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Photoreactions of Phenyl-Substituted N-(Pent-4-enyl-1-oxy)pyridine-

2(1 H)-thiones

Jens Hartung,* Margit Hiller, and Philipp Schmidt

Abstract: A series of hitherto unknown
N-(pent-4-enyl-1-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-

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

(2f) was the 6-endo 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-1-oxy radical

mations involving the 1-phenylpent-4-
enyl-1-oxy radical (2a), for example, to
give the substituted thioether 8, 2-bro-
momethyl-5-phenyltetrahydrofuran (11),
or the tetrahydrofuran 14a, were not
stereoselective. On the other hand 2-, 3-
mono-, and 1,5-disubstituted pent-4-enyl-

furans

Introduction

The fascinating role of small molecules such as substituted te-
trahydrofurans in physiology,!! as building blocks in organic
synthesis, for example, for polyether toxins,!?! or as ligands in
coordination chemistry!® stimulated our interest in developing
new, stereoselective routes to substituted oxolanes, starting from
open-chain precursors such as substituted pentenols or the corre-
sponding oxygen-centered radicals generated under the mild, yet
largely unexplored reaction conditions of free alkoxy radical
chemistry.®) 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.!®!

In a recent study'®! 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-alkyloxypyridinethiones,!”! 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 forma-
tion from pent-4-enyloxy radicals. Our competition experiments
have demonstrated that ring closures of O-centered radicals are
exceedingly fast reactions with rate constants between 10% and
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the 4-phenylpent-4-enyl-1-oxy radical (2a) in 5-exo-trig ring closures could be
caused by a coplanar arrangement of the
benzyloxy moiety in the transition state of
~I the cyclization. This interaction would
Keywords . . .
alkoxy radicals - cychizations * pyri- lock the radical center in 2a in a preferred

conformation, which would result in simi-

tetrahydro- : .
lar steric effects for both cis- and trans-

cyclizations.
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Scheme 1. Top: modes of ring closure of the pent-4-enyl-1-oxy radical (2). Bottom:
the major effects of alkyl substituents on the stereo- and regioselectivity of pent-4-
enyl-1-oxy radical cyclization

10 s™ 1. 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 trans-
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 (1), 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,!®] 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
reduction!®! and subsequent ozonolysis of the cyclohexadi-
enes,!'% to carboxylic acids by RuO, oxidation,!* ! or to cis-di-
ols by enzymatic arene oxidation,!'?! to afford building blocks
of further use in synthetic tetrahydrofuran chemistry.

Results

Substituted pent-4-en-1-ols 4 were prepared by standard proce-
dures using reagents such as Grignard, ethyl malonate, or ethyl
acetoacetate. The benzylic alcohols 4 a and 4h were transformed
into the corresponding chlorides with thionyl chloride,!* ¥ while
all other alcohols 4 were converted to the respective tosylates
(Scheme 2).1'41 The cyclic thiohydroxamic acid esters 6 were
obtained in 31 -63 % yield by treating the alkylating agents with
2-mercaptopyridine N-oxide tetraethylammonium salt (5) in
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8] Not isolated.
Scheme 2. Synthesis and transformations of N-alkoxypyridinethiones 6.
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DMF.'®- 71 The ambident anion § 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 amber-colored flasks, except for the 1-phenyl-substi-
tuted esters 6a and 6h, which rearranged in the dark, sometimes
within days, to give the corresponding pyridine N-oxides 7a and
7h in quantitative yields.

Authentic samples of the substituted tetrahydropyrans 131*%
and oxolanes 14!!®! (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 iodocyclization!! ! and subsequent reduction of the
phenyl-2-iodomethyltetrahydrofurans with LiAIH,/LiH!'®
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—c,g). In two cases (14d,e), the stereochemical assign-
ments could be directly deduced from differences in proton
chemical shifts of cis and zrans 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 6a in benzene (T = 20 °C) quickly decol-
orized upon irradiation and afforded the thioether 8 (cis: trans =
50:50) in 70% vyield after workup (Scheme 3). Likewise, anaer-
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=
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9 s 81 % 10
cis: trans= 30 : 70
Scheme 3. Photolysis of 6a and 9 in the absence of a radical trap.

obic photolysis of pyridinethione 6a in benzene in the presence
of the radical trap BrCCl, (¢, =1.5M) afforded, after workup of
the colorless solution, 11 as a pleasant smelling liquid in 67 %
yield (Scheme 4). The cis—trans ratio of 11 was 50:50. In con-
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Scheme 4. Photolysis of 6a in the presence of the radical trap BrCCl;.
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trast to the lack of stereoselectivity observed in photoreactions
of the phenyl-substituted pyridinethione 6 a, anaerobic photoly-
sis of the 1-isopropyl-substituted ester 9 in benzene (T = 20 °C)

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

Reaction Conditions i) [a] Reaction Conditions ii) {b]

; k ; 4[]  14:13[d) 14 Yield/% [e] 14:13[d,f] 13 Yield/%[¢] 4 [e]
afforded the trans-2,5-disubstituted heterocycle 10 as the major cis trans exo:endo (cis:trans)  exo:endo (cis: trans) Yield/%
product (cis:trans = 30:70, Scheme 3).

Addition of the hydrogen donor tri-n-butylstannane to the 2a 5248 98:2 12(52:48) 982 1 14
photolyzed solution of 6a in benzene (¢, =1.8M, 2.5 equiv) af- g: ;gjgg 33: g:’ gggg gg:: : ;
forded almost equivalent amounts of cis- and trans-14a 54 g2  97.3 70 (88:12) 964 3 -
(cis:trans = 52:48) in a total yield of 72 %, in addition to 14% 2¢ >5:<95 91:9 72 (2:98) 91:9 7 20
of phenylpentenol 4a and 1% of 2-phenyltetrahydropyran 2f - 7:93 5 5:95  89/82[g] 5

2g 3367 -[h 95(34:66) [g] <99:>1 >1(84:16)[] 4

(13a) (Scheme 5). The exo:endo ratio of cyclized products

O._Ph endo exo
O =8, 0
* Ph

1 2a 3a

P

[a] Conditions i): hv, 15°C, 1.2equiv NpSH, C,D,. [b] Conditionsii): hv, 30°C,
2.5 equiv Bu,SnH, TBB or CH;. [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: 4a, 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. [¢] Photoreactions of 6a—-g
performed in TBB or CH,; yields determined vs. n-C, (H,, as internal standard (experi-
mental error: 1 5%). If] The exo—endo ratios vary within +0.2% in the absolute values.
{g] Isolated yield of 3-deuterio-3-phenyltetrahydropyran (15) from photoreaction of 6f
and Bu;SnD. [h] Not determined. [i] The tetrahydropyrans 13g formed in trace amounts

l?"l i) l i)
\/\)o:'Ph \(‘_D]’Ph

14a(72%)

13a(1%) aa (14%)

cis: trans= 52 : 48

Scheme 5. Photolysis of 6a in the presence of a hydrogen donor: i) 2.5 equiv
Bu,SnH (¢, =1.8m), CcHg, 20°C.

(14a:13a = 98:2) clearly points to the intermediacy of alkoxy
radical 2a.I'® The phenylpentenol 4a 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.[?%) 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).

only.

version of 6 to the cis—trans mixtures of the corresponding
tetrahydrofurans 14, varying amounts of pentenols 4, and 2-
pyridyl-2'-naphthalenedisulfide.!®) Only the photoreactions of
pyridinethiones 6a and 6e yiclded significant amounts of
phenylpent-4-enols [13% (4a) and 23% (4e)]. The parent radi-
cal 2a rearranged in an unselective 5-exo 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 2b, generated by anaerobic photoly-
sis of its parent pyridinethione 6b, closed preferentially to the
trans intermediate 3b and afforded, after reaction with NpSH,
the trans ether 14b as the major product (cis:trans = 38:62).

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

iy or i) Rs\ é i) or if) RS Rl (cis: trans = 32:68) as the main
6ag —» *0 — X S product. The 2-phenyl isomer of 2a,
R ]! R¥ R4 R2 2d, was found to close very selectively

R2 to the cis-4-phenyl-2-tetrahydrofur-

289 4 furyl radical (3d). Thus, the photore-

action of 6d and NpSH led preferen-

tially to cis-14d (cis:trans = 88:12).

241314 R 2 3 e RS The next isomer of 2a to be examined

was the 3-phenyloxy radical 2e with

a CeHs H H H H the olefinic n-system adjacent to the

b CgH5CHa H H H H large phenyl substituent. The excep-

c cCgH11 H H H H tionally high stereoselectivity of the

d H CeHs H H H S-exo—trig rting closure of 2e

e H H CgHs H H (cis:trans = 2:98) is likely to reflect

f H H H CgHs H the steric interactions between the

g CHs H H H CgHs neighboring groups arising along the

Scheme 6. For conditions i) and ii) used in the ring closure, see footnotes [a] and [b] of Table 1.

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) (¢, =1.2M,
1.2 equiv) in deaerated C,D, solutions. The yellow mixtures of
the reaction products were immediately analyzed by GC and
'H NMR spectroscopy. Almost all samples showed a clean con-
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reaction coordinate of the C—O 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-
sure of the corresponding radical 2g and subsequent trapping of

0947-6539/96/0208-1016 $ 15.00 + .25/0 Chem. Eur. J. 1996, 2, No. 8
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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 (¢, =1.8 M,
2.5 equiv) in benzene or in rert-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 14f) to the reaction mixtures of previously analyzed
samples. In general, the values for cis—trans 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 % yield from the reaction mixture (Scheme 7).

X BusSnD (OJ‘\
—_ >
N0 C /v 15 oD
Ph 82 %
of 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 (7 = 30 °C) in the dark with an at
least tenfold excess of Bu,SnH. Three sets of experiments, each
consisting of five runs, were performed with varying concentra-
tions of the hydrogen donor from 0.07 to 1.65M. The unsubsti-
tuted radical 2 was taken as the reference (Scheme 8), and the

R=H -0
——
xref
R
X .0 3 krel:--—k
kref
R RzH ,___O O
2 L R
«R \GR or o(}
3a, b, 3 1

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

individual relative rate constants were obtained as described
previously (k**/(2) =1.00+0.05).15- 211 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*'=1.00£0.05)

k' = 0.86+0.08 kL, =0.7740.07
ke = 0.87+0.08 K, =13 +0.1

ki, =80 0.7 kit =048+0.04

exo

2a — cis-3a +trans-3a
2b — cis-3b + trans-3b

2f -»11 4 3f

Chem. Eur. J. 1996, 2, No. 8
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Discussion

Phenyl-substituted N-(pent-4-enyl-1-oxy)pyridine-2(1 H)-thiones
6 were easily synthesized and could, much as expected from a
previous study,!®! 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).122]

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-10in
40% d.e. This value demonstrates that an isopropyl group in the
intermediate 2-(2-propyl)-pent-4-enyl-1-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-
ence of the alkyl group (k! . =1.240.1-2.0+0.2), whereas the
cis reaction rates remain constant or are slowed to k7 =
0.73+0.07.1% 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+0.07),
whereas the value for cis isomerization 2a — cis-3a (k7! =
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 2 a is reminiscent of the situation
in neophyl-type radicals!?*! or in para-substituted cumyloxy
radicals, which have recently been studied by Ingold et al.1**! 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 O-C1-Ca-Cb (Fig. 1). This favorable arrange-

Fig. 1. Right: Schematic presentation of the 5-exo—trig transition-state model for
the rrans cyclization of 2a; 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 ortho-hydrogen and the pseudoequatorial hydro-
gen 2-H [25].
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ment would impose additional torsional strain in the course of
the rrans 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-
4-enyloxy radicals.

In order to confirm our transition-state model, a derivative of
2a, 2c, lacking the aromatic nt system, was chosen as a mecha-
nistic probe. Photolysis of 6¢ and NpSH or Bu;SnH in an inert
solvent gave trans-14¢ 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.!! However, the cyclohexyl sub-
stituent in 2¢ 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 ¢rans-14b as the major product
(cis:trans = 38:62). Similarly, the results of competition kinet-
ics for the ring closure 2b — 3b indicate that—much as expected
from the alkyl case—the trans cyclization is faster than the ref-
erence reaction 2 —3 (k' =1.34+0.1), whereas the minor
product cis-14b is derived from the slower cyclization (k&5 =
0.87+0.08). According to these results the 1-ethyl- and the
1-benzylpent-4-enyl-1-oxy radical (2b) show comparable reac-
tivities and selectivities.

The photoreaction of the 4-phenyl 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<! = 0.48 +0.04), but rather to a significant increase in the

exo

rate of 6-endo ring closure (k'%) = 8.010.7). Considering -

S.
rR3 Rl = hv
Wor F 2

R4 R2
6

0o Rt — P
major 2 major
trans -3e trans -3b

R3=Ph l R1=PhCHp
RV, R2=H RZ, R3=H
Ph
e
major
cis -3d
R2=Ph
R1,R3=H

Scheme 9. Transition-state model for the cyclization of 2.
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methylstyrene as an appropriate mode! for the description of the
frontier molecular orbitals of the olefinic « bond, it seems obvi-
ous that the phenyl group in position 4 of the radical 1f increas-
es the coefficient at carbon 5 in the orbital describing the bond-
ing interaction of the olefinic & system.!2% Besides the favorable
arrangement for frontier molecular orbital overlap in the transi-
tion state of the 6-endo ring closure, the rearrangement 2f —1f
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. =108-10%s71),
the stereoselectivies cis:trans of 88:12 for 2d — 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.!'”]

Conclusions

Phenyl-substituted N-(pent-4-enyl-1-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 S-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-endo ring closure reverse the common exo—endo selectivity of
intermediates 2 and lead to the pyranyl radical 1f 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—O 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), methy] rert-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 '"H NMR.

NMR spectra were recorded unless otherwise noted at 20°C in CDCl; on Bruker
WM 400, AC 200, or AC250 instruments. UV spectra were measured in ethanol in
1 em quarz cuvettes on a Perkin-Elmer spectrophotometer 330, and IR spectra in
CCl, in NaCl cuvettes (0.5 mm) on a Perkin-Elmer 1600 FTIR machine. GC anal-
ysis: Carlo Erba GC 6000 (Vega Series), FID, connected to Spectra Physics integra-
tor 4290. Helium at a flow rate of 3 mL min~' (=80 kPa pressure) was used as
carrier gas; injector and detector temperature 250 °C; DB-225 column from J & W

0947-6539/96/0208-1018 3 15.00+.25/0 Chem. Eur. J. 1996, 2, No. 8



Pent-4-enyl-1-oxy Radicals

1014-1023

Scientific. Preparative thin-layer chromatography: I mm silica gel plates on glass
(Merck). All solvents were distilled prior to use and purified according to standard
procedures [27]. Boiling points are given for the indicated pressure in Torr.

Preparation of the alcohols 4: 1-Phenylpent-4-en-1-ol (4a) [28a], 1-phenylhex-5-en-
2-0l (4b) [28b] and 1-cyclohexylpent-4-en-1-ol (4¢c) 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-

1-0l {4d) was obtained from styrene oxide and allylmagnesium bromide [17a].
3-Phenyipent-4-¢n-1-0l (4 €) was synthesized by LAH reduction of 3-phenylpent-4-
en-1-al [29]. 4-Phenylpent-4-en-1-ol (4f) was obtained by treating 3-benzoyl-1-
propanol with methylentriphenylphosphonium ylide [30]. (E)-6-phenyl-5-hexen-2-
of (4g) [31] was obtained from cinnamyl chloride and ethy! acetoacetate [32) and
subsequent LAH reduction of 6-pheny!-S-hexen-2-one.

1-Phenylhex-S-en-2-ol (4b) [28b}: Yield 3.70 g (35%), b.p.q o, 8588 °C; colorless
oil; *H NMR (250 MHz): 6 =1.56-1.67 (m, 3H; CH,, OH), 2.10-2.35 (m, 2H;
CH,), 2.67 (dd, *J(H,H) = 9, 14 Hz, 1 H; CH,), 2.84 (dd, *J(H.H) = 9, 14 Hz, 1 H;
CH,). 3.85 (m,, 1 H; CH), 4.95-5.10 (m, 2H; CH,), 5.85 (ddt, >J(H.H) =7. 10,
17 Hz, 1H: CH), 7.20-7.38 (m, SH; CH); '3C NMR (63 MHz): & = 30.1, 35.8,
44.1,72.1,1148,126.5,128.6,129.4, 138.4, 144.4; MS (70 eV, EI): m/z (%): 92 {100)
{C.H} L, 85 (63 (M * — C,H,}; C,,H 0 {176.3): caled C 81,77, H 9.15; found C
81.44, H 9.44.

1-Cyclohexylpent-4-en-1-ol (4¢): Yield 7.67 g (76%), b.p.q o, 65-67°C; colorless
liquid; '"HNMR (250 MHz): § =1.14-1.96 (m, 14H; CH,, OH), 2.35 (m,, 2H;
CH,), 3.55 (m, 1H; CH,), 5.14 (m,, 1H; CH,), 5.22 (m,, 1 H; CH,), 6.02 (ddt,
3J(H H) =7.10, 17 Hz, 1 H; CH); *C NMR (63 MHz): § = 26.2, 26.3, 26.5, 21.8,
29.2, 30.33, 33.2, 43.7, 75.7, 114.6, 138.8; MS (70¢eV, EI): mjz (%): 135 (8)
[M* ~H,0-CH,), 128 (18) [M* —C,H,), 95 (100) [C.H;], 63 (82)
{M* — H,0 — CH,,1; C, H,;00 (168.3): caled C 78.51, H 11.98; found C 78.22, H
11.92.

3-Phenylpent-d-en-1-ol (4¢€): Yield 7.69 g (79 %), b.p.,;s 130-133 °C: colorless liq-
uid; 'HNMR (250 MHz): & =1.56 (s, 1 H; OH), 1.59 (m_, 2H; CH,), 348 (g,
3J(H,H) = 8 Hz, 1H; CH), 3.62 (dt, J(H,H) = 3, 6 Hz, 2H; CH,), 5.04-5.13 (m,
2H; CH,). 5.99 (ddt, 8, 10, 17 Hz, 1H; CH), 7.18-7.38 (m, SH; CH); *C NMR
(63 MHz): 5 = 37.9, 46.2, 60.8, 114.4, 126,4, 127.5, 128.5, 141.8, 143.6; MS (70 &V,
ED): mjz (%): 162 (1) [M *], 144 (24) [M * — H,0), 117 (100) [C,H,C,H{ 1. 77 (14)
{CH2 Y €, H O (162.2): caled C 81.44, H 8.70; found C 81.23, H 8.74.

Preparation of the tosylates and chlorides: The tosylates of the alcohols 4b—g were
prepared by reaction of pentenols 4 (0.012 mol) with p-toluenesulfonic acid chioride
(2.10 g, 0.012 mol) in anbydrous 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 as cluent [14]. 1-Chloro-1-phenylpent-4-ene 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-phenylpent-4-ene proved to be unstable towards
HC! elimination and was used as obtained from bulb to buib distillation.

1-Chloro-1-phenylpent-4-ene: Yield 1.36 g (75%), b.p.o.q; 120°C; colorless liquid;
'H NMR (250 MHz): § = 2.10-2.28 (m, 3H; CH,), 2.35-2.46 (m, 1 H; CH,), 4.98
(dd, *J(HH) =6, 8Hz, 1H; CH), 503-516 (m, 2H; CH,). 5.79 (ddt,
3J(H,H) =7, 10, 17 Hz, 1H; CH), 7.28-7.42 (m, 5H; C¢H,).

1-Pheayl-5-hexen-2-yl p-toluenesulfonate: Yield 3.17g (80%): colorless oil;
'HNMR (250 MHz): 6 =1.69 (m,, 2H; CH,), 2.03 (m_, 2H; CH,), 2.42 (s, 3H;
CH,). 2.90 (m, 2H; CH,), 4.77 (quint, *J(H H) =7 Hz, 1H; CH) 4.78-4.95 (m,
2H; CH,), 5.65 (m_, 1H; CH), 7.07 (d, *)(H.H) = 8§ Hz, 2H: CH), 7.19-7.23 (m,
SH; C4Hy), 7.67 (d, >/AH,H) = 8 Hz, 2H; CH); ">C NMR (63 MHz): § = 21.6,
29.0, 32.8, 40.8, 83,6, 1153, 126.7, 127.7, 128 5, 129.5, 1296, 134.2, 1362, 1370,
144.4; MS (70 eV, EX): /2 (%): 155 (100) [C,H,SO 71, 91 (100} {C,H7 J; C;.H,,80,
{330.4): calcd C 65.06, H 6.71 S 9.70; found C 69.18, H 6.57 S 9.40.

1-Cyclohexylpent-4-en-1-yl p-toluenesulfonate: Yield 2.67 g (69%); colorless oil;
'H NMR (250 MH2): 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 (m,, 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); 1*C NMR (63 MHz): 5 = 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 (70 eV,
EI): m/z (%): 155 (60) [C,H,S07], 91 (100) [C,H}; C,4H,S0, (322.5): caled C
67.05, H 8.13, S 9.94; found C 66.65, H 8.03, S 9.87.

2-Phenylpent-4-¢n-1-yl p-toluenesulfonate: Yield 3.15 g (83%); m.p. 39-42 °C, col-
orless crystals; '"HNMR (250 MHz): 6 = 2.29-2.57 (m, 2H; CH,); 243 (s, 3H;
CH,). 3.00 (tt, *J(H.H) = 6, 9 Hz, 1H; CH), 4.13 (dd, S H) =4, 8 Hz, 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. */(H,H) = 8 H2, 2H; CH), 7.24-7.29 (m, 5H; C,H,), 7.65(d, *J(H H) = 8 Hz,
2H; CH); '*C NMR (63 MHz): § = 21.6, 36.1,44.7,73.0, 117.2,127.0, 127.8 2 C),
1285, 129.7, 1329, 1349, 139.9, 144.6; MS (T0eV, EI): mjz (%): 275 (12)
[M* — C;H,], 155 (83) (C,H,SO; ], 91 (100) [C,H; ]; CsH,,SO, (316.4): caled C
68.33, H 6.37. § 10.13; found C 68.48, H 6.48, S 9.84.
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3-Phenylpent-d4-en-1-yl p-toluenesulfonate: Yicld 2.62g (69%); colorless oil;
'HNMR (250 MHz): 6 = 2.04 (m,, 2H; CH,); 2.45 (s, 3H; CH,), 3.38 (g,
3J(H,H) = 8 Hz, 1H; CH), 3.97 (m,, 2H; CH;), 494-5.04 (m, 2H; CH,), 5.85
(ddd, 3XH,H) = 8, 10, 17 Hz, 1 H; CH), 7.03 (d, *J(H H) = 8 Hz, 2H; CH), 5.15-
7.34 (m, 5H; C,H,), 7.76 (d, *J(H,H) = 8 Hz, 2H; CH); '*C NMR (63 MHz):
5 =216,241,454,68.4,115.2,126.6,127.5,127.9,128.6,130.1, 133 4, 140.4,142.4,
145.0; MS (70 eV, EI): m/z (%): 155 (89) [C,H,SO; ], 91 (160) [C,H|; C,4H,480,
(316.4): caled C 68.33, H 6,37, § 10.13; found C 68.31, H 648, 8 9.94.

4-Phenylpent-4-en-1-yl p-toluenesulfonate: Yicld 3.04 g (80%); colorless oil;
"HNMR (250 MHz): 8 =1.74-1.85 (m, 2H; CH,), 2.46 (s, 3H; CH,). 2.56 (td,
3JHH) =1, 7Hz, 2H; CH,), 4.05 (1, >J(HH) =6Hz 2H; CH,), 5.00 (q,
“J(H.H) =1 Hz, 1H; CH,), 5.27(d. *J(H,H) =1 Hz, 1H; CH,) 7.14-7.37 (m, 7H;
CH), .79 (d, *J(H,H) = 8 Hz, 2H; CH); **C NMR (63 MHz): 5 = 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): mjz (%): 144 (15) [C,H,SO3], 91 (100) [C,H}T; C,aH,,S0; (316.4):
caled C 68.33, H 6.37, S 10.13; found C 68.27, H 6.41, § 10.07.

(E)-6-Phenyl-S-hexen-2-yl p-toluenesulfonate: Yield 76% ; colorless oil; 'H NMR
(250 MHz2): 6 =1.31 (d, *J(H,H) = 6 Hz, 3H; CH;), 1.59-1.89 (m, 2H; CH,) 2.17
{(m,, 2H; CH,), 243 {5, 3H; CH,), 4.67 (g, >AH,H) = 6 Hz, 1H; CH), 6.02 (dt,
3XHH) =7, 16 Hz, 1 H; CH}, 6.29 (d, 3/(H,H) =16 Hz, 1H; CH), 7.16-7.33 (m,
TH; CH,), 7.81 (4, YJ(HH) = 8 Hz, 2H; CH); '’C NMR (63 MHz): § =209,
21.6, 28.3, 36.4, 79.7, 125.9, 127.1, 127.7, 128.4, 128.8, 129.8, 130.7 134.7, 137.4,
144.2; MS (70 eV, EI): m/z (%): 129 (100) [C;oHJ ], 91 (40) [C;H7); C,sH,,80,
(330.4): caled C 69.06, H 6.71. S 9.70; found C 69.18, H 6.99, S 9.46.

Preparation of the tetrabydroforans: 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 mixtures [17.18).

TIodocyclization: Iodine (2.25 g, 1.10 mmol) was dissolved in 2 mixture of acetonitrile
(10 mL) and saturated aqueous sodium hydrogencarbonate (2.5 mL) at 0°C. Pen-
tenol 4(2.25 g, 1.10 mmol) was added in small portions, and the mixture was stirred
for 3h at 20°C. The solvent was removed in vacuo, and the residue taken up in
diethyl ether (40 mL) and washed with aq. sodium thiosulfate solution {10 mL, 10%
(w/w)] and with water (2 x 10 mL). The organic phase was scparated, dried (Mg-
S0,), and the solvent removed in vacuo to afford an oil. which was purified by
column chromatography [silica gel, petroleum ether/diethy! ether, 50/50 (v/v)].

cis- and trans-2-lodomethyl-5-phenyltetrahydrofuran: Yield: 1.32 g (92 %). colorless
liquid, cis:trans = 30:70, C,,H,,10 (288.1): calcd C 45.86, H 4.55; found C 45.65,
H 4.32; MS (70 eV, EI): m/z (%): 288 (37) (M *], 147 (100) (M * — CH,I}. 77 (32)
[CHS Y.

cis-2-lodomethyl-S-phenyltetrahydrofuran: 'HNMR (250 MHz): 6 =1.82-1.98
(m,2H; CH;), 2.14-2.37(m, 2H; CH,), 3.33 (dd, *J(H,H) =7, 10 Hz, 1 H; CH, 1),
3.39 (dd, *JH,H)=S5, 10Hz, 1H; CH,I), 416 (m,, 1H; CH), 495 (dd,
3KHH) = 6, 8He, 1H; CH}, 7.23-7.41 (m, 5H; CH); '3C NMR (63 MHz):
6 =10.5, 31.8, 34.3, 78.6, 82.2, 125.8, 127.4, 128.3, 142.3,
trans-2-lodomethyl-S-phenyltetrahydrofuran: '"H NMR (250 MHz):  =1.76-2.00
(m, 2H; CH,), 2.24-2.35 (m, 1 H; CH,), 2.37-2.48 (m, 1H; CH,), 3.28 (dd,
3JHH) =7, 10 Hz, 1 H; CH,l), 3.38 (dd, *J(H.H) = 5, 10 Hz, 1H; CH,I), 4.32
(m.. tH; CH), 5.12 (dd, *J(H.H) = 6, 8 Hz, 1 H; CH), 7.21-7.37; 3*C NMR
(63 MHz): 5 =10.9, 32.8, 35.4, 78.9, 81.5, 125.5, 127.3, 128.3, 142.7.

cis- and trans-2-lodomethyl-5-benzyltetrahydrofuran: Yield: 1.06 g (70%), colorless
oil, cis:trans = 26:74, C,,;H,,10 (302.2): caled C 47.70, H 5.00; found C 47.55, H
4.91; MS (70 eV, EI): m/jz (%): 212(6) [M* — C,H,], 211 (100) (M * — C,H,], 174
(16) [M* ~ HI}.

cis-2-lodomethyl-S-cyclohexyltetrahydrofuran: 'HNMR (250 MHz): 8 =1.61—
1.77 (m, 2H; CH,), 1.86-2.07 (m, 1 H; CH,), 2.08-2.23 (m, 1H; CH ). 2.77 (dd,
35H,H) =7, 14 Hz, 1 H; CH,), 2.98 (34, >5(H H) = 5, 13 Hz, 1H; CH,), 3.14 (dd,
3XH,H) =7, 10 Hz, 1 H; CH,]), 3.25 (dd, */H.H) = 5, 10Hz, 1H; CH,]), 4.14
{m., 1H; CH), 4.10-4.24 (m, 1 H; CH), 7.18-7.32 (m, 5H: CH); '*C NMR
(63 MHz): 6 =10.8, 30.4, 31.4, 42.2, 78.6, 81.4, 126.3, 128.3, 129.4, 138.3.
trans-2-lodomethyl-5-benzyltetrahydrofuran: 'HNMR (250 MHz): 6 =1.61-1.77
(m, 2H: CH,), 1.86-2.07 (m, 1H; CH,), 2.08-2.23 (m, 1H; CH,), 2.72 (dd,
*J(H,H) =7, 14 Hz, 1 H; CH,), 2.96 (dd, *J(H,H) = 5, 13 Hz, 1H; CH,), 3.17 (dd,
*J(H.H) =7, 10 Hz, 1 H; CH,1), 3.27 (dd, 3J(H,H) = 5, 10 Hz, 1 H; CH,I), 4.06-
4.16 (m, 1 H; CH), 4.33 (1t, *J(H H) = 6, 8 Hz, 1 H; CH), 7.18-7.32 (m, SH; CH);
3C NMR (63 MHz): 6 =11.0,31.6,32.4, 41.9,78.3,80.8, 126.3, 128.2, 129.3,138.3,

cis- and trans-2-Fodomethyl-5-cyclobexyltetrahydrofuran: Yield: 1.33 g (90%), col-
orless oil, cis:frans =17:83, C;,H,,10 (294.18): calcd C 44.91, H 6.51; found C
44.82, H 6.74; MS (70 &V, El): m/z (%): 294 (2) [M *]. 211 (106.0) (M * — CeH ],
153 (67) (M * — CH,I].

cis-2-lodomethyl-5-cyclohexyltetrahydrofuran: 'HNMR (250 MHz): & = 0.85-
209 (m, 15H; CH,), 311 (dd, *J(HH) =7, 10Hz, 1H; CH,), 3.22 (dd,
3JH.H) = 5,10 Hz, 1 H; CH,), 3.61 (m_, 1 H; CH), 3.94 (m_, 1 H; CH); 13C NMR
(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.
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trans-2-lodomethyl-5-cyclohexylietrahydrofuran: 'H NMR (250 MHz): & = 0.83-
2.17 (m, 15H: CH,), 3.13 (dd, 3/(H,H)=7, 10Hz, 1H; CH,). 3.25 {dd,
3J(H,H) = 5. 10 Hz, 1 H; CH,), 3.73(q. *J(H.H) =7 Hz, 1H; CH), 4.00 (m,, 1H;
CH); 3C NMR (63 MH2): 4 =11.2, 25.8, 26.0, 26.4, 28.6, 29.8, 30.9, 32.7, 43.0,
78.0, 84.6.

cis~ ang traps-2-1odomethyl-4-phenyletrabydrofuran [16a): Yicld: .13 g (78 %), col-
orless o1), ¢is: trons = 83:17.

cis-2-Todomethyi-4-cyclohexyltetrahydrofuran: 'HNMR (25¢MHKz): § =182
{ddd, *xH.H) =10, 11, 13 Hz, {H; CH,). 2.58 (ddd, *KH.H) =6, 7, 13Hz, [H;
CH,). 335 (m, 2H; CH,1), 3.54 (m., 1H; CH), 3.90 (dd. X, H) =7, 9 Hz, [ H;
CH,), 4.15 (ddt, J(H H) = 6, 10 Hz, 1 H; CH). 4.25 (dd, *AH H) = 6, 8 Hz, 1 H;
CH,). 7.20~7.35 (m, 5H; CH); '>C NMR (63 MHz): § =10.2, 41.1, 45.8, 74.8,
79.1,126.8, 127.2, 128.6, 140.7.

trans-2-1odomethyl-4-phenyltetrahydrofuran: 'H NMR (250 MHz): § =1.82 (ddd,
3J(H.H) =190, 11,13 Hz, 1H; CH,), 2.58 (ddd, SMHHB)=6,7,13Hz. 1H; CH,),
3.28 (m, 2H; CH,I), 3.50 (m,, 2H; CH,), 3.80 (dd, *J(H.H) — 8,9 Hz, 1 H; CH,),
4.26 (quint, *J(H,H) = 6 Hz, 1H; CH), 4.31 (dd, *#HH) =7, 9 Hz, 1H, CH,).
7.18-7.33(m, SH: CH). ' 3C NMR (63 MHz): § = 9.5,38.8.436,74.2,77.5,125.7,
126.1, 127.6, 140.6.

cis- and traps-2-lodomethyl-3-phenyltetrahydrofuran: Yield: 0.81 g (56 %), colorless
oil, cis:trans =16:84, C,, H,,10 (288.1): calcd C 45.86, H 4.55; found C 4593, H
4.44; MS (70<V, EI): mjz (%): 288 (9) [M*], 161 (100.0) (M * —1). 117 (70)
[CJH4C6H5]‘

cis-2-lodomethyl-4-phenyltetrahydrofuran: *HNMR (250 MHz): 6 = 2.16-2.29
(m.1H;CH,),2.41-2.55(m, 1 H; CH,), 2.69 (dd, 3J(H H) = 5,10 Hz, 1 H ; CH, 1),
2.89 (dd, *J(H,H) = 8, 10 Hz, 1H; CH,[). 3.52 (dt, *J(H,H) = 5, 8 Hz, 1 H; CH),
3.98(ddd. */(HH) =7,9, 16 Hz, 1 H; CH), 426 (m,. 2H;CH,}, 7.19~7.35 (m, SH;
CH).

trans-2-lodomethyl-3-phenyltetrahydrofuran: 'HNMR (250 MHz): 6 =2.20-
2.32(m, 1H:CH,). 2.38-2.50 (m, 1 H; CH;), 3.10 (q, *J(H,H) = 8 Hz, 1 H; CH).
3.9 (dd, 2HH H) = 6, 11 Hz, 1H; CH,l), 3.38 (dd, *J(H,H) = 4, 11 Hz, 1H;
CH,l), 3.70 (dad, >J(H,H) = 4, 5.9 Hz. 1 H; CH), 4.09 (m,. 2H; CH,), 7.21-7.35
(m, 5H; C4Hy): '*C NMR (63 MHz): 5 = 9.6, 35.3, 51.0, 68.1, 84.3, 127.9, 127.5,
128.8, 140.4.

cis-3-iodo-6-methyl-2-phenyltetrahydropyran: Yield: 1.19g (79%), colorless ail,
'"HNMR (250 MHz): § =1.20(d, 3HH.H} = 6 Hz, 3H; CH,}, 1.53-1.67 (m, 2H;
CH,}, 2.25-2.46 (m, { H: CH;). 2.66 (dq. *J(H,H) = 4.13 He, 1 H; CH). 3.77 (m,,
1 H; CH), 4.16 (ddd, 25(H.H) = 4, 10, 12 Hz, 1 H; CH), 4.45 (d, 3J(H,H) =10 Hg,
tH; CH), 7.29-7.39 (m, $H; C,H,); '*C NMR (63 MHz): § = 21.8, 33.2, 36.8,
28.6,74.8,86.1,127.6,128.1.128.3, 140.6. C, ,H,,10 (302.2): calcd C 47.70, H 5.00;
found C 48.08, H 4.70.

Reduction of tetrahydrofurylmethyl iodides: Tetrahydrofurylmethyl 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 mmol) in anhydrous THF (15 mL). The reaction mixture
was refluxed for 3 h and stirred for another hour at 20 °C. The sjurry was cooled 1o
0°C, and water was added until no further hydrogen was evolved. The saits were
dissolved with aq. sulfuric acid [10% (v/v)]. 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 thiosulfate solution (20 mL) and
brine (20 mL), and dried (MgSO,). The solvent was removed in vacuo to yield
products 14,

cis~ and trans-2-Phenyl-5-methyltetrahydrofuran (14a) [16a]: Yield: 130 mg (46%).
colorless liquid. cis:trans = 26:74.

cis-Ha: 'H NMR (250 MHz): 5 =1.37(d, 3/H . H) = § Hz, 3H; CH;}, 1.55-1.79
{m, 1H; CH,), 1.78-155 [m, 1H; CH,), 2.02-2.24 {m, 1 H; CH,}. 2.27-2.45(m,
1H;CH,).4.17 (m.. 1H; CH}. 4.88 (dd, *J(H,H} = 6, 7T Hz, 1 H; CH), 7.32-7.35
(m, SH; CH}; 13C NMR (63 MHz): & = 21.3, 33.1, 34.6, 759, 81.0, 125.8, 1271,
128.3, 144.0.

trans-14a: "H NMR (250 MHz): § =1.32 (d, *J(HH) = 6 Hz, 3H; CH;), 1.5~
1.70 (m, 1H; CH,), 1.78-195(m, 1H; CH,), 2.02-2.24 (m, 1 H; CH,), 2.27-2.45
(m, 1H; CH,). 4.36 (m_, 1H; CH), 5.04 (dd, *J(H . H) = 6, § He, L H; CH), 7.32-
7.35 (m, 5H; CH). '*C NMR (63 MHz): 6 = 21.5, 34.3, 35.6, 75.9, 80.2, 125.6,
127.0, 128.3, 144.0.

cis- and traxs-2-Benzyl-5-methylietrahydrofuran (14b): Yield: 274 mg (89 %), color-
less liquid, ¢is:trans = 26:74; C,,H,,0 (176.26): caled C 81.77, H 9.15; found C
8t.52, H 9.07; MS (76 ¢¥, El): myz (%): 117 (3} [C;H Ph*], 91 (26) [C,H], 85
(1000} (M ¥ —~ CH L.

cis-14b: 'H NMR (250 MHz): 6 =1.25 (d, *J(H,H) =7 Hz, 3H; CH,), 1.30-1.71
(m, 2H; CH,), 1.81-2.08 (m, 2H; CH,), 2.66-2.77 (m, 1H; CH,), 2.93-3.03 (m,
1 H:CH,),3.92-4.31 (m, 2H; CH), 7.17-1.33(m, SH; CH); ' *C NMR (63 MHz):
& =21.4,30.7, 32.7,42.5, 754, 80.1, 126.1, 128.2, 129.3, 138 9.

trans-14b; *H NMR (250 MHz): § =1.22 (d, *XH H) = 6 Hz, 3H; CH,), 1.30-
1.71 (m, 2H; CH,), 1.81~2.08 (m, 2H; CH,)., 2.66-2.77 (m, 1 H; CH,). 2.93-3.03
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(m, 1H; CH,;), 3.92-4.31 (m, 2H; CH), 7.17-17.33 (m, 5H; CH); '3C NMR
{63 MHz): 6 = 21.4, 31.7, 33.7, 423, 74.8, 79.4, 126.1, 128.2, 129.3, 138.8.

cis- and trgns-2-cyclohexyl-5-methyltetrabydrofuran (14<): Yield: 151 mg (52%),
colorless liquid, cis:trans =17:83; C,,H,,0 (168.3): calcd 78.51, H 11.98; found C
78.23, H 12.04; MS (70 eV, ED: m/z (%): 168 (1) [M*], 86 (5) [M * — C(H,,]. 85
{100) [M i CaHn]-

cis-14c: 'HNMR (250 MHz): §=0385-2.04 (m, 15H; CH,, CH), 1.21 (d,
HHH) = 6 Hz, 38, CH,), 3.5{ (g, *HH.H) =7 He, 1 H; CH), 3.85-4.05(m, 1 H;
CH); '*C NMR (63 MHz): § = 21.3, 25.8, 26.1, 290, 29.6, 32.8, 43.2, 74.9, 84.1.
trans-14c: "HMNMR (250 MHz): 4 = 0.85-2.04 (m, 15H; CH, CH,), 1.20 (d,
SHHH) = 6 Hz, 3H; CH,}, 3.67 (dt, *J(H,H) = 6,8 Hz, {H; CH), 3.85-4.05 (m.
1H; CH); "3C NMR (63 MHz): § = 21.3, 26.0, 26.6, 28.8, 29.9, 34.2, 434, T4.6,
833

cis- and traps-4-Pbenyl-2-methyltetrahydrofuran (14d): Yield: 153 mg (54 %), color-
Jess liquid, cis: trans = 83:17.

cis-14d: *H NMR (250 MHz2): § =1.36 (d, *J(H.H) = 6 Hz, 3H; CH,), 1.62 (ddd,
3)(H,H) =10, 12 Hz, 1H; CH,), 2.45(ddd. */(H,H) = 6,8, 13 Hz, 1 H; CH,), 3.47
(quint, *J(H,H) = 8 Hz, 1H; CH), 3.84 (dd, *J(H,H) = 6, 8 Hz, 1H; CH,), 4.11 -
4.19 (m, 2H; CH, CH,), 7.19~7.33 {m, SH; CH); *C NMR (63 MHz): § = 20.8,
428,459, 743, 76,3, 1264, 127.1,128.5, 142.8.

trans-14d: 'HNMR (250 MHz): § =1.31 (d, *J(H,H) = 6 Hz, 3H; CH,), 1.9
(ddd, */(H.H) =9, 13, 19 Hz, 1H; CH,), 2.15 (ddd, *J(H,H) =7, 13 Hz, 1H;
CH,), 3.47 (quint, >(H.H) = 8 Hz, 1H; CH), 3.71 (dd. *J(H,H) =7, 9Hz, 1 H;
CH,), 4.24-4.33 (m, 2H; CH, CH,), 7.19-7.33 (m, 5H; CH); '*C NMR
(63 MH2): 6 = 21.6, 41.3, 44.7, 74.7, 75.4, 126.7, 127.2, 128.5, 142.6.

Synthesis of Tetrahydropyrans: 2-Phenyl- and 2-benzyltetrahydropyran (13a.b}
were prepared according to the procedure of Kim et al. [15a]. 2-Cyclohexyltetrahy-
dropyran (13b) [15¢], 3-phenyltetrahydropyran (13d) [15d], and 4-phenyltetrahy-
dropyran [15e] (13e) were obtained by literature procedures. cis-2-phenyl-6-
methyltetrahydropyran (13g) [15f] was prepared by iodocyclization of
(£)-6-phenylhex-5-en-2-0l (4g) and subsequent reduction of the 3-iodo-2-phenyl-6-
methyltetrahydropyran as described above.

2-Benzyltetrahydropyran (13b) [15b]: 'H NMR (250 MHz): 5 =1.52-1.94 (m, 6 H;
CH,), 3.51-3.62(m, 1H; CH;), 3.94 (ddd, *J(H,H) = 4,8, 12 Hz, { H; CH,}, 4.52
, 3AHH)=1Hz, {H; CH,), 473 ¢, 3JHH)=3Hz, 1H; CH), 482 (4,
3JH,H) =12 Hz, tH; CH,). 7.20- 741 (m. 5H; CH,); '>C NMR (63 MHz):
5 =194, 29.5, 31.5, 62.1, 68.9, 97.8, 127.5, 127.9, 128.4, 138.4.

2-Cyclohexyltetrahydropyran (13c) [156): 'H NMR (250 MHz): § = 0.82-1.90 (m.
17H4; CH,, CH), 297 ddd, *KHH)=2. 6, 11Hz, 1H; CH), 3.38 (dt,
3JH,H) =3, 11 Hz, 1H; CH,), 396 (m,, 1H; CH,); *C NMR (63 MHz):
5 =238, 26.2, 26.3, 26.4, 26.6, 28.6, 28.7, 29.1, 43.3, 68.7, 82.4.

cis-2-pheny)-6-methyltetrahydropyran (13g) {15b]: '"HNMR (250 MHz): § =1.26
(d, 3J(H.H) = 6 Hz, 3H; CH,), 1.26-1.97 (m, 6 H; CH,), 3.64 (m, L H; CH,) 4.38
(dd, *J(HH) =2, t1 Hz, tH; CH), 7.21-7.40 (m, SH; CH;): °C NMR
(63 MHz): § = 22.3, 24.11, 33.1, 33.5, 74.4, 79.9, 125.9, 127.1, 128.3, 143.5.

1. Preparation of N-{Alkyloxy)pyridine-2(1 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 mmot) dissolved
in anhydrous DMF (25 mL) under argon at 0 °C. 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 rerr-butyl ether (MTB) (40 mL). The organic layer
was separated and the agueous 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 (MgS0,) to afford a yeltow solution. The
solvent 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-<(1-Phenylpent-4-enyl-1-oxy)pyridine-2(1 i)-thione (6a): Yield: 0.69 g (48%), yel-
low crystals, m.p. 86 °C; 'H NMR (200 MHz): 6 =1.95-2.12 (m, 3H; CH,), 2.37-
249 (m, 1H; CH,), 487-499 (m, 2H; CH,}, 5.67-5.87 (m, 2H; CH), 6.10 (dd,
SHHH) =7, 9 Hz, 1 H; CH), 6.86-6.97 (m, 2H; CH), 7.21-7.31 (m, 5H; CH),
7.554dd, 3HH.H) = 2, 9 Hz, 1H; CH); C NMR (50 MHz): § = 29.3, 32.2, 86.0,
111.6, 115.1, 128.6, 1288, 129.4, 132.6, 136.6, 137.3, 137.5, 139.3, 175.6; IR:
i = 3066, 1958, 1642, 1609, 1525, 1447, 1408. 1276, 1175 cm™!; UV/Vis: 1,
(£) = 362 (57G0), 288 (11700), 235 nm (6000); MS (70 eV), mjz{%): 271 (10) [M *},
127 (32) IM* — C, H,3), 91 (100) [C,H{); C,¢H,,NOS (271.4): caled C 70.82, H
6.31, N 5.16, S 11.81; found: C 70.74, H 6.35, N 4.94, § 12.00.

N-(1-Phenyl-5-hexenyl-2-oxy)pyridine-2(1 H)-thioue (6b): Yield: 0.76 g (50%), yel-
low oil; *H NMR (200 MHz): 6 =1.75 (m, 2H; CH,), 2.27 (m_, 2H; CH,), 2.97
(dd, 3J(H,H) =8, 14 Hz, 1H; CH,). 317 (dd, 3J(H.H) = §, 14 Hz, 1H; CH)),
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4.92-5.03 (m. 2H; CH,), 5.35 (m,, 1H; CH), 5.76 (ddt. *J(H.H) = 6, 10. 17 Hz,
1H; CH), 6.49 (dt, *J(H,H) =7 Hz, *J(H,H) =2 Hz, 1H; CH), 7.08 (ddd,
SHH.H) =7, 9 Hz. *J(H.H) = 2 Hz, 1H; CH). 7.17-7.31 (m, 5H; CH), 7.54 (dd,
SKHH) =THz, *J(HH)=2Hz, 1H; CH)., 7.66 (dd, >J(H,H)=9 Hz,
4 J(H,H) = 2 Hz. 1 H; CH); '*C NMR (50 MHz): § = 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: 7 = 2926,
1609, 1525, 1447, 1408, 1224, 1176, 1132em™"'; UV/Vis: A_.. (¢) = 364 (5100),
291 am (11200); MS (70 €V), m/z (%): 285 (2) [M *]. 128 (100) [C,H,NOS *], 127
(85) [C,H,NOS*]. 91 (89) [C,H]; C,,H,,NOS (285.4): caled C 71.54, H 6.71 N
491, S 11.23; found: C 70.95, H 6.70, N 4.86. S 11.05.

N-(1-Cyclohexylpent-4-enyl-1-oxy)pyridine-2(1 H)-thione (6¢): Yield: 0.49 g (50%),
yellow oil; 'H NMR (200 MHz): 6 =1.17-1.38 (m, 5H; CH, CH,), 1.58-1.91 (m,
8H; CH,), 2.28 (m., 2H; CH,), 492-5.06 (m, 3H; CH,, CH), 5.79 (ddt,
3JH,H) =7, 10,17 Hz, 1 H; CH), 6.55 (dt, *J(H,H) =7 Hz, *J(H.H) = 2 Hz, 1 H;
CH), 7.09 (ddd, *JH,H)=7Hz. “JHH)=2Hz, 1H; CH), 7.61 (ddd,
3J(H.H) =10 Hz, *J(H.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: ¥ =2931, 1610, 1525, 1446, 1407, 1276, 1176, 1130cm™'; UV/Vis: ) _,,
(£) = 364 (5100), 291 nm (11100); MS (70 eV), m/z (%): 277 (2) [M *], 150 (5)
[M* — C,H,NOS], 128 (100) [C,H,NOS *]. 127 (54) [C;H,NOS *]; C,(H,,NOS
(277.42): caled 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.

N-(2-Phenylpent-4-enyl-1-oxy)pyridine-2(1 H)-thione (64): Yield: 0.45 g (31 %), yel-
low 0il; '"H NMR (200 MHz): 6 = 2.50(1d, *J(H,H) =7,15 Hz. 1 H; CH,). 2.66 (1d.
3J(H,H) =7, 14 Hz, 1H; CH,), 3.26 (m,. 1H: CH), 4.44 (dd, *J(H.H) = 5, 8 Hz,
1H; CH,). 4.79 (dd. 3J(H.H) =7, 8 Hz, 1 H: CH,), 5.02 (m,. 2H; CH,). 5.72 (ddt,
3J(H,H) =7, 10,17 Hz, 1H; CH), 6.47 (dt, *J(H.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), 7.15-7.36 (m, 6 H;
CH). 7.61 (dd, *J(H,H) = 9 Hz, *J(H,H) = 2 Hz. | H; CH): '*C NMR (50 MHz):
4 =36.8, 44.2, 79.8, 112.9, 117.0, 127.0, 128.0, 128.6, 132.6, 135.3, 137.7, 138.0,
1409, 176.6; IR: ¥ = 3030, 2361, 1609, 1525, 1446, 1410, 1277. 1176, 1135cm ™!
UV/Vis: Ay, (¢£) = 362 (5100), 290 nm (11200); MS (70 €V), m/z (%): 271 (1) [M *].
131 (59) [C,HsPh*], 127 (35) [C,H,NOS *], 91 (100) [C,H ]: C,H,,NOS (271 4):
caled 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-Phenylpent-4-enyl-1-oxy)pyridine-2(1 H)-thione (6¢): Yield: 0.53 g (37%), yel-
low oil; '"HNMR (200 MHz): é = 2.26 (m,, 2H; CH,), 3.60 (q. *J(H,H) = 8 Hz,
1H; CH), 4.35 (m_, 2H; CH,), 5.07-5.17 (m, 2H; CH,), 5.99 (ddd. 3/(H.H) = 8.
10, 17 Hz, 1H; CH). 6.55 (dt, *J(H,H) =7 Hz, *J(H.H) = 2 Hz, 1H; CH), 7.12
(ddd, 3J(H.H) =7. 8 Hz. *J(H,H) = 2 Hz, 1H; CH).7.19-7.38 (m, 5H; CH), 7.57
(dd, 3J(HH) =7 Hz, *J(H.H) = 2Hz, 1H; CH), 7.63 (dd, 3J(H.H) =9 Hz,
3J(H,H) =1Hz, 1 H; CH); **C NMR (50 MHz): § = 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: v = 2978, 1609,
1524,1446, 1410,1177, 1134 cm ™ UV/Vis: 4. () = 364 (5200). 292 nm (11 700);
MS (70eV), mjz (%): 271 (2) [M*], 161 (28) [M* — C,H.NS]. 117 (100)
[C3H Ph*]. 91 (85)[C,H;); C,¢H,,NOS (271.4): caled C 70.82. H 6.31. N 5.16, S
11.81; found: C 70.58, H 6.06, N 4.97, S 11.84.

N+(d-Phenylpent-d-enyl-1-oxy)pyridine-2(1 H)-thione (61): 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 (1.
3J(H,H) =7 Hz, 2H; CH,), 4.39 (t, *J(H,H) =7 Hz, 2H; CH,), 5.13 (brs, 1H;
CH). 5.35 (brs, 1 H; CH), 6.56 (td, *J(H,H) =7 Hz, *J(H.H) =1 Hz, 1H; CH),
711 (ddd. 3J(H.H) =7, 8 Hz. *J(H.H) =1 Hz, 1H: CH), 7.24-7.34 (m, 5H;
C,H,), 7.38-7.41 (m, 1H; CH), 7.60-7.63 (m, 1 H: CH): '3C NMR (100 MHz):
8 =263, 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: ¥ = 2973, 1610, 1524, 1446, 1410, 1277, 1134cm™*'; UV/Vis
(EtOH): 4., (¢) = 361 (5400), 290 (11900), 245 nm (9100, sk); MS (70¢V), m/z
(%): 118 (100) {CoH ], 77 (14} [C4H{ |; €1 H1-NOS (271.4): caled 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-hexen-2-oxy)pyridine-2(1 H)-thione (6 g): Yield: 0.76 g (50 %). yellow
oil; 'HNMR (200 MHz): 6 =1.33 (d, *J(H,H) = 6 Hz, 3H; CH,). 1.70-2.12 (m,
2H:CH,), 2.85(m. 2H; CH,). 5.27 (m_, 1H; CH), 6.25 (dt, *J(H,H) =7, 16 Hz,
1H; CH). 645 (d, *J(H.H)=16Hz. 1H; CH), 6.5 (dt. 3J(HH)=7Hz,
*J(H.H) =2 Hz, 1 H;CH), 7.13(ddd, *J(H H) = 8 Hz, *J(H.H)} = 2 Hz. 1 H; CH),
7.19-7.38 (m, 5H; CH), 7.64 (dd. *J(H.H) =7 Hz, *J(H,H) =1 Hz, 1 H; CH). 7.68
(dd, *J(H.H) = 9 Hz, “/(H.H) = 2 Hz, 1 H: CH): '*C NMR (50 MHz): § = 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: ¥ = 2975, 1610, 1525, 1447, 1408, 1176, 1132 cm~'; UV/Vis: A,., = 364,
292, 251 nm; MS (70 eV). mjz (%): 285 (2) [M *1.201 (30) [M * ~ C,H,S]. 129(71)
[CaH CoH2 ). 85 (100) [C{HS*); C,,H,sNOS (285.4): caled C 71.54, H 6.71, N
491, S 11.23; found: C 70.95, H 6.70, N 4.86, S 11.05.

N-(1-Phenylethyl-1-oxy)pyridine-2(1 H)-thione (6b): Yield: 0.78 g (63%), m.p.
45°C; 'THNMR (200 MHz): 6 =1.76 (d, *J(H.H) =7 Hz, 3H; CH,), 6.00 (q,
3J(H,H) =7 Hz, 1 H; CH). 6.19 (1d. *J(H.H) =7 Hz, “J(H,H) = 2 Hz, 1H; CH),
6.94-6.99 (m, 1H; CH). 7.01 (1d. 3J(H,H) =7, 9 Hz, *J(H,H) = 2 Hz, 1H; CH),
7.33 (m. SH; C¢Hy), 7.62 (ddd. *J(H.H) = 9 Hz. *J(H.H) =1, 2 Hz. 1H: CH); '3C
NMR (50 MHz): 6 =19.1, 82.6, 111.7, 128.1, 128.8, 129.3, 132.7, 137.6, 138.0,

Chem. Eur. J. 1996, 2, No. 8

& VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

139.3,175.7; IR: 7 = 2981, 1608, 1528, 1449, 1410, 1274, 1131 cm ™~ *; UV/Vis: A,...
() = 361 (5700), 290 nm (11400); MS (70 V), m/z (%): 127 (19) [M * ~ CgH).
105 (100) [M * — C,H,NOS], 77 (37) [CoH ); C,3H,,NOS (231.3): caled C 67.50,
H 5.66, N 6.06, S 13.87; found: C 67.19. H 6.04, N 6.00, S 13.87.

S~(1-Phbenylpent-4-en-1-yl)-2-thiopyridine N-oxide (7a): Yield: 0.70 g (49 %), color-
less crystals, m.p. 107-108°C; '"H NMR (250 MHz): § =1.91-2.12(m,4H; CH,),
4.26 (m,, 1H; CH). 4.91-4.98 (m, 2H; CH,), 5.61-5.77 (m, 1H; CH), 6.82-6,97
(m, 3H.CH), 7.11-7.26 (m,3H; CH), 7.34-7.39 (m, 2H; CH), 8.07-8.11 (m, 1 H;
CH); '3C NMR (63 MHz): 6 = 30.1, 35.2, 47.2, 115.0, 119.6, 121.9, 124 4, 126.7
(2C), 1278, 1359, 137.6, 139.5, 150.2; IR: ¥ = 3071, 1641, 1587, 1425,1248cm ™' ;
UV/Vis: 1., (¢) = 308 (850}, 271 (3100), 245 nm (8900); MS (70 eV), m/z (%): 271
(6)[M *).254[M* — OH],127(32)[M * — C,,H,,),91 (100} [C,H7]: C\(H,,NOS
(271.4): caled 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.

S-(1-Phenyl-5-hexen-2-yl)-2-thiopyridine N-oxide (7b}: Yield: 0.73 g (48 %). color-
less crystals, m.p. 112-113°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, 3J(H.H) =7 Hz, 2H: CH,), 3.48
(dq. *JHH) =5, 7THz, 1H; CH), 495-5.03 (m, 2H; CH,), 572 (ddt,
SJ(H,H) = 6, 10, 17 Hz, 1 H; CH), 6.97 (td, *J(H,H) =7 Hz, *J(H,H) = 2 Hz, 1 H;
CH), 7.06 (dd, 3J(HH)=8Hz, *JHH)=2Hz, 1H; CH), 7.13 (ddd,
3J(HH) =7, 8 Hz, *J(H,H) = 2 Hz, 1 H; CH), 7.18-7.99 (m, 5H; C¢H,). 8.20 (d.
3J(H,H) =7 Hz, 1H; CH): '*C NMR (63 MHz): § = 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; IR (KBr):
¥ = 3026, 1639, 1584, 1417, 1238cm ™ '; MS (70eV, EI), m/z (%): 268 (33)
[M* — OH]. 128 (84) [C;H,NOS*]. 127 (100) [C.H,NOS *]; C,,H,,NOS (285.4):
caled 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-Cyclohexylpent-4-en-1-yl)-2-thiopyridine N-oxide (7c¢): Yield: 0.66 g (45%),
colorless crystals, m.p. 106-107°C; '"HNMR (250 MHz): 6 =1.03-1.28 (m, 5H;
CH,), 1.59-2.01 (m, 8H; CH, CH,), 2.15-2.30 (m, 2H: CH,). 3.09 (quint,
3J(H,H) = Hz, 1H; CH), 494-5.02 (m, 2H; CH,), 5.75 (ddt, *J(H,H) = 6, 10,
17Hz, 1H; CH), 695-7.04 (m. 1H: CH), 7.09 (ddd., *J(H,H) =6, 8 Hz,
*J(HH) = 2 Hz, 1H; CH), 7.15-7.22 (m, 1H; CH), 8.23 (d, *(H,H) = 6 Hz, 1 H:
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): ¥ = 2924, 1637, 1586, 1410,
1251 cm ™ : MS (70 eV, EI), m/= (%): 260 (25){M * — OH], 128 (71) [C;H{NOS *.
127 (100) [C,H,NOS*}; C,¢H,,NOS (277.4): caled C 69.27, H 8.36, N 5.05, S 11.56;
found: C 69.33, H 8.21, N 5.18, S 11.47.

S-(4-Phenylpent-4-en-1-yl)-2-thiopyridine N-oxide (71): Yield: 0.43 g (30%), color-
less crystals, m.p. 75- 76 °C; '"H NMR (250 MHz): 6 =1.89 (quint, 3J(H,H) =7 Hz,
2H;CH,).2.73 (t, >/(H,H) =7 Hz, 2H; CH,). 2.85 (t, *4H ,H) =7 Hz, 1H; CH,),
5.12(brs, 1H; CH,). 5.33 (brs, 1 H; CH,), 6.88 (dd, *J(H.H) = 8, “(H,H) =1 Hz
1H; CH). 697 (td. *AH.H)=7Hz, *J(HH)=1Hz. 1H; CH), 7.09 (td.
SJ(HH) =8 Hz, *J(H,H) =1 Hz, 1H; CH), 7.24-7.42 (m, SH; C,H,), 8.20 (d.
3J(HH) = 6 Hz, { H;: CH); '*C NMR (63 MHz): § = 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; IR (KBr): v = 2935,
1623, 1571, 1414, 1255cm~"; MS (70 eV. EI). m/z (%): 271 (3) [M *]. 254 (23)
[M* - OHJ. 127 (100) [C;H,NOS*]; C,,H,,NOS (271.4): calcd C 70.82, H 6.31.
N 5.90, S 11.81; found: C 70.64, H 6.32, N 5.63, S 11.73.

S-(1-Phenylethyl)-2-thiopyridine N-oxide (7h) [33]: Yield: 0.17 g (14%), colorless
crystals, m.p. 118-119°C; 'H NMR (250 MHz): é =1.64 (d, *J(H,H) =7 Hz, 3H;
CH,;), 4.43 (q. >J(H.H) =7 Hz, 1 H; CH). 6.83-6.92 (m, 1H; 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 Hz,
“J(H,H) =1 Hz,1H:CH); '3C NMR (63 MHz): 6 = 23.4,44.0,120.7,123.2,125.4,
127.0, 127.7, 1289, 138.8, 142.1, 151.3; IR (KBr): v = 2972, 1588, 1472, 1425,
1250 cm ™ '; MS (70 eV. EI), m/= (%): 231 (9) (M *], 214 (42) [M * — OH], 127 (43)
(CsHNOS ], 105 (100) [C,Hy ] C,3H,,NOS (231.3): caled 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 thiohydroxamic 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. Photolysis of thiohydroxamic acid ester 6 in C¢H, or TBB with Bu,SnH: In a
typical run the ester 6 (0.10 mmol) was dissolved in C¢H, or TBB (2.0 mL) in a smalt
Schienk flask. A standard amount of olefin free n-tetradecane (Fluka, standard for
GC) was added and the reaction vessel was closed with a rubber septum, wrapped
in aluminum foil, and frozen 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 1o the reaction mixture was followed by photolysis of the reaction mixture with
incandescent light (Philips 150 W Spotline* R 80) for 1 min. The decolorized solu-
tion was immediately subjected to GC analysis.
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3-Phenyltetrahydropyran (13f) [8b]: 'H NMR (400 MHz): 6 =1.35-1.71 (m, 3H;
CH,), 1.82-1.92 (m, 1 H; CH,), 2.82 (tt, *J(H,H) = 4, 11 Hz, 1H: CH), 3.31 (td,
3J(H.H) = 3, 11 Hz, 1H; CH,) 3.47 (t, 3J(H,H) =11 Hz, 1 H; CH,), 3.97 (dquint,
SJ(H.H) = 2, 11 Hz, 1H; CH,). 4.12 (ddd. *J(H.H) = 2, 4. 11 Hz, 1H; CH,),
6.96-7.21 (m, 5H; C,H,).

3-Deuterio-3-phenyltetrahydropyran (15): Yield 71.2mg (82%). b.p.,s 100°C
(Kugelrohr); colorless liquid; '"H NMR (250 MHz): 6 =1.25-1.32 (m, 1H; CH,).
1.36-1.63 (m, 2H: CH,). 1.71-1.78 (m, 1 H; CH,), 3.15 (td, *J(H,H) = 3, 11 Hz.
1H: CH,), 3.24 (d1, *J(H,H) = 2, 10 Hz, 1H: CH,) 3.86 (dquint, 3/(H.H) = 2,
11 Hz, tH; CH,), 3.99 (dd, *J(H,H) = 2, 11 Hz, 1 H; CH,), 6.95-7.19 (m, SH;
CeH,); '3C NMR (63 MHz): § = 26.3, 30.3. 42.6 [2J(D.'*C) =19 Hz], 68.2, 73.8,
126.7, 127.4, 128.6, 142.7; MS (70eV, EI): m/z (%): 163 (27) [M*], 119 (23)
[M* — C3H,), 105(100){M * — CsH,,): C,,H, ;DO (163.2): caled C 80.94, H 9.26;
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 0.02M 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 7'=3010.2°C. After 15 min tri-n-butylstannane
{0.20-0.80 mL, 1.3M in TBB or 0.20-1.00 mL 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 { min
with incandescent light (Philips 150 W Spotline* R 80). 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- and trans-2-Bromomethyl-5-phenyltetrahydrofuran (11): BrCCl, (1.5mL,
3.02 g, 15.2 mmol) was added to a solution of thiohydroxamic acid ester 6a (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
[SiO,. hexanes/diethyl ether, 9/1 (v/v)] to afford the bromide 11 ( 0.34 g, 67%.
cis:trans = 50:50) as a colorless liquid. The cis-bromide 11 eluted faster than the
trans 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, EI): m/z (%): 242, 240 (50, 53) (M *], 147 (100)
[M* — CH,Br], 105 (99) [C,H,0"].

cis-11: 'HNMR (250 MHz): 6 =1.86-2.01 (m, 2H; CH,), 2.17-2.35 (m, 2H;
CH,). 3.50 (dd. *J(H,H) = 6, 10 Hz, 1H; CH,), 3.58 (dd. *J(H,H) = 5. 10 Hz, 1H;
CH,). 4.35 (m,, 1H; CH), 4.96 (dd, *J(H,H) = 6, 8 Hz, 1 H; CH), 7.27-7.41 (m,
SH; C¢H,): '*C NMR (63 MHz): & = 30.5, 35.8, 41.4, 78.6, 82.1, 125.8, 127.5,
128.4, 142.3.

trans-11: '"HNMR (250 MHz): 4 =1.86-2.01 (m, 2H; CH,), 2.17-2.35 (m, 1 H;
CH,).2.38-2.56 (m. 1 H; CH,), 3.46 (dd, *J(H.H) =7, 10 Hz, 1 H; CH,). 3.55 (dd,
3J(H.H) = 4,10 Hz, 1H; CH,), 4.49 (m,, 1 H; CH), 5.10 (dd, *J(H.H) = 6, 8 Hz,
1H; CH), 7.27-7.41 (m, 5H; CH,); '3C NMR (63 MHz): § = 31.2, 35.2, 36.1,
78.8, 81.6. 125.6, 127.4, 128.4, 142.7.

8. cis- and trans-5-Phenyl-2-tetrahydrofurylmethyl 2’-pyridyl sulfide (8): A solution
of ester 6a (101.53 mg, 0.37 mmol) in anhydrous benzene (6 mL) was treated as
described in Section 2.1, except that no radical trap was added. The reaction mixture
was purified by preparative thin-layer chromatography [hexane/ethyl acetate, 3/1,
(v/v)] to afford the thiocther 8 (70.55 mg, 70%, cis:trans = 50:50). C, H,,NOS
(271.4): caled 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 (70 eV, EI): m/z (%): 120 (29) [CzH,,0*]. 105 (100) [C,H,0"].

cis-8: '"HNMR (250 MHz):  =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) = 6 Hz, 1H; CH), 5.00 (1,
3J(H H) =7 Hz, 1H; CH), 7.05 (ddd, 3J(H,H) = 5, 7Hz. *J(H,H) = 2Hz, 1 H;
CH). 7.28-7.48 (m, 6H; CH), 7.54 (ddd, *J(H,H) = 8, 10 Hz, *J(H,H) = 2 Hz,
1H; CH), 8.51 (ddd. 3J(H,H) = 5§ Hz, */(H,H) =1, 2 Hz. 1H; 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.

frans-8: "HNMR (250 MHz): 8 =1.88-2.06 (m. 2H; CH,), 2.17-2.5 (m, 2H:
CH,). 3.46-3.70 (m. 2H; CH,), 4.62 (quint, *J(H,H) = 6 Hz, 1 H; CH), 5.17 (dd,
3J(H.H) =7. 8 Hz, 1H; CH). 7.05 (ddd. *J(H.H) = 5, 7 Hz, */(H.H) = 2 Hz, 1 H;
CH), 7.28-7.48 (m, 6H: CH), 7.54 (ddd, *J(H,H) = 8, 10 Hz, */(H.H) = 2 Hz,
1H; CH), 8.51 (ddd. *J(H.H) = § Hz, *J(H,H) =1. 2 Hz, 1H; CH); *C NMR
(63 MHz): 8 = 320, 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 trans-5-(2-Propyl)-2-tetrahydrofurylmethyl 2’-pyridyl sulfide (10): 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 S to afford thioether 10 (71.14 mg, 81%,
cis:trans = 30:70). C,;H,,NOS (271.4): caled 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 (%): 194 (12)
[M* — C,H,], 95 (100).

cis-10: 'HNMR (250 MHz): 6 = 0.82 (d. *J(H,H) =7 Hz, 3H; CH,), 0.89 (d.
3J(H.H) =7 Hz, 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. 3J(H.H) = 6, 13 Hz. 1H: CH,).
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3.52(q, J(H.H) = 8 Hz. 1H; CH), 4.11 (quint, >J(H.H) = 6 Hz, 1 H; CH), 6.86-
6.91 (m, 1H; CH), 7.10-7.15 {m, 1 H; CH), 7.35-7.42 (m, 1 H; CH), 8.33 (ddd,
3J(H.H) = § Hz, *J(H.H) =1, 2 Hz, 1H; CH); '3C NMR (63 MHz): 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.

trans-10: "H NMR (250 MHz): & = 0.74 (d. *J(H.H) =7 Hz, 3H; CH,), 0.84 (d,
3J(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, 13 Hz, 1H; CH,), 3.37(dd, *J(H,H) = 6, 13 Hz, 1H; CH,),
3.63 (m_, 1H; CH), 4.18 (quint, *J(H.H) = 6 Hz, 1 H; CH), 6.86-6.91 (m, 1H;
CH),7.10-7.15 (m, 1 H; CH), 7.35-7.42 (m, 1 H; CH), 8.33 (ddd. *J(H.H) = 5 Hz,
“J(H,H) =1, 2 Hz, 1 H; CH); **C NMR (63 MHz): 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.

Acknowledgments: We thank Professor Dr. Gerhard Bringmann for helpful discus-
sions and his constant support. J. H. thanks the Verband der chemischen Industrie
e. V. (VCI) and the Deutsche Forschungsgemeinschaft (DFG) for fellowships and
generous financial support.

Received: February 12, 1996 [F 300]

[1] a) P. H. Doukas in Human Pharmacology (Eds.: L. B. Wingard, Jr., T. M.
Brody, J. Larner, A. Schwartz), Wolfe Publishing, London, 1991, pp. 95-113;
b) A.K. Saksena, V. M. Girijavallabhan, R. G. Lovey, R. E. Pike, H. Wang,
A. K. Ganguly, B. Morgan, A. Zaks, M. S. Puar, Tetrahedron Lett. 1995, 36,
1787-1790; ¢) C. de Micheli, M. de Amici, E. Grana, F. Zonta, M. Gianella,
A. Pielgentili, // Farmaco 1993, 48, 1333-1348; d) K. Nitta, R. I. Stadeimann,
C. H. Eugster, Helv. Chim. Acta 1977, 60, 1747-1752.

[2] K. C. Nicolaou, C. V. C. Prasad, P. K. Somers, C.-K. Hwang, J. Am. Chem.
Soc. 1989, 111, 5330-5334.

[3] a) B.C. Mayo, Chem. Soc. Rev. 1973, 2,49-74;b) B. Roland, M. van Beylen,
J. Smid, J. Phys. Chem. 1994, 98, 4707-4712.

[4] For recent work on alkoxy radicals see: a) J. L. Courtneidge, J. Lusztyk, D.
Pagé, Tetrahedron Leit. 1994, 35,1003 -1006; b) R. L. Dorta, C. G. Francisco,
E. Sudrez, ibid. 1994, 35, 2049-2052: ¢} D. J. Pasto, F. Cottard, ibid. 1994, 35,
4303-4306;d) M. Foti, K. U. Ingold, J. Lusztyk, J. Am. Chem. Soc. 1994, 116,
9440-9447; ¢) P.de Armas, J. I. Concepcion, C. G. Francisco, R. Hernandez,
J. A. Salazar, E. Suarez, J. Chem. Soc. Perkin Trans. 1 1989, 405-411; ) A.
Goosen, C. W. McCleland, F. C. Rinaldi, J. Chem. Soc. Perkin Trans. 2 1993,
279-281.

[5] a) H.-G. Schmalz, Nachr. Chem. Tech. Lab. 1994, 42, 1267-1272; b) L. H.
Udding, K. J. M. Tuijp, M. N. A. van Zanden, H. Hiemstra, W. N. Speckamp,
J. Org. Chenm. 1994, 59, 1993 -2003.

[6] J. Hartung, F. Gallou, J. Org. Chem. 1995, 60, 6706-6716.

[7] a) B.P. Hay, A. L. J. Beckwith, J. Am. Chem. Soc. 1989, {11,230:b) A.L.1.
Beckwith, B. P. Hay, J. Org. Chem. 1989, 54, 4330.

[8] a) B. Giese, Radicals in Organic Synthesis: Formation of Carbon-Carbon
Bonds, Pergamon, Oxford, 1986; b) T. W. Smith, G. B. Butler, J. Org. Chem.
1978, 43, 6-13.

9] R. G. Harvey, Synthesis 1970, 161-172.

[10]) G. Bringmann, G. Kiinkel, T. Geuder, Synlet 1990, 253-255.

[11] P. H. J. Carlsen, T. Katsuki, V. S. Martin, K. B. Sharpless, J Org. Chem. 1981,
46, 3936-3938.

[12] H. L. Holland, Organic Synthesis with Oxidative Enzymes, VCH, Weinheim,
1991, pp. 153-231.

[13] A. M. Ward, J Chem. Soc. 1927, 129, 445-458.

[14] L. F. Fieser, M. Fieser, Reagents in Organic Synthesis, Vol. 1, Wiley, New York,
1967, p. 1180.

[15} a) S.Kim, B. S. Lee, ). H. Park, Bull. Korean Chem. Soc. 1993, 14,654;b) J. D.
Woodyard, D. H. Carbin, J. Heterocycl. Chem. 1976, 13, 647-649;c) K. Hom-
ma, T. Mukaiyama, Chem. Letr. 1989,259-262;d) G. Descotes, A. Laily, Bull.
Chim. Soc. Fr. 1967, 2989-2996; e) P. R. Stapp, C. A. Drake, J. Org. Chem.
1971, 36, 522-525.f) H.lshikawa, S. Ikeda. T. Mukaiyama, Chem. Lett. 1975,
1051-1054.

[16] a) V. Speziale, J. Roussel, A. Lattes, J. Heterocycl. Chem. 1974, 11, 771-17175;
b) A.IL Kohdair, A. M. A. Abdel-Wahab, H. S. El-Kashef, K. M. Hassan,
A. M. El-Khawaga, M. F. El-Zohary, Rev. Roum. Chim. 1983, 28, 921-931;
Chem. Absir. 1984, 100, 209113s; ¢) L. GraBhoff, L. Haller, Arch. Pharm.
1986, 319, 493-500.

[17} a) ). Igbal, R. R. Srivastava, Tetrahedron 1991, 47, 3155-3170: b) P. A.
Bartlett, in Asymmetric Synthesis, Vol. 3 (Ed. J. D. Morrison), Academic Press,
New York, 1984, pp. 411-453.

[18] L. W. Trevoy, W. G. Brown, J. Am. Chem. Soc. 1949, 71, 1675- 1678.

[19] A 1.8M solution (2.5 equiv) of Bu,SnH was found to be optimum for the
synthesis of cyclic ethers 13 and 14. A decrease of the tin hydride concentration
below 0.07 M gave rise to detectable amounts (GC) of 1-phenylpent-4-en-1-one.
Control experiments indicated that the S5-exo-trig reaction of the 1-
phenylpent-4-enyl-1-oxy radical (2a) is irreversible under the chosen reaction
conditions. The reduction of 2-bromomethyl-S-phenyltetrahydrofuran
(cis: trans = 90:10) in refluxing benzene (three individual runs) by tri-n-butyl-
tin hydride (¢, = 1.8M. 1.2 equiv) with AiBN as initiator yielded the product
14a in (96+1)% yield (cis:trans =89:11). In the same manner 14a
(cis: trans = 30:70) was obtained from 2-iodomethyl-5-phenyltetrahydrofuran

0947-6539/96/0208-1022 § 15.00+.25/0 Chem. Eur. J. 1996, 2. No. 8



Pent-4-enyl-1-oxy Radicals

1014-1023

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 3a —> 2a
under the chosen reaction conditions.

[20] 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" of hydrogen abstraction of alkoxy radicals from Bu,SnH was
shown to be independent of the nature of the alkyl subsituent. &' was measured
for the teri-butoxy radical by J. A. Lusztyk [ = (5+2)x10® Lmol " 's™! at
T = 30°C (unpublished results cited in A. L.J. Beckwith. B. P. Hay. G. M.
Williams, J. Chem. Soc. Chem. Contmun. 1989, 1202-1203)]. NpSH reacts 1.4
times faster (7 = 30 °C) than Bu,SnH with the pent-4-enyl-1-oxy radical (2) to
afford pent-4-en-1-ol (4) [6].

[21] The relative rate constants k™! were calculated from the rate constant k™ of the
reference radical 2 and the values &, and &,,,,, of the reactions 2a — cis-3a and
2a — trans-3a [Eq. (1)]. The individual rate constants for each series were

H
[%]] = ’%, [Bu,SnH]) (1)
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 S-exo-trig rearrangement [(4)]:[(14)] =

(1.3740.06)[Bu,SnH] — 0.02 (R2 = 0.999) for the parent pent-4-en-1-yl-oxy

radical (2) (7 = 30 °C). The &™' 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)].

et — kX | feret _ KX EH, _ k‘x 2

B TR TR

[22] 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. Phys. Chem. 1995, 99, 3527-3531.

[24] a) D. A. Avila. J. Lusztyk, K. U. Ingold, J. Am. Chem. 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, 117, 2711-2718.

[25] The lowest energy geometry of the transition state of the S-exo-trig reaction

of 2a (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 ab initio calculations (UHF/3-21G) on the addition of the

methoxy radical to 1-propene: K. N. Houk, M. N. Paddon-Row. D. C.

Spelimeyer, N. G. Rondan, S. Nagase, J. Org. Chem. 1986, 51,2874 -2879. The

geometry of the modeled transition structure was optimized using the imple-

mented AMI/UHF wavefunction (M.J.S. Dewar, E. G. Zoebisch. E. F.

Healy. J. J. P. Stewart. J. Am. Chem. Soc. 1988, 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. N2L 3X2. The distance between the proximal ortho hydrogen (b-H)

and the pseudoequatorial hydrogen atom on C-2 in this picture is 2.43 A.

1. Fleming, Grenzorbitale und Reaktionen organischer Verbindungen. VCH.

Weinheim. 1979, p. 63.

[27] D. D. Perrin, W. L. F. Armarego. D. R. Perrin. Purification of Laboratory
Chemicals, 2nd ed.. Pergamon Press, Oxford. 1980.

[28] a) V. H. Rawal. S. P. Singh, C. Dufour. C. Michoud. /. Org. Chem. 1993, 58.
7718-7727; b) S. Inoki. T. Mukaiyama. Chem. Lett. 1990, 67-70.

[29] D. E. Vogel, G. H. Biichi, Org. Synth. 1993, Coll. Vol. V11, 536-539.

[30] Y. Taura, M. Tanaka, X.-M. Wu, K. Funakoshi, K. Sakai. Terrahedron 1991,
47, 4879-4888.

{31} L. C. Rohela, R. C. Anand, Indian J. Chem. 1979, 178, 207-210.

[32] a) M. S. Schechter, N. Green, F. B. LaForge. J Am. Chem. Soc. 1949, 71, 3165.
b) M.S. Schechter, N. Green, F. B. LaForge. J. Am. Chem. Soc. 1952, 74.
4902.

[33] D. Crich, L. B. L. Lim. J. Chem. Res. (M) 1987, 2928 - 2924,

[26

=

Chem. Eur. J. 1996, 2, No. 8 «, VCH Verlugsgesellschaft mbH. D-69451 Weinheim, 1996

0947-6539/96/0208-1023 $ 15.00+ .25/0 — 1023



