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Photoreactions of Phenyl-Substituted N-(Pent4enyl-l-oxy)pyridine- 
2( 1 H)-thiones 

Jens Hartung,* Margit Hiller, and Philipp Schmidt 

Abstract: A series of hitherto unknown 
N-(pent-4-enyl-l-oxy)pyridine-2( 1 H ) -  
thiones (6) were prepared from substitut- 
ed pent-4-enyl tosylates or benzylic chlo- 
rides. On irradiation with incandescent 
light heterocycles 6 liberated alkoxy radi- 
cals 2, which were studied for rearrange- 
ment reactions. Surprisingly, all transfor- 
mations involving the 1 -phenylpent-4- 
enyl-1-oxy radical (2a), for example, to 
give the substituted thioether 8, 2-bro- 
momethyl-5-phenyltetrahydrofuran (1 1) , 
or the tetrahydrofuran 14a, were not 
stereoselective. On the other hand 2-, 3- 
mono-, and 1,s-disubstituted pent-4-enyl- 

Introduction 

1-oxy radicals 2d-e and 2g cyclized in 
good yields and with good to excellent 
stereoselectivities to give the correspond- 
ing 2,4-cis- and 2,3-trans-phenyltetra- 
hydrofurfuryl radicals 3d-e, and the 
trans-2-benzyl-5-methyl substituted inter- 
mediate 3g. The major reaction mode of 
the 4-phenylpent-4-enyl-1 -oxy radical 

alkoxy 
lkethi 
furans 

The fascinating role of small molecules such as substituted te- 
trahydrofurans in physiology,"] as building blocks in organic 
synthesis, for example, for polyether toxins:'l or as ligands in 
coordination chemistryt3I stimulated our interest in developing 
new, stereoselective routes to substituted oxolanes, starting from 
open-chain precursors such as substituted pentenols or the corre- 
sponding oxygencentered radicals generated under the mild, yet 
largely unexplored reaction conditions of free alkoxy radical 
chemistry.r41 This methodology takes advantage of the elec- 
trophilic nature of oxygen-centered radicals, which add readily 
to C-C double bonds even when the latter are not activated.t51 

In a recent studyt6] we investigated the scope of the 5-exo- 
trig reaction of alkyl-substituted pent-4-enyl-1 -oxy radicals in 
stereoselective tetrahydrofuran syntheses (Scheme 1). Using 
Beckwith's findings that alkoxy radicals can be generated from 
N-alkylo~ypyridinethiones,"~ we were able to show that these 
precursors offer several advantages over classical alkoxy radical 
progenitors, such as peroxides, nitrous acid esters, or alkyl hy- 
pohalites, for studying the basic principles of heterocycle fonna- 
tion from pent-4-enyloxy radicals. Our competition experiments 
have demonstrated that ring closures of 0-centered radicals are 
exceedingly fast reactions with rate constants between lo8 and 
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(2f) was the 6-end0 cyclization, which af- 
forded 3-phenyltetrahydropyran (13f) as 
the major product (endo:exo = 93:7) af- 
ter trapping with hydrogen donors. Ac- 
cording to the experimental data of the 
present study, the unusual reactivity of 
the 1 -phenylpent-4-enyl-l-oxy radical 
(2 a) in 5-exo- trig ring closures could be 
caused by a coplanar arrangement of the 
benzyloxy moiety in the transition state of 
the cyclization. This interaction would 
lock the radical center in 2 a in a preferred 
conformation, which would result in simi- 
lar steric effects for both cis- and trans- 
cyclizations. 
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Scheme 1. Top: modes of ring closure of the pent-knyl-1-oxy radical (2). Bottom: 
the major efTects of alkyl substituents on the stereo- and regioselectivity of pent-4- 
enyl-1-oxy radical cyclization 

lo9 s - ' .  In spite of this high reactivity, the cyclizations proved 
to be regio- and stereoselective. We were able to derive general 
guidelines for ring closures which state that 1- and 3-alkyl-sub- 
stituted pent-4-enyl-1-oxy radicals preferably yield the truns- 
alkyltetrahydrofurfuryl radicals, whereas 2-substituted pent- 
4-enyloxy radicals rearrange preferentially to cis-4-alkyl-2- 
tetrahydrofurfuryl radicals. All reactions studied so far strongly 
favor the thermodynamically less stable primary tetrahydro- 
furylmethyl radical (3). The products derived from the 6-endo 
intermediate, the tetrahydropyranyl radical (l) ,  are always ob- 
tained along with the substituted tetrahydrofurans, but can be 
separated on a preparative scale. 
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The enormous significance of phenyl groups in radical chem- 
istry,[81 in stabilization and hence selectivity control, led us to 
extend our mechanistic studies to phenyl-substituted pent-4- 
enyl-1-oxy radicals. Besides exploring the effects of phenyl sub- 
stituents on the stereo- and regioselectivity of alkoxy radical 
ring closures, we aimed to introduce useful functionalities into 
the synthesized tetrahydrofurans. The aryl groups could be fur- 
ther converted, for example, to carbonyl compounds by a Birch 
reductiontg1 and subsequent ozonolysis of the cyclohexadi- 
enes,["l to carboxylic acids by RuO, oxidation,[' ' I  or to cis-di- 
01s by enzymatic arene oxidation!'Z1 to afford building blocks 
of further use in synthetic tetrahydrofuran chemistry. 

Results 

Substituted pent-4-en-1-01s 4 were prepared by standard proce- 
dures using reagents such as Grignard, ethyl malonate, or ethyl 
acetoacetate. The benzylic alcohols 4a and 4h were transformed 
into the corresponding chlorides with thionyl chloride," 31 while 
all other alcohols 4 were converted to the respective tosylates 
(Scheme 2) .[I4] The cyclic thiohydroxamic acid esters 6 were 
obtained in 31 -63 YO yield by treating the alkylating agents with 
2-mercaptopyridine N-oxide tetraethylammonium salt (5) in 
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Scheme 2. Synthesis and transformations of N-alkoxypyridinethiones 6. 

DMF.l6. '1 The ambident anion 5 also reacted at sulfur to give 7 
as a by-product. All precursors 6 were yellow oils, except for 
crystalline 6a and 6h. They proved to be fairly stable when 
stored in ambercolored flasks, except for the 1 -phenyl-substi- 
tuted esters 6a and 6b, which rearranged in the dark, sometimes 
within days, to give the corresponding pyridine N-oxides 7a and 
7b in quantitative yields. 

Authentic samples of the substituted tetrahydropyrans 13" 
and oxolanes 14[161 (Scheme 6) were needed for NMR, GC, and 
GC/MS analysis of the reaction mixtures of the alkoxy radical 
reactions. The 5-exo products 14 were synthesized from pen- 
tenols 4 by iodo~yclization['~~ and subsequent reduction of the 
phenyl-2-iodomethyltetrahydrofurans with LiA1H4/LiHt'*l 
mixtures. The assignments of the NMR spectroscopic data for 
both the cis- and the trans-disubstituted tetrahydrofurans 14 
are based on H,H and H,C COSY and NOE experiments 
(14a-qg). In two cases (14d,e), the stereochemical assign- 
ments could be directly deduced from differences in proton 
chemical shifts of cis and trans products due to the proximity of 
protons to the magnetic anisotropy caused by the phenyl 
groups. Where the data has not previously been reported, the 
proton and carbon chemical shifts of substituted tetrahydropy- 
rans 13 are included in the Experimental Section. 

A yellow solution of 6 a in benzene ( T  = 20 "C) quickly decol- 
orized upon irradiation and afforded the thioether 8 (cis: truns = 
50:50) in 70% yield after workup (Scheme 3). Likewise, anaer- 

6 a 3  70 % 8 
d ~ : t r a n ~ = 5 0 : 5 0  

hv d0-Q 
81 % 10 

9 s  
cis: trans= 30 : 70 

Scheme 3. Photolysis of 6a and 9 in the absence of a radical trap. 

obic photolysis of pyridinethione 64 in benzene in the presence 
of the radical trap BrCCI, (c, = 1.5 M) afforded, after workup of 
the colorless solution, 11 as a pleasant smelling liquid in 67% 
yield (Scheme4). The cis-trans ratio of 11 was 50:50. In con- 

6a 2a 

sm3 
B*ph + 

11 12 

cis : trans= 50 : 50 

67% 70% 
Scheme 4. Photolysis of 6a in the presence of the radical trap BrCCI,. 
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trast to the lack of stereoselectivity observed in photoreactions 
of the phenyl-substituted pyridinethione 6a, anaerobic photoly- 
sis of the 1-isopropyl-substituted ester 9 in benzene (T = 20 "C) 
afforded the truns-2,5-disubstituted heterocycle 10 as the major 
product (cis: trans = 30: 70, Scheme 3). 

Addition of the hydrogen donor tri-n-butylstannane to the 
photolyzed solution of 6a in benzene (c, = 1.8 M, 2.5 equiv) af- 
forded almost equivalent amounts of cis- and trans-l4a 
(&:trans = 52:48) in a total yield of 72%, in addition to 14% 
of phenylpentenol 4a and 1 % of 2-phenyltetrahydropyran 
(13a) (Scheme 5). The exo:endo ratio of cyclized products 

la 2a 3a 

OPh 
13a (1%) 40 (14%) 14a(72%) 

cis: trans= 52 : 46 
Scheme 5. Photolysis of  6r in the presence of  a hydrogen donor: i) 2.5 equiv 
Bu,SnH (c, =1.8~). C,H,, 20°C. 

(14a:13a = 98:2) clearly points to the intermediacy of alkoxy 
radical 2a.1191 The phenylpentenol4a was formed by the reac- 
tion of 2a and Bu,SnH prior to 5-exo-trig cyclization, and the 
amount of this product was dependent on the concentration of 
tin hydride in solution.1201 In order to obtain more information 
on the effect of the phenyl substituent on the ring closures of 
substituted pent-4-enyl-1 -oxy radicals 2 to give substituted te- 
trahydrofurfuryl radicals 3, we examined the reactions of a 
number of radicals 2 (Scheme 6, Table 1). 

Table 1. Ring-closure reactions of  substituted pent-4-enyl-1 -oxy radicals 2. 

- 
21 
2b 
2e 
26 
2e 
2f 
2g 

Reaction Conditions i) [a] 
14 [c] 14: 13 [d] 
cis: trans exo:endo (cis:trans) exo:endo (cis:trans) Yield/% 

52:48 98:2 72 (52:48) 98:2 1 14 

Reaction Conditions ii) [b] 
14 Yield/% [el 14: 13 [d,q 13 Yield/% [el 4 [el 

38:62 99:l 66(38:62) 99:l 1 1 
32:68 99:1 64 (32:68) 99:l 1 3 
88:12 97:3 70 (88:12) 96:4 3 - 
>5:<95 91:9 72 (2:98) 91:9 I 20 

7:93 5 5:95 89/82 [g] 5 - 

33:67 -[h] 95(34:66)[g] <99:>1 >1 (84:16)[i] 4 

[a] Conditions i): hv. 15°C. 1.2equiv NpSH. C,D,. [b] Conditionsii): hv. 30°C 
2.5 equiv Bu,SnH. TBB or C,H,. [c] 'H NMR spectroscopy used to determine cis-trans 
ratios; stereochemical assignments of  the products derived from NOE and H,H and H,C 
COSY experiments; yields of cyclized products >95%, except for photoreactions of 6a 
and 6e: 4r. 13%; 4e, 32%; experimental error of cis-trans ratios: +3%. [d] GC/MS 
analysis based on comparison with samples of independently synthesized 14 and 13; 
the exo-endo ratios vary within +0.2% in absolute values. [el Photoreactions of 6.-g 
performed in TBB or C,H6; yields determined vs. n-C,,H,, as internal standard (experi- 
mental error: f 5%). [fl The exo-endo ratios vary within *0.2% in the absolute values. 
[g] Isolated yield of 3-deuterio-3-phenyltetrahydropyran (IS) from photoreaction of 61 
and Bu,SnD. [h] Not determined. [i] The tetrahydropyrans 131 formed in trace amounts 
only. 

version of 6 to the cis-trans mixtures of the corresponding 
tetrahydrofurans 14, varying amounts of pentenols 4, and 2- 
pyridyl-2'-naphthaIenedis~lfide.~~~ Only the photoreactions of 
pyridinethiones 6a and 6e yielded significant amounts of 
phenylpent-4-enols [13% (4a) and 23% (4e)l. The parent radi- 
cal 2 s  rearranged in an unselective 5-ex0 reaction to yield, after 
hydrogen trapping by the thiol, a mixture of cis- and trans-14a 
containing a slight excess of the cis isomer (cis:trans = 52:48). 
The presence of the 6-endo product 13a was confirmed by GC 
analysis of the reaction mixture (exo:endo = 98:2). 

The 1-benzyloxy radical 2 b, generated by anaerobic photoly- 
sis of its parent pyridinethione 6b, closed preferentially to the 
trans intermediate 3 b and afforded, after reaction with NpSH, 
the trans ether 14b as the major product (cis:trans = 38:62). 

The 1 -cyclohexyloxy radical 2 c gave 
rise to trans tetrahydrofuran 14c 

4 13 14 

a CgH5 H H H H 

b CgHgCH2 H H H H 

c cC6H1 1 H H H H 

d H C6H5 H H H 

e H H C6H5 H H 

(cis:truns = 32:68) as the main 
product. The 2-phenyl isomer of 2a, 
2d, was found to close very selectively 
to the cis-4-phenyl-2-tetrahydrofur- 
fury1 radical (3d). Thus, the photore- 
action of 6d and NpSH led preferen- 
tially to cis-14d (cis:trans = 88:12). 
The next isomer of 2a to be examined 
was the 3-phenyloxy radical 2e with 
the olefinic rr-system adjacent to the 
large phenyl substituent. The excep- 
tionally high stereoselectivity of the 
5-exo-trig ring closure of 2e 
(cis:truns = 2:98) is likely to reflect 

f H H H C6H5 H the steric interactions between the 
a CHa H H H 

Scheme 6. For conditions i) and ii) used in the ring closure, see footnotes [a] and [b] 

Alkoxy radicals 2 were generated from the parent pyri- 
dinethiones 6 according to two different protocols: In a first 
group of experiments (conditions i), thiones 6 were photolyzed 
for 5 min at 15 "C with 2-napthalenethiol (NpSH) (c, = 1.2 M, 
1.2 equiv) in deaerated C,D, solutions. The yellow mixtures of 
the reaction products were immediately analyzed by GC and 

C6H5 
of Table 1 .  

neighboring groups arising along the 
reaction coordinate of the C-0  bond 
formation. Irradiation of the 4-phenyl 
isomer 6f and NpSH in perdeuterio- 

benzene afforded 13f and only traces of 14f. The exact exo- 
endo ratio of 7:93 was taken from the integration of the gas 
chromatogram of the sample. Thus, the cyclization of radical 2f 
is the first example of a regioselective 6-endo closure of substitut- 
ed pent-4-enyloxy radicals 2. The last alkoxy radical studied in 
this series was generated from (E)-phenylhexene 6g. Ring clo- 

'H NMR sp&troscopy. Almost all samples showed a clean con- sure of the corresponding radical 2g and subsequent trapping of 
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the carbon-centered cyclized radicals led to a 33:67 mixture of 
cis- and trans-14g. 

A second series of experiments were performed in which pre- 
cursors 6 were irradiated in the presence of Bu,SnH (c, = 1.8 M, 
2.5 equiv) in benzene or in tert-butylbenzene (TBB) at 30 "C 
(conditions ii) in order to determine the yields of the alkoxy 
radical products versus an internal standard. All samples were 
immediately analyzed by GC and GC/MS. The minor reaction 
products 4 and 13 (or 14f) were identified by addition of authen- 
tic samples of alkenols 4 and tetrahydropyrans 13 (or tetrahy- 
drofuran 14 f) to the reaction mixtures of previously analyzed 
samples. In general, the values for cis-lrans and for exo-endo 
selectivities of all radical reactions matched well with the first set 
of results (conditions i). The clean conversion of 6f to 13f was 
further explored by treating 6f with tri-n-butyltin deuteride on 
a larger scale. 3-Deuterio-3-phenyltetrahydrohydropyran (15) 
was isolated in 82 YO yield from the reaction mixture (Scheme 7). 

BySnD 

Ph 
Ph 82 % 

6f 15 

Scheme 7. Synthesis of the deuterio analogue of 13f. 15 

According to our NMR experiments, no detectable amounts of 
hydrogen were incorporated from competitive hydrogen donors 
such as the a-hydrogens of the reaction product 15; thus, 
the tin deuteride, and presumably the tin hydride in the reac- 
tions studied above, are the only significant sources of reactive 
hydrogen. 

In order to further rationalize the reactivities of phenyl-sub- 
stituted pent-4-enyl-1 -oxy radicals 2, three sets of competition 
experiments were carried out. Deaerated samples of radical pre- 
cursors 6 were thermostated (T  = 30 "C) in the dark with an at 
least tenfold excess of Bu3SnH. Three sets of experiments, each 
consisting of five runs, were performed with varying concentra- 
tions of the hydrogen donor from 0.07 to 1.65 M. The unsubsti- 
tuted radical 2 was taken as the reference (Scheme 8),  and the 

k rd  = - 

k R  

a, b, 3 1f 

Scheme 8. Competition experiments for the ring closure of phenyl-substituted pent- 
knyl-1-oxy radicals 2 with the unsubstituted radical as the reference. 

individual relative rate constants were obtained as described 
previously (k"'(2) E I .OO f 0.05) .I6* '11 The results of the compe- 
tition experiments are summarized in Table 2 and discussed in 
the following section. 

Table 2. Relative rate constants for ring closures of alkoxy radicals [6.21]. 

Reaction 2 --* 3 k"' (k"f= 1 .oo f 0.05) 

2a  -, cis-3a + r rm-3a  k:;' = 0.86f0.08 k:,'!., = 0.77f0.07 
2 b -+ cis-3 b + trans3 b k z  = 0.87f0.08 k::iw = 1.3 fO.l 

2f -+lf + 3f  k; = 8.0 k0.7 k::: = 0.48 f 0.04 

Discussion 

Phenyl-substituted N-(pent4enyl-l-oxy)pyridine-2(1 Hkthiones 
6 were easily synthesized and could, much as expected from a 
previous study,t6] be readily photodecomposed with incandes- 
cent light to yield free alkoxy radicals 2. We were surprised to 
find that a second decomposition pathway of 6 occurred when 
the esters 6 were kept in the dark at 20 "C or lower. Besides the 
N - 0  homolysis, which occurred upon irradiation of 6 or as an 
elementary reaction in a radical chain process, the secondary 
benzylic-substituted heterocycles 6a and 6h underwent alkyl 
shifts that exclusively led to the S-alkylated pyridine N-oxides 
7a and 7h (Scheme 2).["] 

The second reaction channel of 6a, the alkoxy radical reac- 
tion, was no less surprising. The photoreaction of 6a in the 
absence of additional radical traps afforded the tetrahydro- 
furylthioether 8 (cis:trans = 50:50, Scheme 3) via the interme- 
diate alkoxy radical 2a. On the other hand, the photorearrange- 
ment of the 2-propyl-substituted ester 9 furnished the trans-10 in 
40% d.e. This value demonstrates that an isopropyl group in the 
intermediate 2-(2-propyl)-pent-4-enyl-l -oxy radical is able to 
control the stereoselectivity of the 5-exo- trig reaction. The lack 
of the preference for trans cyclization of 2a was also observed in 
the photoreactions of 6a either with BrCCl, (Scheme 4), which 
afforded the bromide 11 (67% yield, cis:trans = 50:50), or with 
Bu,SnH, which led to the ethers 14a (cis:trans = 52:48, 
exo:endo = 98:2, Scheme 5 )  in 72% yield, in addition to the 
pyran 13a and the pentenol 4a. Usually 1-alkyl-substituted 
pent-4-enyl-1 -oxy radicals show a preference for the trans cy- 
clization, because this transformation is speeded up by the pres- 
enceofthealkylgroup(k::b, =1.2&0.1-2.0&0.2), whereas the 
cis reaction rates remain constant or are slowed to kz'= 
0.73 +0.07.t61 However, the kinetic data that describe the rear- 
rangement 2a + 3a indicate that the trans reaction 2a + trans- 
3a proceeds more slowly than expected (k:& = 0.77 f 0.07), 
whereas the value for cis isomerization 2a + cis3a (k:: = 
0.86+ 0.08) is in line with our previous study. The rate-retarding 
factor of the trans reaction is, we think, related to the proximity 
of the phenyl group to the radical center in the alkenyl-substitut- 
ed benzyloxy radical 2a. This proximity of the phenyl ring and 
an unpaired, oxygen-centered electron separated by only one 
sp3 carbon in the intermediate 2a is reminiscent of the situation 
in neophyl-type radicalstz3] or in para-substituted cumyloxy 
radicals, which have recently been studied by Ingold et al.*z4] In 
these intermediates the unpaired electron tends to align itself 
orthogonal to the plane of the aryl group. If this is also true for 
radical 2a, the interaction between the aromatic n-system would 
stabilize the radical center and lock the system into a preferred 
conformation where the unpaired electron is situated orthogo- 
nal to the plane 0-Cl-Ca-C b (Fig. 1). This favorable arrange- 

,-. 

Fig. 1. Right: Schematic presentation of the 5-exo-trig transition-state model for 
the trans cyclization of 2 a; the phenyl substituent is situated in the pseudoequatorial 
position. Left: View onto the plane of the phenyl group showing the coplanar 
alignment of the aryl nucleus and the unpaired electron. The arrow indicates steric 
interactions between the proximal orrho-hydrogen and the pseudoequatorial hydro- 
gen 2-H [25]. 
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ment would impose additional torsional strain in the course of 
the trans ring closure 2a + trans-3a due to a close contact be- 
tween the pseudoequatorial 2-H and the proximal ortho-hydro- 
gen. The distance between these neighbors and therefore the 
energetic contribution to the reactivity of 2a should be similar 
to effects found for the eclipsing hydrogens in ethane!''' Thus, 
the overall effect would be that the rate constant of the trans 
cyclization is reduced compared to that of the reference radical 
2. The cis reaction would suffer no more steric congestion than 
in the corresponding reaction of simple 1-alkyl-substituted pent- 
Cenyloxy radicals. 

In order to confirm our transition-state model, a derivative of 
2a, 2c, lacking the aromatic n system, was chosen as a mecha- 
nistic probe. Photolysis of 6c and NpSH or Bu,SnH in an inert 
solvent gave trans-14c as the major product. The cis: trans ratio 
of 32:68 is in line with the value found for similar alkyl-substi- 
tuted pent-4-enyloxy radicals.I6] However, the cyclohexyl sub- 
stituent in 2c also increases the steric bulk in the vicinity of the 
radical center, as in 2a. Therefore the phenyl and the radical 
center in 2a were separated in the next experiments by one more 
CH, group in order to disrupt the interactions outlined in Fig- 
ure 1 : the ring closure of the 1-benzyloxy radical 2b proceeded 
stereoselectively and afforded trans-14 b as the major product 
(cis: trans = 38: 62). Similarly, the results of competition kinet- 
ics for the ring closure 2 b + 3 b indicate that-much as expected 
from the alkyl case-the trans cyclization is faster than the ref- 
erence reaction 2 + 3  (k:& =1.3+0.1), whereas the minor 
product cis-14b is derived from the slower cyclization (k; = 
0.87f0.08). According to these results the 1-ethyl- and the 
1 -benzylpent-4-enyl-l -oxy radical (2 b) show comparable reac- 
tivities and selectivities. 

The photoreaction of the Cphenyl derivative 6f and reactive 
hydrogen donors afforded 3-phenyltetrahydropyran (13f) in 
89-82% yield. The reversal of the endo-exo selectivity, which 
is commonly observed in alkenyloxy radical ring closures, is not 
simply due to the reduction of the rate constant k,, caused by 
a steric shielding of C-4 by the phenyl group in position 4 
(k:: = 0.48f0.04), but rather to a significant increase in the 
rate of 6-endo ring closure ( k z Q  = 8.0f0.7). Considering a- 

6 

major u 
trans -3e 
R3= Ph 

R', ~ 2 =  H 

mapr 
ds -3d 
R2= Ph 

R1, R3=  H 

Scheme 9. Transition-state model for the cyclization of 2 

2 

major 
tram -3b 

R1 = PhCy 
R2, R 3  = H 

methylstyrene as an appropriate model for the description of the 
frontier molecular orbitals of the olefinic A bond, it seems obvi- 
ous that the phenyl group in position 4 of the radical 1 f increas- 
es the coefticient at  carbon 5 in the orbital describing the bond- 
ing interaction of the olefinic A system.[261 Besides the favorable 
arrangement for frontier molecular orbital overlap in the transi- 
tion state of the 6-endo ring closure, the rearrangement 2f + l f  
also leads to a secondary benzylic radical, which should profit 
from the stabilizing effects of the phenyl ring. 

The remaining alkoxy radical cyclizations listed in Table 1 all 
follow our guidelines for stereoselective tetrahydrofuran synthe- 
sis from intermediates 2 and can be rationalized with the transi- 
tion-state model in Scheme 9. This model favors products 
derived from the pseudoequatorial arrangement of the sub- 
stituents R. The efficiency of the groups R in controlling the 
stereochemical course of the 5-exo- trig reactions is governed by 
their steric influence. Bearing in mind the enormous rate con- 
stants for these unimolecular reactions (k,,, = 108-109 s-'), 
the stereoselectivies cis: trans of 88 : 12 for 2 d + 3d and even 
2:98 for 2e + 3e  are high enough to allow these transforma- 
tions to replace the classical iodine cyclization, which is less 
selective in these two cases." 'I 

Conclusions 

Phenyl-substituted N-@ent4enyl-l -oxy)pyridine-2( 1 H)-thiones 
6 are interesting mechanistic tools, which allow us to uncover 
new reaction pathways of the as yet little investigated class of 
N-alkyloxypyridinethiones. Irradiation of 6 affords a series of 
new, substituted pent-4-enyl-1 -oxy radicals 2, which give 
stereoselective 5-exo- trig reactions 2 + 3, except for one ex- 
ample. A phenyl group in position 2 directs the 5-exo-trig cy- 
clization to give the cis-disubstituted intermediate 3d as the 
major product, whereas a 3-phenyl group favors the trans 
product 3e. These carbon-centered radicals are trapped by hy- 
drogen donors to give the tetrahydrofurans 14d and 14e, respec- 
tively, in good to excellent yields. This pattern of stereoselectiv- 
ity is in accord with our transition-state model for alkoxy 
radical rearrangements and illustrates the steric contributions of 
phenyl groups on the stereochemical outcome of these reactions. 
Favorable stereoelectronic effects in the transition state of the 
6-end0 ring closure reverse the common exo-endo selectivity of 
intermediates 2 and lead to the pyranyl radical I f  as major 
intermediate from the cyclization reaction. The present study 
also shows that transformations involving radical 2a proceed 
without stereoselectivity. The special reactivity of intermediate 
2a is presumably due to a coplanar arrangement of the benzyl- 
oxy moiety in the transition state of the C-0  bond formation, 
which imposes additional torsional strain in the course of the 
trans ring closure. 

Experimental Procedure 

The following abbreviations have been used throughout the paper: naphthalene-2- 
thiol (NpSH), methyl rerr-butyl ether (MTB), lithium aluminum hydride (LAH). 
All compounds used in this study are racemic. Tri-n-butyltin hydride was purchased 
from Fluka (purum, 98%) and used as obtained. The purity of the reagent was 
checked by 'HNMR. 
NMR spectra were recorded unless otherwise noted at 20°C in CDCI, on Bruker 
WM400, AC200, or AC250 instruments. UV spectra were measured in ethanol in 
1 cm quan cuvettes on a Perkin-Elmer spectrophotometer 330, and IR spectra in 
CCI, in NaCl cuvettes (0.5 mm) on a Perkin-Elmer 1600 FTIR machine. GC anal- 
ysis: Carlo Erba GC 6OOO (Vega Series), FID. connected to Spectra Physics integra- 
tor 4290. Helium at a flow rate of 3 mLmin-' ( ~ 8 0  kPa pressure) was used as 
carrier gas; injector and detector temperature 250 "C; DB-225 column from J & W 

____ 
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Pent-4-enyl-I-oxy Radicals 1014- 1023 

Scientific. Preparative thin-layer chromatography: 1 mm silica gel plates on glass 
(Merck). All solvents were distilled prior to use and purified according to standard 
procedures [271. Boiling points are given for the indicated pressure in Tom. 

PreparatiOa of tbe aloobog 4: l-Phenylpent4tn-l-oI(4a) [28a]. 1-phenylhex-5-en- 
2-01 (4b) (28 bl and 1-cyclohexylpent4-en-l-ol (4c) were prepared by reaction of 
3-buten-1-ylmagnesium bromide (0.06 mol) in anhydrous THF (25 mL) with the 
respective aldehydes (0.06 mol in equivalent volumes of THF). 2-Phenylpent-4-en- 
1-01 (4d) was obtained from styrene oxide and allylmagnesium bromide 117al. 
3-PhenylpentQen-l-ol(4e) was synthesized by LAH reduction of 3-phenylpent-4- 
en-I-al 1291. 4-Phenylpent-4-en-1-01 ( I f )  was obtained by treating 3-benzoyl-l- 
propanol with methylentriphenylphosphonium ylide [30], (E)-6-phcnyl-S-hexen-2- 
01 (4s) 1311 was obtaincd from cinnamyl chloride and ethyl acetoacctate (32) and 
subsequent LAH reduction of 6phenyl-5-hexen-2-one. 

l-pheaylbex-S-e1t-2-0l (4b) [28b]: Yield 3.70 g (35%). b.p.o,ol 85-88°C; colorless 
oil; 'HNMR (2SOMHz): 6 =1.56-1.67 (m. 3H; CH,, OH). 2.10-2.35 (m. 2H; 
CH,), 2.67 (dd. '4H.H) = 9.14 Hz. 1 H;  CH,), 2.84 (dd, '4H.H) = 9, 14 Hz, 1 H;  
CH,). 3.85 (me, IH; CH), 4.95-5.10 (m, 2H; CH,), 5.85 (ddt. 'J(H.H) =7. 10. 
17 Hz. 1 H; CH), 7.20-7.38 (m, 5H; CH); ')C NMR (63 IvlHz): 6 = 30.1. 35.8. 
44.1,72.1,114.9,126.5,128.6,129.4,138.4,144.4; MS(70eV. EI):m/z(%):92{100) 
IC,H;1. 85 (6) [ M I  - C,H,I; C12Hle0 (175.3): calcd C 81.77, H 9.15; found C 
81.44. H 9.44. 

I-Cydohexylpat&lol (4c): Yield 7.67 g (76%). b.p.,,, 65-67°C; colorless 
liquid; 'HNMR (250 MHz): 6 =1.14-1.96 (m, 14H; CH,, OH), 2.35 (mc, 2H; 
CH,), 3.55 (me, 1 H; CH,). 5.14 (ms, 1 H; CH2), 5.22 (mc, 1 H; CH,), 6.02 (ddt. 
'4H.H) =7. 10. 17 Hz, 1 H; CH); "C NMR (63 MHz): 6 = 26.2. 26.3.26.5, 27.8, 
29.2. 30.33. 33.2. 43.7. 75.7. 114.6, 138.8; MS (70eV. EI): m/z (%): 135 (8) 
[ M I  - HZO- CH,], 128 (18) [M' -C,H,], 95 (100) [C,H:J, 63 (82) 
[M' - H,O - C6H,,];C1,H,,0(168.3):calcdC78.51,H 11.98;foundC78.22.H 
11.92. 

1F'henylpot-4-en-l-ol (4e): Yield 7.69 g (79%). b.p.,, 130-133°C: colorless liq- 
uid; 'HNMR (2MMHz): 6 -1.56 (5, 1H; OH). 1.99 (m=, 2H; CH,). 3.48 (q. 
'J(H,H)=8Hr1H;CH).3.62(dt,J(H,H)~3,6Hz,2H;CH2),5.04-5.13(m, 
2H;CHZ).5.99(ddt,8, 10, 17Hz. lH;CH),7.18-7.38(m,SH;CH);"CNMR 
(63MHz):6=37.9,46.2,M).8,114.4,126,4,127.5,128.5,141.8,143.6;MS(70eV, 
EI): m/z(%) :  162 (17)[M+], 144 (24)[M+ - H,OJ. 117 (100) [C,H.C,H:]. 77 (14) 
[C,H;]; C,,H,,O (162.2): calcd C 81.44. H 8.70; found C 81.23, H 8.74. 

PrepurtiOa of tbe tosyhtea sod chlorides: The tosylates of the alcohols I b - g  were 
prepared by reaction ofpentenols 4 (0.012 mol) with ptoluenesulfonic acid chloride 
(2.10 g. 0.012 mol) in anhydrous chloroform (15 mL) and pyridine (2 mL) at 0°C 
for 14 h. The crude products were purified by column chromatography on silica gel 
with toluene aseluent 1141. I-Chloro-l -phenylpeot-kne and 1-phenylethyl chloride 
were prepared from the parent alcohols 4 (0.01 mol) and thionyl chloride (2.5 mL. 
0.03 mol) at 20 "C [13]. 1-Chloro-1-phenylpent4ene proved to be unstable towards 
HCl elimination and was used as obtained from bulb to bulb distillation. 

l-Chloro-l-pbcnylpent4-ene: Yield 1.36g (75%). b.p.o,ol 120°C; colorless liquid; 
'HNMR(250 MHz):6 = 2.10-2.28(m, 3H;CHZ),2.35-2.46(m, 1 H;CH,),4.98 
(dd, 'J(H.H) = 6, 8Hz. LH; CH), 5.03-5.16 (m, 2H; CH,). 5.79 (ddt, 
'4H.H) =7, 10, 17 Hz. 1 H; CH). 7.28-7.42 (m. 5H; C,H,). 

l-pbccly~~kxeO-2-y1 ptolmtmeauUomte: Yield 3.17 g (80 %): colorless oil; 
'HNMR (250 MHz): 6 =1.69 (mc, 2H; CH,), 2.03 (mc, 2H; CH,), 2.42 (s, 3H; 
CH,). 2.90 (mc. 2H; CH,), 4.77 (quint, 'J(H,H) =7 Hz, 1 H; CH) 4.78-4.95 (m, 
2H; CH,). 5.65 (m<. 1 H; CH). 7.07 (d, 'J(H.H) = 8 Hz. 2H: CHI. 7.19-7.23 (m. 
5H; C6H5), 7.67 (d. 'J(H,H) = 8 Hz, 2H; CH); "C NMR (63 MHz): 6 = 21.6. 
29.0. 32.8.40.8. 83.6, 115.3, 126.7, 127.7, 128.5, 129.5, 129.6, 134.2, 136.2, 137.0, 
144.4; MS(70eV,Et):m/r(%): 155(1CU)[C7H,SOfJ,91 (100)[C,H~];C19H,,S0, 
(330.4): calcd C 69.06, H 6.71 S 9.70; found C 69.18, H 6.57 S 9.40. 

I-Cyclobexylpeat4en-I-yl p-tolocasulfonate: Yield 2.67 g (69%); colorless oil; 
'H NMR(250 MHz): 6 = 0.87-1.21 (m, 5H;CH, CH,), 1.57-1.70 (m. 8H; CH,). 
1.92-2.04 (m=, 2H; CH,). 2.44 (s. 3H; CH,). 4.46 (mc, 1 H; CH,), 4.90-4.97 (m, 
2H; CH,), 5.68 (ddt, 'J(H,H) =7, 10, 18 Hz, 1 H; CH), 7.32 (d. 'J(H.H) = 8 Hz, 
2H;CH),7.79(d,'J(H.H) = 8 Hz,2H;CH);"CNMR(63 MHz):6 = 21.9.26.2. 
26.5.28.3,29.2,30.3,41.2, 88.1, 115.4, 127.9, 129.9, 135.1.137.7. 144.6; MS(70eV. 
EI): m/z (%): 155 (60) [C,H,SO:], 91 (100) [C,H:]; C,,H,,SO, (322.5): calcd C 
67.05, H 8.13, S 9.94; found C 66.65, H 8.03, S 9.87. 

2-Pbmylprat4-ea-l-yl p t o l ~ ~ l l o l u t e :  Yield 3.15 g (83%); m.p. 39-42 "C, col- 
orless crystals: 'HNMR (250 MHz): d = 2.29-2.57 (m, 2H; CH,); 2.43 (s, 3H; 
CH3,3.W(tt,'J(H.H)=6,9Hz, lH;CH),4.13(dd,'.f(H,H)=4,8Hz,2H; 
CH,), 4.92-5.02 (m, 2H; CH,), 5.59(ddt, 'J(H,H) = 6, 10, 17 Hz. 1 H; CH). 7.08 
(d,'J(H.H)=8Hz,2H;CH),7.24-7.29(m,SH;C,H,),7.65(d,'J(H,H)=8Hz. 
2H;CH);'3C"MR(63MH~):6=21.6,36.1,44.7,73.0,ll7.2,127.0,127.8(2C), 
128.5. 129.7. 132.9, 134.9. 139.9, 144.6; MS (70eV, El): m/z (%): 275 (12) 
IM+ - C,H,I, 155 (83) [C,H,SO;]. 91 (100) [C,H;]; C,.H,,SO, (316.4): a lcd C 
68.33, H 6.37. S 10.13; found C 68.48, H 6.48. S 9.84. 

% P b p a y l p a t ~ l - y l  ptolnemsdfmte: Yield 2.62 g (69%); colorless oil; 
'HNMR (250MHz): 6 = 2.04 (mc, 2H; CH,); 2.45 (5. 3H; CHd.  3.38 (4. 
'J(H.H) = 8 Hz, 1H; CH), 3.97 (mc, 2H; CH,). 4.94-5.04 (m. 2H: CH,), 5.85 
(ddd, 'I(H,H) = 8,10,17 Hz. 1 H; CH), 7.03 (d, 'J(H.H) = 8 Hz, 2H; CH), 5.1 5 - 
7.34 (m. 5H; C,H,), 7.76 (d, '4H.H) = 8 Hz, 2H; CH); "C NMR (63 MHz): 
6=21.6,24.1,45.4,68.4,115.2,126.6,127.5,127.9,128.6,130.1,133.4,140.4,142.4, 
145.0; MS (70 eV. €1): m/z (%): 155 (89) [C,H,SO;l, 91 (100) [C,H:]; C,,H,,SO, 
(316.4):cakdC68.33,H 6.37,s 10.13;foundC68.31,H6.48,S9.94. 

QPbenylpent-Qen-1-yl ptoluenesulconrte: Yield 3.04 g (80%); colorless oil; 
'HNMR (250 MHz): 6 =1.74-1 85 (m, 2H; CH,), 2.46 (s, 3H; CH,). 2.56(td. 
'J(H,H)=l, 7Uz, 2H; CH,). 4.05 (t. 'J(H.H)=6Hz. 2H; CH,), 5.00 (9. 
*J(H,H) = 1 Hz, 1 H; CH,). 5.27 (d. 4J(H,H) = 1 Hz. 1 H; CHI) 7.14-7.37 (m, 7H;  
CH), 7.79 (d, 'J(H,H) = 8 Hz, 2H;  CH); I3C NMR (63 MHz): 6 = 21.7, 27.27, 
31.07,69.9, 113.4. 126.11, 127,6,127.9, 128.5, 129.9, 133.2. 140.4. 144.8, 146.6; MS 
(70eV, EI): m/r (%): 144 (15) [C,H,SOf], 91 (100) [C,H:]; C,.H,,SO, (316.4): 
calcd C 68.33. H 6.37, S 10.13; found C 68.27, H 6.41.5 10.07. 

(E)d-Pbenyl-SbcxoD.2-yl p t o l d m t e :  Yield 76%; colorless oil; 'H NMR 
(250 MHz): d =1.31 (d, 'J(H,H) = 6Hz, 3H; CH3), 1.59-1.89(m, 2H;CH,)2.17 
(me, 2H; CH,), 2.43 (s, 3H; CH,), 4.67 (q, 3J(H.H) = 6Hz. 1H; CH), 6.02 (dt, 
'J(H,H) =7.16 Hz, 1 H; CH). 6.29 (d, 'J(H,H) =16 Hz, 1 H; CH), 7.16-7.33 (m, 

21.6. 28.3. 36.1. 79.7. 125.9. 127.1. 127.7, 128.4. 128.8, 129.8. 130.7 134.7, 137.4. 
144.2; MS (70eV. El): mlr (%): 129 (100) [C,,H,*], 91 (40) [C,H;]; C,,H,,SO, 
(330.4): calcd C 69.06. H 6.71. S 9.70; found C 69.18, H 6.99. S 9.46. 

Preparation of the tetrabydrofnmm: The tetrahydrofurans 14 were prepared from 
the parent pentenols 4 in two steps by iodocyclization and subsequent reduction of 
the tetrahydrofurylmethyl iodides with LAH/LiH minturn I17.181. 

IodocyclStion: lodine(2.25g. 1.10 mmol) wasdiuolvedinamixtureofaatonitrile 
(10 mL) and saturated aqueous sodium hydrogencarbonate (2.5 mL) at 0 "C. Pen- 
ten01 4 (2.25 g, 1.10 mmol) was added in small portions. and the mixture was stirred 
for 3 h at 20°C. The solvent was removed in vacuo, and the midue taken up in 
diethyl ether (40 mL) and washed with aq. sodium thiosulfafesolution 110 mL, 10% 
(w/W)l and with water (2 x 10 mL). The organic phase was separated. dried (Mg- 
SO,). and the solvent removed in vaeuo to afford an oil. which w a s  purified by 
column chromatography [silica gel, petroleum ether/diethyl ether, SO/sO (v/v)J. 

cis- md hw-2-1oaolwtbrI-spbeaylteh.bydrolw.o: Yield: 1.32 g (92%). colorless 
liquid. cir:lranr = 30:70, C,,H,,IO (288.1): cald C45.86. H 4.55; found C 45.65, 
H4.32;MS(70eV,El):m/z(%):288(37)[M+J. 147(100)[M' -CH,I].77(32) 

cis-2-lodomethyl-5-phenyltetrahydrofuran: 'H NMR (250 MHz): 6 5 1.82- 1.98 
(m. 2H;CH,).2.14-2.37(m,2H;CH2),3.33 (dd, ,J(H,H) =7,10 Hz, 1 H;CH,I), 
3.39 (dd, 'J(H.H)= 5, IOHz, 1H; CHJ), 4.16 (mc, 1 H; CH), 4.95 (dd, 
'I(H,H) - 6, 8 HE, 1 H; CH). 7.23-7.41 (m, 5H; CH); 'T NMB (63 MHz): 
5 =10.5. 31.8. 34.3. 78.6, 82.2, 125.8, 127.4, 128.3, 142.3. 
frans-2-Iodomethyl-5-phenyltetrahydrofuran: 'H NMR (250 MHz): 6 s 1.76-2.00 
(m, 2H; CH,), 2.24-2.35 (m. 1H; CH,). 2.37-2.48 (m, 1H; CH,), 3.28 (dd. 
'4H.H) ~ 7 ,  10 Hz, 1 H: CHJ), 3.38 (dd, 'J(H.H) = 5, 10 Hz, 1 H; CHJ), 4.32 
(me, 1 H; CH), 5.12 (dd. '4H.H) = 6, 8 Hz, 1 H; CH). 7.21 -7.37; "C NMR 
(63MHz): 6 =10.9, 32.8, 35.4. 78.9, 81.5, 125.5, 127.3, 128.3, 142.7. 

7H; C,H,), 7.81 (4 'J(H.H) = 8 Hz, 2H; CH); NMR (63 MHz): 5 = 20.9. 

1C.H: I. 

cis- sod t r o r u - 2 - i o d o m e r b y ~ ~ ~ l t e ~ y ~ r ~ :  Yield: 1.06 g (70%). colorless 
oil. cic:frnnr = 26~74, CI,H,,IO (302.2): calcd C 47.70, H 5.00; found C 47.55. H 
4.91;MS(70eV,EI):m/z(%):212(6)[M' -C,H61.211 (100)[M+ -C,H,j, 174 

rts-2-Iodomethyl-Scyclohexyltetrahydrofuran: 'H NMR (250 MHz): 6 = 1.61 - 
1.77(m,2H;CH2), 1.86-2.07(m, lH;CHz),2.08-2.23{mm, lH;CHZ).2.77(dd, 
'4H.H) =7.14 Hz, 1 H; CH,), 2.98 (dd, 'J(H,H) = 5,13 Hz, 1 H;CH,), 3.14(dddd, 
'J(H,H) =7. 10Hz. 1 H; CH,I). 3.25 (dd, '/(H,H) = 5, lOHz, 1H; CHJ), 4.14 
(mc, 1 H; CH), 4.10-4.24 (m. I H;  CH). 7.18-7.32 (m, 5H; CH); "C NMR 
(63 MHz): 6 =lo& 30.4, 31.4, 42.2, 78.6, 81.4, 126.3, 128.3, 129.4, 138.3. 
fran~-2-lodomethyl-5-benzyltetrahydrofuran: 'H NMR (250 MHz): 6 s 1.61 - 1.77 
(m, 2H; CH,), 1.86-2.07 (m, 1H;  CH,), 2.08-2.23 (m. 1H; CH,), 2.72 (dd, 
'4H.H) =7.14 Hz, 1 H; CH,), 2.96 (dd. '4H.H) = 5.13 Hz, 1 H; CH,), 3.17 (dd, 
'J(H.H) =7. 10 Hz, 1 H; CH,I), 3.27 (dd, 3J(H.H) = 5, 10 Hz, 1 H; CHJ), 4.06- 
4.16 (m, 1 H;  CH). 4.33 (tt, 'J(H.H) = 6,8 Hz, 1 H; CH), 7.18-7.32 (m, SH; CH); 
"CNMR(63MHz):d =11.0,31.6,32.4,41.9,78.3,80.8,126.3,128.2,129.3,138.3. 

cis- d r r o u - t l a l o m e t b y l - + e y ~ x ~ t e ~ y d r o l r u :  Yield: 1.33 g (90%). col- 
orless oil, cis:rronF =17:83. C,,H,,IO (294.18): calcd C 44.91, H 6.51; found C 
44.82, H6.74;MS(70eVV EI):m/z(%): 294(2)[M'], 211 (fM).O)[M' -C6H1J, 
153 (67) [M' - CH,II. 
~~-2-~odOmethyl-5-fyclohexylte~~hydrofuran: 'H NMR (250 MHz): 6 = 0.85 ~ 

2.09 (m. 15H; CH,), 3.11 (dd, 'J(H,H) =7, 1 0 H r  1H; CH,), 3.22 (dd, 
'J(H.H) = 5.10Hz, 1 H;CH,), 3.61 (inc, 1H;CH),3.94(mc. 1 H;CH); "CNMR 
(63 MHz): 6 =10.8, 25.9. 26.0, 26.5, 28.3, 29.0, 29.7, 31.4, 43.0, 78.0, 85.3. 

(16) [M* - HI]. 
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fr~nr-2-lodomethyl-5-cyclohexyltet~ahydrofuran: 'H NMR (250 MHz): 6 = 0.83- 
2.17 (m. 15H: CH,), 3.13 (dd, '4H.H) -7, 10Hz. 1H; CH,). 3.25 (dd. 
'J(H,H)=S, ~~HZ,~H;CH,),~.~~(~.'JIH.H)=~HZ,~H;CH),~.~~(~.,~H; 
CH); "C NMR (63 MHZ): 6 = 11.2. 25.8, 26.0, 26.4, 28.6, 29.8. 30.9. 32.7, 43.0. 
78.0, 84.6. 

c i s - a o d ~ - Z - l o d o ~ ~ y ~ 4 p ~ y I l e ~ ~ y ~ o i ~ ~ l 6 a ] :  Yield: 1.13 g(78 %}, col- 
orless oil, cis: !ram = 83: 17. 
cis-2-lodamethyl~yclo~e~yltetraftydrof: H NMR (250 MHz): 6 = 1 .BZ 
(ddd, 3J(H.H) =lo. 11, 13 Hz, I H; CHJ. 2.58 (ddd, '4H.H) =6,7, 13 Hz. 1 H; 
CH,),3.35(m.2H;CH,I),3.41(m., lH;CH),3.90(dd.'l(H,H)=7,9Hz,lH; 
CH,). 4.1s (ddt. 'J(H.W) = 6. LO Hz. 1 H; CHI. 4.25 (dd. '4H.H) = 6.8 Hz, 1 H: 
CH,). 7.20-7.35 (m. 5H; CH); NMR (63 MHz): 6 =10.2, 41.1. 45.8, 74.8. 
79.1. 126.8. 127.2, 128.6. 140.7. 
fruns-2-lodomethyl-4-ph~n~lfetrahydrofu~n : 'H NMR (250 MHz): 6 = 1.82 (ddd, 

3.28 (m. 2II; CHJL 3.50 Onc, 2H; CH,). 3.80 (dd. 'J(H.H) = 8, 9 Hz. 1H; CH2), 
4.26 (quint, 'J(H,H) = 6 Hz, 1 H;  CH), 4.31 (dd, 'J(H,H) = 7. 9 Hz. 1 H; CH,). 
7.18-7.33(m,5H:CH). "CNMR(63 MHz):6 = 9.5.38.8.43.6.74.2.77.5.125.7, 

'J(H,H) = 10,11,13 Hz, 1 H;  CH,). 2.58 (ddd, 'J(H,H) 6,7,13 Hz, I H; CH,), 

126.1, 127.6. 140.6. 

cis- mod rrans-Z-lodomethyl-~~-pbeorltetrlhydrofiuP~: Yield: 0.81 g (56%), colorless 
oil, cis:trares =16:84. C,,H,,lO (288.1): calcd C 45.86, H4.55; found C 45.93, H 
4.44; MS (70eV. EI): m/r (%): 288 (9) [ M i ] ,  161 (100.0) [M' -11. 117 (70) 
[C&C,H,I. 
cis-2-Iodomethyl4phenyltetrahydrofuran: 'H NMR (250 MHzJ: d = 2.16-2.29 
(m. 1 H;CHI),2.41 -2.55(m,1 H;CH1),2.69(dd, 'J(H,H) = 5.10 Hz, 1 H;CH,I). 

3.98(ddd. '1CH.H) =7.9,16 Hz, 1 H;CH),4.26(mc.2H;CH,), 7.19-7.35 (m. 5H; 
CH). 
frunr-2-Iodomethyl-3-phenyltetrahydrofurn: 'H NMR (250 MHz): 6 = 2.20- 
2.32 (m, 1 H; CH,), 2.38-2.50 (m, J H; CH,), 3.10 (q. '4H.H) = 8 Hz. 1 H; CH). 
3.19 (dd, 'J(H,H) = 6, 11 Hz, 1H; CHJ). 3.38 (dd, 'J(H,H) F 4, 11 Hz, 1 H; 
CH,I), 3.70(ddd, '4H.H) = 4. 5.9 Hz. 1 H; CH), 4.09 (m-, 2 H; CH,), 7.21-7.35 
(m. 5H; C,H,): "C NMR (63 MHz): d = 9.6. 35.3, 51.0, 68.1. 84.3, 127.0, 127.5, 
128.8. 140.4. 

c i s - s i ~ m e t b y r - z - ~ n y l ~ t ~ y d r o p y r M ~  Yield: 1.19 g (79%). colorless oil, 

CH,),2.25-2.46(m.lH;€H,).2.66(dq.'l(H,H)~4.13Hz,lH:CH).3.77(m,. 
1 H; CH), 4.16 (ddd, 'J(H,H) ;= 4.10,12 Hz, 1 H; CH), 4.49 (d. 'J[H,H) =I0 Hz. 
1 H; CH), 7.29-7.39 (m. 5H; C,H,); "C NMR (63 MHz): 6 = 21.8. 33.2. 36.8, 
28.6.74.8.86.1.127.6. 128.1.128.3, 140.6;C,,H1,1O(302.2):calcdC47.70.H 5.00; 
found C 48.08. H 4.70. 

Reduction of tetrnhydralurylmetbyl iodides: Tetrahydrofurylmcthyl iodide 
(1.74 mmol) was added in small portions to a mixture of LiH (30.0 mg, 3.80 mmol) 
and LAH (70.0 mg, 1.80 rnmol) in anhydrous THF (15 mL). The reaction mixture 
was refluxed for 3 h and stirred for another hour at 20°C. The slurry was cooled lo 
0 "C, and water was added until no further hydrogen was evolved. The salts were 
dissolved with aq. sulfuric acid [lo% (vlv)], the organic phase was separated, and 
the aqueous phase was washed with diethyl ether (4 x 20 mL). The combined organ- 
ic phases were washed with saturated aq. sodium thiosulfatc solution (20 rnL) and 
brine (20 mL), and dried (MgSO,). The solvent was removed in vacuo to yield 
products 14. 

cis- end ~rrs*s-ZPhmyl-5-ne~yhyltebrbydrofurn~ (1dn) [16a]: Yield: 130 mg (46%). 
colorless liquid. cir:fruns = 26:74. 
cis-14% 'H NMR (250 MHz): 6 = 1.37 (d. 'J(H.H) = 6 HI. 3H; CH,). 1.55- 1.70 
(m, 2 H; CH,), 1.78-1.95 (m. I H; CH,). 2.02-2.24 (m. 1 li; CHJ. 2.27-2.45 (m. 
1H;CH,),4.t7(m,,lH;CH},4.88(dd,'J(J(H,H)=6,7Hz,IH;CH),7.32-7.35 
(m. SH; CH); "C NMR (63 MHz): 6 = 21.3, 33.1, 34.6, 75.9, 81.0, 125-8, 127.1. 
128.3, 144.0. 

trans-14a: 'HNMR (250 MHz): 6 =1.32 (d, 'J[H,H) =6Hz .  3H; CH,), 1.55- 
1.70 (m, 1 H;  CH,). 1.78-1.95(m. 1 H ;  CH,). 2.02-2.24 (m. 1 H; CH,). 2.27-2.45 
(m, 1 H; CH2), 4.36 (mc, 1 H ;  CH). 5.04 (dd. 'J(H.H) = 6.8  Hz. 1 H; CH). 7.32- 
7.35 (rn, 5H; CH). I3C NMR (63 MHz): 6 = 21.5, 34.3. 35.6, 75.9, 80.2. 125.6, 
127.0, 128.3, 144.0. 

eis-ed~r~s-2-Bemyl- l -S-metfryl~~~y~ofuran(14b):  Yield: 274 rng(89%). color- 
less liquid, ci5:fram = 26:74; C,,H,,O (L76.26): calcd C 81.77. H 9.15; found C 
81.S2, H 9.07; MS (75eV, EI): rn/z (%): 117 (3) [C3H4Ph'j. 91 (26) [C,H;], 85 
(1W.O) (M + - C7H71. 
ris-14b: 'HNMR(250MHz):6=1,25(d. 'J(H,H)=7Hz,3H;CH3), 1.30-1.71 
(m. 2H; CH,). 1.81 -2.08 (m, 2H; CH,). 2.66-2.71 (m. 1 H; CH,). 2.93-3.03 (m, 
1 H; CH,), 3.92-4.31 (m, 2H;CH). 7.17-7.33(m, 5H;CH); "CNMR(63 MHz): 

2.89 (dd. 'J(H,H) = 8, 10 Hz, 1 H; CHII). 3.52 (dt, '4H.H) = 5 , 8  Hz, 1 H; CH), 

'HNMR(250 MHt): d =1.2O(d, ' 4H .H)  = ~ H z ,  3H;CH,), 1.53-1.67 (m, 2H; 

6 = 21.4. 30.7, 32.7, 42.5. 75.4. 80.1. 126.1, 128.2, 129.3. 138.9. 
trc~is-14b: 'H NMR (250 MHz): 6 = 1.22 (d, 'J(H,H) = 6 Hz, 3H; CH,), 1.30- 
1.71 (m,2H; CH,), 1.81-2.08(m.2H;CH1).2.66-2.77(m, lH;CH,).2.93-3.03 

(m, 1H; CH,), 3.92-4.31 (m. 2H; CH), 7.17-7.33 (m. 5H; CH); "C NMR 
(63 MHz): 6 = 21.4. 31.7, 33.7, 42.3. 74.8. 79.4. 126.1, 128.2, 129.3, 138.8. 

cis- and t r ~ s - 2 c y c ~ o h c x y l - 5 m e ~ y l t e ~ ~ y ~ ~ f u r ~  (14~): Yield: 151 mg (52%) .  
colorlessli~uid,ci5:lrons=l7:83;C,,H,,O(168.3):calcd 78.51, H 11.98;found C 
78.23. H 12.04; MS (70eV. El): m/z VD): 168 (1) IM4], 86 ( 5 )  [MI - C,H,.]. 85 
( W I M  + - C,H,lI. 
cis-i4c: 'NNMR (250MH~): 6 =  0.85-2.04 (m. 15H; CH,. CH), 1.21 (4 
'J(H,H) = 6 Hz, 3H; CHJ, 3.51 (q, 'J(H.H) =7 Hz, 1 H; CHI, 3.85 -4.05 (m, 1 II; 
CH); ''C NMR (63 MHz): 6 = 21.3. 25.8. 26.1, 29.0, 29.6, 32.8.43.2. 74.9.84.1. 
frm-14c: 'HNMR (25OMHzf: 6 = 0.85-2.04 (m. 15H; CH. CHt), 1.20 (d. 

1 H;  CH); "C NMR (63 MHz): 6 = 21.3, 26.0, 26.6. 28.8, 29.9. 34.2. 43.4, 74.6, 
83.3. 

&-pad RPnrQPbwy~Z-metbyltobobydroluru,(14d): Yield: 153 mg(54%),color- 
less liquid, ris:rram = 83:17. 
~ k l b d :  'HNMR(250MHz):6 =1.36(d, 'J(H.H) = 6 Hz, 3H; CH,), 1.62(ddd. 
'J(H,H) =10,12Hz. IH;CH,),2.45(ddd.'J(H,H)=6,8,13H~,lH;CH~),3.47 
(quint, 'J(N,H) = 8 Hz, 1 H; CH). 3.84 (dd, '4H.H) = 6, 8 Hz, 1 H; CH,). 4.11 - 
4.19 (m, 2H; CH, CH,). 7.19-7.33 [m, 5H; CH); I3C NMR (63 MHz): 6 = 20.8, 
42.8,45.9,14.3,76.3, 126.4, 127.1,128.5, 142.8. 
rrrurs-14d: 'H NMR (250 MHz): 6 = 1.31 (d, 'J(H,H) = 6 Hz, 3H; CH,), 1.99 
(ddd. '4H.H) = 9, 13, 19 Hz 1 H; CH,), 2.15 (ddd, '4H.H) =7. 13 Hz, 1 H; 

'4H.H) = 6 H ~ , 3 H ; C H , ) , 3 . 6 7 ( d t , ~ ~ ( H . H ) = 6 , 8 H ~ , 1 H ; C H ) , 3 . 8 5 - 4 . 0 5 ( ~ .  

CH,). 3.47 (quint, '4H.H) = 8 Hz, 1 H; CH). 3.71 (dd, 'J(H,H) =7, 9 Hz, 1 H; 
CH,), 4.24-4.33 (m, 2H; CH, CH,). 7.19-7.33 (m, 5H; CH); "C NMR 
(63 MHz): 6 = 21.6, 41.3, 44.7, 74.1. 75.4. 126.7, 127.2, 128.5. 142.6. 

Syoth& of Tetrabydr0pyr.m: 2-Phenyl- and 2-benzyltetrahydropyran (13a,b) 
weze prepared according to the procedure of Kim et al. [iSaJ. 2-Cyclohexyltetrahy- 
dropyran (13 b) [15c], 3-phenylletrahydropyran (13d) [15 d]. and 4-phenyltetrahy- 
dropyran [Isel (13e) were obtained by literature procedures. cis-2-phenyl-6 
methyltetrahydropyran (13g) [ l 5 Q  was prepared by iodocycbtion of 
(~)-6-phenylhex-S-en-2-01(4p) and subsequent reduction of the 3-iodo-2-phenyl-6- 
methyltetrahydropyran as described above. 

2-Beazyltelrshydropym (13b) 11 Sb]: 'H NMR (250 MHz): 6 = 1.52- 1.94 (m. 6H; 
CH,), 3.51 -3.62 (m, 1 H; CH,), 3.94 (ddd, 'JO4.H) = 4,8.12 Hz, 1 H; CH,), 4.52 
(d, 'J(H,H) = l  Hz, 1H; CH,), 4.73 (t, 3.J(H.H) = 3 Hz, 1H; CH), 4.82 (d, 
'J(H.H) = 12 HG 1 H; CH,). 7.20-7.41 (m, 5H; C6H5); "C NMR (63 MHz): 

=19.4, 25.5, 31.5, 62.1. b8.9, 97.8, 127.5. 127.9, 128.4, 138.4. 

2Cyclokxyltetnhydrogrrrn(l3~)[15T): 'HNMR(250 MHz): d = 0.82-1.90(m. 
17H; CH,, CH), 2.97 (ddd. 'J(H.H) = 2. 6, 11 Hz, 1H: CH). 3.38 (dt, 
'4H.H) = 3. 11 Hz. 1 H; CH,), 3.96 (mc, 1 H: CH,); "C NMR (63 MHz): 
6 = 23.8. 26.2,26.3, 26.4, 26.6, 28.6. 28.7, 29.1, 43.3, 68.7, 82.4. 

eis-2-pbeayl-6-metbyItetr~y~opyr~ (13g) (15bl: 'HNMR (250 MHz): 6 = 1.26 
(d. ?I(H,H) = 6Hz. 3H; CH,), 1.20-1.97 (m,6H;CH,), 3.64 (m. lH;CH,)4.38 
(dd, 'J(H.H)=2, 11 Hz, 1H; CH), 7.21-7.40 (m. SH; C,H,); "C NUR 
(63 MHz): 6 =  22.3, 24.11, 33.1. 33.5, 74.4. 79.9, 125.9, 127.1, 128.3. 143.5. 

1. Prepsrab of N-(Akyloxy)pyridiW-Z(l H)-thiones 6: A flame-dried round-bot- 
tom flask was charged with 2-mercaptopyridine N-oxide tetraethylammonium salt 
(5) [7] (1.36 g, 5.30 mmol) and pentenyl tosylate or chloride (5.30 -01) dissolved 
in anhydrous DMF ( 2 5  mL) under argon at 0 T. The reaction mixture was stirred 
for 1 h with ice cooling and 14 h in the dark at 20°C. The yellow solution was 
poured into a separatory funnel, which had been charged with 0.1 N sodium hydrox- 
ide solution (40 mL) and methyl {err-butyl ether (MTB) (4.0 mL). The organic layer 
was separated and the aqueous phase extracted With MTB (3 x 25 mL). The com- 
bined ethereal extracts were washed with saturated sodium hydrogencarbonate 
(25 mL) and brine (25 mL). and dried (MgSOJ lo afford a yellow solution. The 
sdvent was removed in vacuo. The residual yellow oil was purified by column 
chromatography (SiO,, MTB) in the dark. After the yellow bands of 6 had been 
isolated. the pyridine N-oxides 7 were eluted with acetone. 

N - ( l - P h e a y l p e n t d s a y l - l ~ ~ y ) p y ~ ~ Z ( I  H)-tbionr(6n): Yield: 0.69 g (48%). yel- 
lowcrystals.m.p.86"C;'HNMR(200MHz):6 =1.95-2.12(m,3H;CH,),2.37- 
2.49 (m. 1 H; CH,), 4.87-4.99 (m, 2H; CH,), 5.67-5.87 (m. 2H; CH), 6.10 (dd, 
'4H.H) =7,9 Hz. 1 H ;  CH), 6.86-6.97 (m, 2H; CH), 7.21-7.31 (m, 5H; CH), 

111.6. 11S.l. 128.6, 128.8, 129.4. 132.6, 136.6, 137.3, 137.5, 139.3. 175.6; IR: 
i= 3066, 1958. 1642, 1609, 1525. 1447, I408. 1276, 1175cm''; UV/Vis: A,, 
( E )  = 362(5700).288 (11700).235 nm(6WO); MS(70eV),m/r(%):271 (lO)[M'f, 
127 (32) fM' - CllHl,], 91 (100) [C,H,']; C,,H,,NOS (271.4): calcd C 70.82, H 
6.31, N 5.16, S 11.81; found: C 70.74, H 6.35. N 4.94, S 12.00. 

N-(l-~ayl-saOxca~C2~~y)pyridi.e-yl H)-thioae (6b): Yield: 0.76 g (50%), yel- 
low oil; 'HNMR (200 MHz): 6 = 1.75 (mc, ZH; CH,), 2.27 (mc, 2H;  CH,), 2.97 

7.55 (dd, 'J(I3.H) = 2.9 Hz, 1 H i  CH); I3C NMR (50 M H z ) :  6 = 29.3,32.2, 86.0, 

(dd. 'J(H,H) = 8, 14 Hz, 1 H; CHJ.  3.17 (dd. 'J(H.H) = 5. 14 Hz, 1 H; CH,), 
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4.92-5.03 (m. 2H;  CH,). 5.35 (mc. 1 H: CHI. 5.76 (ddt. '4H.H) = 6. 10. 17 Hz. 
1 H; CH). 6.49 (dt, '4H.H) =7  Hz, 'J(H,H) = 2 Hz, 1 H; CH). 7.08 (ddd. 
'J(H,H) = 7 , 9  Hz. 'J(H.H) = 2 Hz, 1 H; CH). 7.17-7.31 (m. 5H;  CH), 7.54 (dd, 
'J(H,H) = 7  Hz. '4H.H) = 2 Hz, 1 H; CH), 7.66 (dd, 'J(H,H) = 9 Hz, 
'J(H.H) = 2 Hz. 1 H; CH); "C NMR (50 MHz): 6 = 28.8,30.2,37.9,84.9,112.3, 
115.1, 126.7, 128.6, 129.3, 132.3. 136.5, 137.6, 138.1, 139.4, 176.6; IR: i = 2926, 
1609, 1525. 1447. 1408, 1224, 1176, 1132~11-I; UV/Vis: A,,, ( E )  = 364 (5100). 
291 nm(11200);MS(70eV).m/z(%): 285(2)[M'], 128(100)[C,H,NOS+]. 127 
(85 )  [C,H,NOS'l. 91 (89) [C,H;]; C,,H,,NOS (285.4): calcd C 71.54. H 6.71 N 
4.91. S 11.23; found: C 70.95, H 6.70, N 4.86. S 11.05. 

N-(l-Cyclohe%ylpeat-4-enyl-l-oxy)pyridi~~I Wthione (6c): Yield: 0.49 g (50%). 
yellowoil; 'HNMR(200MHz):6 =l.17-1.38(m.5H;CH.CH,), 1.58-1.91 (m, 
8 H ;  CH,). 2.28 (mc* 2 H ;  CH,). 4.92-5.06 (m. 3 H ;  CH,. CH). 5.79 (ddt. 
JJ(H,H)=7,10,17H~,1H;CH).6.55(dt,JJ(H,H)=7Hz,4J(H,H)=2Hz,1H; 
CH), 7.09 (ddd, '4H.H) = 7  Hz. 'J(H,H) = 2 Hz. 1 H;  CH). 7.61 (ddd. 
'4H.H) = 10 Hz. '4H.H) = 2 Hz. 2H;  CH): "C NMR (50 MHz): 6 = 26.1.26.4 
(2C),27.7.28.0.28.2.29.8,39.0.87.7.112.3. 115.0, 132.1. 138.0.138.4. 139.5. 176.8; 
IR: i=2931.  1610. 1525. 1446. 1407. 1276. 1176. 1130cm-I; UV/Vis: %,., 
( E )  = 364 (5100). 291 nm (11100): MS (70eV). rq/z (%): 277 (2) [M']. 150 ( 5 )  

(277.42): calcd C 69.27, H 8.36 N 5.05. S 11.56; found: C 68.85. H 8.12. N 5.14. S 
11.76. 

[M' - C,H,NOS]. 128 (100) [C,H,NOS']. 127 (54) [C,H,NOSt]; CI6H,,NOS 

N-(2-pbeoylpent-4snyl-1-oxy)pyridine-2(1 Wthione (6d): Yield: 0.45 g (31 %). yel- 
lowoil; 'HNMR(200MHz):6 = 2.50(ld.3J(H,H) =7,15Hz.1 H;CHz).2.66(td, 
'J(H,H) =7, 14 Hz. 1 H; CH,), 3.26 (mc. 1 H: CH), 4.44 (dd. '4H.H) = 5. 8 Hz, 
lH;CH,).4.79(dd.'J(H.H)=7,8Hz, lH;CHz),5.02(m..2H;CH,).5.72(ddt, 
'J(H,H)=7,10,17H~,1H;CH).6.47(dt,3J(H.H)=7Hz,4J(H,H)=2Hz,1H; 
CH).7.08(ddd.'J(H,H)=7,9Hz,'J(H.H)= 2Hz,IH;CH).7.15-7.36(m,6H; 
CH). 7.61 (dd, 'J(H,H) = 9 Hz, '4H.H) = 2 Hz. I H;  CH); "C NMR (50 MHz): 
6 = 36.8. 44.2. 79.8, 112.9, 117.0. 127.0, 128.0, 128.6. 132.6, 135.3, 137.7, 138.0, 
140.9. 176.6; IR: i = 3030. 2361, 1609. 1525. 1446. 1410. 1277. 1176. 1135cm-': 
UV/Vis: Am.,(8) = 362(5100). 290 nm(l1200); MS(70 eV).m/z (%): 271 (1)(M '1. 
131 (59)[C,H,Ph+]. 127(35) [C,H,NOS+].91 (100)[C,H:]: C,,H,,NOS(271.4): 
calcd C 70.82, H 6.31, N 5.16. S 11.81; found: C 71.06. H 6.46. N 4.85. S 11.85. 

N-(3-Pbenylpent-4-enyl-l-oxy)pyridine-2(1 H)-thione (6e): Yield: 0.53 g (37%). yel- 
low oil; 'HNMR (200 MHz): 6 = 2.26 (mc, 2H;  CH,), 3.60 (4. 'J(H.H) = 8 Hz. 
1 H; CH). 4.35 (mc, 2H;  CH,). 5.07-5.17 (m. 2H;  CH,). 5.99 (ddd. 'J(H,H) = 8. 
10. 17Hz. 1 H ;  CH). 6.55 (dt, 'J(H,H)=7Hz. 'J(H.H)=2Hz. I H ;  CH). 7.12 
(ddd. I.4H.H) =7.8 Hz. 'J(H,H) = 2 Hz. 1 H ;  CH). 7.19-7.38 (m. 5H;  CH). 7.57 
(dd. 'J(H.H) =7  Hz. 'J(H.H) = 2 Hz. 1 H ;  CHI. 7.63 (dd, 'J(H.H) = 9 Hz. 
'4H.H) = I  Hz. 1H;CH) ;  "C NMR(50MHz):d = 32.6.45.9.74.5, 113.1. 115.0, 
126.7, 127.6, 128.7, 132.7, 137.7. 138.0. 141.0. 142.8. 176.8; IR: i = 2978. 1609. 
1524,1446, 1410,1177.1134cm~';UV/Vis:i.,,,(~) = 364(5200).292nm(11700): 
MS (70eV). m / z  (%): 271 (2) [ M ' ] .  161 (28) [ M +  - C,H,NS], 117 (100) 
[C,H,Ph+]. 91 (85) [C,H:]; C,,H,,NOS (271.4): calcd C 70.82. H 6.31. N 5.16, S 
11.81:found:C70.58.H6.06.N4.97,S11.84. 

N-(QPbenylpe~t~yll-oxy)pyridine-2(1 H)-thiione (60 :  Yield: 0.54 g(38%), yel- 
low oil: 'H  NMR (400 MHz): 6 = 1.96 (quint. 'J(H,H) = 8 Hz. 2H; CH,), 2.74 (t. 
'4H.H) = 7  Hz. 2H;  CH,). 4.39 (t. '4H.H) = 7  Hz. 2H;  CH,). 5.13 (brs, 1 H; 
CH). 5.35 (brs. 1 H; CH), 6.56 (td. '4H.H) = 7  Hz. '4H.H) = 1 Hz. 1 H; CH), 
711 (ddd. 'J(H.H)=7. 8Hz. 'J(H.H)=l Hz. 1H: CH). 7.24-7.34 (m. 5 H ;  
C,H,). 7.38-7.41 (m. I H; CH). 7.60-7.63 (m. 1 H: CH): "C NMR (100 MHz): 
6 =26.3. 31.3, 75.7. 112.9. 113.1, 126.1. 127.5. 128.3. 132.6. 137.7. 138.0. 140.8. 
147.3. 175.8: IR: B = 2973, 1610, 1524. 1446. 1410. 1277, 1134cm-': UV/Vis 
(EtOH): A,,, ( E )  = 361 (5400). 290 (11900). 245 nm (9100. sh): MS (70eV). m/z 
(%): 118 (100)[C,H~,]. 77 (14) [C,H:]; C,,H,,NOS (271.4): calcd C 70.82. H 5.90. 
N 6.31. S 11.81; found: C 70.63. H 6.08. N 5.60. S 11.90. 

N-('-(6-Phenyl-5-hexen2-oxy)pyridine-2(1 H).thione (6g): Yield: 0.76 g (SOo/ . ) .  yellow 
oil; 'HNMR (200 MHz): 6 =1.33 (d, 'J(H,H) = 6 Hz, 3 H ;  CH,). 1.70-2.12 (m. 
2H;CH,).2.85(m..2H;CHz).5.27~m., l H : C H ) , 6 . 2 5 ( d t , J J ( H . H ) = 7 . 1 6 H z .  
1 H ;  CH). 6.45 (d, '4H.H) =16Hz. 1 H ;  CH). 6.56 (dt. 'J(H.H)=7Hz, 
4J(H.H) = 2 Hz. 1 H;  CH). 7.13 (ddd. 'J(H.H) 2 8 Hz. 'J(H.H) = 2 Hz. 1 H;CH), 

(dd. 'J(H.H) = 9 Hz. '4H.H) = 2 Hz. 1 H: CH): "C NMR (50 MHz): 6 = 27.0. 
28.4. 33.9. 80.5, 112.1. 126.0. 127.0. 128.4, 129.5. 130.6. 132.3. 137.6. 138.2. 139.7, 
176.6; IR: i = 2975.1610.1525,1447,1408.1176,1132 cm-';  UV/Vis: A,,, = 364. 
292,251 nm: MS (70eV),m/r(%): 285 (2) [ M ' ] ,  201 (30) [M ' - C,H,S], 129(71) 
[C,H.C,H;]. 85 (100) [C,H,S']; C,,H,,NOS (285.4): calcd C 71.54. H 6.71, N 
4.91. S 11.23: found: C 70.95, H 6.70. N 4.86. S 11.05. 

N-(l-Phenyletbyl-l-oxy)pyridioe-2(1 H)-thione (6b): Yield: 0.78 g (63%). m.p. 
45°C; 'HNMR (200MHz): 6 =1.76 (d. '4H.H) =7Hz. 3 H ;  CH,), 6.00 (q, 
'J(H.H) =7  Hz. I H; CH). 6.19 (td. '4H.H) = 7  Hz, 'J(H,H) = 2 Hz. 1 H: CH). 
6.94-6.99 (m. 1 H ;  CH). 7.01 (Id. 'J(H.H) =7. 9 Hz, 'J(H,H) = 2 Hz, 1 H ;  CH). 
7.33 (m. 5 H ;  C,H,). 7.62(ddd. '4H.H) = 9 Hz. 'J(H.H) = I .  2 Hz. 1 H: CH): ''C 
NMR (50MHz): 6=19.1. 82.6. 111.7. 128.1. 128.8. 129.3. 132.7. 137.6, 138.0. 

7.19-7.38(m.5H;CH).7.64(dd,'J(H.H) = 7  Hz.~J(H.H) = 1  Hz. IH;CH).7.68 

139.3, 175.7; IR: i = 2981. 1608. 1528,1449, 1410, 1274, 1131 cm-': UV/Vis: Am.. 
( 6 )  = 361 (5700). 290nm (11400); MS (70eV), m/r (%): 127 (19) [M' - C,H,]. 
105 (100) [ M +  - C,H,NOS], 77 (37) [C,H:]; C,,H,,NOS (231.3): calcd C 67.50, 
H 5.66, N 6.06, S 13.87; found: C 67.j9. H 6.04. N 6.00, S 13.87. 

~I -Pbeaylpent -Qen- l -y l~2~iopyr id iw N-oxide (7a): Yield: 0.70 g (49%). color- 
lesscrystals, m.p. 107-108°C; 'H NMR (250 MHz): 6 = 1.91-2.12 (m.4H; CH,), 
4.26(m,, lH;CH).4.91-4.98(m.2H;CH,),  5.61-5.77(m. IH;CH),6.82-6,97 
(m,3H.CH),7.11-7.26(m,3H;CH),7.34-7.39(m,ZH;CH),8.07-8.11 (m. 1 H; 
CH); "C NMR (63 MHz): 6 = 30.1, 35.2. 47.2. 115.0. 119.6, 121.9. 124.4, 126.7 
(2C). 127.8. 135.9.137.6.139.5. 150.2; 1R: i = 3071.164l.l587, 1425, l 2 4 8 a W ' ;  
UV/Vis:1,..(8) = 308(850).271 (3100),245nm(8900);MS(70eV),m/r(%):271 
(6)[Mt].254[M' ~ OH],127(32)[Mt - C~~H~z],91(IOO)[C,H~1;C,,Hl,NOS 
(271.4): calcd C 70.82. H 6.31, N 5.16, S 11.81; found: C 70.66. H 6.27. N 5.15. S 
11.75. 

~l-Phenyl-5-bexeb2-yl)2-tbiopyridiw N-oxide (7b): Yield: 0.73 g (48%). color- 
less crystals. m.p. 112- 1 I3  "C; 'H NMR (250 MHz): 6 = 1.65- 1.93 (m, 2H;  CH,). 
2.28 (dt. 'J(H,H) =7, 14 Hz. 2H;  CH,). 2.99 (d, 'J(H.H) =7  Hz. 2H: CH,). 3.48 
(dq. '4H.H) = 5 ,  7Hz. 1 H ;  CH). 4.95-5.03 (m. 2H;  CH2), 5.72 (ddt. 
'4H.H) s 6.10.17 Hz. 1 H; CH), 6.97 (td. '4H.H) =7  Hz. 'J(H.H) = 2 Hz, 1 H; 
CH), 7.06 (dd, '4H.H) = 8Hz. 'J(H,H) = 2H2, 1 H ;  CH), 7.13 (ddd. 
'4H.H) -7. 8 Hz. 4J(H,H) = 2 Hz. 1 H; CH). 7.18-7.99 (m. 5H;  C,H,). 8.20 (d. 
'J(H.H) -7 Hz, 1 H;  CHI; "C NMR (63 MHz): 6 = 30.8, 32.7. 41.3. 45.4. 115.8. 
120.4, 122.3. 125.4, 126.8, 128.6. 129.3, 137.2, 138.3, 139.1, 151.6; 1R (KBr): 
i.= 3026, 1639, 1584, 1417, 1238cm-';  MS (70eV. EI), m/z (YO): 268 (33) 
[ M I  - OH]. 128 (84) [C,H,NOS*]. 127 (100) [C,H,NOS']; C,,H,,NOS (285.4): 
calcd C 71.54. H 6.71, N 4.91, S 11.23; found: C 71.22. H 6.71. N 4.80, S 11.09. 

S-(1-Cyclohexylpent4en-l-yl).2-thiopyridi N-oxide (712): Yield: 0.66 g (45%). 
colorlesscrystals. m.p. 106-107°C; 'HNMR (250MHz): 6 =1.03-1.28 (m, 5H;  
CH,), 1.59-2.01 (m, 8 H ;  CH, CH,), 2.15-2.30 (m, 2H;  CH,). 3.09 (quint. 
'J(H.H) = Hz. 1 H;  CH). 4.94-5.02 (m, 2H;  CH,), 5.75 (ddt. 'J(H,H) = 6. 10. 
17Hz, IH;  CHI. 6.95-7.04 (m. 1H:  CH). 7.09 (ddd, 'J(H,H)=6. 8Hz. 
'J(H.H)=2Hz,IH;CH),7.15-7.22(m.IH;CH),8.23(d.'J(H.H)=6Hz,lH: 
CH); "C NMR (63 MHz): 6 = 26.0. 26.4. 26.5. 29.5. 29.8. 31.4, 33.0. 41.8. 50.0. 
115.7.119.9.121.8, 125.5.137.6. 139.1.152.8;IR(KBr):i = 2924,1637.1586.1410. 
1251 cm":MS(70eV, El),m/z(%):260(2S)[Mi -OH], 128(71)[C,H,NOS'j. 
127(100)[C,H,NOS+];C,,H2,N0S(277.4):calcdC69.27. H8.36.N 5.05.S 11.56; 
found: C 69.33. H 8.21, N 5.18, S 11.47. 

S-(dWenylpent~o-l-yl~2-thiopyridine N-oxide ( 7 4 :  Yield: 0.43 g (30 W )  color- 
1esscrystals.m.p. 75-76°C; 'HNMR(250 MHz):6 =1.89(quint.'J(H.H) = 7  Hz, 
2H;  CHI). 2.73 (1. '4H.H) =7  Hz. 2H;  CH,). 2.85 (1. '4H.H) =7  Hz. 1 H ;  CH,). 
5.12(brs,1H;CH,).5.33(brs,1H;CHz).6.88(dd,3J(H.H)=8.4J(H.H)=1 Hz. 
1 H ;  CH). 6.97 (td. 'J(H.H) = 7  Hz. '4H.H) = 1  Hz. 1 H;  CH), 7.09 (td. 
'4H.H) = 8 Hz. 'J(H,H) = 1  Hz. 1 H; CH). 7.24-7.42 (m. 5H;  C,H,). 8.20 (d. 
'4H.H) = 6 Hz. I H:CH); "C NMR(63 MHz): 6 = 26.2.29.5. 34.3,113.7,120.1, 
121.1. 125.6, 126.2. 127.7. 128.5. 138.8, 140.3. 146.8. 152.4; 1R (KBr): C = 2935, 
1623, 1571. 1414, 1255cm-'; MS (70eV. El). m/: (%): 271 (3) [M'], 254 (23) 
[ M +  - OH]. 127 (100) [C,H,NOS*]; C,,H,,NOS(271.4): calcd C 70.82, H 6.31. 
N 5.90. S 11.81; found: C70.64. H 6.32. N 5.63. S 11.73. 

S-(l-Pbenylethyl~Z-thiopyridine N-oxide (7h) [33]: Yield: 0.17g (14%). colorless 
crystals. m.p. 118-119°C; 'HNMR (250 MHz): 6 =1.64(d, 'J(H,H) =7  Hz. 3H;  
CH,). 4.43 (9. '4H.H) =7  Hz. 1 H: CH). 6.83-6.92 (m, 1 H; CH), 6.93-7.06 (m, 
2H;CH),7.12-7.30(m.3H:CH),7.47(m,.2H;CH),8.19(dt, 'J(H.H) = 6 H z .  
'J(H.H) = I  Hz, 1 H;CH); l3CNMR(63 MHz):6 = 23.4,44.0,120.7, 123.2.125.4. 
127.0. 127.7. 128.9. 138.8. 142.1. 151.3: IR (KBr): i = 2972. 1588. 1472. 1425. 
1250cm-';  MS (70 eV. EI). m/z (Y): 231 (9) [M 'I, 214 (42) [M + - OH], 127 (43) 
[C,H,NOS*]. 105 (100) [C,H:]: C,,H,,NOS (231.3): calcd C 67.50, H 5.66. N 
6.06. S 13.86; found: C 67.36. H 5.83. N 6.03. S 13.42. 

2.1. Photolysis of thiohydroxsmic acid ester 6 in C,D,/NpSH: In a typical run the 
ester 6 (0.10 mmol) and NpSH (19.2 mg, 0.12 mmol) were dissolved in C,D, 
(1.0mL) in a small Schlenk flask (standard glassware). The reaction vessel was 
closed with a rubber septum. wrapped in aluminum foil. and frozen to liquid-nitro- 
gen temperature. After thorough evacuation the flask was flushed with argon. 
thermostated in a water bath at T = 15 "C. and photolyzed with incandescent light 
(Philips 150 W Spotline' R80) for 5 min. The yellow reaction mixture was trans- 
ferred into an NMR tube. 

2.2. Pbotolysis of Ihiobydmxamic acid ester 6 in C,H, or TBB with Bu,SoH: In a 
typical run theester6(0.10 mmol) was dissolved in C6H, or TBB (2.0 mL)in a small 
Schlenk flask. A standard amount ofolefin freen-tetradecane (Fluka. standard for 
GC) was added and the reaction vessel was closed with a rubber septum, wrapped 
in aluminum foil. and f r o m  to liquid-nitrogen temperature. After thorough evacu- 
ation the flask was flushed with argon and thermostated in a water bath at 
T = 30'C. Addition of tri-n-butylstannane (0.1 mL. 0.11 g, 0.37 mmol) under ar- 
gon to the reaction mixture was followed by photolysis of the reaction mixture with 
incandescent light (Philips 150 W Spotline" R80) for 1 min. The decolorized solu- 
tion was immediately subjected lo GC analysis. 
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3Phenyltetrahydropyraa (131) [8b]: 'HNMR (400 MHz): 6 =1.35-1.71 (m. 3H;  
CH,). 1.82-1.92 (m. 1 H; CH,), 2.82 (It, '4H.H) = 4. 11 Hz, 1 H: CH). 3.31 (Id. 
'J(H.H) = 3, 11 Hz, 1 H;  CH,) 3.47 (1, 'J(H,H) = 11 Hz, 1 H;  CH,), 3.97 (dquint. 
'J(H.H) = 2. I1 Hz. 1 H ;  CH,). 4.12 (ddd. 'J(H.H) = 2. 4. 11 Hz, 1 H; CH,). 
6.96-7.21 (m. 5H;  C,H,). 

3-Deuteric-3-phenyltetrahydropyrmn (15): Yield 71.2 mg (82%). b.p.,, 100 "C 
(Kugelrohr): colorless liquid; 'HNMR (250 MHz): 6 =1.25-1.32 (m. 1 H; CH,). 
1.36-1.63 (m. 2H;  CHJ. 1.71-1.78 (m. 1 H;  CH,), 3.15 (td. 'J(H,H) = 3. 11 Hz. 
1 H: CH,), 3.24 (dt. 'J(H.H) = 2. 10 Hz. 1 H; CH,) 3.86 (dquint. 'J(H,H) = 2. 
11 Hz, 1 H; CH,), 3.99 (dd, 'J(H,H) = 2. 11 Hz, 1 H;  CH,), 6.95-7.19 (m. 5H;  
C,H,); ',C NMR (63 MHz): 6 = 26.3, 30.3. 42.6 [2J(D,'3C) = I9  Hz]. 68.2, 73.8. 
126.7, 127.4. 128.6, 142.7; MS (70eV. El): mi; (%): 163 (27) [M'], 119 (23) 
[M' ~ C,H,], 105(100)[M + ~ C,H,,];C,,H13D0(163.2): calcdC 80.94,H9.26; 
found C 81.07. H 8.98. 

3. Competition kinetics: A Schlenk flask (standard glassware) was charged with the 
ester 6 (1.0 mL of a 0 . 0 2 ~  solution in TBB) in the dark. The flask was closed with 
a rubber septum, wrapped in aluminum foil, and frozen to liquid-nitrogen temper- 
ature. After thorough evacuation the reactor was flushed with argon and ther- 
mostated in a water bath at T =  30*0.2"C. After 15min tri-n-butylstannane 
(0.20-0.80mL. 1 . 3 ~  in TBB or 0.20-1.00mL of neat Bu,SnH), which had been 
thermostated in the same water bath at T = 30&0.2"C. was added. The aluminum 
foil was removed 10 min later. and the yellow reaction mixture photolyzed for 1 min 
with incandescent light (Philips 150 W Spotline" R80). The decolorized solution 
was immediately subjected to GC analysis. Five data points composed of three 
single runs each were recorded for each radical precursor 6. 

4. cis- mnd trcurs-2-Bromometbyl-~~~yltetrahydrofuran (I I ) :  BrCCI, (1.5 mL. 
3.02 g. 15.2 mmol) was added to a solution of thiohydroxamic acid ester 6. (0.50 g, 
1.84 mmol) in benzene (10 mL). and treated as described in Section 2.1 without 
addition of NpSH. The reaction mixture was purified by column chromatography 
[SO,. hexaneddiethyl ether. 9/1 (vlv)] to afford the bromide I 1  ( 0.34g. 67%. 
cis:rruns = 5O:SO) as a colorless liquid. The cis-bromide 11 eluted faster than the 
/runs isomer; samples containing the cis isomer in 80% excess were thus prepared 
for the mechanistic studies. C,,H,,BrO (241.1): calcd C 54.79, H 5.43; found C 
54.54. H 5.45; MS (70eV. El): m/z (%): 242, 240 (50. 53) [ M ' ] .  147 (100) 
[M' ~ CH,Br], 105 (99) [C,H,O']. 
cis-11: 'HNMR (250MHz): 6 =1.86-2.01 (m. 2H;  CH,). 2.17-2.35 (m. 2H;  
CH,).3.50(dd.3J(H.H)=6.10H~.IH;CH,).3.58(dd.'J(H,H)=5.10Hz.1H; 
CH,). 4.35 (mc. 1 H; CH), 4.96 (dd, 'J(H,H) = 6. 8 Hz. 1 H; CH), 7.27-7.41 (m, 
5H;  C,H,): "C NMR (63 MHz): 6 = 30.5, 35.8, 41.4. 78.6. 82.1. 125.8. 127.5, 
138.4. 142.3. 
fruns-11: 'H  NMR (250 MHz): 6 =1.86-2.01 (m. 2H;  CH,). 2.17-2.35 (m. 1 H; 
CH,).2.38-2.56(m.IH;CH,).3.46(dd,'J(H.H)=7.10Hz.IH;CH,).3.55(dd, 
'J(H.H) = 4. 10 Hz, 1 H; CH,). 4.49 (mL, 1 H; CH), 5.10 (dd. 'J(H.H) = 6. 8 Hz, 
1 H; CH). 7.27-7.41 (m, 5H;  C,H,); "C NMR (63 MHz): 6 = 31.2. 35.2, 36.1, 
78.8, 81.6. 125.6, 127.4, 128.4, 142.7. 

5. cis- and trm~5-Phenyl-2-tetrahydrofurylmethyl 2'-pyridyl sulfide (8): A solution 
of ester 613 (101.53 mg. 0.37 mmol) in anhydrous benzene (6 mL) was treated as 
descnbed in Section 2.1, except that no radical trap was added. The reaction mixture 
was purified by preparative thin-layer chromatography [hexaneiethyl acetate, 3/1. 
(v/v)] to afford the thioether 8 (70.55 mg, 70%. cis:rruns = 50:SO). C,,H,,NOS 
(271.4): calcd C 70.82. H 6.31. N 5.16, S 11.81; found C 70.69, H 6.40, N 5.13, S 
11.62; MS (70eV. El): m/r (70): 120 (29) [C,H,,,O']. 105 (100) [C,H,O']. 
cis-8: 'HNMR(250 MHz): 6 =1.88-2.06(m. 2H;  CH,), 2.17-2.5 (m, 2H;CH,),  
3.46-3.70 (m, 2H;  CH,), 4.46 (quint, 'J(H,H) = 6Hz. 1 H ;  CH), 5.00 (1, 
'J(H,H) = 7  Hz, 1 H; CH), 7.05 (ddd, 'J(H.H) = 5. 7 Hz. 'J(H,H) = 2 Hz, 1 H; 
CH). 7.28-7.48 (m, 6H;  CH), 7.54 (ddd. '4H.H) = 8, 10 Hz, 'J(H.H) = 2 Hz, 
1 H; CH), 8.51 (ddd. 'J(H,H) = 5 Hz, 'J(H,H) = 1, 2 Hz. 1 H; CH); "C NMR 
(63 MHz): 6 = 31.0, 34.8, 54.1, 78.8, 81.2, 119.7, 122.6, 125.9. 127.5. 143.4, 149.6. 
158.9. 
trans-8: 'HNMR (150MHz): 6 =1.88-2.06 (m. 2H;  CH,), 2.17-2.5 (m, 2H;  
CH,).3.46-3.70(m.2H;CH2).4.62(quint, 'J(H,H)= 6Hz. lH;CH),5.17(dd, 
'J(H,H) =7 .8  Hz, 1 H; CH). 7.05 (ddd. 'J(H.H) = 5,7  Hz, '4H.H) = 2 Hz, 1 H; 
CH), 7.28-7.48 (m, 6H;  CH). 7.54 (ddd, 'J(H,H) = 8. 10 Hz. 'J(H.H) = 2 Hz, 
1 H; CH), 8.51 (ddd. '4H.H) = 5 Hz, 4J(H,H) = 1. 2 Hz, 1 H; CH); "C NMR 
(63 MHz): 6 = 32.0, 35.5. 54.1. 78.9, 81.8, 119.7. 122.6, 126.2. 127.5, 128.5. 143.6. 
149.6. 158.9. 

cis- and rr~s-5-(2-Propyl)-2-tetrahy~ofu~lmethyl Z'-pyridyl sulfide (LO): N-[ (2- 
Methylhept-6-enyl)-3-oxy]pyridine-2(1 H)-thione (9) [6] (87.82 mg, 0.37 mmol) was 
isomerized as described in Section 5 to afford thioether LO (71.14mg. 81%. 
cis:/rans = 30:70). C,,H,,NOS (271.4): calcd C 65.78. H 8.07. N 5.90. S 13.51; 
found C 65.87, H 8.05. N 5.61. S 13.28; MS (70eV. EI): m / z  (YO): 194 (12) 
[M' - C,H,]. 95 (100). 
ci.x-10: 'HNMR (250 MHz): d = 0.82 (d. '4H.H) = 7  Hz. 3H; CH,), 0.89 (d. 
'4H.H) =7Hz.  3H;CH,), 1.45-1.72 (m. 3H;  CH,). 1.84-2.02 (m. 2H;  CH,). 
3.26 (dd. 'J(H,H) = 6. 13 Hz, 1 H; CH,). 3.34(dd. 'J(H.H) = 6. 13 Hz. 1 H; CH,). 

3.52 (4. '4H.H) = 8 Hz. 1H;  CH), 4.11 (quint. 'J(H.H) = 6 Hz, 1 H ;  CH). 6.86- 
6.91 (m. 1 H;  CH), 7.10-7.15 (m. 1 H;  CH), 7.35-7.42 (m, 1 H; CH). 8.33 (ddd, 
'J(H.H)=5Hz.'J(H.H) =1,2Hz,lH;CH);"CNMR(63MHz):6 =17.3.18.3. 
27.2. 29.6. 32.1, 33.9. 75.5, 84.5, 118.3. 121.2, 134.8. 148.3. 157.9. 
(runs-10: 'H NMR (250 MHz): 6 = 0.74 (d. 'J(H.H) =7  Hz, 3H;  CH,), 0.84 (d, 
'J(H,H) =7  Hz. 3H;  CH,). 1.45-1.72 (m, 3H;  CH,), 1.84-2.02 (m, 2H;  CH,), 
3.24(dd.'J(H,H)=6,13Hz,lH;CH,),3.37(dd,'J(H.H)= 6 ,13Hz , lH;CH, ) ,  
3.63 (mc, 1 H;  CH), 4.18 (quint. 'J(H.H) = 6 Hz. 1 H; CH). 6.86-6.91 (m, 1 H; 
CH).7.10-7.15(m,lH;CH),7.35-7.42(m,1H;CH).8.33(ddd.'J(H.H) = 5 Hz, 
QJ(H.H)=1,2H~.1H;CH);'3CNMR(63MHz):6=17.2.18.3.28.7.30.5.32.1. 
33.9. 76.7. 83.8, 118.3, 121.2, 134.8, 148.3. 157.9. 
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conditions. The reduction of 2-bromomethyl-5-phenyltetrahydrofuran 
(cis:rruns = 90:lO) in refluxing benzene (three individual runs) by tri-n-butyl- 
tin hydride (cD = 1 . 8 ~ .  1.2 equiv) with AiBN as initiator yielded the product 
14a in (96*1)% yield (cis:trans=89:11). In the same manner 140 
(cis: rruns = 30: 70) was obtained from 2-iodomethyl-5-phenyltetrahydrofuran 
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in quantitative yield (three individual runs). Each of the probes investigated 
showed no signals of the alcohol 4a  in the gas chromatogram of the crude 
reaction mixture. thus ruling out a radical-induced ether cleavage 3 a  - 2 a  
under the chosen reaction conditions. 
It was assumed that the reactive hydrogen donors delivered their hydrogen 
with equivalent rate constants to all intermediate carbon radicals. Therefore 
the analyzed product ratios should immediately reflect the stereo- and the 
regioselectivities of the alkoxy radicals 2 in ring closure reactions. The rate 
constant k H  of hydrogen abstraction of alkoxy radicals from Bu,SnH was 
shown to  be independent of the nature of the alkyl subsituent. k" was measured 
for the rrrr-butoxy radical by J.A. Lusztyk [k" = (5+2)xIOU L m o l - l s - '  at 
T =  30'C (unpublished results cited in A. L. J. Beckwith. 8 .  P. Hay. G. M. 
Williams. J.  Chem. Soc. Chrnt. Conmtiin. 1989. 1202- 1203)]. NpSH reacts 1.4 
limes faster ( T  = 30'C) than Bu,SnH with the pent-4-enyl-I-oxy radical(2) to 
afford pent-4-en-1-01 (4) [6]. 
The relative rate constants k"' were calculated from the rate constant k"'of the 
reference radical 2 and the values k,,, and k,,. ,  of the reactions 2a - cis-3a and 
2a + rrn.c-3a [Eq. (I)] .  The individual rate constants for each series were 

calculated from the slope of a linear correlation of a series of experiments 
(5 data points consisting of 3 individual experiments) at different Bu,SnH 
concentrations. The corresponding ratios of pentenol 4 and substituted te- 
trahydrofuran 14 were monitored by GC. The equation is derived from a 
kinetic model which is based on an irreversible rearrangement 2 -+ 3 [19]. k"" 
refers to the rate constant of the 5-e.Yo-~ig rearrangement [(4)]:[(14)] = 
(1.37k0.06)[Bu3SnH] - 0.02 ( R 2  = 0.999) for the parent pent-4-en-1-yl-oxy 
radical (2) ( T  = 30 'C). The k"' values in Table 2 are based on the assumption 
that Bu,SnH delivers its reactive hydrogen atom to all alkoxy radicals 2 with 
the same rate constant k" [Eq. (2)]. 

"21 The driving force of the rearrangements 6a.h -7a,h obviously is the forma- 
tion of the heteroaromatic pyridine N-oxides 7a. h from the cross-conjugated 
cyclic olefins 6a.h. 

[23] J. T. Banks. J. C. Scaiano, J. Phjc.  Chem. 1995, 99. 3527-3531. 
[24] a) D. A. Avila. J. Lusztyk. K. U. Ingold. J.  ,4m. C/ion. Soc. 1992. 114. 6576- 

6577: b) D. V. Avila. K. U. Ingold. A. A. Dinardo. F. Zerbetto. M. Z. Zgier- 
ski. J. Lusztyk. ibid. 1995. //7. 2711 -2718. 

[ZS] The lowest energy geometry of the transition state of the 5-eso-rrig reaction 
of2a  (Fig. 1 )  is taken from molecular modeling studies. which use restraints for 
the transition-state parameters (bond lengths and angles) of the reacting cen- 
ters obtained from a b  initio calculations (UHF,3-21G) on the addition of the 
methoxy radical to I-propene: K. N.  Houk. M. N.  Paddon-Row, D. C. 
Spellmeyer, N. G. Rondan. S. Nagase. J.  Org. Chent. 1986.51.2874- 2879. The 
geometry of the modeled transition structure was optimized using the imple- 
mented A M l i U H F  wavefunction (M. J. S. Dewar. E. G. Zoebisch. E. F. 
Healy. J. J. P. Stewart. J.  Am. Chrni. Sac. 1985. 107. 3902-3909) of the Hyper- 
Chem " software package on a IBM-compatible Pentium machine. Hyper- 
Chem" is available from Hypercube. 419 Phillip St. Waterloo. Ontario. 
Canada. N2L3X2. The distance between the proximal orrho hydrogen (b-H) 
and the pseudwquatorial hydrogen atom on C-2 in this picture is 2.43 A.  

1261 1. Fleming. Greniorbirole utid Rrokrionen orgonischer Vrrhindungm. VCH. 
Weinheim. 1979, p. 63. 

1271 D. D. Perrin. W. L. F. Armarego. D. R. Perrin. Pirrt/k.uriofi of Lahorcrror!, 
Clio~irco1.v. 2nd ed.. Pergamon Press, Oxford. 1980. 

[28] a )  V. H. Rawal. S. P. Singh. C. Dufour. C. Michoud. J. Org. Chrm. 1993. 58. 
7718-7727; b)  S. Inoki. T. Mukaiyama. Chem. L e r r .  1990. 67-70. 

[29] D. E. Vogel, G. H. Biichi. Org. Syirh. 1993. Coll. Yo/. V I f f .  536-539. 
[30] Y. Taura, M. Tanaka, X.-M. Wu. K. Funakoshi. K.  Sakai. Tcrrolirdron 1991. 

[31] L. C. Rohela, R. C. Anand. fndiun J. Cheni. 1979. 178.  207-210. 
[32] a )  M. S. Schechter. N. Green. F. B. LaF0rge.l  Am. Chrm. Soc. 1949.7/. 3165. 

b) M. S. Schechter. N.  Green. F. B. LaForge. J. Ant. Chem. SOC. 1952, 74. 
4902. 

47,4879-4888. 

1331 D. Crich. L. B. L. Lim. J. C h m .  Res. ( M )  1987. 2928-2924. 

Chem. Etir. J.  1996. 2. No. 8 !f, V C H  ~~~rkcig.~gr.cl~/l .~~hfllr mhH. 0-69451 Wrinheini. 1996 0947-6539/961020R-1~~3 $ /5.00+ ,2510 1023 


