 

C6H6,80° 

C02Me 

w 

Br 
\ 

N 

Me02C 
H 

e? 

(43) 
N 

0 

Me02C 
I H 

+ 

Q 
N 

0 0 

BuJSnH, AIBN, 

C(jH6,80” 

C02Me 

Br 

Bu$nH, AIBN, 

C6H6, 80” 

I 
R 

H I d 0 
0 

H 

CR 
R 

Me (5% 
TMS (93) 

BPO, C6H6, 80” 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (o/O) Refs. 

R’ R2 R3 

H H Me (38) 

1. Bu$nCl, Na(CN)BHj, 

AIBN, t-BuOH 

2. TsOH, C6H6 

724 

725 

H 

0 
Bu$nH, AIBN, 

a 

(63 
C6H6, 80” 0 

H 
C02Me 

Cu(bipy)Cl, 

MeOAc, reflux 

Ik k 

COpMe 

I + II (63) I:11 = 2.5: 1 

Bu$nH, AIBN, OEt I R=H (50) 

C6H6, 80” 

X = Br 52 

122 X = Br Bu$nCl, Na(CN)BH3, I R = CN (60) 

AIBN, t-BuOH, 

t-BuNC 

122 X = Br (Ph$n)2, t-BuNC, 

C6H6, hv, 50” 

I R=CN (58) 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

w 205 X= I + Bu$n 

Y-fCSH1’ 

Bu$nH, ACN, 

PhMe, 110” 
0 

OEt 

R I 

I 
Tf 

R 

0 Me (82) 

Ph (60) 

Iu 

1. PhJGeH, AIBN 

2. H+ 

54 

H H , I 

SmI2, THF, reflux 

I + II (56) I:11 = 3:7 

A \ OEt I 
OEt (80) 186 Vitamin B 12, Zn, 

NH&l, MeOH, Hz0 

MeOH, hv +& (45) +fi) 727 + MeCECMe 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 (63) Bu$nH, AIBN, 

PhMe, 110” 

728 

CH 
, Br III 

a 
I 

C 

/ 
N I 
I 

AC 

(yJ I + & II 729 

\ \ 
AC AC 

I + II (99) 

Bu$nH, AIBN 

(47) SmI2, HMPA, THF 175 

\ 
AC 

729 Bu$nH, AIBN 

I I 
AC R’ 

R’ R2 R3 

H H H 

H Me H 

Me H H 

H Ph H 

H Me Me 

OMe H C02Et 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I 
AC 

NaI, Me$O, 25” (84) 707 

AC 

0 OMe 

H2N H2N 
Bu$nH, AIBN, R 

C6H6, 80” 

Cl Cl 
R X-Y X-Y 

H2 CH=CH2 (93) CHMe 

H2 C=rH (39) CH=CH2 

0 CH=CH2 (35) CHMe 

/,CH 
C’ 

730 

ClCo(dmgHhpy, 
NaBb, EtOH, 

NaOH (0.1 M), 40” 

1 (18) II (29) 

ClCo(dmgHhpy, II (47) 

NaBH4, EtOH, 

NaOH (0.01 M), 40” 

731 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) 8 Refs. 

SMe 
Br / 

OolpMe 

\ Q N 
t 
-c+ 

‘CH 
Me02C 

\ 0 N- 
I 

Me02C 

Bu$nH, AIBN, 

C6H6, 80” 

(Me&O2, hv 

TsSePh, AIBN, 

C6H6, heat 

TsSePh, AIBN, 

C6H6, heat 

478 

18 

(78) 611 ratio 301 

(94) 1.3:l ratio 301 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

Br 

& 
R 

0 
OMe 

-C+ 
‘CH 

1. Bu$3nH, AIBN, 

C6H6,80° 

2. TsOH (cat.), C6H6 

0 

Br 

8 o-c 
R + ‘CH 

Bu+H, AIBN, 

c&j, 80” 

Br 

(2 Me0 O-C+ 
‘CH 

1. Bu$nCl, 

Na(CN)BH3, 

AIBN, t-BuOH 

2. Jones reagent 

0 / 
I Meyi 

/ v  
I 

I Me 
Br 

BujSnH, AIBN, 

&3-&j, 80” 

CH 
Br 

M 

III 
C 

3 
0 N 

H 

Bu$nH, AIBN, 

PhMe, 110” 

0 

ti 

R 

I 
\ I-I (45) 

0 Me (46) 

R 

732 

R 

H (88-92) 
Me 

421 

(96) 653 

Md$ + Mj$ 733 

H H 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

425 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

HOW + 

0 Br 
. 

Me:?11 
Me 

0 R2 

R’ R2 

Ph 

Ph 

Ph 

Ph 

H 

H 

CH=CH2 

C02Me 

TMS 

TMS 

TMS 

CH=CH;! 

Bu$nH, AIBN, 

PhMe, 110” s R 

I 
\ 

’ 0 

C02Et 

CN 

Ph 

S02Ph 

gN 

(60) 

(57) 

(58) 

(60) 

4 

CN 

0 
Bu$nCl, Na(CN)BH3, HO 6-3 

AIBN, t-BuOH, 

heat, 18 h O\ 
Si 

Me’ ‘Me 

MeCN or MeOH, hv 

MeOH 

MeOH 

MeCN 

MeOH 

MeCN 

MeOH 

R’ R2 

CH=CH;! Ph (66) 
Ph C02Me (44) 

Ph TMS (65) 
H Ph (71) 
TMS H (76) 
CH=CH2 H (7% 

207, 

734 

735 

736 



TABLE IV. BIcYcuc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

MeOzC, 

H 

TMS 

c“,, N / 

Bu$nH, AIBN, 

C6H6, 80” 

RuCl#‘Ph3)3, 
xylene, 140°, 8 h 

1 ,4-Dicyano- 

naphthalene, i-PrOH, 

hv 
(& *+& II 

I +II (85) 1:II = 2:98 

1,4-Dicyano- 

naphthalene, i-P&H, 

hv 
& I+ &II 

I + II (87) I:11 = 95:5 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

154 

655 

655 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

SmI2, HMPA, THF, 

MeCN 

SmI2, HMPA, THF, 

MeCN, EtJNC104, 

Pt electrode 

Bu$nH, AIBN, 

qjH(j, 80” 

R 

CHO 

CH20H 

CN 

(61) 

(55) 
\ C-CH 

C6H4N02-P 

WV 486 

175 

175 

OMe OMe 
I II 



Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

PhMe, heat 

737 

Bu$nH, AIBN, I R=H (76) 
C6H6,800 

Bu$nCl, NaCNBH3, I R=H (88) 
AIBN,t-BuOH 

AIBN, C6b, 80” I R = CH2CH=CH2 (56) 

+ mSnBu3 

738 

738 

739 

R 
a$ = 86: 14 

R 

Bu$nH, AIBN, 

C6H6, 80” 

lzQ.J;:::~&R 740 

I R II R 

1+11 I:11 

(96) 86: 14 

(96) 86:14 

R 

H 

Me 

TABLEIV. BIcYcLrc RINGSCONTAINING ONEORMOREHETEROATOMS(C~&ZU~~) 

Reactant Conditions Product( s) and Yield(s) (%) Refs. 

(5 I \ 0 
’ N 

A. Co(I)(salen) 

B. Bu3SnH 

II 741, 

742 
Me Me 

+ 

oh 
I 

\ 
III 

'N 0 
Me 

I + II + III I:II:III X 
I A w 72:2:26 

Br A wo 72~2126 

Br B (65) 0:72:28 

OMe 

0 0 
Br Br 

L 
I 

N- N- 
I I 

743 Bu$nH, AIBN 

(79) 1:l ratio 226 MeOH, hv 

Me 

R 

0 - t-Bu (77) 
PhCMe2 (73) 

Ts (80) 

54 Bu$nH, AIBN 

C6H6, 80” 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph2C0, CA, hv 

n s s 

Q- 

R 

I-I WV 
C02Et Me (55) 

R 

Bu$nH, AIBN, 

C6H6, 80” 
R2 

654 

743 

R’ R2 R3 R4 

i-Bu H Et H 

i-Bu Me Et H 

Me Me Et H 

MEM Me Et H 

TBDMS t-Bu Me Me 

(91) 

(78) 

(56) 
w 

mo 

Bu$nH, AIBN, 

c&&j, 80” 
A& I + A& II 

111 Ik 

I + II (74) I:11 = 85:15 

Ph3SnH, AIBN, 

C6H6, 80” 

R 

0 I-I (5% 419 

Me (52) 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

. . . 

CHO 

R3 
/N 

N’ ‘C6H4R1 

R’ R2 R3 

H H H AcOH, 20” (86) 
H Br Br CH2C12, 20” (60) 
NH2 H H CH2C12, 20” (34) 

Bu$nCl, Na(CN)BH3, (90) 
AIBN, t-BuOH, /H’ 

744 

1 loo, 8 h k 
AIBN, C6&, 80” 

Bu$nH 0.5 M 

Bu3SnH 0.05 M 

Bu$nH 0.02 M 

Pb( OAc)4 

Bu$nH, Et3B, 

THF, -78” 

OMe 

R2 
I 

I:11 

9O:lO 

66:34 

44:56 

R3 

746 

437 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HET EROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 0 

R’ A. AIBN, MeCN, 
R’ 

+ + 02 50-60” R2 
B. Carbon anode, 

* 
0 

EtANOTs, MeCN 
‘0 

OH 

Ph H 

Ph Me 

CH2TMS H 

Cl3 

CH 
III Br 
c I 

0 A 
OEt Bu$nCl, Na(CN)BHj, 

AIBN, t-BuOH 

Bu$nH, AIBN 

R1:a..,f2 Or Bu$nCl, Na(CN)BH3, 

AIBN, t-BuOH 
R’ R2 X 

(66) 
(7% 
(90) 

(48) 

(73 

(72) 

OEt 

(70) 

R’ 
;;R2 

H 

747 

748 

749, 

738 

AC OMe Br 

AC OEt I 

AC OMe HgOAc 

AC H Br 

Bz H Br 

(96) 

W? 

cm 

(5% 

(75) 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph$nH, AIBN, 
c6&,3)0 

I + II (98) I:11 = 3: 1 

Oaeph 

AcO 

o\ 
AcO- - 

Ph$SnH, AIBN, 

C6H6, heat 

Bu$nH, AIBN, 

c&&j, 80” 

(88) 112 

750, 

740, 

738 

R’ R2 R3 Z.-E 
H H H (75) loo:o 
H H CH20Ac (77) 511 
Me H H (65) 5:l 
H Me H (63) 4:l 



TABLE IV. BIcYcLIc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Br 

(89) 740 Bu$nH, AIBN, 

C6H6, 80” 

(70) endo:exo = 7: I AcO--f-)--O, // TsBr, hv 751 

0 0 /- 

;i)--“- 
N 

1 

L / 

Mn(OAc)3, EtOH, 

IT, 1 h ) 433 

/ 

(30) (10) 

Et3N, MeCN, hv 752 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Br 

l”r,l 0 

-2 0 
I 

Bu$nH, AIBN, 

C&, 80” 

708 

MeOH, hv 

=O’SMe 

H 

228 Bu$nH, AIBN, 

c&&j, 80” 

OEt 

l-f 
0 

470 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

N-TMS 

MeOH, hv 226 

I 
Me 

(76) 4:3 226 MeCN, hv 

753 Bu$nH, AIBN, 

C6H6,80° 
I 

OH 

0 

+ 
R 

J-L 
Me 

SmI2, HMPA, 

THF, 25” 

176 

(76) 

WV 

(38) 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

(40) 176 

Ph 

f 

SePh 

0 

Ph 

(81) 

CoKdw$-bpy, 
EhNOTs, NaOH, 

MeOH, Pt cathode 

649 

OH 

Bu$nH, AIBN, 

CA, 80” 

48, 
497 

::--:il R 

R 
/ 

I 
’ 0 

0 

+ /J-L 
R R 

SmI2, HMPA, 

THF, 25” 

176 

Et 

n-C3H7 
(69) 
(81) 
(68) 
(65) 
(70) 
(67) 



TABLEIV. BICYCLICRINGSCONTAININGONEORMOREHETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl 

C02Me 

OAc 

Bu$nH, AIBN, 

C6H6, 80” 

SePh 

1. (Bu$n)z, hv 

2. eSnBu3 

Ph$nH, Et3B, air (92) 

TABLEIV. BICYCLICRING~CONTAININGONEORMOREHETER~ATOMS (Continued) 

754 

593 

593 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

\\ ‘CH 

Co( I)( salen) 

Bu3SnH,AIBN, 
C6H6,800 

Bu$nH, AIBN, 

PhMe, 110” 

Me Me 

I + II (70) I:11 = 74:26 

Me 

I + 

Me 

I + II (91) I:11 = 74:26 

SnBu 
3 

(85) f&a = 70:30 

741 

719 

755, 

756 



TABLEIV. BICYCLIC RINGS C~NTAININGONEORMOREHETEROATOMS(C~~~~~U~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

0 

$ 

R 

0 

0 
I( 

Bu$nH, AIBN 661 

COzMe 

Ph 
(39) 

(24) 

H 
Br 

Bu$nH, AIBN, 

C6H6, 80” 

Ph 0 

757 

t-Bu-(-)&I t-Bu (90) 419 

(73) 426 

PhjSnH, AIBN 

Polymer-SnCl, 

AIBN, NaBHq, 

C,I& EtOH, hv 

TABLEIV. BIc~cLICRINGSC~NTAININGONE OR M~REHETEROAT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

(91) Bu$nH, AIBN, 

c&9 80” 

185 

185 ClCo(dmgHhpy, 
EtOH,NaBH4, 
NaOH,50-60" 

” (71) 

% 
n-BuO o 

Bu$nH, AIBN, 

c&i, 80” 

w 443 

(72) 

\ 
S02Ph 

Ph 

a-r 
I 

\ 
(89) 

’ 0 

I \\ ‘CH 
S02Ph 

758 BusSnH, AIBN, 

c&9 80” 

175 SmIz,HMPA, 
THF,MeCN 



TABLE Iv. BICYCLI~ RINGS CONTAINING ONE OR MORE HETER~AT~M~ (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Q& 
SeBn 

/ m \ I Se 

759 

(TMS)$iH, AIBN, 

Et3N, C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

(63) 

(77) 

R’ 

SeBn 

(TMS)$iH, AIBN, 

C6H6, 80” 

R’ R2 

r::‘- I \ \ R2 

’ Se 

H H (80) 
H Ph (86) 

Me H (82) 

Ph H (83) 

141, 

759 

Bu$nH, AIBN, 
C6H6, 80” 

A7:A8 = 711 665 

(72) + (12) 386, 

387 

BusSnH, AIBN, 
C6H6, 80” 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu3SnH, AIBN, 666 

C6H6, 80” 

SmI2, CSA, MeCN & I+#JII 664 ‘eh‘r3 I 
N 

clod- 

+ 

I+11 (60) I:II= 1:1 

H 

c? 

N 
‘Cl \ 

CuCl, CuC12, THF, 

AcOH, H20, -45” 

epryn + ppLYn 162 

Cl Cl 

I + II (66) 1:II = 4.8: 1 

Pr-n hz 

SePh 

Bu$nH, AIBN, 

C6H6, 80” R 
760 

R 

H 

Me (85) two diastereomers 3.7: 1 



TABLE IV. BIcycrx RINGS CONTAINING ONE OR MORE HETEROATOMS (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

CSCH 

710 

BusSnH, 

(B&S@2 

Bu$nH, AIBN, 

W-k, 80” 
710 (9% 

R’ R2 Bu3SnH, AIBN, 

C&j, 80” 
710 

AC Ok (60) 

TBDMS H (80) 

TABLE IV. BIcYcLrc RINGS CONTAINING ONE OR MORE HETEROATOMS (Couttinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

AcO 

0 
AcO- - 

I; 
- -OUR 

AcO I 

I R 

Bu$nH, AIBN, 

C6H6, 80” 

761 

762 

\ 
II R 

I:11 I + II R 

H 

Ph 
(85) 53147 

(80) 75125 

AcO 

0 

AcO-- ---I 

t 

\ 
bAc 

Aco$j I +Aco&$ II 

OAc OAc OAc OAc 

Bu$nH, AIBN, 

W-k, 80” 

I + II (53) I:11 = 9: 1 

0 

cl6 

641 

CuCl, MeCN, 1 lo- 140” 

RuCl2PPh3)3, 
C(jH6, 1 lo- 140” 

(85) 
(88) 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I 
SPh 

I 

CuCl, MeCN, 1 lo- 140” 

RuWPPb)3, 
c(jI-&j, 110-140” 

(81) 
(89) 

Bu$nH, AIBN, 

C6H6, 80” 

R X 
H NH (96) 
Me NH (56) 
H 0 (75) 

Bu$nH, Et3B, 

THF, -78” 

H 

641 

763 

437 

Bu3SnH, AIBN, 

C6H6, heat 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6, heat 

Bu$nH, AIBN, 

c&j, 80” 

0 

0 

dk SPh I I 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, heat 

Bu$nH, AIBN, 

C6H6, heat 

Ph 

331 

p1 +p= 764 

I + II (72) I:11 = 6: 1 

(67) 482 

(19) (10) 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

B 
I 

OWSePh 

Bu$nH, AIBN, 

c,&, 80” 

Bu$nH, AIBN, 

cd69 80” 

SePh 
Bu3SnH, AIBN, 

c&&j, 80” 

SmI2, HMPA, THF, 

MeCN 

H 

Q? 

+ 
N 

0 COzMe 

1 (72) 
cis:trans = I:4 

0 

% 

0 (65) 

H 

489, 

113 

760 

0 (25) + ) (32) 386, 

0 392 

H 

TABLE IV. BI~YCLI~RINGS CONTAINING ONEOR MOREHETEROATOMS(CU~FW~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R’ 

C02Me 

1, 

CH2SnBu3 

&- Ph s 

SAC AcO 

a SePh 

N- 
R I 

CN 

Bu$nH, AIBN, 

C6H6,80° 
0 

AIBN, C6H6, 80” 
1, 

BPO, c-C6H 1 2, 

80°, 2 h 

Bu$nH, AIBN, 

C6H(j, 80” 

Bu$nH, AIBN, 

C6H6,80° 

R2 

CH 2CH2C02Me 

CH2CH(C02Me)(CH&CO2Me 

CH2CH=CH2 

H 

(53) 

(7j 
(56) 

(27) 

(55) 659 

(66) 767 

R 

I-I (97) 
Me (95) 

749 

768 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) 

R’ 

Bu$nH, AIBN, 

C6H6, 80” \ 

R2 

R’ R2 R3 % de 

OMe Me H WI 2 

OMe Me Me (59) 39 
H OMe H (83) 7 

H OMe Me 

Cl7 

600°, lo-* Torr (11) 

0 

PhS’ 

Bu$nH, AIBN, 

C6H6 

I+II (92) I:II=4:1 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

769 

770, 

771 

764 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

AcO- - 

0 

MeO- - 

b 

0 

PhS 

Bu$nH, AIBN, 

C6H6,80° 

SmI2, CSA, MeCN 

TsNa, AcOH, H20, 

100” 

Ts 

o-c \\ 
‘CH 

TsNa, AcOH, H20, 

100” 

I II III 

I + II + III (78) 1:II:III = 2.5: 1.2: 1 

764 

664 

772, 

136 

772, 

136 



TABLE IV. BICYcLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

AC 
/ 

4, 

N (38) Bu$nH, AIBN, 

C6H6, 80” 

673 

673 Bu$nH, AIBN, 

c&j, 80” 

AC 

R Ph$nH, AIBN, 

C6H6, 80” 

352 

Bu3SnH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 
yJ- (66) 

NC' 

768 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H C02Et 

ti 

0 (68) cixtrans = 53147 479 

H 

C02Et 

Bu$nH, AIBN, 

C6H6, 80” 

O-SePh 

+ 

0 
I T 

0 --- 
I Y-- 

Bu$nH, AIBN, 

C6H6, 80” + =n I1 :z 
(95) I:11 = 4.3: 1 

(75) 773 

I + II 

H \ 

Bu$nH, AIBN, 

C6H6, 80” 

C6H 

I H 
Et02C 

13 

(7% 
C1C~W-@-&py, 

EtJNOTs, NaOH, 

MeOH, Pt-cathode 
649 

H 

a 

OEt (92) 

BnO” 0 
H 

Bu$nH, AIBN, 

C6H6, 80” 

774 



TABLE Iv. BICYCLIC RINGS CONTAINING ONE OR MORE HITH~R~KT-~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

SmI2, THF, MeOH, 

-78” 

COzMe r 

E 

z 

R 

Ph 

4-c&$-l4 

4-MeOChHJ 

3-02NC6H4 

2-thienyl 

2-naphthyl 

R = TBDMS SmI2, THF, MeOH, 

-78” 

DPDC c&k 

OH 

775 

Ro- ;+C02Me+ R”- ,i@ M b02;5 

x x 
I II 

I+II (64) I:II=4:1 

I+11 (73) I:II= 1:loo 

w 
Km 
(55) 
(50) 
(30) 
(50) 

TABLEIV. BICYCLICRINGSCONTAININGONEORMOREHETEROATOMS (Continued) 

776 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

cl8 

GSePh 
I R 

Ph 
I 

‘Ph 

PhMezSi 

CN 

Bu$nH, AIBN, 

C6H6, 80” 

SmI2, HMPA, 

THF, 25” 

MeCN, EbNClO,+ 

Pt electrode 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

777 

OH 

R 
Bn (27) 176 

CH2CH=CH2 (38) 
\ 
R 

Ph 

(72) 486 

i’h 

0 

/--qs 

(65) 1: 1 ratio 621 

PhMezSi 
H 

(65) 

OMe 
I 

OMe 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

a$ = 82:18 

SPh 

a$ = 86: 14 

Ph 

SPh 

A C02Et 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

BujSnH, AIBN, 

PhMe, 1 IO” 

Bu+nH, AIBN, 

C6H6, 80” 

IQ.-.- + :::+ 740 

PhS PhS 
I II 

I + II (66) I:11 = 97:3 

I II 

I + II (83) I:11 = 88:12 

R 

R % d.e. 

Pli 

769 

R*S02 

QJ2E:2?) + &t(35) 479 

H 

TABLEIV. BICYCLICRINGSCONTAININGONEORMORE HETEROATOMS(Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

c&j, 80” 
Vitamin B 12 (cat.), 

C felt cathode, 

LiC104, MeOH 

Me$nO OSnMe3 

Ph 
-ft 

Ph 

Ph Ph 
C6H6, 80” 

0 0 

\ I 
3 
\ I \ 

, o OEt +%yEt 

I 

Ii A 
I II 

I + II (95) I:11 = 3: 1 

I + II (>75) I:11 = >95:<5 

I + II (85) I:11 = >95:<5 779 

778, 

779 

183, 

779 

Bu$nH, AIBN, 

C6H6, 80” 

&o + &O 4% 

I 
$I Ia 
I II 

I+11 (80) I:II= 1:12 

I + II (90) I:11 = 5: 1 
R=TMS 

R = Ph 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H 

Bu$nH, AIBN, 

qjH6,80” BnOC . . 
a?- 

OEt (93) 780 

0 
H 

SmI2, THF, MeOH, 

-78” 

OH I 

(6% 

R 
Bu$nH, AIBN 

R 

C02Me 

Ph 
(39) 

(23) 

Me’ LBr 

- -0Et Bu$nH, AIBN, 

CfjH6,80” 

BnO 
0 

t, 
0-’ - -0Et (>76) 
I 

MeY3iL,J 
/ Me 

781 

661 

782 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

S Im 

Y 

Bu$nH, AIBN 

R’ R2 R3 

OBn OBn OMe 

H OBn H 

H H H 

OBn H H 

OBn H OMe 

I+II I:11 

(62) lo&O 

(67) 92:8 

(55) 30:70 

(32) 23177 

(51) 14:86 

(43) 

82 

783 

784 



TABLE IV. BICYCLIc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu-t 

Bu$nH, AIBN, 

C6H6, 80” 

785 

761 

\ 
II Bu-t I ‘Bu-t 

E 

z 

I + II (95) I:11 = 72:28 

I + II (85) I:11 = 9O:lO 

- -0 

\-C=CR - BuJSnH, AIBN, 

C6H6, 80” 

R 

Ph 

n-Bu 

t-Bu 

I + II (85) 1:II = 74126 

I + II (90) I:11 = 71129 

I + II (91) I:11 = 3664 

- -0Et 

Et0 

- -0Et 739 AIBN, C6H6, 80” 

Bu$nH, H (82) 

u SnBu3 
CH2CH=CH2 (84) 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

- -OBu-t - -OBu-t (70) 
5: 1 mixture 

Bu$nH, AIBN, 

C6H6, 80” 

42 

S Im 

Y 

H 
Et02Cd0aCccms 

Bu&H, AIBN, 

C6H6, 80” 

786 

Et02C= 

I + II (84) I:II= 3:4 

Ph 

N 
A 

TMS 

(78) 1: 1 ratio 226 MeOH, hv 

I 
Me 

0 

b-, N7Ph N-TMS 
I 

MeOH, hv (71) 226, 

518, 

736 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph 

CF3C02H, ~-BUSH 

A. Co( I)( salen), 20” 

B. Bu$nH, 20” 

x=1 

X = Br 

A I (40) 15% de 

B II + III (79), II 15% de 

H Bu-n 
I 

N 

0 

wu 

H 

Ph 

\ rir 
0 

+ I 

v  

/ 
III 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

67 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

\ 

i- 

Br 

/4 + 

0 OEt 

MEMO 

R 

C02Me 

CN 

SPh 

Ph-NNH 0 

(56) 1:4 

(69) 1:2 

Bu$nH, AIBN, 

c&v 80” 

Ph. . 

R” 

R 

Me (57) 
CH2-CH=CH2 (73) 

788 

1. Mn(OAc)3 

2. H30+ 

&] I+ &I II 685 

I + II (70) I:II=67:33 

Bu$nH, AIBN, 

C&j, 80” c02Et (38) 345 

Bu-t 



Reactant Conditions Product(s) and Yield(s) (%) Refs. 

,OBn 
\ 

-0 
,OBn 

AcO -- N (50) 
H 

BusSnH, AIBN, 
C6H6,80° 

217, 
381 

d 0 
X 

,OBn 

Acq AcQ 

Ac~--{~: AcO j---t - jPBn217 

X X 
I II 

I + II (52) I:11 = 97:3 

Bu$nH, AIBN, 
C6H6,80° 

c21 H SPh c 

0 I 
0 

il, 

SPh 
N 
I Me SPh 

0 (60) 714 Bu$nH, AIBN, 
C6H6,80° 

SePh 

(15) 465 Bu$nH, AIBN, 
C6H6,80° 

TABLE IV. BICYCIX RINGS CONTAINING ONE OR MORE HETER~A TOMS (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

/), N Ph Bu$nH, AIBN, 
C6H6, 80” 

C&&j, heat, hV 

R R 
I-I (54) 
Me (45) 
Et w-0 

,SO2Ph 
Heat, hv 

0 0 SPh 

Bu$nH, AIBN, 
C6H6, 80” 

551 

789 

212 

(72) 386 



TABLE IV. BIcYCLIc RINGS CONTAINING ONE OR MORE HETER~AT~MS (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

,SPh 

+ dc02Me 

AcO 

AcO 

AcO 

AcO 

3 
I R 

AC 

p-BrC6H4C0 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

THF, hv, rt 

(81) 69 

AcO 

I II 
I + II (85) I:11 = 75125 

I + II (86) I:11 = 46:54 785 

-- C02Bu-t 

(49-64) 

(69) 

- -C02Bu-t 

150 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

TBDMSO n 0 

7SePh 

/ 
S 

Q+ , 
0 

0 

K 
+ 

\ N, 0 
I 

0 N- 

C7I-bn 
c22 

/ 

x- I PhS 
\ 

c 

0 
R 

0 

X R 

p-OMe Me (57) 
p-OMe Et WV 
p-OMe Ally1 (60) 
p-OMe Bn (62) 
m-OMe Me (58) 
m-OMe Et (63) 

Bu$nH, AIBN, 

C6H6, 80” 

~-BUSH, H+, hv 

0 

cd 
(59) 

. N 
\ 
C7I-bn 

/ 

x- I 
3 

H 
Bu$nH, AIBN, \ -. 

C6H6, 80” 0 

R” c”‘ N 
3 

0 

488 

790 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions 
~~~ 

Product(s) and Yield(s) (%) Refs. 

Ph 
I 

I 
Bn 

r 

SPh 

I 
S02Ph 

a SePh 

N-C 
R I *CPh 

CN 

Bu$nH, AIBN, 

CfjH6,80” 

BusSnH, AIBN, 

C6H6,80° 

Bu3SnH, AIBN, 

cd&i, 80” 

OAc 

Bu3SnH, AIBN, 

c&&j, 80” 

Ph r 
0 (88) 791 

Bn 

(82) 

\ 
S02Ph 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Ph 

R 

H (87) 
Me (85) 

I 

C6H4CN-p 

H 
I + II (89) 

I:11 = 4357 

758 

768 

785 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OBn 

c23 

0 

7;’ 
SePh 

“O/\// 

BnO 

Bu$nH, AIBN 

C6H6,80° 

PhMe, hv, -78” 

MeO” 

1. Cp2TiCl 

2. H+ 

RuCW’PW3, 
C6H6, 150°, 

sealed tube 

9115 I + q:j II 792 

. BnO BnO 

I + II (83) I:11 = 2.3:1 

I + II (88) I:11 = 9: 1 

(70) endo:exo = 83: I7 

MeO” 

0 (57) 

172 

793 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c24 
R2 I 

R’ R2 

H H 

Me H 

H Me 

BnO” 

Bn Cl 

Ar = 3,4-(MeO&H3 

jSePh 
Ph 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, reflux 

Bu$nH, AIBN, 

c&&j, 80” 

‘.&----c..... 777 
0 

(56) (30) 

Ph, 

(81) OIIE:Z= 1.2:1 794 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I 

R’ R2 

Bz Et E 

Bn t-Bu E 

Bn t-Bu z 

Bu$nH, AIBN, 

PhMe, 110” 

Bu$nH, AIBN, 

PhMe, 1 IO” 

I II 

I + II (55) I:11 = 1:4.5 

R’O + R’O 

OMe OMe 

I II 

I + II I:11 

(91) 1.8:1 

(W 4.5: 1 

(W 5.5: 1 

Mg, TMSCl, 12 (cat.), HO (76) + C-6 and 

THF, rt, 60 h C-7 epimers 

690 

795, 

796 

609 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Me 

OMe 

Bu$nH, AIBN, 

PhMe, 110” 

c26 

OBn SPh 

OBn 
I 

BujSnH, AIBN, 

cd-&j, 80” 

Bu3SnH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

PhMe, heat 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Me 

Ph 

wo 

OMe 

COzMe 

/ 

w 
0 

OBn 

OBn 
H I 

BzO (62-73) 

Ph’ 
. 

H 

696 

797 

798 

799 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

/O 

x 
=0 

c27 

N 
,SPh 

Bu$nH, AIBN, 

C6H6, 80” 

w-&j, hv 

Bu$nH, AIBN, 

C6H6, 80” 

(96) 79 : 21 ratio 785 

Me0 (85) 461 

(65) 69 

(30) 



TABLE IV. BIcYcLIc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

PhS 

SPh 

BnO 
I 

R 
R 

C02Bu-t 

S02Ph 

c29 

0 
+ eSnBu3 

c30 

* ‘CH 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6,80° 

C&&j, hv 

Bu$nH, AIBN, 

C6H6, 80” 

OM e bMe 

BnO \ 
R 

EtO” 

8W 
801 

(90) Z-E = 6.5: 1 750 

““‘SnBu3 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OPiv 

0 

PivO- - 

t-t 

- 

PivO I 

-0 Bu$nH, AIBN, 

c&9 80” 

OPiv 

0 
PivO- - b - -0 

\ 
PivO ’ 

i 

,OPiv 

0 

+ PivO-- b ‘-0 

\ 
J PivO \I 

OBn 

I ‘Ph 

I + II (80) I:11 = 1: 1 

OBn I 

’ 

Me, I 
Si 

Me/ dBr 

BusSnH, AIBN, 

C6H6, 80” 

Et0 

- -0Et 
A. Bu$nH, AIBN, 

C6H6, reflux 

B. Bu$nCl, Na(CN)BH3, 

AIBN, t-BuOH 

OEt 

785 

\ 
II Ph 

782 

738 



TABLE IV. BIcycLrc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c32 Im 

OBn 

360, 

82 
Bu$nH, AIBN, 

PhMe, heat 

t-BuQ 
1 H 

(60) Z-E = 16: 1 750 

OBu-t I I 
-‘O- 

/,)CH 
C 

0 
I Bu3SnH, AIBN, 

C6H6, 80” 

c33 

OBu-t t-BuQ 
1 H 

-0 
OEt 

. 
738 Bu3SnH, AIBN, 

C6H6, 80” 

c35 

OEt OEt 

BzOz (84) 

b 

0 J3 BzO I + e-J3 

I I 

749 AIBN, C&&j, 80” 

OEt 

TABLEIV. BICYCLIC RINGSCONTAININGONEORMOREHETEROATOMS(C~~~~~U~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

BnO 
0 

BnO- - 

:-- 

SePh 

BnO ‘b R2 

--% 
R’ 

c36 

I 

BnO-, R’ 
‘-0 \ 

BnO-- --_ ’ .)‘R* 
7 

Bu$nH, AIBN 

4 
\ 

BnO ‘b 

III 

CA, 80°, 0.01 M 
C&I& 80°, 0.3 M 

PhMe, hv, -78” 

C6H6, 80” 
c,&, 80” 

I + II + III 1:II:III 

WV 29: 15:56 

(95) 48:-:52 

W3) 55:-:45 

(W 46:-54 

(89) 29:-:7 1 

802,802a 

792 

792 

802,802a 

802,802a 

R' R2 
H H 
H H 
H H 
Me Me 
Ph H 

C6H6, 80” 

PhMe, hv, -78” 

I+11 (86) 1:11=6.1:1 

I + II (95) I:11 = 99: 1 



TABLEIV. BICYCLICRINGSCONTAININGONEORMOREHETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

BnO 

0 
BnO- - 

t,; 

- - -SePh 

BnO 0 

c37 

R 

H 

H 

Me 

OMe 

C6H6, 80” 

PhMe, hv, -30” 

C6H6, 80” 

I + II (92) III = lO.l:l 792 
I + II (92) I:11 = 32.3: 1 792 
I + II (90) I:11 = 62:38 802,802a 

Bu$nH, AIBN, III + 

C6H6,800 

BnO-, 

0.01 mol/L 

0.1 moVL 

0.3 mol/L 

I (anti) : II (syn) : III 

30 : 48 : 22 

45 : 50 : 5 

50 : 50 : - 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

802, 

802a 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6, 80” 

I-W, 12, hv 

Bu$nH, AIBN, 

C6H6, 80” 

I 

(53) 

803 

61 

802, 

802a 

I + II (95) III = 82: 18 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

\ 
/M Me e 

Bu$nH, AIBN, 

c&&j, 80” 

BnO 

7- 0 

BnO- - $ 

BnO 

t;;‘-eph Qg5) 

Me 

Bu$nH, AIBN, 

c&i, 80” 

\ 
/M Me e 

W-k, hv 

W-k, 029 hv 

R 

NOH 

H, ON02 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

696 

696 

164 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Me’ 

HO0 

0 

c9 
0 

0 
-c Br 

W-&j, hv 

MeOH, HCl, hv 

(t-BuQ29 02 

(72) 
164 

R 413 

I 0 (11) 
II (E)-NOH (37) 

III (Z)-NOH (13) 

(29) 804 

(31) + (53) 805 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

AC’ 
W-b, hv 

Bu$nH, AIBN, 

+ 
C6H6,80° 

‘CH 
Cl1 

Bu$nH, AIBN , 

C6H(j, 80” 

(Me$W2, hv 

164 

H 

d (88-92) 

0 
H 

421 

~~ (25) + &(23) 805 

0 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

18 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

AcOH, MeCN, 25” 

AcOH, C,I$j, 4” 

AcOH, C,h, ~-BUSH, 4” 

AcOH, C&, CBq, 4” 

AcOH, C&, (PhSe)z, 4” 

R 

-SCSI&N 

-SC5H4N 

H 

Br 

SePh 

(94 

(92) 

(67) 

(W 

(82) 

AcOH, MeCN, 25” 

152 

153 

153 

503 

503 

152 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

806 (PhS)z, AIBN, heat 

(61) 211 

(56) 1:2 
C6H6 

c-C6HI 2 

Bu$nH, AIBN, 

C(jH(j, 80” 

&=O+/-“:$-’ 496 

I3 I9 
I II 

I + II (92) I:11 = 1: 10 

461 C6H6, fzv 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H. (6+(n+6))-Membered Rings 

R4 

I- I- Me H H H (58) 

H H Me H (58) 

H H H Me (67) 

R’ R2R3R4 R’ R2R3R4 

H H H H (60) H H H H (60) 

I- Me H H H (58) 

H H Me H (58) 

H H H Me (67) 

Bu$nH, AIBN, 

heat 

699 

(62) 272 

R 

Me 

Ph 

3,4-( Meo)&jH3 

757 

)yJ I+J?JJ II 
I II 

807 

Br 

Ph2SnH2, BPO, 

CsH1*, 110” cII;T)j 0 

H 
0 

‘y”3 

N 

R 0 

Bu$nH, AIBN, 

cd-k, t-40” 

FeS208 

PH 
6.0 

5.4 

5.1 

3.5 

(5) (42) 

(12) (46) 

(17) (45) 

(12) (22) 



TABLEIV. BICYCLICRINGSCONTAININGONEORMOREHETEROATOMS(C~~~~~~~~) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

NaI, MezCO, 25” 

1. Ph3GeH, AIBN 

2. H+ 

0 

3. 
I 

/ 
0- 

Et3N, MeCN, hv 

::::: 

R2 

I 

I 

\ 0 

/ 
ic 

Cl 
N 
I 

R’ ’ Cl 

R’ R* 

Me H 

Me Me 

H Me 

H C02Me 

Bu$nH, AIBN, 

PhMe, heat 

I 
R’ 

(49) 

(79) 

(1w 

ww 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

54 

181 

808 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nCl, Na(CN)BHs, 

AIBN, t-BuOH, 80” 

Me I 0 

Bn Br 0 

AC Br H2 

VW 

(58) 

(70) 

R3 

R’ R* R3 

Bu$nH, AIBN, 

C6H6, 80” 

809 

345 

Me Me H 

Me Me Ph 

Me Me C02Et 

-W2)2- I-I 

-(CH2)3- H 
H H H 

(67) 

wo 

(60) 

(4% 

(4% 

(36) 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

MS’ 
R 

TsNa, Cu( OAc)2, 

AcOH, 90” 

280 

H (73) 

C02Et (68) 

i-Pr 

Ph 

CbHdNMez-P 

BF4- NaI, MezCO, 25” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Me02C 
H 

c’o 
N 

(43 

R 

TABLE IV. BICYCLIc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

723 

810 

707 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R’ R2 

H Ph 

Me0 Ph 

NO2 Ph 

H Ph 

Me0 Ph 

NO2 Ph 

H @2NC6H4 

TMS 

c- N 
\ 

Br f Si-Me 

‘Me 

Me 

FeC13, PhC=CH 

1,4-Dicyano- 

naphthalene, 

i-PrOH, /IV 

(46) 
(55) 

(61) 
(76) 

(70) 

(86) 
(79) 

H i 

(88) 

I 
Bu3SnC1, Na(CN)BH3, 

AIBN, t-BuOH, ,= CP si/Me (8o) 

: 0’ ‘Me 
sealed tube, 11 O”, 8 h H 

MeOH, hv 

H 
0 

N’ 

cc 

Me 

(91) 1.2: 1 mixture 

I 

k 

811 

655 

744 

226, 

518 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl4 

oJ=seph Ph$nH, AIBN, 

C6H6, heat 

112 

R’ R2 

Me H 

p-MeC&I4 H 

Me Me 

-u32)5- 

Ph Ph 

CHC13, hv 
CHC13, hv 
CHC13, hv 
CHC13, hv 
HgO, 12, Gjbj, hv 

MeCN, H20, hv 
Cl 

I II 
n I II 

4 (15) (6) 

5 (23) WV 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

cl6 

Br 

i 
Si’ 

0 

Me’ ‘Me 

0 

0 

0 

Bu$nH, AIBN, 

C6H6, 80°, 8 h 

Bu$nH, AIBN, 

C6H6, 80”, 8 h 

1. hv, 8” 
2. (PhSe)z, hv, 8” 

Bu$nH, AIBN, 

C6H6, 80°, 8 h 

r 
I  
I  

0 

0 
, / 

\ 
Si-6 

Me’ iMe 

0 

/ 

03 

X 

0 (52) 
\ 

I 

X s (66) 

0 

M 

R2 

/ R’ 
\ 

I 
0 

I 

R’ R2 

H H (90) 

H Me (87) 

Me H (79) 

H Ph (91) 

59 

814 

815 

367 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETE ROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

NfiPh 

+ k 

R’ 

H 

H 

H 

Cl 

OMe 

OMe 

OMe 

Me 

R* 

CN 

Ph 

C02Me 

CN 

CN 

Ph 

C02Me 

CN 

Cl7 

DPDC, C6H6, 60” 

R2 

Ph 

N-&q, + RpR2 DPDC, C,&, 60” 

816 

816 

R R’ R* 

H C02Me C02Me 

H CN CN 

OMe Ph Ph 

OMe CN CN 

H Ph Ph 

TABLE IV. BKYCLIC RINGS CONTAINING ONE OR MORE I-IETER~AT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H 

A 
+ R’C=CH 

N’ R 

R 

Ph 

m-o2Nc6H4 

p-CIC6H4 

p-h’koc&j 

Ph 

p-ClC6H4 

@koc6~ 

Ph 

p-ClC6H4 

p-Meoc& 

R’ 

Ph 

Ph 

Ph 

Ph 

COMe 

COMe 

COMe 

C02Et 

C02Et 

C02Et 

R 

DPDC, C6H6, 60” 

H20, heat 

R 

Ph (91) 

R o-MeC&t (75) 

0 0 

BunSnH, AIBN, (61) 
C6H6, 80”, 8 h 

Br 
0 

817 

818 

127 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Contiutued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

cl8 

0 

MeCN, hv 

Bu$nH, AIBN, 

C6H6, 80°, 8 h 

Me0 AcO I I 

Bu+nH, AIBN, 

c&&j, 80°, 8 h 

hv 

Ph 

Ac&o * +Aco-pg/ 
OMe OMe 

I + II (83) I:11 = 1: 12.5 

OAc OAc 
L7 lb 

-pA+ py** 
OMe OMe 

I+ 11(71) III= 11:3 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HBTER~AT~MS (Conti~ed) 

II 

819 

764 

764 

528 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

N 
,C02Et 

+ II 
N 

‘C02Et 

X R’ R* 

CH Ph H 

CH Ph OMe 

CH p-MeOC6H4 H 

CH p-MeOC6H4 OMe 

CH t-Bu OMe 

N Ph OMe 

N Ph OMe 

I 
R2 

R’ R* 

-OCH20- 

OMe OMe 

C02Et 

DPDC, C6H6, 60” 820 

Bu$nH, AIBN, 

PhMe, 110” 

821 

A 

\ 
I 

RlT 

Ii* R2 
I II 

I II 

(56) (10) 

(51) (9) 



TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph 
I 

R 

HgO, EtOH, 78” 822 H (51) 
OMe (89) 

H 

0 

Bu$nH, AIBN, 

C6H6, 80” 
(69) 33 

H 
Bu$nH, AIBN, 

C6H6, 80” 

@ 

+ . 
.H 

N 
I 

COzMe 

COzMe 

COzMe 
489 

‘C02Me 

(61) cixtrans = 7: 1 (29) 

TABLE IV. BICYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 
I;I 

b 
N 

H 

(89) 

‘Bn 

226 DCA, MeCN, hv 

Me0 

OMe 0 

/ 

\ 

I 
0 

(55) 

Me0 
\ 

0 

I;I I 

co 

R R’ 

N 8’ 
AC CHzOMe (67) 

R’ Boc H (55) 
AC C02Et (25) 

(TMS)$iH, AIBN, 

PhMe, 85’, 10 h 

127, 

823 

C2I 

824 Bu$nH, AIBN, 

C6H6, 80” 

C02Et 
I 

0 

Yl 0 
(73) 3:l Bu$nH, AIBN, 

C6H6, 80” 

551 



TABLE Iv. BICYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c34 

BnO OTBDMS I 
MOM0 ’ 

I c 

/ C02Et 

0 
I 

~PMB 

c39 

BnO OTBDMS 

Bnco2Et 

APMB 

Ph 

Bu$nH, AIBN, (>73) 

C6H6,80° 

696 

6Me OMe 

TBDMSO 

Bu$nH, AIBN, 

cf$bj, 80” 

Bu$nH, AIBN, 

C6H6,80° 

BnO 1 
OPMB 

I 7: 1 mixture II 5:l mixture 

I + II (loo) 

TBDMSO- 
C02Et 

s 
R 

I 5:l mixture (82) 

II 3:l mixture (83) 



TABLEV. OLIG~~YCLICRINGSCONTAININGONLYCARBON 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

A. Tricyclic Systems 

c9 

44 / 
Br 

Cl0 

Cl1 

Cl 

cx 

Cl 

0 

/\JBr / ’ Cl a 
0 

CBr 

Bu$nH, AIBN, 

W-4j, hv 

Bu$nH, AIBN, 

C(jH6,65” 

Bu$nH, AIBN, 

C6H6,80° 

Bu$nH, AIBN, 

C6H6,80° 

Bu$nH, AIBN, 

C(jH6,80” 

& 
& 

0 

A 
Ll 

(60) 366 

-0 

H 

(XT 

H 
(4% 

0 

825 

535 

601 

826 



TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

0 

8; 

(73 

0 

tP 

(40) 

I \ 
OGL 
/ (61) 

0 

827 

826 

535 

I 
/ 

0 

3 

Bu$nH, AIBN, 

c&j, 80” 
(88) 546 

TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl 
Cl 0 

D@ 
I 

Bu$nH, AIBN, 

C6H6, 80” 

Bru../” Bu$nH, AIBN, 

C6H6, 80” 

Bu3SnH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

(5 1) ratio 87: 13 535 

0 
\ H \ \ 

4l 

I II 828 

I + II (63) HI = 4: 1 

CN 

br‘, 

(84) 4 isomers: 6.3:5:3.3: 1 294 



TABLEV. OLIGOCYCLICRINGSCONTAININGONLYCARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, (85) 546 

C6H6, 80” 
I I I 

KjFe(cN)e, KOH, 

CH2C12 
(70) 829 

OEt OEt 

Bu$nCI, Na(CN)BHj, 

AIBN, t-BuOH, 85” 
(77) 830 

Et4NOTs, i-PrOH, 

Sn cathode, rt 
(74) 610 

TABLEV. OLIGOCYCLICRINGSCONTAININGONLYCARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Br 
I Jw 

0 

Br 

I \ 0 

v!l 
/ 

Bu$nH, C6H6, 

PhC03Bu-t, 

hv, 36” 

Mn(OAc)pHzO, 

AcOH, 35’, 15 h 

Bu$nH, AIBN, 

C6H6, 80” 

Et4NOTs, ~-PI-OH, 

Sn cathode, rt 

I + II (62) I:11 = 3:2 

OH 0 

831 

196 

(45) 610 



TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Br 
I / 

0 27 / 

0 I 

s 

(70) Bu$nH, AIBN, 

C6H6,80° 
27 

0 

\ & (80) BujSnH, AIBN, 

C6H6,80° 
833 

02N 

HO 23 I \ 
/ 

I 
\ , I 

(66) K#e(c&, KOH, 

CH2C12 
829 

(53) Bu$nH, AIBN, 

C6H6, 80” 
834 

TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

835, 

836 

MeCN, EtsN, hv (58) 

0 

ti 

3 
(85) anti:syn = 4: 1 

O I 

k \ 

537 Bu$nH, AIBN, 

C6H6, 80” 

NC Bu$nH, AIBN, 

C6H6, 80” 

I+11 (81) 

I:II = 1.5:1 

291 



TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. / 
HQ 

I :111-.’ 
H 

CceMe 
+ TsCN 

PhI(OAc)2, I*, hv 

BujSnH, AIBN, 

C6H6,80° 

Mn(OAc)pHzO, 

AcOH, 35”, 17 h 

AIBN 

Bu$nH, AIBN, 

C6H6, 65” 

W3) 

OH 0 

NC (72) 

(81) 

837 

838 

196 

(85) 567 

COzMe 

‘t 
& 

(6) 839 

Ts 
NC 

TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OH 

Bu3SnH, ALBN, 

Br 
c&9 80” 

SePh 

Bu3SnH, AIBN, 

C6H6,80° 

Br 

Bu$nH, AIBN, 

C6H6,80° 

C02Me 

Bu$nH, AIBN, 

C(jH(j, 80” 

R’ R2 

(86) 

(97) I I a (92) 

Me026 fi 

570 

570 



TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

AcQ AcO 

/ 
0 

% 
I 

\ 

/ 

(PhS)*, AIBN, 

C6H6, hv, 80” 
(60) 541 

HH I & I 

(61) 
I H I I 

Bu$nH, AIBN, 

C6H6, 80” 

841 

H I db I 

W) 
I H 

iI 

107 

559 

559 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

(TMS)+iH, AIBN 

PhMe, 90” 

(73) 

(72) , 

/ 
I 

WWn)2, W-&j, 
80” 

\ 
H I xx9 I 

(74) E:Z = 6: 1 
H 

Ii 

TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

159 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

SmI2, HMPA, 

THF, 25-30°, 1 h 
(6% 559 

842 NacIOH8 

CN Hv CN 
I  a C02Et 

I 
HIlI 

W3W2, c-C& 2, 
150°, sealed tube 

104 

H H 
I II 

1+11 (60) I:II=3:1 

0 

\ 

fl 

\ Br 

II 158, 

828 

Bu$nH, AIBN, 

C6H6, 80” 



TABLE V. OLIWC~CLIC RINGS C~NTNNING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

02Me 

(73) 574 

(61) 569 

0 

/ 

H II 

k 

I  
I  

H 

@ iI 

(t-BuO)z, MeCHO, 

130”, sealed tube 

I + 843 

I + II + III + IV (54) 1:11:111:1v = 5: 1: 1:5 

TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Coritinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

b / WV 
X=HandSMe 

MeSH, (MeS)2, 

C&,9 hv 

279 

ratio 1: 1 

R’ R2 

C02Me Me (93) 
Me C02Me (53) 

CH20H H (>99) 
OAc H (83) 
OMe H (95) 

1,4-CHD, PhCl, 

191-210” 

844 

A Br 

(50) Bu$nH, AIBN, 

c&&j, 80” 
845 

+C02Et 

cl6 

0 

R 

Br / 

# 
0 

R 

Ph (85) 
p-Mec6H4 (93) 

H 
p-MeOC&I4 (85) 

R 
o-Mec6b WV 
PhC=C (82) 

Bu$nH, AIBN, 

C6H6, 80” 

846 + 



TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R n 

1,4-CHD, PhCl, 

210°, 19-24 h 

H 1 

CH*OTBDMS 1 

H 2 

Bu$nH, AIBN, 

C6H6,80° 

Bu$nH, AIBN, 

C6H6,80° 

I-b C6H6,80° 

Bu$nH, AIBN, 

(72) 
(58) 
(53) 

H 

G 

I 
\ 

/ 

/’ R iI 

R 

Me (95) 
C02Me (85) 

(7% 

847 

832 

560, 

561 

I + II (65) I:11 = 1:5 

TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6, 80°, 10 h 

Bu$nH, AIBN, 

C6H6, 80” 

1. SmI2, solvent, 0” 

2. TsOH, Me2CO 

I + II 1:n 

THF, HMPA (20: 1) (63) loo:0 

THF, DMPU (20: 1) (69) 91:9 

I CTMS 
III 
C 

Bu$nH, AIBN, 

c&j, 80” 

(67) 840 

(75) 848 

0 I R’ = OH, R2 = H 

II R’ = H, R2 = OH 

TMS 
/ 

849 

546 



TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (cmi~d) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

TMSC 
\I\ 
c \ 

c 

\ Br 

MeSeL---‘--- 

Bu$nH, AIBN, 
C6H6, 80” 

1. Ph$nH, AIBN, 
PhMe, 110” 

2. Silica gel 

Bu$nH, AIBN, 
C6H6,80° 

+ III I + II + III (62) 

1:II:III = 152 

H I 

(79) 548 

0 
TMS 

(78) 828 

TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c20 

OJ I \ ’ 
/ 

CN 

C02Et 

MeOzC \ 
Y Im 

S 

0 

BPO, +,H12, 80” 

1,4-CHD, PhCl, 
245*, 3 h 

CN 09 I 
\ C02Et (89) 

850 

Bu$nH, AIBN, 
PhMe, 110” 

*++* 851 
I + II (46) I:11 = 1:l 

0 
H 

Bu$SnH, AIBN, 
C6H6,80° 

I 
\ 

* 

(86) 33 
/ 

H 
Me0 



TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 

/ \ 

Ai& 

N 

/ 
0’ 

0 
S 

C6H6, 80” 

R 

H 

Me 

NaCloHg, THF, 25” 

phsJ$p 
-S02Bu-t 

Bu3SnH, AIBN, 

C6H6, 80°, 8 h 

Ph$nH, AIBN, 

C(jH6,80” 

(69) 

(63 

1 HO I \ I \ 3 (41) 

(62) 855 

S02Bu- 

Et&C’ ‘C02Et 

St (80) 

TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Cuntinued) 

852 

853, 

854 

340 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OTBDMS I 

n 

Cu20, Cu(OTf), .& +qjItJJ 
h I i I 

Et Iit 
I II 

I + II I:11 

348 

1 (90) 20: 1 

2 (87) 20: 1 

Me 
I 

c23 

+ 
R 

4 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN 

jPh 
N 

‘Me (75) 1: 1 mixture 

R 

C02Me (50) 

CN (58) 
COMe (30) 

Ph (60) 

199 

856, 

857 



TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

--- 

6 
/ 0 (7% , , BqSnH, AIBN, 

C6H6, 80” 

858, 

859 

c24 I 
Me0 , 

I 
/ c OMe 

0 ‘ ! 

Et&C 
H 

Mn(OA&, 
AcOH, rt 

(70) 860 

(65) 

Me, ,Me 

42 
-- -k --- 

34 Bu3SnH, AIBN, 

C6H6, 80” 

PhMe$GiO? 

TsI, CH2C12, 40” Ts Gw 139 

TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph 

Bu$nH, AIBN, 

C6H6, 80” 

199 

TMS 

Br 3% C~CTMS 

OH Ts 

Bu$nH, AIBN, 

C6H6,80° 

861 

c26 

Ph Ph 
Br - 

8-b 

/ \ 
\/ - 

Ph I% 

NaC d-h, TW 
MeOH, 25” 

Ph3SnH. AIBN, 

C6H6, 80” 

HO HO 

862 

352, 

585 



TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C28 / a I 0 

cFLi 

0 

, . 

1. N-Methyl- 

carbazole, 

1,4-CHD, THF, 

H20, hv, 55”, 5 h 

2. PhSH, C7Ht6, AIBN, 

50°, 30 min 

863 

B. Tetracyclic Systems 

Cl0 

(Me$%, Cd-k hv 864 

Br 

Bu$nH, AIBN, 

W-b, hv 

366 R=H (100) 

R = OTBDMS (100) 

Bu$nH, AIBN, 

C6H6,80° 
(58) 601 

TABLEV. OLIGOCYCLICRINGSCONTAININGONLYCARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Cl4 

0 

Bu$nH, AIBN, 

C6H6, 80” 

827 

- 
1 I \ / 

0 

t-BuOH, C6H6, hv 865 

Bu$nH, AIBN, 827 

I C6H6,800 

033 I \ \ / / / 
cl6 

DMF, TBAL, e- 866 

I II 
I II 

(57) (0) 

(0) (55) 

n X Y 

2 Cl Cl 

3 Br Br 



TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

cl8 HO / 
0 

\ ‘:’ I 
0 / \ 

\ ‘i / . . 
& / \ I \ 

K$e(cN)6, Na2C03 

K3Fe(cN)6, KOH (88) 

Bu$nH, AIBN, 

C6H6, 80” 

(PPh3hReC13, 
CC14, reflux 

H H & (67) 

H 

867 

868 

869 

(79) cktrans = 4.2: I 282 

TABLE V. OLIGOCYCLIC RINGS CONTAINING ONLY CARBON (Cmtirtued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OH 

0 C 
III 0 

HC 

c22 
I  
I  

I 

c25 

KCloH8, THF 

Mn(OAc)p2 H20, 

CU(OAC)~*H~O, 

AcOH, rt, 20 h 

870 

871 

872 



TABLEV. OLIGOCYCLICRINGSCONTAININGONLYCARBON (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c28 
C8Hi7 

c NC 0 
HC5 

c29 

MeQ 

c33 

MeO, 

PhC=C I \ 
Meo PhSe c OMe 

\ 
I 

0 

/ 

NaCloHg. THF 

17 

(89) 870 

Mn(OAc)3, (79) 

WOW29 
AcOH,rt 

0 

873 

Bu$nH, AIBN, 

C,H6, 80” 

Me0 

Me0 ’ \ f  

8 

(79) 585, 

\ 
OMe 874 

I 
\ 

/ 
Ph 



TABLE VI. OLIGOCYCIX RINGS CONTAINING ONE OR MORE HETEROATOMS 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

G3 

c9 

Cl0 

0 “-i-nr”” / 0 0 

OH 

pR> 0 

0 O 

I 

A. Tricyclic Systems 

RuCl#‘Ph3)3, 
C6H6, 1 60°, 

sealed tube 

MMOAch 
AcOH, 23” 

Mn2OW7, 
AcOH, 23” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Cl 

Ye 

I-I Gw 

0 
0 

(63) 

Me (58) 

v 0 (70) 

N 

221 

191 

191 

875 

642 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H I 

0 (63) cylaoH 191 Mn2(0Ach, 
AcOH, 23” 

SH 

A N’ S 

(45) + cs2 876 NaI, MezCO, rt 

ClCo(dmgH)2py, 
NaBHA, MeOH, 

Y 

877 

NaOH, 50” 

0 MO 
NC02Et (95) 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, (30) 
C6H6, 80” 0 

I / 
0 v \\ 

0 

0 

878 

0 

(62) 642 Bu$nH, AIBN, 

c,&, 80” 

R 

I 

0 

Gk 

\\ / 

0 

@/I+ & II 879 

\ 

0, 

Me3Sn 
> 

*c\ 
0 

I + II 1:II 

(66) 2:l 

W-9 1.7:1 

(88) 2.1:1 

I 

Bu$nH, AIBN 

R 

Me 

OMe 

H 

Me$nCl, Na(CN)BH3, 

AIBN, t-BuOH 

218 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

ClCo(dmgHhpy, 

NaBH4, MeOH, 

NaOH, 50” 

Et@, 02, 
PhMe, 100” 

Bu$nH, AIBN, 

C6H6, 80” 

Q-D \ 
HO 

I 

A 

HH 

I II 
I + II (48) 

Q-D \ + 
HO 

I I 

IAI 

CJ-D \ 
HO 

I 

H 

I II 
I + II (50) 

731 

731 

-62 I 0 -0 + --- cl3 I;I ’ 0 --o 671 

I 

i)H “0 bH “0 

I II 

I + II + III (90), I:11 = 76:24, (I, II):111 = 85: 15 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Y x R 

I 0 Me 

Br CH2 Me 

I NMe Me 

I 0 OMe 

I 0 F 

I NMe F 

: 0 
Bu$nH, AIBN, Hoti =0 (5% 

C6H6, 80” I 

Ii ‘0 

880 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6,80° 

02 

881 



Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 

BP0,CHC13, hv 
QJ3 

\ / R=H (40) 
R=Me (40) 

H 

O-i 
C 
\\\ 
CH 

ClWdmgHhpy, 
NaBH4, MeOH, 

NaOH, 50” 

Ni( II)complex, 

Hg cathode, 

NH4C104, DMF 

I (9% 

1 (86) 

I 
R 

R R' R2 R3 
OMe H H H 

Me H H H 

Cl H H H 

OMe Me H H 

OMe H Me H 

OMe H H Me 

TABLEVI. OLIGOCYCLIC RINGSCONTAININGONEORMOREHETEROATOMS(C~&~~~~) 

882 

877 

702 

883 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R2 

R’ 

I 
\ \ 

e,.i- 

I 

R’ 
/ N 

0 

R’ R2 
H H 

H CN 

H C02Me 

OMe H 

OMOM 

R X 

H I 

OMe Br 

I 

0 
0 

- 

\\ 

0 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

R2 

R’ 
H 

I 
\ 

R’ 3 
/ N 

0 

(6) 
(81) 
(73) 
(62) 

(79) 
(74) 

884 

885 

$f+ r + ForI 878 

I+ 11 (80) I:11 = 6:1 



TABLE VI. OLlGOWCLlC RINGS CONTAINING ONE OR MORE HETEROATOMS (Cmtimed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

MeO$ 

Bu$nH, AIBN, 

C6H6, 80” 

0 

Bu$nH, AIBN, 

C6H6, 80” 

MeO$ 

(73) 

(63 

886 

887 

Bu$nH, AIBN, 

C6H6, 80” 

q+q+9 888 

I II III 

I + II + III (83) 1:II:III = 6: 1:2 

TABLE VI. OLIG~CYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Me$n, 

Me$nCl, Na(CN)BH3, 

AIBN, t-BuOH 

Bt.@nH, AIBN, 

c&i, 80” 

R 

OH 

OBz / m I \ \ 
N 

(t-BuOh, PhCl, 132” 

c SH 

OEt 
Bu$nH, AIBN, 

cd-k, 80” 

(85) 330 

toq k”Q 889 

I II 

I 

(33) 

(34) 

II I, a$ ratio 

(4.9 70:30 

(46) - / m \ I H 
N 

L 
S 

(50) 

I 
O-- (66) 

OEt 

890 

891 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

Ph (91) 

Me (86) 

757 Bu$nH, AIBN, 

C6H6, 80” 

A \\ 
R o 

tie+ Me 892 
H 

I H II 

I + II (40) I:11 = 3: 1 

oJ=;=c%cH + (=-J MeOH, hv 

H 
II 

+ o& +o 892 MeOH, hv 

I + II (55) I:11 = 6: 1 

XD I 
\ / 

9 0 

(72) 893 1. Hg(OAc)2 

2. NaBH4 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

(84 868 &Fe(cN)6, KOH 

175 SmI2, HMPA, 

THF 

(89) 175 SmI2, HMPA, 

THF, MeCN 

R’ 

894 (t-BuOh, PhCl, 110” 

R’ R2 R3 R4 

H H H H 

Cl H H H 

Me0 H H H 

H H NO2 H 

H Me H Me 

(83) 

(85) 

tw 

(55) 

(9% 



TABLE VI. OLIG~CYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~M~ (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I 

0 Bu$nH, AIBN, 

C6H6, 80” 

I Me 

R 

Me 

Ph 

H 

(42) (35) 
(0) (76) 

(50) (0) 

m:nc+ 
‘CH 

C1WdmgW2py9 
NaBH4, MeOH, 

NaOH, 50” 

877 

H I I 

&tf I I ClCo(dmgHhpy, 
NaBHd, MeOH, 

NaOH, 50” 

(62) 877 

NC 
I 

& 
/ I \ (70) 
‘N 

/ 
(Bu$n)2, hv, 150” 895 

TABLE VI. 0~1~ocyc~Ic RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OMe I 
H \ \ 60 \ f  

0 1, 

Bu$nH, AIBN, 

c&j, 80” 
(46) 718 

H 

Bu$nH, AIBN, 

c&j, 80” 
(70) 

(34) 

896 

Me0 

7-i 

,OMe I 

0 Bu$nH, AIBN, 

C6H6, 80” 

897 

H 

+ 

0 
\\ 

(36) 

0 

I / 

* 

0 
\\ 

0 

Bu$nH, AIBN, 

C6H6, 80” 

878 

0 



TABLE VI. OLIG~CYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 
I 

0 

v 

\\ 

0 

R 
H 

9 

/’ , 

0 
\\ 

0 

R 
H 

0 

tP 

\\ 

0 

Bu$nH, DIPHOS, 

AIBN, C6H6, 80” 
I + 11 878 

R=OMe 

R = SPr-i 
I + II (85) I:11 = 5: 1 

I + II (80) I:11 = 8: 1 

dr:::: I \ 
‘S 

/ 
02 

c @*) 
02 

898 BqSnH, AIBN, 

C6H6,80° 

n = 1 (75) 

n= 2 (66) 
C02Me 

+ -/-OH 
(Bu3Sn>2, C&k9 hv 256 

\ /n 

dO2Me 

(25) BujSnH, AIBN, 

C6H6, heat 
889 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

C6H6,80° 
399 

R’ R2 R3 R4 

H C02Et CH2C02Et H (69) 
C02Me C02Me 
C02Me COzMe 

Me COzMe 

C02Me 

CH2C02Me 

Me, CH2C02Me 

CH2C02Me (67; 
C02Me (15) 
Me, CH2C02Me (89) 

diastereomeric mixture, ca. 4: 1 

Bu$nH, AIBN, 

C6H6,80° 

R CCp 
OH (82) 85:15 
OBz (80) 80:20 

889 

Bu$nH, AIBN, (31) endo:exo = 82: 18 671 

Br C6H6,80° 

OAc 



TABLE VI. OLIG~CYCLIC RINGS CONTAINING ONE OR MORE HETER~AT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

COzMe 
I 

R l/ 

;“:-“;c 0 0 0 
0 

+ 
R 
H 
Me 

BujSnH, AIBN, 
PhMe, 110” 

I II 

I + II (81) I:11 = 86: 14 

I + II (79) I:11 = 4753 

Bu$nH, AIBN, 
PhMe, 110” 

(79 
Et0 

Br, 

Bu3SnH, AIBN, 
xylenes, 155” 

OAc (77) 

AcO AcO 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

901 

902 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

CH 

H 
0 - 

0 A0 

Meg 

Me0 

J-l 

,OMe / 

Br 

0 -C+ 
‘CH 

Bu$nH, AIBN, 

C6H6, 80” 

Ph$nH, AIBN, 

PhMe, 100” 

BqSnH, AIBN, 

C(jH6,80” 

Bu$nH, AIBN, 

C6H6, 80” 

SnBq 
I 

(60) 

H ’ 

I + II (85) I:11 = 1:3.25 

(60) 

722 

897 

904 



TABLEVI. OLIG~CYCLICRINGSCONTAININGONEORMOREHETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R 
I H 

OEt 905 

Bu$nH, AIBN, 

C6H6, 80” 

Bu3SnI-t ~CN , 
AIBN, C6H6, 80” 

Bu$n- 
AIBN, C,I&, 80” 

R=H (8% 

R = (CH2)2CN (80) 

R = CH2CH=CH2 (70) 

Me, Me 
BrbS:,O 

H 

Bu$nH, AIBN, 

C6H6, 80” 

904 WQ) 

H 

OS) 

I 
\ 

/ N 

0 

Bu$nH, AIBN, 

C6H6,80° 
(90) 757 

TABLE VI. OUGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Me0 
\ 

Me0 

906 

(76) 
(68) 

t-BuOI, t-BuOH, hv 
Pb( OAc)4 

CN (81) 
Br 

907 Bu$nH, AIBN, 

C6H6, 80” 

(Bu$n)2, AIBN, 

hv, 150” K / 

‘N 
I 

, OMe 

I + 
/ 

MeC-C 
895 

OMe I + II (62) I:11 = 79:21 

II 

OMe 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H 

,COzMe 

MeCN, H20, hv 908 

Y = H, X = H (34) 

Y = OH, X = H (58) 

YX=O (-) 

CH2Cl 

CHC12 

cc13 

\r 
, ,COzMe 

C12HC’ 1 
908 

H 

MeCN, hv 

Y=OH (58) 
Y = OMe (63) 

Y = NHOH (51) 

H20 

MeOH 

NH20H 

(45) 909 Bu$nH, AIBN 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H 
K R, 

H-. R 
N N ‘N 

.:- Gie 

H + H + 910 

\ \ 

11 ’ / 
I 

\ 

I I 
/ III w 

Bu$nH, AIBN 

I II III I:11 R 

n-Bu 

Et 

Me 

(30) (11) (9) 2.3: 1 

(31) (13) (28) 2.9: 1 

(12) (4 (28) > 1O:l 

Me02C 

Bu$nH, AIBN, 

C6H6,80° 

I II 
I + II (63) I:11 = 1:3.2 

0 

R 4 0 

911 Bu$nH, AIBN, 

C6H6, 25’, hv 

TBDMSO 0 

7-r 
OTBDMS 

R 

S02Ph (84) 

C02Me (62) 

CN (76) 

C1CH2S02Ph 

PhSCHzC02Me 

PhSCH2CN 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

C02Et 
I 

Et02C 
\ 

OMe Bu$nH, AIBN, 

C6H6, 80” 

I II 

I + II (89) 1:II = 8: 1 

I + II (97) I:11 = loo:0 

(41) 

R2 

R’ R2 

Bu3SnH, AIBN, 

c6H6 

714 

0 

% 

Bu$nH, AIBN, 

c,&i, 80” 

399 

H 

Me 

C02Et 

C02Me 
(75) 5: 1 mixture of isomers 

(77) 9: 1 mixture of isomers 

TABLE VI. OLIG0CYCLIC RING~CONTAININGONEORMOREHETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I Melsi 
/ wBr 

Me 

BqSnH, AIBN, (6% 57 

C6H6, 80” 

tie 

E:Z= 1:l Bu$nH, AIBN, 

C6H6, 80” 

R 

OMe 

C02Me 
(84) 92:8 

(86) 9317 

HO HO 

BqSnH, AIBN, 

C6H6, 80” Et02C 
(80) 

C02Et 

399 



TABLEVI. OLIGOCYCLICRINGSCONTAININGONE ORMORE HETER~AT~MS(C~~ZU~~) 

Reactant Conditions Pr oduct(s) and Yield(s) (%) Refs. 

BujSnH, AIBN, 
C6H6, 80” 

ZR=Me 
E R=Et 

Cl5 

Y Y 
R' R* 

.’ *I 

0 2 \ / 
C02Et 

Y 

Bu$nH, AIBN, 
C6H6, 60” 

912 

Y 
0 

CH2 

I, III Me C02Et 
II, IV C02Et Me 

I-IV (92) 1:II:III:IV = 83: 1: 11:4 
I-IV (79) 1:II:III:IV = 61:7:24:8 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROAT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

S 
Me%/ SMe 

Bu$nH, AIBN, 
C6H6, 80” 

913 

I 
I + II (84) 

0 

Bu$nH, AIBN, (97) 
C6H6, 80” 

914 

CN CN I NC 

q$&o+q&o 
I II 

A: Pt foil anode, 
CI-J*(C02W29 

n-BuaNBr, MeCN 

915 

A I+11 (90) I:II= 1:l 
A + LiC104 I + II (77) 1:II = 3: 1 
A + MgClO4)2 I+11 (62) I:II= 11.4:1 



TABLE VI. OLIG~CYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

rC02H 

N 

S20g2-, Fe*+ 916 

Bu$nCl, Na(CN)BH3, (85) 
AIBN, t-BuOH, 80” 

713 

& 
(73) 

0 

Bu$nH, AIBN, 

c&9 80” 
497, 

48 

PhSe-0’ 

Bu$nH, AIBN, 

C6H6, 80” 
\ Me 

OMe 
917 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Mn(OAc)s, AcOH, 

NaOAc, 110” 

1% + 1% 918 

R R 
I II 

I + II 1:II 

H 

Me 

R’ 

(38) 1.8:1 

(77) 2.7: 1 

0 

Bu$nH, AIBN, 

c,b, 80” 

R1 = COzEt, R* = Me Me H 

H Me 

Me H 

H Me 

(4) (4 

(4) (81) 
(12) (1) 

(15) (37) 

Rt = Me, R* = C02Et 

,OAc 

2 / tioB Bu$nH, AIBN, 

C6H6, 80” 

111, 

438 

I + II (67) 1:I-I = 65:35 



Reactant Conditions Product(s) and Yield(s) (%) Refs. 

E 

E/Z mixture 5: 1 

OH 

Br 0 

9 

-- 0 

R \ 
(j’ ‘0 % 

OAc 

I 0 

-b 

-- 0 

4 ‘bA‘c‘O 
HCG % 

BusSnH, AIBN, 

C6H6, 80” 

(61) 1O:l 

(56) 4.5: 1 

Bu$nH, AIBN, 

C6H6, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

OH 

0 

0 

-- 0 

Me02C 
0” “0 x 

R 

R = COzMe, one diastereomer, (6 1) 

R = Me, one diastereomer, (61) 

919 

399 

Ac&:I + A&!& 671 
I II 

I + II (-) I:11 = 7:3 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H 

Me02Ca’7& 
Bu$nH, AIBN, -N 0 

I + 671 

C6 Hg, 80” 

Me02C 

,’ $I 

Me02C’ 
‘lo 

R 

OC(S)SMe 

OC(S)Im 

r::,, 
1 C02Me 

(Me$nh, hv 

MnWW3, 
AcOH, 02, rt 

1+11 I:11 

(73) 88:12 

(88) 88:12 

(42) 

OH 

(30) 

18 

618 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reac tant Conditions Product(s) and Yield(s) (%) Refs. 

I I 1 

0 
Cl 

0 

BusSnH, AIBN, 

c-ChH t 2, heat 

R’ R2 23 

MeH I I + II (67) 

H Me II I:11 = 3:7 

C02Et ep a;y,7c02m Bu$nH, Et3B (67) 920 

Me02C 

Meo2cJ533 C6H6, 80” 

Bu$nH, AIBN, (52) 723 

Ph Ph 921 Bu$nH, AIBN 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

> 

I 
OMe 

d’ I 

0 

914, 

922 
R = a-Me Bu$nH, AIBN 

R = p-Me 

ACOY II ,,OAc I 
!In 0 (50) 

0 0 
897 Bu$nH, AIBN, 

C6H6, 80” 

n 
Bu$nH, AIBN, 

PhMe, 1 lo”, 2 h 

C02Et (8 1) 923 



Reactant Conditions Product(s) and Yield(s) (%) Refs. 

BzO 

(68) 924 

BzO 

Bu$nH, AIBN, 

c&i, 80” 

H 

Bu$nH, AIBN, 

C(jH6,80” 

R 925 

H (45) 

TMS (60) 

Ph 

(60) Bu$nH, AIBN, 

xylene, 140” 

463 

905 BusSnH, AIBN, 

C6H6, 80” 

Br 

OEt 
LbEt 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (76) Refs. 

Bu$nH, AIBN, 

C6H6, 80” 
(73) 888 

0 

-C02Bu-t C02Bu-2 

I 

\ 

0 
\\ 

Bu$nH, AIBN, 

/” C02Bu-t C6H6, 80” 

0 

I + 99 

I + II (89) I:11 = 4: 1 

Br OBn 
I ? 

Bu$nH, AIBN, 

C6H6, 80” 

CN CN I 

uv, (450-W 

Hanovia), 

THF, rt, 45 min 

926 

l/--h 
‘OH 



TABLEVI. OLIGOCYCLICRINGSCONTAININGONEORMOREHETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

H H I 

0 0 : 0 

% % 

Bu$nH, AIBN, Bu$nH, AIBN, 

I::/ 

=0 671 671 

C6H6,80" C6H6,80" I 
A 

Et02C Et02C “0 
4- 

OC(S)SMe 

OC(S)Im 

R 4 isomers in ratio 68: 14: 12:6 4 isomers in ratio 68: 14: 12:6 

(83) (83) 

(76) (76) 

Bu$nH, AIBN, 

C6H6, 80°, 2 h 

(93) >lO:l (93) >lO:l 542 

OBu-t 

J3 / 
0 \ 

Si 
Me/l\ 

Me Br 

Bu$nH, AIBN, 

C6H6, 80” 

OB 

P I 

9 Ii 
Si 

Me’ iMe 

u-t 

WO) 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

122 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

0 

J-4 
cc13 

1. KOH, MeOH, 

2. Mn3(0Ac)T, AcOH 

Pt-foil anode, 

CH2C02W29 

n-BudNBr, 

MeCN 

Ru WPPbh 
C6H6, 80°, 72 h 

C02Me I 

C02Me I 

H 

927 

915 

928 



TABLE VI. OLIG~CYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

I \ 
’ N2+BF4- 

I: / 
N=N-Ar 

\ 
I 

CN / 
phc=cM1 + \ ’ xl F 

I 

Bu$nH, AIBN 

NaI, MezCO, -20” 

(Bu$n)z, hv, 150” 

Bu$nH, AIBN, 

PhMe, 110” 

R = 4-MeChHd (84) 929, 

R = 4-ClC6H4 (90) 930 

Ph 
I 

Ph 
I 

(71) 931 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

NOBu-t 
II 

Bu$nH, AIBN, 

C6H6,80° 

OTHP Bu$nH, AIBN, 

C6H6, DIPHOS 

(1:1) Bu$nH, AIBN, 

C6H6, 80” 

BnO# 
N 

OBu-t 

Bu$nH, AIBN, 

C6H6,80° 

t-BuOHN 

/ 
dP I \-I/ (47) 
\ 

0 

560, 
561 

/OTHP 

< 0 I 0 1 : 1 mixture (W 878 of isomers 

0 

? 
NHOBn 

889 

753 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Cminued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

932 

‘R 

n R 

1 Me 

1 CH2C02Et 

2 CH2C02Et 

3 Me 

MeOH, hv 
MeCN, hv 
MeOH, hv 
MeOH, hv 

Bu$nH, AIBN (72) 

Bu$nH, AIBN 

PhMe, 110” 

0 (76) 

h Me 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Cmtinued) 

23 

715 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

R R’ 

DPDC, C6H6, 60” 933 

H Ph 

Cl Ph 

OMe 4-ClC6H4 

H 4-02Nc6& 

H 4-Met)c&I4 

a- 
NHPh 

0 

Me’ 

&S208, H2Q 
100” 

(97) 934 

cuc12, CuCl, 

THF, AcOH, H20 

Me;F& +Me~~~~ 163 

I II 

I + II (84) I:11 = 2.2: 1 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, I + 935 

c&3,80” 

I + II (60) 

Me0 , 

2 

I:11 = 3.3:1 

II 
/ N 0 

Me0 
H” 

H 

C02Et 

1. NaI 

2. Bu$nH, AIBN 

TBDMSO 

=(::K)lI] C91) 

Bu$nH, AIBN, (71) 
C6H6, 80” 

I 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

555 

931 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Ph 

0~SePh 

0 

Bu$nH, AIBN, 

C6H6,80° 

Bu3GeH, AIBN, 

C6H6,80° 

Bu$nH, AIBN, 

C6H6, 80” 

Ph I + 936 

I:11 = 85:15 

Ph II 

I + II (73) I:11 = 1:2.4 

(85) 42 

AMe OMe 

50 



TABLE VI. OLIG~CYCLIC RINGS CONTAINING ONE OI$ MORE HETEROAT~MS (h2tin~ed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Et 

Bu$nH, CbH6, hv R=PhorSPh 

C02Me (60-85) 

Bu$nH, AIBN, 

C6H6, 80” 

(85) 2: l ratio 

OMe OMe OMe 

0 0 

B+GeH, AIBN, 

0-SePh 
C6H6, 80” 

NH 
I \ 

‘C02Me 
MeCN, hv 

, .COzMe 

(47) trans:cis = 3: 1 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

937 

42 

50 

908 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0 

Bu$nH, AIBN 

Bu$nH, AIBN, 

C6H6, 80” 

I + 

R I II 

Me (30) (50) 

Ph (75) (13) 

II 

-.o I+ 
4- 

H 
I + II (45) I:11 = 83: 17 

t 

938 

671 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Conrimed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

1 

\ ClO, - 

/ / N&CO*Me 

\ 

TMS 

c22 

Bu$nH, AIBN, 

c&j, 80” 

MeOH, hv 

~-BUSH, hv 

Ph$nH, AIBN, 

C6H6, heat 

I \ v / I (57) \ 
0 

(77) 

79 

932, 

939 

940 

112 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

TMsc* 
&a 

R 
R Y 

H CH2 

NMe2 S 

Et02C 

OMe 

Br 

‘LC02Et 

A: (Ph2S)2, AIBN, 

C6H6, 40”, hv 
B: (Ph2COSnMe&, 

C6H6,80° 

A 

B 

Bu$nH, AIBN, 

C(jHfj, 80” 

Bu$nH, AIBN, 

C6H6,80° 

Bu$nH, AIBN, 

C6H6, 80” 

941 

(94) 
(85) 

+I + $eII 942 

C02Et C02Et 

I + II (92) I:11 = 1O:l 

(98) 943 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c23 R i \ / 
& 0 

N 

H 3 
0 

R ‘\ \ / PhS 
FL 
/ I- 0 

N d 
R 

H (57) 
3-OMe (63) 

4-OMe (65) 
944 Bu$nH, AIBN, 

C6H6, 80” 

0 

SePh 

Me, Me o-‘c; 
0 w Ph 

Bu$nH, AIBN, 

c,f’3& 80” 

wv 696 

‘SePh 

I,n I+11 (75) 
I:11 = I:1 

945 Bu$nH, EtsB, 

C6H14, x-t 

I ’ 
‘-CGCTMS 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

?Q / 
SePh 

0 
-EcTMs 

945 

1 (523 1. Ph$nH, AIBN, 

c&j, 80” 

2. WI 

1. Bu$nH, AIBN, 

C6H6, 80” 

2. Ca3, py, C&C12 

I (58) E:Z=5.5: 1 
134 

c25 

wm 946 Bu$nH, AIBN, 

C6H6, 80” 

OBn 
0 

Me0 

OPh 

Bu$nH, AIBN, 

PhMe, 110” 

0 

OPh 

947 

SEM I 
SEM 

SEM = TMS(CH2)20CH2 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

O.,,SePh 

Bn 

Bn 

Bu$nH, AIBN, 

C6H6,80° 
(66) 50 

Bn 

Bu$nH, AIBN, 

C6H6,80° 

BqSnH, AIBN, 

C6H6, 80” 

(75) E:Z= 1:l 

R 

H (65) 
OBn (70) 

948 

948 

c29 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) 

I 

Refs. 

Bu$nH, AIBN, I + 

BnO BnO 

BnO 

C(jH(j, 80” 

PhMe, -78”, hv 

Bu$nH, AIBN, 

BnO 

I + II (95) I:11 = 1.6: 1 

I + II (95) I:11 = 3.8:1 

II 

BnO 

BnO 

792 

792 

ChHfj, 80” 

PhMe, -78”, hv 
1+11 (96) 1:11=8.1:1 

I + II (96) I:II = >150:1 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN, 

PhMe, 90” 

$qbr 
0 

+ EtoaI;“..,, AIBN, 
\ 

0 
C6H6, 80” 

OH 
I 

KzFe(CN)h, OH- 

OH 

_ -OH (80) 949 

Et02C 

(70) 

o&&/6H4Me-p 

I 
C6H4Me-p 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

905 

950 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

hmhm 0’ I 
MEMO, 

SiMe2 

SiMe2 

Si(OMe)z 

Me2SiOSiMe2 

TBDMSO OTBDMS 

MeCN, -10 to 23” 

PhMe, 0” 

PhMe, 0” 

PhMe, 0” 

I + II I:11 

(80) 1:3.4 

(74) 6:l 

G-4 3:l 

(-4 >95:5 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROAT~MS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c56 

.OMe . Bu$nH, AIBN, 951 

c,4i, 80” . 
‘OBn 

OBn OBn 

.OMe . 

,OMe . Bu$nH, AIBN, ‘-()Bn (>35) 952 

PhMe, 110” 
. 
‘OBn 

OBn OBn 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Go 

Bu&I-I, Et3B, 0” 

HO OH 

R= 

CbzN 

I + II 1:II 

PhMe 

MeOH 
w9 7.5: 1 

(4 1.6:1 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. -~~~ 

B. Tetracyclic Systems 
w3 

H 
0 

ITopT 
1. Bu$nH, AIBN, 

cd&j, 80” 

\ 2. AcOH, H20 

ci b 

X 
Cl4 

Bu3SnH, AIBN, 

c&j, 80” 

H 

0 

4? 

NH3, K WF, 
0 0 

(Nb)2so4 

/ hv, 80” 

(66) 

H 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

954 

955 

956 

957 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Br I 

Bu$nH, AIBN, 

C6H6,80° 
I 

\ O 
H R’ 

R 
/ 

% 
H 0 / \ R2 

958 

R R’ R2 

H H H 

OMe -CH=CHCH=CH- 

Cl -CH=CHCH=CH- 

Bu3SnH, AIBN, 

C6H6, heat 

Bu$nH, AIBN, 

c&&j, 80” 

(82) 
(90) 
(88) 

0 

c& / N 
Iv S 

0” s 

3 

0 

a 
H S 
0” s 

3 

(51) 

(68) 

887 

887 



TABLE VI. OLIGoCYcLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

CHO CHO 

/ 
I 

\ 

Bu$nH, AIBN, 

0 

’ NI (53 

C&&, 80*, hv 

0 

CHO 

Bu$nH, AIBN, 

C,b, 80”, hv 

CHO 

(35) 

Br 
\ 

Bu$nH, AIBN, 

C6H6,80° 

MeO$ 

959 

959 

887 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

0, I 
N 
I 

Bu$nH, AIBN, 

C&, 80” 

Bu3SnH, AIBN, 

c&&j, 80” 

Bu$nH, AIBN, 

c&j, 80” 

K#e(cN)6, KOH 

960 

868 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

OEt 

1. Bu$nH, AIBN 

2. @I 
(82) 

3.8: 1 mixture 

Carbon felt anode I 
\ 

H 

NOR \ / 

R 

AC 

C02Bu-t 

Me 

Y 
Y 

OH (70) 
OH (70) 
OAc (73) 

Bu3SnH, AIBN 

n 
HO 0 

--- 

Y 

\ 

I 

I  

I + II (65) 1:II = 2.5: 1 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

963 

964 

II 158, 

828, 

965 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

I 
PhS 

Bu3SnH, AIBN, 

CA, 80” 

Bu$nH, AIBN (62) 

1. Cycloaddition 

2. Bu$nH, AIBN 

686 

966 

962 

H H 

TMS H 

H C02Et 

(21) cis Me, H (35) tram Me, H 

(-3 (54) 

(36) (36) 



Bu$nH, AIBN, 967 

c&9 80” 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

RI 
OMe 
H 
H 

R* R3 R’ R* R3 
OMe OMe OMe OMe OMe m 
H H H H H (60-80) 

-OCH20- H -OCH20- 
-OCH20- H 

(60-80) 6:l 

OMe OMe 

Bu$nH, AIBN, 
o-xylene, 140” 

923 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu$nH, AIBN 
PhMe, 110” 

968 

I- II 

Bu$nH, AIBN 
Cfj&, 80” 

Me02C 

I 
AC 

Bu3SnH, AIBN 
PhMe, 1 loo, 20 h 

887 

Me02C 

969 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

1. Bu$nH, AIBN wo 943 
2. H+ 

Bu$nH, AIBN, 
c6&9f30° p;;~oMeph~+oM~ 

I Ii 
I II 

1+11 (91) I:II= 1:4 

1 n 

~~~~~~~~~~~ + 6 (Me&)z, hv, 80” w:J 
(45) 

Bt C02Me 

Bu$nH, AIBN, 
C6H6,80° 

957 

971, 

972 

Me0 Med 

c21 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continues 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Bu SnH AlBN ;6h’800 9 

I + II (84) 

I:II= 1:l 

I 

Bu3SnH, AlBN, (91) 
C&&j, 80” 

1. Bu$nH, AIBN, 
c&&j, 80” 

2. CH2CI2, silica gel 

(85) 

970 

973 

HC” I 
I-I \\ 



TABLE VI. OIK~CYCIX RINGS CONTAINING ONE OR MORE HETEROATOMS (Cmtinued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

BlY 

Ph \ ‘N 

X d I N 

b 

/ \ 
\/ - 

Bu$nH, AIBN, 

PhMe, 110” 

MeOH, hv 

X 

Cl 

Br 

I 

OAc 

OMe 

Bu3SnH, AIBN, 

C&j, 80” 

R = -CH$- (5 1) 

R=Me (32) 

R 

R 

Ph \ ‘N 
I & N 

/ \ 

\/ - 

w 
W) 
WI 
(61) 
(52) 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Cczuttinued) 

968 

974, 

975 

943 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

MeOH, MeCN ( 1: 1) 

hv 

Ph 
,OMe 

(55) + 

I \ 0 

Q 
/ 

\ ’ N-\?ph 

0 

MeOH, MeCN (1: 1) 

hv 

Ph 

(16) 

0 

,OMe 

(571 + 976 

976 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

973 1. Bu3SnH, AIBN, 

C&j, 80” 

2. CH2C12, silica gel 

1. Bu3SnH, AIBN, 

c&j, 80” 

2. CH2C12, silica gel 

978 Bu$nH, AIBN, 

C&&j, 80” 

Me 

Br/‘di-Me 
\ 

9 

Bu$nH, AIBN, 

C6H6,80° 
(>63) 979 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c23 0 

0 
(i-Pr)2Si / 

I 
I 

Bu3SnH, AIBN, 

C6H6,80° 
980 

(i- 

0, I 
(i-Pr)2SY 0 

1. Bu3SnH, AIBN, 

PhMe, 110” 

2. DDQ 

R = Ph (84) 

R=H (86) 

R 

981 

(73) NHw 1. Bu$nCl, NaH 

2. Bu$nH, AIBN, 

PhMe, 110” 

981 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c24 

p&J 

I 
Me02C OTBDMS 

11 

c25 

C02Me 

(yJq& 

I 
Me02C OTBDMS 

Bu$nH, AIBN 

NHC6h 1 

Bu$nH, AIBN, 

C6H6, 80” 

Me0 

OMe 

Bu$nH, AIBN 

982 

982 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Br 

c26 

Me0 

AC 

Bu$nH, AIBN, 

C&, 80” 

Bu$nH, AIBN, 

C6H6, 80” 

mMo-@H ) - -OTBDMS S&2, JJ=, 25” 

983 

NMe 
H 

0 

0% 

(70) 984 
H H 

I 
\ 

I 
\ 

Me0 
/ / N 

AC 

(92) 985 

MEMO 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c30 
0 

Me 

Bu$nH, AIBN, 

C6H6, 80°, 18 h 
(52) 969 

(35) 986 

AC 
c31 

Me\ 
r\J-Ts 

SPh Me 
I I 

Me0 OH 

H -- csb / \ Bu$nH, AIBN, 

C6H6, heat, 35 h 

/‘mH Me0 

I 

BusSnH, AIBN, 

c&&j, 80” 
(70) 987, 

988 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

Br R = H (57) 987, 

R = Me (82) 988 

Bu$nH, AIBN, 

C6H6,80° 

“‘OEt 

Bu$nH, AIBN, 

c,&, 80” 

AcO 

133 

C. Polycyclic Systems 

cl6 

BySnH, AIBN, S 
C6H6, 80” 

887 (5% 

x=0 (76) 
X = NMe (54) 

X = SO (67) 

887, 

962 

Bu$nH, AIBN, 
QQ& 

C6H6,80° 

AJ 
I 

Lx / 



TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Contiutued) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c20 

Bu$nH, AIBN, 

C6H6, 80” 

962 

Ph$nH, AIBN, 

C6H6, 80” 

Me, 

(55) (37) 

NHBz NHBz 
I 

Bu$nH, AIBN, 

C6H6, 80” 
(56) 

TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

886 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c22 
SPh < 

Bu$SnH, AIBN, 

xylene 

MeOH, MeCN (1: I), 

hv 

OMe OMe OMe 

E I + II (>55) 1:II = 49:51 

z I + II (>48) 1:II = 43:57 

Bu$nH, AIBN, 

C6H6, 80” 

030) 

.OMe 

(49) 

990 

976 



Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c27 

I 

c29 
OMe 

Bu$nH, AIBN, 

PhMe, 110” 

992 

R = OAc (70) 

Bu$nH, AIBN, 993 

CA, 80” 

OMe 

~-BUSH, THJ?, 

hv, 80” 
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TABLEVI. OL~GO~Y~LICRINGS~ONTAININGONEOR MORE HETEROATOMS (Continued) 

Reactant Conditions Fbduct(s) and Yield(s) (%) Refs. 

Br 
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(70) 58 
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Bu$nH,AIBN, 
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TABLE VI. OLIGOCYCLIC RINGS CONTAINING ONE OR MORE HETEROATOMS (Contimed) 

Reactant Conditions Product(s) and Yield(s) (%) Refs. 

A: Li/NH3, THF, -78” 

B: Bu$nH, AIBN, 

PhMe, 110” 

R X 

H F 

H Cl 

H Br 

H Br 

OMe Br 

OMe Br 

995 

R R 
Bu3SnH, AIBN, 

0 (73 996 
w%, 80” 

R = TBDMS 

TABLE VI. OmmcYcLIc RINGS CONTAINING ONE OR MORE HETEROATOMS (Continued) 

Reactant ~~duct~s~ and Yield(s) (%> Refs. 
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(CH&Pr-i H 

THE) 

Bu3SnH, AIBN, 

CsH6, 80” A A 
OMe OMe 

997 
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Reactant Conditions Product(s) and Yield(s) (%) Refs. 

c34 

A I Ph Ph 
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