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Abstract: 4-Pentenoxyl radicals cyclize 2,3-cis-selectiy@ien substituted by an allylic
hydroxy, acetyloxy, or benzoyloxy group. Additiorsaibstituents increase or decrease the
fraction of 2,3-cis-cyclized product, dependingrelative configuration, positioning, and their
chemical nature. The preference for 3-acceptorisubd pentenoxyl radicals to furnish
products of 2,3-cis-ring closure arises from a sdeoy orbital interaction between the allylic
oxygen substituent and the alkene entity, kindyiaitfavoring the competing 2,3-trans-mode
of 5-exacyclization. Aligning thes-C,0O-bond in anticline orientation to the planeicd

alkene, which is the preferred conformation fonsiion structures for 2,3-trans-cyclization,
stabilizes the double bond by delocalizirzglectrons into the™*(C,O)-orbital. Along with
energy decreases the affinity welectrons for adding the oxygen radical. In 2 8-ci
cyclization, a similar stabilizing effect cannotcac, because the allylic oxygen substituent and
the alkene align synperiplanar. The kinetic efté#cin allylic oxygen substituent becomes
furthermore apparent in cyclization of the 3-hydnoana-1,8-dien-5-oxyl radical, favoring

intramolecular addition to the unsubstituted atlylouble bond by a factor three.

1. Introduction

4-Pentenoxyl radicals cyclize 2,3-trans-selectiveen substituted with an allylic alkyl
or a phenyl group (Scheme'1Jhe fraction of 2,3-trans-product increases whth size of the
allylic substituent, from 80/20 for methyl to abo®@/1 fortert-butyl 2> Transition state
theory explains 2,3-trans-selectivity on the basis of alative 1,2- and 1,3-repulsion,

progressively disfavoring 2,3-cis-addition as stelémand of the allylic substituent grows.
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Scheme 1. Stereoselectivity in Bxocyclization of allyl substituted 4-pentenoxyl realis*>’
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Figure 1. Structure formulas of bio-inspired 2- and 3-hygrsubstituted tetrahydrofurans as

targets in organic synthegi§

Steric effects controlling selectivity in synthesis2,3-trans-substituted heterocycles by

é3,14,15,l6,17

intramolecularly adding polar reactand¥ or radical to double bonds are well

documented in the scientific literature. In thetgiescades, however, more and more reports



appeared describing selectivity not fitting intestetereochemical scheme. Alkenols bearing
an allylic oxygen substituent, for example, shomarked propensity for cyclizing 2,3-cis-
selectively, when treated with molecular iodineth&ory explaining this phenomenon starts to

evolve, but is not yet consistefit:>*%**

The affinity of the allylic hydroxy group to direcyclizations 2,3-cis-selectively also
extends to oxygen radical additions, as recentlymmd in synthesis adllo-isomuscarine
(Scheme 1, Figure $)The alkene in this example poses the nucleopttlioponent and the
radical oxygen the electrophilic, which is exadfyposed to the situation in electrophile-
induced alkenol cyclization. A theory explainin@-2js-selectivity in radical cyclization so far

does not exist.

For uncovering the principles leading to 2,3-cikestve ring closures, we investigated
in the study summarized below, reactivity and delgg of seven 4-pentenoxyl radicals,
differing in substitution at the allylic carbon aatproximal positions. The results from this
effort show that an allylic oxygen substituent reeisithe rate of intramolecular 2,3-trans-
addition, and leave the rate of the 2,3-cis-pathlaeyely unaffected. The rate effect of the
allylic oxygen substituent is not restricted tarsteontrol but also controls selectivity in
intramolecular addition of an oxyl radical to tweeenically different C,C-double bonds. The
3-hydroxynona-1,8-dien-5-oxyl radical thus prefadsling to the unsubstituted allylic double

bond by a patrtial rate factor three.

2.  Resultsand Interpretation



2.1 Alkenoxyl radical generation, chain reaction, and design of alkenoxyl radicals for
conducting the study

Based on the expertise from preceding mechanistiies®?* we usedd-pentenyl esters

of 1,3-thiazole-derived heterocyclic thiohydroxaraid$? as progenitors for generating
oxygen radicals. Heating compounds of this kind giaample the 3-alkoxy-1,3-thiazole-
2(3H)-thiones' in the presence of a chemical initiator, or phrtiteng the molecules with
350 nm-light, almost specifically breaks the N,Qxdpallowing to liberate oxygen radicals

under pH-neutral and non oxidative conditions fratimerwise stable compounds.

The mechanism operating for converting 3-alkoxythjazole-2(3)-thiones into
alkoxyl radicals is a chain reaction. The sequestads by adding a chain propagating radical
to the thione sulfur of the thiohydroxamate useg@ragenitor, providing oxygen radichiand
substituted thiazol@ (Scheme 2§ By extrapolating known kinetic dat&'*% we expect allyl-
substituted derivatives to intramolecularly addhwétrate constant between® 0' and 16 s
to the C,C-double bond. In terms of regioseleadtittite intramolecular addition should lead to
a 5-exd6-endodistribution ranging from 98:2 (for X = Gjito 90:10 (for X = OHY For
terminating the sequence, cyclized radidaheeds to be trapped by a mediator. In the present
study, we used bromotrichloromethane for this psepo providing 2-
bromomethyltetrahydrofurar8 as major oxygen radical-derived prodficthe requested
information on stereocontrolling effects of oxygarbstituents in cyclizations then is stored in
the cis/trans-ratio of bromocyclization prod3ciThe second product of bromine atom transfer
from bromotrichloromethane to carbon radibdals the trichloromethylradical, being essential

for resuming the chain reaction.



/[L
B \ >
r
O R27/O

\/\
hd CC|3

ORl

BrCCl
¥ /()\SCCE

CH2

Rz/ trlg(onal)
‘\/ \/\
Rl 1

Scheme 2. Chain reaction for bromomethyltetrahydrofurantbgsis from 3-alkenoxy-4-

methylthiazole-2(Bl)-thionel and BrCC} (R! = H, Ac, Bz; R = H, OAc, CH).%**

For clarifying the role of the allylic oxygen suitssént in stereoselectivity control for
alkenoxyl radical Sexocyclization, we conceived a set of six alkenoxadicals: three
monosubstituted 4-pentenoxyl radicdla-€), two homologues bearing acetyloxy groups in
different relative configuratioreythrdthreo-Id), and a thirdl) having an allylic acyloxy
group positioned next to two additional substitsgRigure 2). As we became aware of the
kinetic role of the allylic oxygen substituent, weluded nonadienyloxyl radicéf into the

study, for exploring regioselectivity effects.
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Figure 2. Structure formulas of 4-pentenoxyl radickdsf conceived for uncovering the origin

of 2,3-cis-selectivity in homolytic &xo-cyclization.

2.2 Convention used for numbering atom positions

Oxygen and carbon differ in priority for systematig naming aliphatic and heterocyclic
compounds. For carbons in the aliphatic side cbb@-alkenyl esterd, and for the carbons
of radicall, we adhered to the IUPAC-recommendation for alipf@mpounds? A
transition structure T$-associated with &xo-cyclization, in the chosen stereochemical
model, derives from tetrahydrofuran (cf. sectiob.2). Numbering atoms in intermediate TS-
I, similar to tetrahydrofuran core of cyclized carbvadicalll, and bromocyclization produ8t

thus follows the Hantzsch and Widman conventioi.

For assigning configuration of vicinal stereocesitere adhered in this article to
descriptorserythroandthreo. By this approach we feel, that the reader maieeéslow

differences in chemical selectivity, as configuratat one of the stereocenters changes.
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Figure 3. Convention used in this article for numberingnagan product classes associated
with alkenoxyl radical cyclization, as exemplifieat alkenoxythiazolethionga, derived 4-
alkenoxyl radical a, transition structure for Bxacyclization TSta, 5-exacyclized carbon

radicallla, and bromocyclization produg8a (MTT = 4-methyl-2-thiooxo-1,3-thiaz-3-yl).

2.3 3-Alkenoxy-4-methylthiazole-2(3H)-thiones
2.3.1 Monosubstituted O-pentenyl thiohydroxamates

For constructing the alkenoxy group of thiohydroxéeia, we connected in the initial
step ethyl acetate to acrolein by a mixed aldoltamd(Scheme 35'? The product formed in
the addition, ethyl 3-hydroxypentenoate, eliminateser on standing. For preventing this
elimination to occur, we converted the reactiverbygt group into a methoxymethyloxy
(MOMO)-group** Subsequently, we transformed the ethoxycarbomymin ested into
primary alkyl sulfonate group in tosylaeby standard prodecuré&s® Displacing the
sulfonate group in tosylateby the 4-methyl-2-thiooxo-@3)-1,3-thiazyl-1-oxide anion
furnishes a MOM-protecte@-alkenyl thiohydroxamate, which was treated with dcidic
methanol for solvolytically cleaving off the acefabtecting group. Esterifying the hydroxy
group in alcoholla with acetic anhydride gives acetate Using benzoyl chloride as

acylation reagent provides benzoatgScheme 4).
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Scheme 3. Summary of functional group transformation foegering 3-(3-hydroxypent-4-

enyloxy)thiazolethionda from ethyl acetate (MTTO = 4-methyl-2-thiooxo-l8azyl-3-oxy;

cf. Figure 3).
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Scheme 4. O-Acylation of 3-(3-hydroxypent-4-enyloxy)thiazolébhne 1a.

2.3.2 Disubstituted O-pentenyl thiohydroxamates

For preparing therythro-configured side chain @-(2,3-erythro-bisacetyloxypentenyl)

thiohydroxamaterythro-1d, we started fronm-erythronolactone. The lactone is synthetically

available fromD-isoascorbic acid by oxidatively removing two cartaioms (Scheme 5). For

preventing oxidative side reactions, we protechedtivo hydroxy groups of the lactone with
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2,2-dimethoxypropane in acidic solution under kimebntrol, leading to the derived
acetonide®® Reducing the protectamterythronolactone with sodium borohydride affords a
lactol, which was treated with methanediyltriphggdsphorous ylide to furnish alkenol
erythro-6.3>%%3"For converting alkenarythro-6 into O-alkenyl thiohydroxamaterythro-7,
we adhered to methods already summarized in ScBéf&°At the final stage, we again
changed protecting groups at oxygen from acetonédpiired for synthesis, to acyl required

for alkenoxyl radical cyclizatiof

1. N82C03/ H202

2. MeO\/OMe
HO
9o o OH
HO 2 O  TsOH r
— / S A
HG oy 3 Nalil—h H,0 o) w
4. PRPCH;Br ~ ‘/ o
KOtBu / THF
D-isoascorbic acid . erythro-6 (32%)
5. TsCl / DABCO
6. MTTO  NEg*
7. HCI/ MeOH

OMTT OMTT

8. AcO / NEg
(3/\ H> 3
AcO" 2 0 2 H\
OAc %/O

erythro-1d (74%) erythro-7 (48%)

Scheme 5. Preparing of 3-[2,&rythro-2,3-bis-(acetyloxy)pent-4-en-1-oxy]thiazolethione

erythro-1d from D-isoascorbic acid.

For preparindd-(threo-2,3-bisacetyloxypentenyl) thiohydroxamdteeo-1d, we used

dimethyl (R,3R)-tartrate as starting material. The ester comptis® stereocenters in the
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required configuration and two functional groupsbailding the carbon skeleton of target

compoundhreo-1d. One of the ester groups served in a sequenceeadmpm synthesis of

diastereomeerythro-1d for introducing the thiohydroxamate functional gpaat a primary

carbon. The second ester group was used for catisyuhe alkene entity needed for

conducting the alkenoxyl radical cyclization. Bystktrategy, we obtained monosilyl-protected

diol threo-8 as first key intermediate, acetonide-protecteedtgnetriothreo-6 as second and

O-alkenyl thiohydroxamatthreo-1d as final product!4243444°

1. MeO\/OMe
MeO. O <N
I/a TsOH
HO™ =~ "OMe ;5 |iaIH,/THF
OH

3. NaH / THF

TBDMSCI
dimethyl (2R,3R)-tatrate

7. TsCl/ DABCO

OMTT 8. MTTO™ NE;™*
ACOJz/\g)/\ 9. PPTS / MeOH
OAc 10. AgO / NEg

threo-1d (60%)

OTBDMS

H., 3
OJ;QOH
%o
threo-8 (53%)
4. (COCI) / DMSO / NEg
+ [—
5. PRPCH; Br

KOtBu / THF
6. TBAF / THF

OH

threo-6 (49%)

Scheme 6. Synthesis of 3-[2,8areo-2,3-bis-(acetyloxy)pent-4-en-1-oxy]thiazolethicheeo-

1d from dimethyl (R,3R)-tartrate.

2.3.3 Trisubstituted O-pentenyl thiohydroxame
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For accomplishing synthesis bfarabino-configured thiohydroxamatke we extended
the five carbon chain from-ribose by one carbon in a Wittig-alkenylation, ameerted
configuration at carbon C2 in the thiohydroxamatalkylation step (Scheme 7). For
simplifying work-up procedures we, again, usedabetonide protecting group for the glycol
segment. We also changed the thiohydroxamic acsdhnydroxy-5-p-methoxyphenyl)-4-
methylthiazole-2(Bi)-thione, allowing to crystalline target compoute] for additional

purification in the final stefl®
R
IS
N\RS
H | H
HO 0 OMANTT
S 0oy 1-5 H“\ﬁ 6.-7. 2
—_— O/ 4 \ —_— A O\\\ 4 \
3 3

HO  OH OAC

D-ribose 9 (15%) le (43%)

Scheme 7. Synthesis of 2,3,4rabino-configured 3-(hexenoxy)thiazolethiode from D-

ribose [R = 4-methoxyphenyl; reagents and conditield. step: acetone, concentrated sulfuric
acid (81% yield)}’ 2. step: iodine, imidazole, triphenylphosphiné,¢ne/acetonitrile (54%
yield);*®493. step: palladium on charcoal, hydrogen, ethésith yield)**°* 4. step: methyl
triphenylphosphonium bromide, potassitemt-butoxide, tetrahydrofuran (67% yield); 5. step:
3-hydroxy-4-methyl-5-(4-methoxyphenyl)-1,3-thiaz&¢H)-thione (MANTTOH), diethyl
azodicarboxylate, triphenylphosphine, benzene (5#dd); 6. step: hydrogen chloride,
methanol (96% vyield); 7. step: acetic anhydrid@N/N-dimethylamino)pyridine,

dichloromethane (45% yield)].
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2.3.4 O-(3-Hydroxy-5-nona-1,8-dienyl) thiohydroxaeH

For preparing the C9-carbon skeleton of dienyll&isy10 we added but-3-en-1-yl
magnesium bromide to 3-(methoxymethyloxy)pent-4tand esterified the resulting product,
3-(methoxymethyloxy)nona-1,8-dien-5-ol, wipktoluenesulfonyl chloride. Heating tosyldt@
with 3-hydroxy-4-methyl-1,3-thiazole-2(B-thione tetraethylammonium salt in DMF yields a
MOM-protectedO-dienyl thiohydroxamate as 50/50-mixture of steseniers. The
diastereomers separate on the silica gel colunad o purifying the 3-(3-hydroxynona-1,8-
dien-5-yl)thiazolethiondf after having solvolytically cleaved off the MOMeqtecting group
(Scheme 8). Only isomeel-(3R,59)-1f provided a correct combustion analysis and was

therefore considered in the subsequent alkenogidahstudy.

10 rel-(3R,59-1f (23%)

Scheme 8. Preparing 3-(3-hydroxynona-1,8-dien-5-yl)thiazbienerel-(3R,55)-1f from

dienyl tosylatelO (Supplementary data) [reagents and conditions)=-3dydroxy-4-methyl-
1,3-thiazole-2(Bl)-thione tetraethylammonium salt, DMF, 40 °C (67#d); (2.): hydrogen
chloride, methanol, and column chromatography émasating diastereomeree{-(3R,59)-1f:

35% yield}].

2.3.5 Stereochemical analysis

All stereocenters dD-alkenyl thiohydroxamatesrythro-1d, threo-1d, andle derive

14



from enantiopure natural products. All synthetioipalations used for transforming the
starting materials into the target compounds oeclustereospecifically, as concluded from
single sets of resonances in proton- and carbddMR-spectra (Experimental). For unknown
reasons, optical rotations recordeddoythro-1d andthreo-1d scattered from batch to batch,
and in one instance even changed sign. Since stexeucal information obtained by
transforming single diastereomers suffice to anaileelevant question associated with the
study, we refrained from emphasizing absolute gpmétion ofO-alkenyl thiohydroxamates

erythrathreo-1d andle hereafter.

Table 1. Chemical shifts of oxygen-bound carbons andnheri alkene proton @-alkenyl

thiohydroxamateda—f (in CDCk, ambient temperature)

OMTT OMTT \HVOMAnTT _ LomTT
a a

o NJ/{/J\ M /\NL/J\
v v Ly v

N AcO™ 7N AcO" 7N 7N

OR OAc OAc OH
la—c erythrathreo-1d le ()-1f
entry 1/R C?/ ppm &/ ppm '/ ppm H/ ppm

1 la/H 73.1 35.1 68.5 5.94 (ddd)
2 1b/ Ac 72.0 325 71.1 5.85 (ddd)
3 1c/ Bz 72.0 32.6 71.7 5.97 (ddd)
4 erythro-1d 72.5 71.2 73.3 5.83 (ddd)
5 threo-1d 73.8 70.8 72.0 5.90 (ddd)
6 le 74.0 72.1 76.9 5.79 (ddd)
7 (2)-1f 84.5 -8 71.0 5.94 (ddd)

% Not assigned; for entire sets of chemical shifég the Experimental.
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24 Homolytic bromocyclization
2.4.1 Parameters for conducting alkenoxyl radicsgetions

For studying the chemistry of 4-pentenoxyl radid¢als, we adhered to a standardized
protocoll derived from preceding mechanistic inigettons®???*Operational standards
thereby relate to (i) the experimental set-up,ni@thods for quantifying products, and (iii)

structure analysis.

(i) Experimental set-ug~or securing that yields and selectivity arefteasted by
technical details associated with the initiatingpstwe used photochemical and thermal
activation for initiating radical chain reactioms.the following, we assessed yields and
product manifolds obtained fro@-estersla and1b under both conditions, for deciding which

of the methods to use as standard.

The most effective way for initiating a radical cean photochemically started from a
83-millimolar solution ofla in perdeuterobenzene containing bromotrichloroemeth The
solution was irradiated in a Rayofi@hamber reactor equipped with twelve 350-nm light
bulbs. This set-up gave 2-methylsulfanylthiazdia 59% and bromoetheBs/11ain 71%
yield. For initiating the radical reaction thernyallve heated a likewise prepared solutiodaf
in the presence of azobisisobutyronitrile (AIBN)ci®mical initiator. The therml version of

the radical reaction gave 88% of bromoetl8a/41a in total, and co-produ&in 81% vyield.

The same trend for providing elevated yields unidermal conditions was seen for
reactions betwee@-acetyl-substituted estéb and bromotrichloronmethane. For example,

heatinglb in a 83-millimolar solution of perdeuterobenzend &romotrichlormethane gave

16



O-acetyloxybromoether3b/11b in 89% combined yield, and 90% of thiaz@leThe
photochemical reaction provided 77% of bromocytiamaproducts3b/11b and 71% of co-
product2. By comparing yields we finally decided to use tinermal method as standard for
conducting alkenoxyl radical bromocyclizations®flkenylthio-hydroxamateka—.
Benzoatelc, under such conditions, gave 95% of thiazbéd a combined yield of 94% for

brominated ether3c/11c.

Regarding reaction times, thermally initiated casiens ofO-alkenyl esterda—c took
no longer than two hours for completion. Extendiagction times diminishes yields and

causes side-products to appear.

Photoreactions of standardized solutions of edfe#s were complete within one hour.
In some of the experiments the reaction mixtureddrin an unpredictable manner yellowish
or turbid with some of the starting material giitesent. Extending the reaction time
guantitatively turns over substratehowever, by also leading to a higher product

manifold %2

(i) Methods for quantifying productBor obtaining the original stereochemical
information of a bromocyclization produ8tchemoselectivity for the reaction between
thiohydroxamatd and BrCC4, and maximum yields, we injected samples takegcty from
solutions of products in perdeuterobenzene intasachromatograph equipped with a flame
ionization detector and coupled to a mass spectenieor cross-checking structural
assignments, we analyzed samples from the samemisy NMR-spectroscopy (proton and

carbon-13).

(i) Structure analysisAll products described in this article were cluéeazed by high

17



resolution mass spectrometry, combustion analgsd,NMR-spectroscopy for constitution
analysis. For assigning relative configuration frbocyclization products (i.8), we relied
on shift differences of carbon-13 resonances betwedtrans-isomers (vide infra). For
deducing constitution and, wherever possible, isdatonfiguration of brominated
tetrahydropyrans, being formed in 13% yield and lg$. section 2.5.2), we used mass
spectrometry in combination with NMR-spectroscdpyone instance (falla), we

independently prepared a bromotetrahydropyrandousng our interpretation.

2.4.2 Bromocyclization of monosubstituted O-(4-peyi) thiohydroxamateka—c

(i) Products In a larger scale-up experiment, conducted utiggmal conditions, 1.12
mmol monosubstitute@-alkenyl thiohydroxamatéa gave 56% of 2-bromomethyl-
tetrahydrofuran-3-0l3a), 4% of 4-bromotetrahydropyran-3-dli@), and 84% of disubstituted
thiazole2 (Table 2, entry 1). Tetrahydrofur&a was formed under such conditions as 74/26-

mixture of 2,3-cis/trans-isomers.

O-Acetyl-substituted estdib yielded 71% of tetrahydrofurab as 68/32-mixture of
2,3-cis/trans-isomers, 11% of tetrahydropytdh and 94% of thiazol2 under standard

conditions (Table 2, entry 2).

O-Benzoyl-substituted thiohydroxaméite provided 69% of disubstituted
tetrahydrofurar8c as 68/32-mixture of 2,3-cis/trans-isomers, 12%etBhydropyran isomer

11c and 75% of thiazolg, when heated with bromotrichloromethane (Table Bye).

18



Table 2. Products formed fror®-(4-pentenoxy)thiazolethionds—c and

bromotrichloromethane

Br
OMTT  grcel;/ AIBN /[S 0.2 o
3 - //ksccg +\ 3 + o,
N CGH6/80 C N Br
OR
OR
3a—C

OR
la—c 2 1lla—c
entry 1/R 21 % 3/ % (cistrang) @ 11/ % (istrans) °
1 la/H 84 3a: 56 (74:26) 11a: 4°
2 1b/ Ac 94 3b: 71 (68:32) 11b: 11 (57:43)
3 1c/Bz 75 3c: 69 (68:32) 11c: 12 (50:50)

2 Stereodescriptors refer to configuration at cast® and C3 Stereodescriptors refer to

configuration at carbons C3 and C45/35-Mixture of stereoisomers.

(i) Stereochemical analysiBor assigning relative configuration ok%e
bromocyclization produ@ we relied on a systematic highfield shift of remoces for carbons
C2, C3, and for exocyclic bromomethyl carbon C12j8-cis-isomers. This guideline derives
from a combined NMR-spectroscopy/X-ray-diffractistady on di- and trisubstituted
tetrahydrofuran&? This phenomenon arises from steric deshieldinintéracting nuclei

(Table 3)>

Table 3. Carbon-13 NMR-chemical shifts for cis/trans-isosnaf 2,3-substituted

tetrahydrofuran8a—c (in CDCk, ambient temperature)
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Br
H H
O )1' O : Jr
2 2

OR OR
(¥)-cis-3a— (¥)-trans-3a—
entry 3/R C2/ppm C3/ppm Cl'/ ppm
1 cis-3a/H 82.2 71.9 29.0
2 cis-3b / Ac 80.8 73.7 28.4
3 cis-3c/ Bz 81.2 74.5 28.7
4 trans3a/H 85.1 75.1 32.8
5 trans3b / Ac 83.2 77.4 33.1
6 trans3c/ Bz 83.3 78.0 33.2

2.4.3 Products from erythro/threo-isomers of 3-{Bj8-(acetyloxy)pent-4-enyloxy]-4-methyl-

1,3-thiazole-2(3H)-thioné&d

(i) Products O-(2,3-Bisacetyloxypentenyl) thiohydroxamaethro-1d furnished 67%
of bromoethererythro-3d anderythro-11d taken together, and 49% of disubstituted thiazole
2, when heated in a laboratory microwave to 80 °& solution of,a,a-trifluorotoluene

under otherwise standard conditions (Scheme 9, top)

All attempts to chromatographically separate 2s3t@ns-isomers of bromoeth&d
andl11d always gave in our hands product mixtures, howevdiffering ratios.
Superimposing information gained from such mixtwakswed to characterize all products by
chemical shifts and fine structures of proton resmes. In high resolution mass spectrometra
bisacetatesrythro-3d/11d showed the peculiar phenomen of being by one progavier than

calculated for the molecular formulakf;30sBr. This excess mass-per-charge unit is retained
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throughout the fragmentation efythro-3d/11d, until one of the acetyl groups dissociates off.
Given consistent proton integrals and fine striegun underlying NMR-spectra, we assigned
molecular ions gH140sBr" to derivatives oerythro-3d/11d, generated in the mass

spectrometer, having one proton chelated by twm&i@cetyloxy groups.

Heating stereocisoméhreo-1d in a solution ofx,a,a-trifluorotoluene (80 °C) containing
bromotrichloromethane and AIBN gave 65% of thiazyland a combined yield of 51% for
bromocyclization productreo-3d andthreo-11d (Scheme 9, bottom). For assigning
constitution and configuration, we, again, reliedimformation gained from analyzing sets of

threo-3d/11d-mixtures containing differing isomer ratios.

Br
H
LOM; BrCCly/ AIBN /[i o 0
~ + 2 +

s . SCCh 4 @
AcO 2 Y7 ™ MW /80 °C N H 3 H AcO 3 5 Br

(:)AC CgHsCF3 AcO OAc é)R
erythro-1d 2 (49%) erythro-3d (54%)  erythro-11d (13%)

2,3<cisitrans= 70:30 4,5eis:trans= 69:31

Br
OMTT  Brccly/ AIBN /[S o[ 0
/13/\ MW / 80 °C N//kSCCb T U J/\;L
AcO™2 Y ™ g 3o AcO” 3 5 Br
OAc CeHsChs Ac A OR
threo-1d 2 (65%) threo-3d (44%) threo-11d (7%)

2,3<cisitrans= 50:50 4 5eis;trans= 71:29

Scheme 9. Products formed from radical reactions betweemmtrichloromethane and 3-
[erythro-2,3-bis-(acetyloxy)pent-4-enoxy]thiazolethiomgthro-1d [top; yields for experiment
conducted via photochemical activatioh5 350 nm, 22 °C, 30 minutes) on a 196-millimolar

scale ofld in CsDg containing 9.6 equivalents of BrGClI'7% of2, 68% oferythro-3d and
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erythro-11d taken together] and stereoisorttaeo-1d [bottom; yields for experiment
conducted via photochemical activatioh5 350 nm, 22 °C, 30 minutes) on a 196-millimolar
scale in GDg, containing 9.0 equivalents of BrGCb3% of2, 72% ofthreo-3d andthreo-11d

taken together]; MW = microwave.

(i) Stereochemical analysis of tetrahydrofurafAscording to the stereochemical
guideline for interpreting carbon-13 NMR-spectraaéed in section 2.4.2, the major
stereoisomer formed fro@-pentenyl esteerythro-1d is the all-cis-configured tetrahydrofuran
CiSerythre-3d. This guideline in a similar manner allows to gasig spectral data @isnres-3d

from the equimolar mixture of diastereoisomers.

Table 4. Selected carbon-13 NMR-chemical shifts of 3,4b&tyloxy-2-bromomethyl-

tetrahydrofurangrythrathreo-3d (in GsDg, ambient temperature)

o p I ot o Ml o1/
PRI Hot L PRIV Hod Lap
AcO 3oAac A0 %0Ac  Acd *0Ac  AcO 2OAc
cise,ythm-Sd CiSthreg-3d transerythm-Sd transyreq3d
entry 3d C2/ppm C3/ppm C4 / ppm Cl'/ ppm
1 CiSerythro 79.2 71.9 72.2 29.2
2 CiSthreo 80.2 76.4 77.9 28.0
3 traNSerythro 79.6 74.5 72.3 33.3
4 tranShreo 83.9 80.2 78.4 32.2
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2.4.4 Products from 3-[arabino-3,4-bis-(acetyloxgyFb-enoxy]-1,3-thiazole-2(3H)-thiorie

(i) Products Arabino-configuredO-(3,4-bisacetyloxyhexenyl) thiohydroxamdte
reacted with bromotrichloromethane in boiling bereeontaining AIBN to give 50%
bromomethyltetrahydrofuraBe, and 10% of bromotetrahydropyrafe, and 55% of
trisubstituted thiazol&é2 (Scheme 10). Chromatography on silica gel allanseparate
tetrahydropyran 4,5ans-11e from all-cis-configured tetrahydropyran 4-11e, and a 2,3-

cis/trans-mixture of bromomethyltetrahydrofuize

H An
wﬁ BrCCl; / AIBN /
~L.3 o sccg +
Aoy CeHe/80°C AcO" 3 Br
OAc Ac
le 12 (55%) 3e (50%) 11e (10%)

2,3<cistrans=30:70 4,5eisitrans= 20:80

Scheme 10. Products formed from 3&fabino-3,4-bis-(acetyloxy)hex-5-enoxy]-1,3-thiazole-

2(3H)-thionele and bromotrichloromethane.

(i) Stereochemical analysisrom low field-shifted resonances of carbons CG2a@d
carbon C1’ we concluded that the majoeX@bromocyclization product obtained from

arabino-configuredO-hexenoxyl radicale is the 2,3-trans-stereoisomer of tetrahydrofidan

Table5. Proton and carbon-13 chemical shift values usedittinguishing tetrasubstituted

tetrahydrofurarcis-3e from isomertrans-3e (CDCl;, ambient temperature)
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-\ (@) | O 1
2 2
H=—L=H H=—%=H
AcO 3OAc AcO 3OAc
cis-3e trans-3e
entry 3 C2/ppm C3/ppm C4 / ppm Cl'/ ppm

1 cis-3e 77.9 72.9 72.4 29.4
2 trans-3e 78.1 74.9 73.6 33.7

2.4.5 Products from 3-[rel-(3R,5S)-3-hydroxynon@-dien-5-oxy]-4-methyl-1,3-thiazole-

2(3H)-thionelf

(i) Products Heating or photolyzin@-nonadienyl thiohydroxamat in
benzene/bromotrichloromethane-solutions gives prtsdof sequential alkoxyl radical
cyclizationand bromotrichloromethane addition across the remgioarbon-carbon double
bond>?°*For preventing such side reactions to occur, vemghd the mediator from
bromotrichloromethane to tributylstannane. This ification, in all instances studied so far,

never changed stereo- and regioselectivity of alkghradical additions:®

Boiling a solution ofO-nonadienyl estetf in benzene in the presence of a 3.7-fold
excess of tributylstannane, provided a 26/74-me&tfrtetrahydrofuran$4 and15 in a total
yield of 76%, besides 79% of thiazdl@ (Scheme 11). Tin compourd@® fragments into 2-
methylthiazole-2(Bl)-thione and yet unidentified organotin derivativésen being contacted
with silica gel, and therefore was characterized guantified from the reaction mixture by

proton-NMR spectroscopy.

2,5-Substituted tetrahydrofurdb formed fromO-nonadienyl estetf and
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tributylstannane as 27/73-mixture of cis/trans-iscsnwhich we used for stereochemical
analysis. Based on a model developed from theargridicting selectivity in ®xo
cyclization of monosubstituted 4-pentenoxyl radicate think that the major stereoisorser
disubstituted tetrahydrofurarans-15." Since most resonancesaid/trans-15 overlap, we

unfortunately could not conduct a more sophistitatereochemical analysis at this point.

From the reaction mixture we furthermore separtisdbstituted tetrahydrofural® as
20/80-mixture of 2,3-cis/trans-isomers in a toiald/ of 20%. This mixture, however, was
contaminated by 13 percent by weight with a thmadpict, showing in high resolution mass
spectra identical molecular masses to tetrahydao&i4 and15. From supplementary NMR-
spectroscopic information we concluded that thedthroduct is a tetrahydropyran formed
from 6-endacyclization. Since the yield of the product wathea low (3%), we were not able
to provide at this point a complete structure asial{see also section 2.5.2). Given the
propensity of hydroxyl-substituted alkoxyl radictdsafford a higher fraction of éndoe
cyclized products, we propose that the third produses from G&ndceaddition oflf to the

allylic alcohol segment.

H BugSnH \ H H
2 +
-~ CéHs CaHo 180 °C ssnBy %

z OH
OH
rel-(3R,59)-1f 13 (79%) 14 (20%) 15 (56%)
dr =20:80 dr =27:73

Scheme 11. Products formed from 34l-(3R,59-3-hydroxynona-1,8-dien-5-oxy]-4-methyl-

1,3-thiazole-2(Bl)-thionelf and tributylstannane.
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(i) Analyzingregioselectivity in 5-exo-cyclizatiofrrom a doublet of double-doublet
fine structure for the inner alkene proton andeéaghift dispersion for the two terminal
protons, we concluded that the major cyclizatiosdpict obtained from nonadien-5-yl estér
is disubstituted tetrahydrofurd® (Figure 4, top and bottom). In tetrahydrofurab| the
resonance of the inner alkene proton is split antoplet of double-doublet and the terminal

protons are less shift-dispersed (Figure 4, center)

M/OMTT
; X
OH
1f L L T v T 7T T v

14 T T L L L L L L
6.0 55 5.0
HO_
W'
15 e e VT —
6.0 5.5 5.0

Figure 4. Section of proton NMR-spectra displaying resoraraf inner and terminal alkene
protons of tetrahydrofurarigl and15, andO-[rel-(3R,55)-3-hydroxynona-1,8-dien-5-yl]

thiohydroxamatdf for comparison.
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2.5 Mechanistic and stereochemical aspects

To find out what causes 3-substitued-4-pentenadgiicalsl a— to cyclize 2,3-cis-
selectively, we at first verified that the intraraolilar addition follows kinetic control. For this
purpose, we monitored stereochemical integrityiastgreomerically pure cyclized radicals

cis-l1b andtrans|1b under conditions that extended their life-timesaldactor 100.

2.5.1 On reversibility of 3-acyloxypent-4-en-1-ovadical 5-exo-cyclization

() Kinetic approachln a kinetically controlled reaction a notablerie would prevent
tetrahydrofuranyl-2-methyl radicals-11b or sterecisomdrans-Ib from ring opening to
alkenoxyl radical in ap-fragmentation. If the oxygen radical formed, ands0-cyclization
would become apparent by altering stereochemitadjiity of previously purecis-11b and
trans|1b towards an equilibrium mixture presumably of 68(32heme 12 and eq. 1). By
extending the life-time of radicatss-11b andtrans|Ib by, for example, a factor 100
compared to conditions applied in bromocyclizatjidhe stereochemical fingerprint from a

possible ring-opening should become evident.

The kinetic life-time of carbon radicHlb in bromocyclization is defined as inverse
pseudo-first order rate constant for homolytic sitloson for brominative trapping. This rate
constant numerically derives from the product betwhe rate constakt' and concentration
of bromotrichloromethane (eq. 2)In bromocyclization starting from a 0.2 molar gin of

O-alkyl thiohydroxamatédb, as used in the standard operational procedweahcentration
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of bromotrichloromethane declines from 1.49+0M04t the beginning towards 0.91+0.Q1

by the end. The rate constéft for trapping primary carbon radicals-|1 1 b andtrans1b, is
approximately 3.9x10v~'s™. This value derives from the experimental ratestamt for hept-
6-en-2-yl radical-trapping with bromotrichlorometteak® = 1.2x16 M~*s ™ at 26 °C in
benzene) divided by thré&The factor three corrects for a polar rate efégising from alkyl
substitution at the radical centérSince rate effects g#substituents are in general small, we
assumed thak® ;s andk®';ans are identical (approximation 3§ Based on these
approximations, life-times afis'trans-| 1b in standard bromocyclizations are 1.7%19at the

beginning of the reaction, and 2.8%46 by the end.

H . 1 . -1 H e
(OzCHz Keis o Kirans NG CH,
H ;ZH
OAc z A\ OAc
OAc
cis-llb Ib trans|lb
B 1 B
kcrisj BrCCls l Kcigtrans BrCC|3j ktrrans
Br Br
H H. H
o J O CH2 O S
H H H
OAc OAc OAc
cis-3b b trans-3b
cisitrans= 70:30
d [3b]
—— =K [BrcCly[l1b] (eq. 1)
dt
1
life-timeforllb: 7 =——— (eq. 2)
KB" [BrCCly]
k?:irs = k?;ans (app. 1)

Scheme 12. Scheme of elementary reactions, kinetic equatiegs. 1-2) and approximation
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(app. 1) set up for identifying thermochemical cinitions to 2,3-cis-selectivity in 8xo

cyclization of 3-acetyloxypentenoxyl radidél (see also text).

For extending tetrahydrofuran-2-methyl radicals-tilmes, we changed the mediator to
tributylstannane. The tin compound traps, primampon radicals, for example the 1-butyl
radical with a rate constant kit = 2.4x16 M~ s at 300 Kelvin in benzene, which is 16-
times slower than the reaction with bromotrichlosthane. The ratik®/k"™ remains constant,
if activation parameters for the two processesargsimilar to a change in reaction
temperature. On the basis of this assumption, wamxated that the life-time of primary
alkyl radicalscig/trans|1b in a 0.17 molar solution of tributylstannane, asdifor conducting

the controls, extends to 2.5x%1@.

Br
(@) H BU38n' BU3SHH (@) H
”b + Bussno
H  _BuSnBr K" H
OAc OAc
3b 16
d [16]
—— =K [11b][BusSnH] (eq. 3)
dt

Scheme 13. Elementary reactions (top) and differential eguafbottom) for comparing rates

and life-time of alkyl radical trapping under retlue conditions (eq. is short for equation).

(i) Stereochemical studfror putting our theoretical considerations origadife-times
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into practice, we heated a 0.07 molar solution-bf@momethyltetrahydrofuran-3-yl acetate
cis-3b in benzene with an excess of tributylstannage (0.17Mm). The reduction furnishes
diastereomerically pure 2-methyltetrahydrofurargdtatecis-16. Stereoisometrans-3b reacts
with tributylstannane under identical conditions3tacetyl-2-methyltetrahydrofurdarans-16.
From gas chromatograms, we concluded that 2-methgftydrofuransis/trans-16 form in
essentially quantitative yield. The amount of pratduwobtained after removing organotin
compounds declined to 58-61%. Since no stereoclaésttambling occurs upon reducing
the two diastereomers of 2-bromomethyltetrahydsgfacetate8b we concluded that carbon
radicalscigtrans|1b retain configuration in the environment used fonaucting homolytic

bromocyclization.

Br
H H
O BugSnH / AIBN O
H CgHg / 80 °C H
OAc OAc
(¥)-cis-3b ()-cis-16 (58%)
Br
H H
iO s BugSnH / AIBN ONS
H CgHg /80 °C H
OAc OAc
(¥)-trans-3b (¥)-trans-16 (61%)

Scheme 14. Reducing 2-bromomethyltetrahydrofuramngtrans-3b with tributylstannane
(diastereomeric purity of all products >98:2, adog to information from GC-MS in

combination with proton NMR-spectroscopy; for reexct concentrations, refer to the text).
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2.5.2 On 6-endo-cyclization

Bromotetrahydropyrankla—e are by-products in homolytic bromocyclization@f
alkenyl thiohydroxamateka—e. From arguments summarized in section 2.5.1, weeb6-
endacyclizations proceed kintically controlled as wédlhe experimental
tetrahydropyran/tetrahydrofuran-ratio exceeds istnnestances the expectation value of 2/98,
derived from cyclizations of allylic carbon-substéd 4-pentenoxyl radicals, by a factor 6—7
(Table 7)? We think that the origin of declining regioseleit and 2,3-cis-selectivity in

tetrahydrofuran synthesis have same causes.

For elucidating constitution and configuration ahor cyclization productéla—e, we
analyzed fragmentation pattern from electron imgaetctra and carbon-13 NMR-chemical
shift differences. A diagnostic tool for distinghisg a 2-bromomethyltetrahydrofuran from a
3-bromotetrahydropyran is the chemical shift ofasydlic ether carbons, which are high
field-shifted by 1.7-14.0 ppm for the six-member@d. For distinguishing cis- from trans-
stereoisomers, we translated absolute values wfaticoupling constants with the aid of the
Karplus-relationship into dihedral angles, andgrssil substituent positions accordingly to

axial and equatorial locations in the chair confation of tetrahydropyraft:®°

Table 7. Survey of selectivity data for cyclization of suhgtd 4-penten-1-oxyl radicals—e

(80 °C)
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entry | R! R R l:111?  2,3<cistrans || ®
1 la H OH 94:6 74:26
2 Ib H OAc 87:13 68:32
3 Ic H H OBz 85:15 68:32
4 erythrold H OAc OAc 81:19 70:30
5 threold H OAc OAc 86:14 50:50
6 le CHj; OAc OAc 83:17 30:70

2 Approximated from ratio of bromine atom-trappifigRelative configuration of substituents

at alkenoxyl radical carbons C2 and C3.

2.5.3 On the origin of 2,3-cis-selective pent-4ieoxyl radical cyclization

(i) Transition structuresin transition structures associated witbeXsC,O-cyclization,
the radical oxygen, the inner alkene carbon (Q%d,the allylic carbon (C4) lie for
stereoelectronic reason in a plane. Carbons CZ8mate offset into opposite directions from

this plane, leading to distorted twist (T)-conforsfd; (Figure 4, left) opT°.

2 \ p®° 2
O°{> N O{}' 77
3 bendo/ 3
favored disfavored

Figure 4. Twist-model for predicting lowest in energy traios structures of the 4-pentenoxyl

radical in 5exotrig-cyclization, having the terminal vinyl grolipcated inexabisectional
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position p=°, favored), oendobisectional orientatiorb"® disfavored).

(ii) Preferred sites for placing substituen®s3-cis-Cyclization, in the twist-model,
proceeds via transition structures having the swiesit at carbon C4 located pseudo-axially,
forming a plane with the alkene carbons (Figurle). Rotating the vinyl substituent by 180
degrees causes atoms C2 and C3, for arguments siradhiaa Figure 4, to interchange
positions with respect to the twist plane. Thisfoomational change causes carbon C2 to flip
underneath, and carbon C3 above the twist plamesfiorming &Ts- into a,T>-conformer.

The allylic substituent thereby changes positiothetwist-conformer from pseudo-axial to
pseudo-equatorial. In pseudo-equatorial orientaasterically demanding group at carbon
C4, for instance methylert-butyl, or phenyl, experiences less strain fromeogubstituents

and the heterocyclic core (Figure 5, right).
synperiplanar

2 pa 3
./\ \ 2 X pe

Oe---¢ Oe
\3/ \Z//Danticline

favored forX = OH, OAc, OBz favored forX = CHg, tBu, Ph

Figure 5. Twist-models for transition structures leadin@18-cis- (left;pa = pseudo-axial) or

2,3-trans-5exacyclized products (righppe = pseudo-equatorial) from 4-pentenoxyl radicals.

(i) Theory of reactive conformerSubstituents favoring 2,3-cis-cyclization areestiol

overcompensate repulsion from synperiplanar oriemtaf the vinyl group and pseudo-
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axially orientation of the substituent. Opponentsteric factors in chemical reactivity are
polar effects. Alkoxyl radical additions to carboarbon double bonds are fast and exothermic
reactions having, according to Hammond'’s postutaa@sition structures located early on the
reaction coordinate. A valid theory for interpretiselectivity based on polar effects in
transition structures, located early on a reaatmordinate, is frontier molecular orbital

(FMO)-theory.

The major difference between transition structleading to 2,3-cis- and 2,3-trans-
cyclization of a 3-substituted 4-pentenoxyl rad@ases from relative orientation between
allylic substituent X and the plane of the carbanson double bond, which, in turn, effects
the 7£C,C)-bond energy. In transition structures assediavith 2,3-trans-cyclization the
alkene and the allylic oxygen substituent adoparaticline conformation, allowing-electrons
to delocalize into the*(C,0O)-orbital (for X = O: Figure 6, right). In treition structures
associated with 2,3-cis-cyclization, the alkenetgig not similarly stabilized and therefore a
better electron donor for the singly occupied molacorbital (SOMO) of the oxygen radical

(for X = O: Figure 6, left).

In a kinetically controlled reaction, differencestiansition structure energies translate
into free activation energy differences for compgtieaction pathways, as expressible in a
selectivity parameter, for example, a relative catestant. From this argument we concluded
that the7{C,C) — ¢*(C,0)-interaction reduces the rate constant f8rtPans-cyclization,
allowing 2,3-cis-cyclization to become the moresefive pathway for ®xo-cyclization.
Experimentally, the rate effect of an allylic hygyagroup becomes apparent in cyclization of

the 3-hydroxynona-1,8-dien-5-oxyl radiddl which favors addition to the unsubstituted
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terminal double bond by a factor three.

Stabilizing FMO-interactions between an allylic hygly group and the alkene have been
put forward earlier for explaining anticline confoation of but-3-en-2-ol in the ground stéte.
Rotating the hydroxy and the vinyl group about &i(€2,C3)-bond uncouplexC,C)
—0*(C,0)-electron delocalization, raising the HOMOeegy of but-3-en-2-ol, until the

hydroxy group and the alkene align coplanar inethergetic maximum.

[

X
R [
0
O/L N wH O/Q—VR
. . Sy . ‘ H
. »
synperiplanar anticline
not stabilized 7£C,C)— 0*(C,X)-stabilized
E LUMO —
Jﬂ — LUMO
HOMO Al ,:FF\_ %
,~" SOMO'\,
v "4l -->Hy HOMO

R X
/—<XH R'O. ﬂHR

more 7enucleophilic less7enucleophilic

Figure 6. Correlation diagram describing angle dependehéyatier molecular orbital
(FMO)-interactions in acceptor-substituted butesnsed for explaining the kinetic origin of

2,3-cis-selectivity in oxygen radical additiongii; R = e.g. Cklor CHCH,Oe°, R' = e.g.
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primary, secondary, and tertiary alkyl; X = e.g. @#Ac, OBz).

(iv) 2,3-cis-Directing effect in multiply substitutegéntenoxyl radicalsin proposed
transition structure TS8iseryinre-1d, the allylic acetyloxy group and thg€C,C)-bond align
synperiplanar. The second acetyloxy group adopeqjaatorial position, which is the
preferred position for steric reasons. Changingraation of the underlying twist
conformation directs both acetyloxy substituentgansition structure T&anSymr-ld into
unfavorable positions — pseudo-equatorial for thdi@agroup and axial for the substituent at
carbon C2 (Figure 7, top). By favoring intermedia&ciserro-| d the reaction leads to all-
cis-configured tetrahydrofurasiseryinre-3d as major product fror@-alkenyl thiohydroxamate

erythro-1d.

In transition structure T8isnreq1 d, the allylic acetyloxy group aligns synperiplat@r
the 7ebond and the second axial. In diastereomorphitsitian structure T$ransnres!d, the
situation for the two acetyloxy groups reverseindp electronically disfavored for the
substituent in position 3 and sterically favoredgosition 2 (Figure 7, bottom). Polar and
steric effects in both of the proposed transititvadures seem to counterbalance, offering no
obvious preferrence for either pathway and exptgra 50/50-stereoselectivity for homolytic

bromocyclization ofD-alkenyl thiohydroxamatthreo-1d.
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OAc?

OAc P2
o> oo AP
N~L0Ac® N
TS-<Ciserythrg!d TSHranseythrg!d
favored disfavored
pa
| PAe , o OAcP
Qe---- - O"\')]) “OAc®
/
OAc?
TS<Cisreg!d TS4ransnreq!d

Figure7. Transition structure models for explaining steedectivity in 5exctrig-cyclization
on the basis of cumulative polar and steric sulestit effects in 2,3-diacetyloxy-4-pentenoxyl
radicalserythro-ld andthreo-Id (a = axial,pa = pseudo-axiape = pseudo-equatoriat,=

equatorial).

arabino-Configured 4-pentenoxyl radicks cyclizes 2,3-trans-selectively. The methyl
substituent becomes the principal stereoinductadigg 5-exc-cyclization by steric effects
(Figure 8). Density functional theory predicts thensition structure for 2,5-trans-cyclization
of the 5-hexen-2-oxyl radical to be 3 kJ Mdbwer in free activation energy than the
transition structure leading to 2,5-cis-cyclizatidimis approximation poses an approximate

upper limit for the 2,3-cis-directing effect of theetyloxy group.
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OAc? a //\\

pe J\ || OAc pa
e&?/]ik/om o7 '\L/(/)Ace

TS4ransle TS<isle

favored disfavored

Figure 8. Transition structure models for explaining 2 &As-selectivity in ®exotrig-
cyclisation ofarabino-configured 3,4-bis(acetyloxy)-5-hex-2-oxyl radital(a = axial,pa =
pseudo-axialpe = pseudo-equatoriad,= equatorial; arcs symbolize steric repulsion et

interconnected substituents).

3. Concluding Remarks

2,3-cis-Selectivity arises from electrophilicity@atygen in homolytic addition to non-
activated double bonds on one side and a ster¢amieceffect exerted by an allylic hydroxy,
acetyloxy or benzoyloxy substituent on the othéisTtombination kinetically disfavors 2,3-
trans-ring closures of 3-acceptor-subsituted 4-gremtyl radicals, allowing to become a 2,3-

cis-stereoisomer of a substituted tetrahydrofucalmeicome principal cyclization product.

According to theory, 2,3-cis-selectivity shouldext to other acceptor groups X in
allylic position and to other electrophilic radisallhe stronger X withdrawzelectrons
toward theg*(C,X)-orbital, the more pronounced 2,3-cis-stei@dcol shall be. At some
point, we expect steric repulsion between the vimglp and X to counteract the polar 2,3-cis-
directing effect. Using Winstein-Holnessparametefé°3and electronegativity of atoms, we

expect allylic halogens to be potential 2,3-cigdiing substituents. Nitrogen and sulfur
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groups, on the other hand possibly are borderkses.

Addressing questions of this kind will help to ergaur knowledge about polar effects
in oxygen radical chemistry and the role such éffptay for controlling selectivity in
homolytic carbon-oxygen bond formatifi*®>®*This is particularly interesting because 2,3-
cis-selectivity adds a component to synthesistodlgdrofurans in pH-neutral non-oxidative
environment, not available so far from carbon stigtin. The key for refining the existing
reaction model, as far as we understand the mesthahes in the interplay between steric and
polar substituent effects acting on transitionctrces. We will report in an upcoming article

on this topic.

4.  Experimental

41. Genera

For general laboratory practice and instrumentateamthe Supplementary Data.

4.2 3-Alkenoxythiazole-2(3H)-thiones
421 General method for hydroxy group O-acetylation.

A solution of 3-alkenoxythiazole-2k8-thione MTTOR1b or 1d-e (1 equiv.), triethylamine
(0.5-3.8 equiv.)N,N-dimethylaminopyridine (DMAP, 0.1-0.35 equiv.) iircdloromethane
(6-25 mL/mmol MTTOR) was treated at 0 °C with acetntydride (2.4-5.0 equiv.). The
mixture was stirred for 12-22 hours at 22 °C aedted afterwards with water (7.5 mL/mmol

MTTOR). Extracting the reaction mixture with dietleyher (3 x 10 mL/mmol MTTOR)
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furnishes an organic solution, which was succefsivashed with water, an aqueous
saturated solution of NaHG(and brine (je 15 mL/mmol MTTOR). The organic sajatwas
dried (MgSQ) and concentrated under reduced pressure (60Q #bac€) to leave a residue,
which was crystallized from the solvent specifiediow, or purified by chromatography on

silica gel (SiQ) as stationary phase.

422  3-(3-Hydroxypent-4-en-1-oxy)-4-methylthiazole-2(3H)-thione (1a). A solution of
3-[3-(methoxymethyloxy)-pent-4-en-1-oxy]-4-methyéhole-2(3H)-thione (2.51 g, 9.11
mmol; Supplementary data) in methanol (57 mL) weated with aqueous hydrochloric acid
[4.7 mL, 37 % W/w)]. Stirring at 22 °C was continued for 3 days &ddninutes. Water (60
mL) was afterwards added to furnish a mixture, Whi@s extracted with diethyl ether (3 x 70
mL). Combined organic extracts were washed with@ueous saturated solution of NaHCO
(70 mL) and brine (70 mL). The solution was dristhSO,) and the solvent was removed
under reduced pressure (600 mbar, 40 °C) to a#aossidue that was purified by
chromatography (diethyl ethetYield: 1.81 g (7.82 mmol, 86%), pale yellow d&. = 0.36
(diethyl ether)'H NMR (CDCk, 400 MHz)41.83 (dddd, 1 H) = 14.8, 9.8, 5.0, 3.7 Hz), 2.07
(dddd, 1 HJ = 14.7, 9.8, 4.4, 3.4 Hz), 2.31 (d, 3} 1.0 Hz), 3.54 (s, 1 H, OH), 4.39-4.43
(m, 1 H), 4.59-4.64 (m, 2 H), 5.14 (dt, 1} = 10.5 Hz,J, = 1.5 Hz), 5.33 (dt, 1 Hly= 17.2
Hz,J; = 1.6 Hz), 5.94 (ddd, 1 H,= 17.2,10.6,5.5 Hz), 6.21 (d, 1 H] = 1.5 Hz).**C NMR
(CDCl;, 100 MHZz)613.3, 35.1, 68.5, 73.1, 103.2, 114.7, 137.8, 1380,4. Anal. Calcd. for
CoH13NO,S; (231.34): C, 46.73; H, 5.66; N, 6.05; S, 27.72ukeh C, 46.71; H, 5.76; N, 6.13;

S, 27.89.
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4.2.3 3-(3-Acetyloxypent-4-en-1-oxy)-4-methylthiazole-2(3H)-thione (1b). From 3-(3-
hydroxypent-4-en-1-oxy)-4-methylthiazole-2{Bthione (a) (462 mg, 2.00 mmol),
triethylamine (486 mg, 4.80 mmoN,N-dimethylaminopyridine (DMAP, 24 mg, 0.20 mmol)
and acetic anhydride (490 mg, 4.80 mmol) in diatleethane (12 mL) according to procedure
4.2.1. Yield: 447 mg (1.64 mmol, 82%), colorlesgstalline solid, m.p. 6364 °C (from

diethyl ether/pentanelR = 0.30 (diethyl etherYH NMR (CDCk, 400 MHz)52.09 (s, 3 H,
CHs), 2.16-2.22 (m, 2 H), 2.26 (d, 3 Bi= 1.2 Hz), 4.39-4.45 (m, 1 H), 4.48-4.53 (m, 1 H),
5.24 (dt, 1 HJq= 10.5 Hz,J;= 1.1 Hz), 5.33 (dt, 1 Hly= 17.2 Hz,J;= 1.2 Hz), 5.475.52 (m,
1 H), 5.85 (ddd, 1 H) = 17.2,10.6,6.3 Hz), 6.15 (d, 1 H] = 1.0 Hz).**C NMR (CDC}, 100
MHz) 613.4, 21.2, 32.5, 71.1, 72.0, 102.7, 117.6, 13833,5, 170.1, 180.4. Anal. Calcd. for
C11H1sNOsS; (273.38): C, 48.33; H, 5.53; N, 5.12; S, 23.461khC, 48.39; H, 5.58; N, 5.17;

S, 23.38.

4.2.4 3-(3-Benzoyloxypent-4-en-1-oxy)-4-methylthiazole-2(3H)-thione (1c). Pyridine

(0.35 mL, 4.30 mmol) was added at room temperdtueesolution of 3-(3-hydroxypent-4-en-
1-oxy)-4-methylthiazole-2(3)-thione (la) (500 mg, 2.15 mmol) in dichloromethane (38 mL).
The reaction mixture was cooled to 0 °C and treatddis temperature in a dropwise manner
with benzoyl chloride (604 mg, 4.30 mmol). The teéag mixture was stirred for 20 hours at
22 °C and treated afterwards with water (20 mL)Yr&oting the reaction mixture with
dichloromethane (3 x 20 mL) furnishes an organiatsm which was washed with brine (2 x

10 mL), dried (MgS@), and concentrated under reduced pressure (600 #haC). The
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remaining residue was purified by chromatograph@{Sdiethyl ether/pentane = 1v1Y)].
Yield: 374 mg (1.11 mmol, 52%), pale yellow d&.= 0.29 [diethyl ether/pentane = 1\M\].
H NMR (CDCk, 400 MHz)52.21 (d, 3 H,J = 1.4 Hz), 2.33-2.36 (M, 2 H), 4.42-4.47 (m, 1
H), 4.60-4.65 (m, 1 H), 5.28 (dt, 1 By = 10.5 HzJ; = 1.2 Hz), 5.42 (dt, 1 Hlg = 17.2 Hz )

= 1.3 Hz), 5.75-5.79 (m, 1 H), 5.97 (ddd, 13 17.1, 10.7, 6.1 Hz), 6.12 (d, 1 Bi= 1.3

Hz), 7.43-7.47 (m, 2 H), 7.56-7.59 (m, 1 H), 8.0978(m, 2 H)}*C NMR (CDCE, 100

MHz) 013.4, 32.6, 71.7, 72.0, 102.7, 117.7, 128.5, 1286,0, 133.2, 135.5, 137.6, 165.6,
180.4. Anal. Calcd. for gH17NO3sS; (335.44): C, 57.29; H, 5.11; N, 4.18; S, 19.121€0.C,

57.21; H, 5.22; N, 4.05; S, 19.05.

425 3-[(2R,39)-2,3-Bis(acetyloxy)-pent-4-en-1-oxy]-4-methylthiazole-2(3H)-thione
erythro-(1d). A Solution of 3-[(R,3S)-isopropylidendioxypent-4-en-1-oxy]-4-methylthideo
2(3H)-thioneerythro-(7) (980 mg, 3.41 mmol) in methanol (70 mL) was teeatvith aqueous
hydrochloric acid [2.76 mL, 37 %ww)]. The reaction mixture was stirred for 8 hour2at
°C. Diethyl ether (20 mL) was added and the mixtwas extracted with diethyl
ether/petroleum ether = 2:9/\) (3 x 30 mL). Combined organic solutions were @oriated
under reduced pressure (370 mbar, 40 °C) to legy2R339)-dihydroxypent-4-en-1-oxy]-4-
methylthiazole-2(Bl)-thione as product, which was used as obtainettiensucceeding step.
Yield: 669 mg (2.73 mmol, 80%), colorless oL NMR (CDCk, 600 MHz)52.32 (d, 3 H,J
= 1.2 Hz), 3.06 (brs, 1 H), 3.94 (d, 1 H= 1.2 Hz), 4.05 (brs, 1 H), 4.33 (brs, 1 H), 4.86,(1
H,J=9.4, 6.8 Hz), 4.49 (dd, 1 H= 9.4, 3.8 Hz), 5.28 (d, 1 H,= 10.6 Hz), 5.385.45 (m, 1

H), 5.95 (ddd, 1 HJ = 17.0, 10.8, 5.7 Hz), 6.23 (d, 1 Bi= 1.2 Hz).*C NMR (CDC}, 100
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MHz) J 13.3, 71.7, 72.9, 78.7, 103.4, 117.3, 136.1, 13880.6. 3-[(R39-2,3-
dihydroxypent-4-en-1-oxy]-4-methylthiazole-2Bthione (524 mg, 2.12 mmol), triethylamine
(818 mg, 8.08 mmol, 1.12 mLN,N-dimethylaminopyridine (DMAP, 26.0 mg, 0.21 mmol)
and acetic anhydride (821 mg, 8.04 mmol, 0.76 ndyendissolved in dichloromethane (50
mL) according to general procedure 4.2.1. Elueetidsr chromatographic purification: ethyl
acetate/pentane = 2:¥\). Yield: 655 mg (1.98 mmol, 93%), yellow ol = 0.40 [petroleum
ether/diethyl ether = 1:M)]. *H NMR (CDCk, 400 MHz)52.10 (s, 3 H), 2.11 (s, 3 H), 2.24
(d, 3H,J = 1.2 Hz), 4.46 (dd, 1 H = 9.6, 7.0 Hz), 4.78 (dd, 1 H,= 9.6, 2.5 Hz), 5.33-5.42
(m, 3 H), 5.57 (ddt, 1 Hly = 6.1, 4.8 Hz; = 1.2 Hz), 5.83 (ddd, 1 H,= 17.1, 10.6, 6.4 Hz),
6.15 (d, 1 HJ = 1.2 Hz).**C NMR (CDCE, 100 MHz) 5 13.2, 20.9, 21.0, 71.2, 72.5, 73.3,
102.7, 120.1, 131.3, 137.3, 169.6, 170.0, 180.4lAGalcd for GsH1/NOsS, (331.41): C,

47.11; H,5.17, N, 4.23; S, 19.35. Found: C, 47H%.21; N, 4.28; S 19.53.

4.2.6 3-[(2S,39)-Bis(acetyloxy)-pent-4-en-1-oxy]-4-methylthiazole-2(3H)-thione  threo-
(1d). Pyridinium p-toluenesulfonate (434 mg, 1.73 mmol) was added teolution of 3-
[(2R3R)-isopropylidenedioxypent-4-en-1-oxy]-4-methylthide-2(3H)-thione (451 mq,
1.57 mmol; Supplementary data) in methanol (20 tolurnish a solution which was boiled
under reflux for 2 days and 2 hours. Adding wa®€r ifiL) at room temperature to the mixture
affords a suspension, which was extracted with ldiomethane (3 x 50 mL). Combined
organic solutions were concentrated under reducedspre (370 mbar, 40 °C) to leave 3-
[(2539-dihydroxypent-4-en-1-oxy]-4-methylthiazole-2{Bthione as crude product, which

was used as obtained in the succeeding StepIMR (CDCk, 600 MHz)d2.32 (d, 3 HJ =
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1.2 Hz), 3.06 (brs, 1 H), 3.91-3.98 (m, 1 H), 46, 1 H), 4.31-4.39 (m, 2 H), 4.49 (dd, 1
H,J=9.4, 3.8 Hz), 5.28 (d, 1 H,= 10.6 Hz), 5.38-5.44 (m, 1 H), 5.95 (ddd, 13+ 17.0,
10.8, 5.7 Hz), 6.23 (d, 1 H,= 1.2 Hz).13C NMR (CDC}, 150 MHz)d13.3, 71.2, 72.3, 79.0,
103.4, 117.5, 136.5, 137.9, 180.6Crude 3-[(Z539-dihydroxypent-4-en-1-oxy]-4-
methylthiazole-2(Bl)-thione (477 mg), triethylamine (730 mg, 7.21 mmdl mL), N,N-
dimethylaminopyridine (DMAP, 22.0 mg, 0.18 mmol)daacetic anhydride (735 mg, 7.19
mmol, 0.68 mL) were dissolved in dichloromethan® (BL) and treated as described in
general procedure 4.2.1, to leave a crude proddneth was purified by chromatography using
ethyl acetate/pentane = 2\t as eluent. Yield: 431 mg (1.30 mmol, 83% for betaps),
yellow oil. R = 0.21 [petroleum ether/diethyl ether = 1viv)]. *H NMR (CsDs, 600 MHz)
1.52 (d, 3HJ =1.2 Hz), 1.68 (s, 3 H), 1.76 (s, 3 H), 4.27 (tid{,J = 9.1, 6.2 Hz), 4.41 (dd,
1 H,J=9.1, 2.6 Hz), 5.05-5.09 (M, 1 H), 5.12 (d, 1J4 1.2 Hz), 5.27 (dt, 1 Hlg = 17.2
Hz, J; = 1.2 Hz), 5.41 (td, 1 Hk = 5.9 Hz,Jy = 3.4 Hz), 5.675.70 (m, 1 H), 5.78 (ddd, 1 H,
=17.0, 10.7, 6.0 Hz}3C NMR (GsD¢, 150 MHz)313.1, 20.77, 20.79, 71.5, 72.5, 74.0, 102.2,
119.7, 132.6, 137.5, 169.3, 169.8, 181.0. Analc€&br G3H;/NOsS, (331.41): C, 47.11; H,

5.17, N, 4.23; S, 19.35. Found: C, 46.95; H, 5N.94.02; S 18.68.

4.2.7 3-[(2S,35,49)-3,4-O-Bis(acetyloxy)-hex-5-en-2-oxy]-4-methyl-5-(p-
methoxyphenyl)thiazole-2(3H)-thione (1€). From 3-[(&5,3S49)-3,4-O-bishydroxyhex-5-en-
2-oxy]-4-methyl-5-p-methoxyphenyl)thiazole-2(3-thione (880 mg, 2.39 mmol,
Supplementary data), triethylamine (121 mg, 1.19ma67uL), N,N-dimethylaminopyridine

(DMAP, 35.0 mg, 287umol) and acetic anhydride (1.22 g, 12.0 mmol) chtbromethane (28
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mL) according to general procedure 4.2.1. Elueatdsr chromatographic purification:
diethyl ether/pentane = 1:%/Y). Yield: 480 mg (1.06 mmol, 45%), colorless sokd= 0.16
[diethyl ether/pentane = 1:9/()]. [a] 5= 35.0 € = 1.93 g/100 ml dichloromethané

NMR (CDCl, 600 MHz)51.22 (d, 3 HJ = 6.4 Hz), 2.08 (s, 3 H), 2.09 (s, 3 H), 2.263(8),
3.80 (s, 3 H), 5.26 (dd, 2 H=4.1, 11.1 Hz), 5.30 (d, 1 H,= 10.5 Hz), 5.38 (d, 1 HI= 17.4
Hz), 5.53 (t, 1 HJ= 7.3 Hz), 5.79 (ddd, 1 H,= 17.4, 10.2, 7.6 Hz), 5.98.98 (m, 1 H), 6.95
(d, 2 H,J=8.6 Hz), 7.24 (d, 2 Hl = 8.5 Hz) :*C NMR (CDC}, 150 MHz)J12.6, 14.5, 20.9,
21.5,55.5,72.1,74.0, 76.9, 114.7, 119.4, 12129,6, 129.9, 132.4, 133.5, 160.0, 169.8,
170.2, 178.9. Anal. Calcd. for,@®25NOsS; (451.55): C, 55.86; H, 5.58; N, 3.10. Found: C,

56.06; H, 5.70, N, 3.03.

4.2.8 3-(3-Hydroxynona-1,8-dien-5-oxy)-4-methylthiazole-2(3H)-thione (1f). A solution of
3-[3-(methoxymethyloxy)-nona-1,8-dien-5-oxy]-4-mgthiazole-2(3)-thione (1.36 g, 4.12
mmol; Supplementary data) in methanol (27 mL) weated with aqueous hydrochloric acid
[37% (w/w), 0.92 mL, 9.45 mmol]. The reaction mixture was\akd to stir for 18 hours at 22
°C. Adding water (20 mL) and diethyl ether (20 nppvided a two-phase system. The
agueous layer was extracted with diethyl ether {8 xnL). Organic washings were combined
with the organic layer from the reaction mixturelamashed with an aqueous saturated
solution of NaHCQ (30 mL) and brine (30 mL). After drying (MgQQthe organic solvent
was removed under reduced pressure (600 mbar, )30 t€ave a residue, which was purified
by chromatography [diethyl ether/pentane = ¥/9)]. rel-(3S,5S)-3-(3-Hydroxynona-1,8-dien-

5-oxy)-4-methylthiazole-2(3H)-thion¥ield: 457 mg (1.60 mmol, 39%), pale yellow liquRs
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= 0.35 [diethyl ether/pentane = 1\2)]. *H NMR (CDCk, 400 MHz)d1.63-1.75 (m, 2 H),
1.78-1.84 (m, 2 H), 1.94-2.14 (m, 2 H), 2.27 (#,3 = 1.1 Hz), 4.71-4.77 (m, 1 H), 4.98—
5.03 (M, 2 H), 5.14 (dt, 1 K= 10.5 Hz,J = 1.5 Hz), 5.34 (d] H, Jy= 17.2 Hz,J, = 1.6 Hz),
5.40-5.47 (m, 1 H), 5.74 (ddt,H, J4 = 16.9, 10.4 Hz}; = 6.5 Hz), 5.93 (dddlL H,J=17.2,
10.5, 5.3 Hz), 6.26 (d, 1 H,= 1.1 Hz)**C NMR (CDC}, 100 MHz)J14.2, 29.2, 32.2, 40.4,
67.0, 81.3, 103.6, 114.3, 115.7, 136.7, 139.4,9,3%80.9rel-(3R,5S)-3-(3-Hydroxynona-1,8-
dien-5-oxy)-4-methylthiazole-2(3H)-thiori)( Yield: 418 mg (1.46 mmol, 35%), pale yellow
liquid. R = 0.16 [diethyl ether/pentane = 1\2)]. *H NMR (CDCk, 400 MHz)J1.67-1.73
(m, 2 H), 1.84-1.92 (m, 2 H), 2.02—2.20 (m, 2 H252(d, 3 H,J = 1.3 Hz), 4.56-4.60 (m, 1
H), 4.98-5.04 (m, 2 H), 5.13 (dt, 1 B}, = 10.5 Hz,J; = 1.4 Hz), 5.33 (dtL H, Jy= 17.2 Hz J;

= 1.5 Hz), 5.45-5.51 (m, 1 H), 5.76 (ddt, 1= 17.0, 10.4 Hz}; = 6.5 Hz), 5.94 (ddd, 1 H,
J=17.2,10.5, 5.5 Hz), 6.22 (d, 1 3= 1.3 Hz).3C NMR (CDCk, 100 MHz)J14.1, 29.1,
32.1, 39.9, 71.0, 84.5, 103.3, 114.7, 115.6, 13838,2, 140.0, 180.8. Anal. Calcd for
C13H21NO,S, (285.43): C, 54.70; H, 6.71, N, 4.91; S, 22.47urkbh C, 54.57; H, 6.92; N,

4.91; S 22.19.

4.3 Radical Bromocyclizations

431 General method for thermally initiated radical reactions. Azobisisobutyronitrile
(AIBN) (0.25 equiv.) was added to a solutiom\afalkenoxy)-4-methylthiazole-28)-thione
la—e (1 equiv.) in benzene (5-10 mL/mmol MTTOR) andrbatrichloromethane (8—-10
equiv.). The mixture is heated under reflux for he®irs. The solution is allowed to cool to

22 °C and concentrated under reduced pressurentp@ 40 °C). The residual oil is purified
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by chromatography using silica gel ($)@s stationary phase.

432 General method for thermally initiated radical reaction in alaboratory

microwave. A solution ofN-(alkenoxy)-4-methylthiazole-2E8)-thioneld (1 equiv.) and
bromotrichloromethane (8:8.25 equiv.) im,a,a-trifluorotoluene (3 mL/mmol MTTOR) was
treated with AIBN (0.25 equiv.) and heated for 3@ues at 80 °C in a laboratory microwave
(see Supplementary data). The reaction mixturbas/ed to cool to room temperature and
concentrated under reduced pressure (70 mbar, A0 R€ remaining residue is purified by

chromatography [pentane/diethyl ether = 1/&)(.

4.3.3 Conversion of 3-(3-hydroxypent-4-en-1-oxy)-4-methylthiazole-2(3H)-thione (1a).
Reactants: MTTORa (260 mg, 1.12 mmol), bromotrichloromethane (1.786.§9 mL, 9.00
mmol), and AIBN (46.0 mg, 0.28 mmol) in benzend (B.L) according to procedure 4.3.1.
Reaction time: 2 hours. Eluent used for chromatggapurification: diethyl ether/pentane =
1:1 Wv). 4-Methyl-2-(trichloromethylsulfanylthiazol@)( Yield: 234 mg (0.94 mmol, 84%),
yellow oil. R; = 0.60 [diethyl ether/pentane = 1\\]. *H-NMR (CDClk, 400 MHz)352.59 (s,
3 H), 7.33 (s, 1 H}*C-NMR (CDCE, 100 MHz)J17.2, 96.8, 122.6, 153.5, 155.6.%" 3-
Bromotetrahydropyran-4-ollqa). Yield: 7.1 mg (39.3 umol, 3.5%, as 65/35-mixtafe,3-
cis/2,3-trans-isomers) isolated as a mixture oéksidropyranolla and tetrahydrofuranalis-
3a (11a/3a = 8/92), yellow oil.R = 0.19 [diethyl ether/pentane = 1\#\{]. rel-(3S,4R)-3-

Bromo-tetrahydropyran-4-ol cist{a): *H-NMR (CDCls, 400 MHz)J1.92-2.06 (m, 2 H),
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3.62 (dt, 1 HJg = 11.5 Hz,J = 4.7 Hz), 3.79 (dd, 1 H,= 11.8, 3.8 Hz), 3.833.96 (m, 3 H),
4.35 (dt, 1 HJy = 8.3 Hz,J; = 3.4 Hz). Retention time&;) = 11.40 minutes (for GC/MS
conditions see Supplementary data): MS (&) 121 (35), 108 (44), 101 (26), 100 (70), 83
(100), 73 (59), 55 (37). HRMS (BInvz 179.9775/181.9759 [N, calculated mass for
CsHgO,Br*: 179.9786/181.976%el-(3R,4R)-3-Bromotetrahydropyran-4-ol trankkf): t, =
11.28 minutes: 122 (37), 108 (49), 106 (51), 1@),(83 (79), 73 (100), 57 (32). HRMS (kI
m/z 181.9772/179.9778 [K]; calculated mass forgE,0,Br": 181.9765/179.9786el-
(2S,3R)-2-Bromomethyltetrahydrofuran-3-ol @3s)( Yield: 81.9 mg (0.45 mmol, 40%),
yellow oil. R = 0.16 [diethyl ether/pentane = 1\\)]. *H-NMR (CDCl;, 400 MHz)

01.85 (brs, 1 H, OH), 2.02 (dddd, 1 H= 13.4, 6.9, 3.7, 1.4 Hz), 2.4B.25 (m, 1 H),
3.47-3.55 (m, 2 H), 3.92 (td, 1 Bi,= 8.6 Hz,Jg = 3.6 Hz), 4.01 (ddd, 1 H,= 8.3, 6.1, 3.5
Hz), 4.09 (td, 1 H}; = 8.7 Hz,Jq = 7.0 Hz), 4.50 (td, 1 H} = 4.3 Hz,J4 = 1.4 Hz) ®C-NMR
(CDCls, 100 MHz)029.0, 35.4, 67.2, 71.9, 82.2. HRMS (Ef) m/z 181.9772/179.9778 [\;
calculated mass fors8g0,Br": 181.9765/179.9786/z 87.0443 [M-CH,Br]; calculated
mass for GH,O,": 87.0446. From a 92:8-mixture of tetrahydrofuragisi3a and
tertrahydropyranolla: Anal. Calcd. for @HgO-Br (181.03): C, 33.17; H, 5.01. Found: C,
33.22; H, 5.072-Bromomethyltetrahydrofuran-3-a4). Yield (determined versysara-
bromobenzaldehyde as internal NMR-standard): 1 g398.7 pmol, 9%gistrans = 15:85),
yellow oil. R = 0.14 [diethyl ether/pentane = 1\M\]. cis-3a: NMR data agreed with values
from an authentic samplegans-3a: *H-NMR (CDCh, 400 MHz)J1.76 (brs, 1 H, OH), 1.94
(dddd, 1 HJ = 13.2, 6.3, 4.2, 3.2 Hz), 2.3424.23 (m, 1 H), 3.32 (dd, 1 H,= 10.4, 7.3 Hz),

3.45 (dd, 1 HJ) =10.5, 4.8 Hz), 3.96-4.03 (m, 3 H), 4.36 (dt, L 6.3 Hz,J; = 3.1 Hz).
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13C-NMR (CDC}, 100 MHz)332.8, 34.9, 67.5, 75.1, 85.1. HRMS (EI m/z 87.0447
[M*—CH,Br]; calculated mass for8,0,": 87.0446rel-(2R,3R)-2-
Bromomethyltetrahydrofuran-3-ol tran84). Yield (determined versysara-
bromobenzaldehyde as internal NMR-standard): 13§ 46.0 pumol, 7%), yellow oiRs =
0.11 [diethyl ether/pentane = 1\/\()]. NMR data agreed with values from an authentic

sample.

4.3.4 Conversion of 3-(3-acetyloxypent-4-en-1-oxy)-4-methylthiazole-2(3H)-thione (1b).
Reactants: MTTORDb (334 mg, 1.22 mmol), bromotrichloromethane (1.99.§6 mL, 9.76
mmol), AIBN (51.0 mg, 0.31 mmol) in benzene (6.8)maktcording to procedure 4.3.1.
Reaction time: 2 hours. Eluent used for chromatagapurification: diethyl ether/pentane =
1:1 W/v). 4-Methyl-2-(trichloromethylsulfanyl)thiazol&)( Yield (determined versus
pentachlorobenzene as internal NMR-standard): 25Q1m15 mmol, 94%), yellow oiR; =

0.61 [diethyl ether/pentane = 1M\)]. NMR data agreed with values from an authentic
samplerel-(3R,4R)-3-Bromotetrahydropyran-4-yl acetatensgl1b). Yield (determined
versus pentachlorobenzene as internal NMR-stande2d) mg (55.5 pmol, 4.5%), orange oil.
R = 0.51 [diethyl ether/pentane = 1\\{]. ‘H-NMR (CDCk, 400 MHz)51.68-1.75 (m, 1

H), 2.11 (s, 3 H), 2.19 (ddt, 1 By = 13.2, 5.0 HzJ; = 2.6 Hz), 3.52-3.58 (m, 2 H), 3.90-4.01
(m, 2 H), 4.15 (dd, 1 H] = 12.0, 4.3 Hz), 4.98 (td, 1 B, = 9.8 Hz,J4 = 4.8 Hz).**C-NMR
(CDCls, 100 MHz)521.0, 32.6, 47.8, 66.0, 71.3, 73.7, 170.0. HRMS)(f&lz 143.0711
[M*—Br]; calculated mass for C;H1105": 143.07082-Bromomethyltetrahydrofuran-3-yl

acetate 8b). Yield (determined versus pentchlorobenzene asriat NMR-standard): 194 mg
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(0.87 mmol, 71%gidtrans= 68:32), yellow 0ilR; = 0.45 [diethyl ether/pentane = 1\\{].
cis-3b: *H-NMR (CDCl, 400 MHz)d1.94-2.04 (m, 1 H), 2.07 (s, 3 H), 2.18-2.34 ()1
3.41-3.55 (m, 2 H), 3.86-3.95 (m, 1 H), 4.00-4.15 (n)25.39 (ddd, 1 H) = 5.5, 4.0, 1.7
Hz).*C-NMR (CDCk, 100 MHz)J20.9, 28.4, 33.5, 66.9, 73.7, 80.8, 170.1. HRMS (EI") m/z
223.9880/221.9887 [M; calculated mass for/8,0:Br": 223.9871/221.9892rans-3b: H-
NMR (CDCk, 400 MHz)J1.94-2.04 (m, 1 H), 2.05 (s, 3 H), 2.18-2.34 (nh{)13.41-3.55

(m, 2 H), 3.86-3.95 (m, 1 H), 4.00-4.15 (m, 2 HRS(dt, 1 HJy = 6.7 Hz,J = 2.3 Hz) **C-
NMR (CDCk, 100 MHz)020.94, 32.6, 33.1, 67.7, 77.4, 83.2, 170.6. HRMIS)(#/z

129.0551 [M—CH,Br]; calculated mass forgByOs": 129.0552rel-(3S,4R)-3-
Bromotetrahydropyran-4-yl acetate cit1p). Yield (determined versus pentachlorobenzene as
internal NMR-standard): 15.3 mg (68.4 umol, 6%])loye oil. R; = 0.43 [diethyl ether/pentane
=1:1 ¢NV)]. *H-NMR (CDCl, 400 MHz)31.85-1.91 (m, 1 H), 1.95-2.00 (m, 1 H), 2.13 (s, 3
H), 3.62-3.68 (M, 1 H), 3.83-3.89 (m, 2 H), 3.94-3.97 (nt)14.30-4.33 (m, 1 H), 5.08 (dt,
1 H,Jg= 7.0 Hz,J; = 3.3 Hz).*C-NMR (CDC}, 100 MHz)J20.99, 32.6, 49.1, 64.2, 69.1,
69.3, 170.0. HRMS (E) vz 223.9885/221.9902 [\; calculated mass for/&;;03Br":

223.9871/221.9892.

4.3.5 Conversion of 3-(3-Benzyloxypent-4-en-1-oxy)-4-methylthiazole-2(3H)-thione (1c).
Reactants: MTTORCc (324 mg, 0.97 mmol), bromotrichloromethane (1.50.g7 mL, 7.76
mmol), AIBN (39.0 mg, 0.24 mmol) in benzene (5.3)mktcording to procedure 4.3.1.
Reaction time: 2 hours. Eluent used for chromaggapurification: diethyl ether/pentane =

1:2 (V). 4-Methyl-2-(trichloromethylsulfanyl)thiazol&)( Yield: 181 mg (0.73 mmol, 75%),
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yellow oil. Rr = 0.55 [diethyl ether/pentane = 1\2\)]. NMR data agreed with values from an
authentic sampleel-(2R,3R)-2-Bromomethyltetrahydrofuran-3-yl besizotrans-8c) [Yield
(determined versuysara-bromobenzaldehyde as internal NMR-standard): B¥y70.21
mmol, 22%)] andel-(3R,4R)-3-bromotetrahydropyran-4-bezoate tréhke) [Yield
(determined versusara-bromobenzaldehyde as internal NMR-standard): &§Z57 pmol,
6%)], yellow oil.R: = 0.46 [diethyl ether/pentane = 1\2({)]. rel-(2R,3R)-2-
bromomethyltetrahydrofuran-3-yl benzoate traej(*H-NMR (CDCl;, 400 MHz)52.14—
2.20 (m, 1 H), 2.33-2.41 (m, 1 H), 3.54-3.58 (nH)13.61-3.67 (M, 1 H), 3.99-4.07 (m, 1
H), 4.15-4.22 (m, 1 H), 4.26 (td, 1 Bl,= 5.0 Hz,Jq = 2.5 Hz), 5.38 (dt, 1 Hly = 6.6 Hz,J; =
2.2 Hz), 7.447.49 (m, 2 H), 7.57-7.61 (m, 1 H), 8.02-8.09 (nt})2**C-NMR (CDC}, 100
MHz) §32.8, 33.2, 68.0, 78.0, 83.3, 128.5, 129.7, 13%8,2 HRMS (EI) m/z
286.0042/284.0068 [[; calculated mass forgH130sBr": 286.0028/284.0048¢l-(3R,4R)-
3-Bromotetrahydropyran-4-yl benzoate traridd). *H-NMR (CDCl;, 400 MHz)

01.80-1.91 (m, 1 H), 2.332.41 (m, 1 H), 3.61-3.67 (M, 2 H), 3.99-4.07 (nt})14.09-4.14
(m, 1 H), 4.15-4.22 (m, 1 H), 5.22 (td, 1}z 9.6 Hz,Jq = 4.8 Hz), 7.44-7.49 (m, 2 H),
7.57-7.61 (m, 1 H), 8.02-8.09 (m, 2 HJC-NMR (CDCk, 100 MHz)J 32.8, 47.7, 66.0,
71.3,74.3,128.5, 129.6, 129.7, 133.3, 166.2. HREI§ m/z 286.0065/284.0062 [I;
calculated mass forigH;303Br": 286.0028/284.0048el-(2S,3R)-2-Bromomethyl-
tetrahydrofuran-3-yl benzoate ci8¢). Yield: 122 mg (0.46 mmol, 47%), yellow o = 0.38
[diethyl ether/pentane = 1:2/()]. *H-NMR (CDChk, 400 MHz)32.18-2.24 (m, 1 H), 2.43
(dtd, 1 H,Jg = 14.1, 5.5 Hz}; = 8.6 Hz), 3.52-3.61 (m, 2 H), 4.01 (td, 1Jd= 8.6 Hz,Jg =

4.3 Hz), 4.12-4.18 (m, 1 H), 4.27 (td, 1= 6.9 Hz,Jy = 4.0 Hz), 5.67 (ddd, 1 H,= 5.5,
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3.9, 1.8 Hz), 7.457.48 (m, 2 H), 7.57-7.61 (m, 1 H), 8.02-8.05 (nt})2'C-NMR (CDCE,
100 MHz)J 28.7, 33.7, 67.1, 74.5, 81.2, 128.5, 129.6, 12883,4, 165.6. HRMS (Bl m/z
286.0028/284.0063 [K; calculated mass for,gH130:Br": 286.0028/284.0048. Anal. Calcd.
for C1,H150-Br (285.13): C, 50.55; H, 4.60. Found: C, 50.204t85.rel-(3S,4R)-3-
Bromotetrahydropyran-4-yl benzoate cig€). Yield (determined versysara-
bromobenzaldehyde as internal NMR-standard): 1€%58 pumol, 6%), orange ofk = 0.33
[diethyl ether/pentane = 1:2/()]. *"H-NMR (CDCl, 400 MHz)52.00-2.07 (m, 1 H),
2.17-2.30 (m, 1 H), 3.74 (ddd, 1 Bi= 11.7, 6.3, 4.0 Hz), 3.91-3.96 (m, 1 H), 3.9844(,
1 H), 4.054.10 (m, 1 H), 4.43 (dt, 1 Hq = 7.0 Hz,J; = 3.3 Hz), 5.35 (dt, 1 Hls = 6.9 Hz,J
= 3.3 Hz), 7.45-7.50 (m, 2 H), 7.58-7.62 (m, 1 8)9-8.12 (m, 2 H:*C-NMR (CDCk,
100 MHz)530.0, 49.1, 64.2, 69.5, 69.6, 128.5, 129.67, 129.33.3, 165.4HRMS (EI') mvz

205.0870 [M—Br]; calculated mass for C1o,H1303": 205.0865.

4.3.6 Conversion of 3-[(2R,39)-2,3-bis-(acetyloxy)-pent-4-en-1-oxy]-4-methylthiazole-
2(3H)-thione erythro-(1d). Reactants: 3-[R 39)-2,3-bis-(acetyloxy)-pent-4-en-1-oxy]-4-
methylthiazole-2(Bi)-thioneerythro-(1d) (320 mg, 96Gumol), bromotrichloromethane (0.82
mL, 8.32 mmol), AIBN (40 mg, 0.24 mmol) ina,a-trifluorotoluene (3 mL) according to
procedure 4.3.24-Methyl-2-(trichloromethylsulfanyl)thiazol@)( Yield: 119 mg (47&mol,
49%), yellow oil.R = 0.55 [pentane/diethyl ether = 1\2V)]. NMR data agreed with

reference values from an authentic sam@i8,3R,4R)-2-Bromomethyltetrahydrofuran-3,4-diyl
bisacetate Cigyire(3d). Yield: 103 mg (36umol, 38%), yellow oilR; = 0.55 [petroleum

ether/diethyl ether = 1:2/)]. *H-NMR (400 MHz, GD¢) 51.56 (s, 3 H), 1.65 (s, 3 H), 3.19
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(d, 2 H,J= 7.0 Hz), 3.58-3.65 (m, 2 H), 3.80 (td, 13t 7.0 Hz,Jg = 4.8 Hz), 5.09 (td, 1 H,
J=6.2 Hz,Jg= 5.1 Hz), 5.29 (t, 1 H] = 4.9 Hz) **C-NMR (100 MHz, GDg) 020.28, 20.33,
29.2,69.7, 71.9, 72.2, 79.2, 169.2, 169.5. MS I(#2)283 (1), 281 (1), 201 (26), 187 (76),
178 (5), 158 (17), 141 (42), 127 (37), 115 (108)(20), 85 (45), 81 (77)J2R,3R,4R)- 2-
Bromomethyltetrahydrofuran-3,4-diyl bisacetate 8apno-(3d). Yield: 43.3 mg (154umol,
16%), yellow oil.R; = 0.55 [petroleum ether/diethyl ether = 1v&/]. *H-NMR (400 MHz,
CeDs) 01.62 (s, 3 H), 1.63 (s, 3 H), 3.03-3.14 (m, 2 H}73-3.65 (m, 1 H), 3.74 (dd, 1 B~
10.2, 4.8 Hz), 3.98 (dt, 1 Hg = 6.6 Hz,J = 4.5 Hz), 5.14 (dd, 1 H} = 6.6, 5.3 Hz), 5.23 (td,
1 H,J; = 5.0 Hz,Jg = 3.5 Hz)."*C-NMR (100 MHz, GDs) 20.4, 20.5, 33.3, 71.1, 72.3, 74.5,
79.6, 169.5, 169.6. MS (Efvz 283(1), 281(1), 201(14), 187(33), 141(50), 127(21p
(100), 99(12), 85(24), 81(41). Mixture Oerythre- @andtranseryire-(3d): HRMS (EI) m/z
283.0065/281.0023 [M+H] calculated mass ford8140sBr": 283.0004/281.0025/z
201.0767 [M+H]-Br; calculated mass for CgH1305": 201.0763.Anal. Calcd. for GH13BrOs
(281.17): C, 38.66; H, 4.66; Found: C, 38.64; H64(3R,4R,5R)-3-Bromotetrahydropyran-
4,5-diyl bisacetate trarRgr-(11d). Yield: 24.6 mg (87.5umol, 9%), yellow oil.R = 0.55
[petroleum ether/diethyl ether = 1:2\)]. *H-NMR (400 MHz, GD¢) 61.65 (s, 3 H), 1.73 (s,
3 H), 2.80 (dd, 1 HJ=13.1, 1.1 HZ), 3.07 (t, 1 H= 11.2 Hz), 3.563.54 (n, 1 H), 3.85
(ddd, 1 HJ=11.6, 4.9, 1.1 Hz), 4.12 (td, 1 Bj= 10.8 Hz,J4= 5.0 Hz), 5.03 (dd, 1 H}
=10.6, 3.5 Hz), 5.21-5.22 (m, 1 HJC-NMR (100 MHz, GDg) 020.57, 20.65, 45.3, 68.7,
70.0, 71.6, 74.1, 169.6, 169.9. MS (Bl 283 (1), 281 (1), 237 (5), 195 (17), 179 (5), 159
(5), 141 (100), 140 (29), 115 (4), 103 (12), 99)(®B (58), 81 (17)3S,4R,5R)-3-

Bromotetrahydropyran-4,5-diyl bisacetate«gjsr-(11d). Yield: 10.6 mg (37.9tmol, 4%),
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yellow oil. R = 0.55 [petroleum ether/diethyl ether = 1v&/]. *H-NMR (400 MHz, GDs)
01.60 (s, 3 H), 1.72 (s, 3 H), 3.32-3.37 (m, 1 H383-3.44 (m, 1 H), 3.47-3.49 (m, 2 H),
3.51-3.55 (m, 1 H), 4.82 (ddd, 1 H~=10.7, 5.3, 2.8 Hz), 5.65.64 (m, 1 H)**C-NMR (100
MHz, CsDs) 520.48, 20.50, 44.3, 63.9, 67.5, 68.1, 69.5, 16569,6. MS (Elyn/z 283 (1),

281 (1), 222 (1), 209 (4), 207 (4), 195 (3), 178 (77 (7), 159 (15), 141 (100), 140 (56), 103
(38), 99 (90), 98 (59), 81 (20). Mixture Ciferythre- aNdtranSeryire-(11d): HRMS (EI) m/z
283.0043/281.0040 [M+H] calculated mass forg8:40sBr": 283.0004/281.002%vz

238.9760/236.9976 [[4C,H30]; calculated mass for#81004Br": 238.9742/236.9762.

4.3.7 Conversion of 3-[(2S,39)-bis(acetyloxy)-pent-4-en-1-oxy]-4-methylthiazole-2(3H)-
thione threo-(1d). Reactants: 3-[@39)-Bis(acetyloxy)-pent-4-en-1-oxy]-4-methylthiazole-
2(3H)-thione threo-(1d) (200 mg, 603imol), bromotrichloromethane (0.55 ml, 5.58 mmaol),
AIBN (25 mg, 0.15 mmol) im,a,a-trifluorotoluene (2 mL) according to procedure.2.31-
Methyl-2-(trichloromethylsulfanyl)thiazol@) Yield: 97.0 mg (39Qumol, 65%), yellow oil R

= 0.55 [pentane/diethyl ether = 1:2\()]. NMR data agreed with reference values from an
authentic sample(2S,3R,4S)-2-Bromomethyltetrahydrofuran-3,4-didabetate Cigeo(3d).
Yield: 38.3 mg (13@umol, 22%), yellow oil.R = 0.56 [petroleum ether/methrt-butyl ether

= 1:4 @)]. '"H-NMR (400 MHz, GDs) 51.48 (s, 3 H), 1.50 (s, 3 H), 3.16 (d, 2 H= 7.3
Hz), 3.58 (dd, 1 HJ = 10.5, 2.3 Hz), 4.00 (dd, 1 H,= 10.7, 4.9 Hz), 4.14 (td, 1 K= 7.0
Hz, Jq = 3.8 Hz), 5.07-5.09 (m, 1 H), 5.37 (dd, 1 Hs 3.7, 1.0 Hz)*C-NMR (100 MHz,
CsDs,) 020.3, 20.5, 28.0, 72.7, 76.4, 77.9, 80.2, 169.9,4.6MS (El)m/z 283 (1), 281 (1),

201 (10), 187 (8), 178 (2), 158 (3), 141 (18), 128), 115 (100), 99 (8), 85 (17), 81 (58).
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(2R,3R,4S)-2-Bromomethyltetrahydrofuran-3,4-diydaloetate tranges(3d). Yield: 38.2 mg
(136 umol, 22%), yellow 0il.R; = 0.56 [petroleum ether/methigrt-butyl ether = 1:4\{v)].
H-NMR (400 MHz, GDg) 51.49 (s, 3 H), 1.50 (s, 3 H), 3.27-3.36 (M, 2 H$%B-3.72 (m, 1
H), 3.78-3.81 (m, 1 H), 3.86 (td, 1 B,= 5.9 Hz,Jy = 3.5 Hz), 5.07 (dt, 1 Hly= 4.3 Hz,J =
1.6 Hz), 5.17-5.19 (m, 1 H’*C-NMR (100 MHz, GDs) 020.4, 20.5, 32.2, 72.5, 78.4, 80.2,
83.9, 169.5, 169.7. Mixture ofcCispes and transprecisomer: HRMS (EIN nvz
283.0000/281.0010 [M+H] calculated mass for ¢8:40sBr": 283.0004/281.0025m/z
187.0623 [M—CHj3Br]; calculated mass ford8l1;05": 187.0606. Anal. Calcd. forg813BrOs
(281.17): C, 38.66; H, 4.66; Found: C, 38.66; HQ04.(3R,4R,5S)-4,5-Bis(acetyloxy)-3-
bromomethyltetrahydropyran trapngse«(11d). Yield: 8.09 mg (28.8imol, 2%), yellow oil.Rs

= 0.56 [petroleum ether/methyért-butyl ether = 1:4 \{v)]. *H-NMR (600 MHz, CDC})
02.11 (s, 3 H), 2.12 (s, 3 H), 3.31 (t, 1 Hs 10.7 Hz), 3.50 (t, 1 H)= 11.4 Hz), 3.833.91
(m, 1 H), 4.08-4.11 (m, 1 H), 4.14 (dd, 1 3 11.6, 5.0 Hz), 4.89 (ddd, 1 H,= 10.3, 9.2,
5.5 Hz), 5.21 (t, 1 HJ = 9.6 Hz)**C-NMR (CDCk, 150 MHz)20.8, 20.9, 44.7, 67.8, 69.9,
71.2, 75.2, 169.4, 169.83R,4R,5S)-4,5-Bisacetyloxy-3-bromomethyltetrahygi@an Cigeo
(11d). Yield: 3.75 mg (13.3umol, 5%), yellow oil.R; = 0.56 [petroleum ether/methiert-
butyl ether = 1:4\{v)]. "H-NMR (600 MHz, CDC}) §2.11 (s, 3 H), 2.12 (s, 3 H), 3.70 (dd, 1
H,J=12.7, 3.9 Hz), 3.83-3.91 (m, 3 H), 4.47 (dddH,U= 8.2, 4.3, 3.5 Hz), 4.95-4.97 (m, 1
H), 5.13-5.15 (m, 1 H)**C-NMR (150 MHz, CDCJ) 420.8, 20.9, 45.3, 65.8, 68.2, 68.7,

69.1, 169.4, 169.5.

4.3.8 Conversion of 3-[(2S,3S,45)-3,4-O-bis(acetyloxy)-hex-5-en-2-oxy]-4-methyl-5-(p-
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methoxyphenyl)thiazole-2(3H)-thione (1e). Reactants: 3-[@3S49)-3,4-O-Bis(acetyloxy)-
hex-5-en-2-oxy]-4-methyl-5ptmethoxyphenyl)thiazole-2E8)-thione (e) (222 mg, 0.49
mmol), bromotrichloromethane (488 4.9 mmol), AIBN (20 mg, 0.12 mmol) in benzene
(5 mL) according to procedure 4.3.1. Reaction tithe:hours. Eluent used for
chromatographic purification: diethyl ether/pentan®1 (/v). 4-Methyl-5-(p-methoxyphenyl)-
2-(trichloromethylsulfanyl)thiazolél2). Yield: 96.9 mg (0.27 mmol, 55%), yellow crystdRs.
= 0.48 [diethyl ether/pentane = 14#\)]. *"H-NMR (CDCk, 400 MHz)J2.57 (s, 3 H), 3.85 (s,
3 H), 6.97 (d, 2 HJ = 8.6 Hz), 7.24 (dJ = 8.6 Hz)**C-NMR (150 MHz, GDs) J16.3, 54.9,
97.9, 114.6, 123.4, 129.9, 130.7, 141.6, 150.1,8,3®0.4. MS (Eljr/z 355 [M'], 248 (8),
236 (100), 203 (28), 192 (17), 177 (38), 160 (22f (27), 134 (8), 119 (5), 108 (9), 77 {8).
(2S,3R,4R,5R)-5-Bromo-2-methyltetrahydropyran-3yf#tkisacetatdrans-(L1e). Yield: 12.0
mg (40.8umol, 8%), yellow crystalsR; = 0.36 [diethyl ether/pentane = 14\{]. '"H-NMR
(CDCls, 400 MHz)01.14 (d, 3 HJ = 6.4 Hz,), 2.05 (s, 3 H), 2.16 (s, 3 H), 3:3%4 (m, 1
H), 3.74-3.79 (q, 1 H] = 6.7 Hz), 4.14-4.21 (m, 2 H), 5.03 (dd, 134 3.5, 10.8 Hz), 5.22
(dd, 1 H,J= 1.0, 3.2 Hz)™*C-NMR (CDCE, 100 MHz)J16.6, 20.6, 20.7, 44.0, 71.3, 71.9,
74.0, 74.7, 169.8, 170.4. MS (Eijz 207/209 (4), 152/154 (24), 129 (22), 113 (75), (DS,
95 (16), 85 (16), 69 (100), 57 (12-Brommethyl-5-methyltetrahydrofuran-3,4-diyl lmetate
(3e). Yield: 72.7 mg (247xmol, 50%), 30/70-mixture of 2,5-cis/2,5-trans-isoggellow oil.
R = 0.24 [diethyl ether/pentane = 1#d\]]. cis-3e: *"H-NMR (CDCk, 600 MHz)J1.21 (d, 3
H,J=6.9 Hz,), 2.09 (d, 6 Hl = 2.2 Hz), 3.433.45 (m, 2 H), 4.17-4.29 (m, 2 H), 4:37.42
(m, 1 H), 5.36-5.40 (m, 1 H), 5.51 (t, 1 3 5.5 Hz).**C-NMR (CDCk, 100 MHz)J15.4,

20.5, 20.9, 29.4,72.4,72.9, 75.3, 77.9, 169.8,8.6VS (El)m/z 201 (15), 175/177 (19), 155
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(93), 129 (58), 113 (18), 99 (100), 95 (60), 87)(B® (39), 57 (17)trans-3e: 'H-NMR

(CDCls, 600 MHz)01.23 (d, 3 HJ = 1.9 Hz), 2.04 (s, 3 H), 2.12 (s, 3 H), 3.49 (titH, J =
4.4,11.1 Hz), 3.59 (dd, 1 H= 4.4, 11.1 Hz), 4.374.29 (m, 1 H), 4.37-4.42 (mH),
5.29-5.32 (m, 1 H), 5.36-5.40 (m, 1 FC-NMR (CDCk, 100 MHz)J14.8, 20.6 (2C), 33.7,
73.6,74.9, 76.1, 78.1, 169.8, 170.4. MS (@ 201 (15), 175/177 (19), 155 (93), 129 (58),
113 (18), 99 (100), 95 (60), 87 (16), 69 (39), 57)( Mixture ofcis- andtransisomer3e:
Anal. Calcd. for GoH15BrOs (295.13): C, 40.70; H, 5.12; Found: C, 41.02; H35
(2S,3R,4R,5S)-5-Bromo-2-methyltetrahydropyran-3yfbisacetatecis-(11€). Yield: 3.03 mg
(10.3pmol, 2%), yellow oil.R; = 0.12 [diethyl ether/pentane = 1i\{]. *H-NMR (CDCl,

400 MHz)J1.26 (d, 3 HJ = 6.7 Hz), 2.10 (s, 3 H), 2.17 (s, 3 H), 3.74-3T9 1 H),
3.93-3.98 (M, 1 H), 4.24-4.28 (m, 2 H), 5.09 (H,U= 4.0 Hz), 5.15 (t, 1 H]= 2.5 Hz).
13C-NMR (CDC}, 100 MHz)J16.3, 20.9 (2C), 44.6, 68.9, 69.1, 70.3, 73.6,0,7070.7. MS
(El) mz207/209 (4), 152/154 (24), 129 (22), 113 (75), (DB, 95 (16), 85 (16), 69 (100), 57

(13).

439 Conversion of rel-(3R,55)-3-(3-hydroxynona-1,8-dien-5-oxy)-4-methylthiazole-
2(3H)-thione (1f) with BuszSnH. A solution ofrel-(3R,59-3-(3-hydroxynona-1,8-dien-5-oxy)-
4-methylthiazole-2(B)-thione (f) (418 mg, 1.46 mmol) in benzene (17.0 mL) containi
tributylstannane (1.57 g, 5.40 mmol) and AIBN (56§, 0.37 mmol) was boiled under reflux
for 2 hours, while being heated in an oil bath lild@mperature 100 °C). The reaction mixture
was allowed to cool to room temperature and comatsdt under reduced pressure (200 mbarr,

40 °C), to leave a residue which was purified bypomatography [Si@ diethyl ether/pentane
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= 1:2 (/IV)]. 4-Methyl-2-(tributylstannylsulfanyl)thiazol&J). Yield: 1.15 mmol (79%, yield
was determined vitH-NMR with pentachlorobenzene as internal stantiefdre the
chromatography)H-NMR (CDCl, 200 MHz):5 0.87—0.94 (m, 9 H), 1.24-1.68 (m, 18 H),
2.28 (s, 3 H), 6.54 (s, 1 Hel-(2'S,2R)-1-(5'-methyltetrahydrofuran-2’-yl)b@ene-2-ol 15).
Yield: 127 mg (815 pmol, 56%), as a mixture of @nrd trans-isomers (A:B = 27:73),
colorless liquidR; = 0.23 [diethyl ether/pentane = 1\2\]. *H NMR (CDCk, 400 MHz)J
1.21 (dd, 3HJ = 6.1, 0.7 Hz, B), 1.24 (dd, 3 8= 6.1, 0.7 Hz, A), 1.40-1.70 (m, 4 H, A/B),
1.91-2.07 (m, 2 H, B), 2.09-2.16 (m, 2 H, A), 4007 (m, 1 H, B), 4.11-4.18 (m, 1 H, B),
4.21-4.27 (m, 2 H, A), 4.31-4.35 (m, 1 H, A/B), (@, 1 H,J = 10.4 Hz, A/B), 5.27 (d, 1 H,
J=17.2 Hz, A/IB), 5.80-5.89 (m, 1 H, A/BJC NMR (CDCE, 100 MHz)d21.1, 21.4, 32.1,
32.2,33.0, 33.2,42.6,43.2, 72.8, 72.9, 75.12,78.0, 79.6, 114.0 (2C), 140.5 (2C).
Retention timet() = 12.2 minutes (for GC/MS conditions see Supplaiery data): MS (EI)
m'z 138 (10), 127 (5), 111 (5), 98 (14), 85 (100), T8Q), 67 (33), 57 (52). HRMS (5Invz
156.1146 [M]; calculated mass forgBl160,": 156.1150t, = 12.3 minutes: MS (Elvz 138
(10), 127 (5), 111 (5), 98 (14), 85 (100), 79 (1B (33), 57 (52). HRMS (Bl m/z 156.1135
[M™]; calculated mass fordBl160,": 156.1150rel-(3R,5S)-5-(But-3-en-1-yl)-2-
methyltetrahydrofuran-3-oll@) and Tetrahydropyran-derivativas a 86/14-mixturefield: 53
mg (340 pumol, 23%), colorless liquig: = 0.15 [diethyl ether/pentane = 1\\{]. rel-
(3R,5S)-5-(But-3-en-1-yl)-2-methyltetrahydrofurai@314) as a mixture of cis- and trans-
isomers (A:B = 20:80)Main isomer B'H NMR (CDCk, 400 MHz)51.23 (d, 3H,J)=6.3
Hz), 1.46-1.78 (m, 4 H), 2.02-2.20 (m, 2 H), 3.9904m, 1 H), 4.14-4.17 (m, 1 H),

4.19-4.24 (m, 1 H), 4.93-5.10 (m, 2 H), 5.76-5.80 { H).**C NMR (CDCk, 100 MHz)J
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14.2, 30.2, 35.4, 41.6, 74.1, 76.5, 77.3, 114.8,ARetention timet) = 12.8 minutes: MS

(El) miz 138 (1), 127 (14), 114 (57), 101 (57), 79 (29)(79), 57 (100), 53 (10). HRMS (Bl
m/z 156.1151 [M]; calculated mass fordBl160,": 156.1150mz 138.1042 [M-H,0];
calculated mass forggl14,0;": 138.1045Minor isomer At, = 12.6 minutes: MS (Eivz 138

(1), 127 (14), 114 (57), 101 (57), 79 (29), 70 (Z5) (100), 53 (10). HRMS (BIm/z

138.1036 [M—H.0]; calculated mass fors8140:": 138.1045Tetrahydropyran-derivative
Retention timet() = 13.6 minutes: MS (Eilwz 137 (0.9), 114 (10), 101 (14), 83 (28), 79 (19),
67 (48), 55 (100), 51 (10). HRMS (FEhvz 138.1042 [M-H,0]; calculated mass for

CgH 1401+Z 138.1045.

4.4 Reduction of Bromomethyletrahydrofurans

44.1 General method. Tributylstannane (1.03 g, 3.40 mmol) and AIBN.(2Bg, 0.15
mmol) were added to a solution of 2-bromomethyditeydrofuran-3-yl acetat@lf) (303 mg,
1.36 mmol) in dry benzene (20 mL). The reactiontorix was boiled under reflux for 1.5
hours and treated afterwards at room temperaturepstassium fluoride (2.5 g, 43.0 mmol)
and water (2 mL). Stirring was continued for 30 utés at room temperature. The slurry was
dried (MgSQ) and filtrated. The solids were washed with metagt-butyl ether (3 x 30 mL).
Organic washings were combined with the filtratarirpotassium fluoride-treatment and
concentrated under reduced pressure (300 mbaG¥d Re remaining oil was purified by

chromatography [Sig) diethyl ether/pentane = 2:1/)].

4.4.2 cis-2-Methyltetrahydrofuran-3-yl acetate cis-(16). Fromcis-2-
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bromomethyltetrahydrofuran-3-yl acetais-(3b) according to procedure 4.4.1. Yield: 114 mg
(790 umol, 58%), yellowish oiR = 0.52 [diethyl ether/pentane = 2:1 (vA}}i NMR

(CDCls, 400 MHz)J 1.21 (d, 3 HJ = 6.5 Hz), 1.90-2.01 (m, 1 H), 2.08 (s, 3 H), 2236

(m, 1 H), 3.75 (td, 1 H} = 8.7 Hz,Jy = 6.5 Hz), 3.83-3.96 (m, 1 H), 4.02 (g, 1 8.2 Hz),
5.26 (ddd, 1 HJ = 6.0, 4.0, 1.9 Hz):*C-NMR (CDC}, 150 MHz)Jd14.1, 20.9, 33.4, 65.8,

75.2,77.3, 170.6¢

4.4.3 trans-2-Methyltetrahydrofuran-3-yl acetate trans-(16). Fromtrans2-
bromomethyltetrahydrofuran-3-yl acetatans(3b) according to procedure 4.4.1. Yield: 120
mg (830umol, 61%), yellowish oilR; = 0.55 [diethyl ether/pentane = 2\\]. *H-NMR
(CDCl;, 400 MHz)41.23 (d, 3 HJ = 6.5 Hz), 1.85-1.98 (m, 1 H), 2.06 (s, 3 H), 2287

(m, 1 H), 3.79-4.04 (m, 3 H), 4.86 (dt, 1= 6.5 Hz,J; = 2.4 Hz).3C-NMR (CDCk, 150

MHz) §19.0, 21.1, 32.0, 66.5, 79.6, 80.0, 174.3.

Supplementary data. Instrumentation, precursors for the synthesi3-alkenoxythiazole-
2(3H)-thionesla—f (alkenols and alkenyl-toluenesulfonatesjH NMR- and™*C NMR

spectra of selected 3-alkenoxythiazoletr2(3hiones, tetrahydrofurans and tetrahydropyrans
(30 pages). Supplementary data associated witlatticde can be found in the online version

at doi: xxx.
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2 Instrumentation and Solvent Purification

2.1 Nuclear magnetic resonance spectroscopy

Proton- and carbon-13 nuclear magnetic reonance (NMR)-spectra were recorded with
FT-NMR DPX 200, DPX 400 and DMX 600 instruments (Bruker). Chemical shifts refer to
the o-scale. The resonances of residual CHCI3; and of the carbon atom of CDCl3 (o4 7.26, &c
77.0) were used as internal standards. NMR shift values of isomuscarine bromides in solutions

of D,O were referenced versus 1,4-dioxane as internal standard (o4 3.17, & 67.1).

2.2 Electron impact mass spectrometry

Mass spectra (El, 70 eV) were recorded with a Mass Selective Detector HP 6890
(Hewlett Packard).

2.3 High resolution mass spectrometry

Mass spectroscopy (El, 70 eV), GCT Premier Micromass (Waters).

2.4 Combustion analysis

Combustion analysis was performed with a vario Micro cube CHNS (Elementar

Analysentechnik/Hanau).

2.5 Thin layer chromatography

Reaction progress was monitored via thin layer chromatography (tlc) on aluminium
sheets coated with silica gel (60 F54, Merck). Compounds on developed tlc-sheets were
detected with the aid of the UV/VIS indicator commercially disposed on the sheets, becoming
apparent, for example, by a hand lamp emitting 254 nm light. As alternative method for
detecting compounds on developed tlc-sheets is staining by Ekkert’s reagent, and subsequent

heating, leading to blue-green spots for organobromines, blue spots for alcohols and yellow
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spots for radical precursors.

2.6 Gas chromatography coupled to mass spectrometry

GC/MS-analysis was performed with a HP 6890 Series (Hewlett Packard) system and
mass detector with a HP-5MS column (Agilent, 30 m x 0.25 mm, 0.25 wm). Temperature
program: 40 °C (3 min), 10 °C min™* — 280 °C, 280 °C (10 min).

2.7 Melting points

Melting points [°C] were determined on a Koffler hot-plate melting point microscope
(Reichert) and are not corrected.

2.8 Photoreactor

Photochemically initiated reactions were performed in a Rayonet®-chamber reactor
equipped with 350-nm light bulbs from the Southern New England Ultraviolet company.

2.9 Laboratory microwave

Microwave heating solutions in o,a,o-trifluorotoluene was performed in a Biotage
Initiator 2.5 microwave, using a preselected temperature of 80 °C and using absorption

settings for toluene available from the instrument menu.

2.10 Purification of solvents

The term “petroleum ether” refers to the fraction of hydrocarbons boiling between 40—

55°C. All solvents were purified according to standard procedures.*
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3 O-Alkenyl Thiohydroxamat Syntheses

3.1  General method for acid-catalyzed hydrolysis of di-O-isopropylidene protecting
groups. A solution of a di-O-isopropylidene-protected 3-alkenoxythiazole-2(3H)-thione in
methanol was treated with aqueous hydrochloric acid [37 % (w/w)] and stirred for 8 hours at
22 °C. Water or diethyl ether was added at this temperature, and the product was extracted
from this mixture with diethyl ether or dichloromethane. Combined organic washings were
dried (MgSO,) and concentrated under reduced pressure (600 mbar, 40 °C) to furnish a

residue, which was purified by chromatography (SiO,).

3.2  3-[3-(methoxymethyloxy)-pent-4-en-1-oxy]-4-methylthiazole-2(3H)-thione

3.2.1 Ethyl 3-hydroxypent-4-enoate.>® In an atmosphere of dry nitrogen, a solution of
diisopropylamine (9.71 g, 96.0 mmol, 13.6 mL) in dry tetrahydrofuran (80 mL) was cooled to
—78 °C and treated in a dropwise manner with n-butyllithium (88.0 mmol, 35.2 mL, 2.5 M in
hexane) over a period of 30 minutes. At this temperature ethyl acetate (7.05 g, 80.0 mmol)
dissolved in dry tetrahydrofuran (35 mL) and afterwards acrolein (4.93 g, 88.0 mmol)
dissloved in dry tetrahydrofuran (25 mL) were added in a dropwise manner. The reaction
mixture was stirred for 15 minutes at =78 °C and then treated with an aqueous saturated
solution of NH4CI (50 mL). The reaction mixture was allowed to warm to room temperature.
The layers were separated and the aqueous layer was extracted with diethyl ether (3 x 80 mL).
Combined organic extracts were washed with brine (100 mL) and dried (MgSQ,). The solvent
was removed under reduced pressure (600—300 mbar, 40 °C) to afford a residue, which was

distilled under reduced pressure (5.0 x 10™! mbar). Yield: 8.89 g (61.7 mmol, 77%), colorless
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liquid, b.p. 67 °C (5.0 x 10 ' mbar). *H NMR (CDCls, 400 MHz) & 1.26 (t, 3 H, J = 7.1 Hz),
2.47-2.59 (m, 2 H), 3.05 (brs, | H, OH), 4.16 (q, 2 H, J = 7.3 Hz), 4.52 (brs, 1 H), 5.14 (dt, 1
H, Jq = 10.5 Hz, J; = 1.3 Hz), 5.30 (dt, 1 H, Jg = 17.3 Hz, J; = 1.4 Hz), 5.87 (ddd, 1 H, J =

17.1, 10.5, 5.6 Hz). *C NMR (CDCls, 100 MHz) §14.1, 41.1, 60.7, 68.9, 115.3, 138.8, 172.2.

3.2.2 Ethyl 3-(methoxymethyloxy)pent-4-enoate (4).>* Phosphorous pentoxide (14.0 g,
98.7 mmol) was added at 0 °C to a stirred solution of dimethoxymethane (34 mL) in
chloroform (13 mL) in an at atmosphere of dry nitrogen at such rate that no clumping occurs.
To this slurry, a solution of ethyl 3-hydroxypent-4-enoate (2.04 g, 14.2 mmol) in chloroform
(13 mL) was added in a dropwise manner at 0 °C. The reaction mixture was allowed to warm
to 22 °C and stirred for 1 hour at this temperature. Additional phosphorus pentoxide (14.0 g,
98.7 mmol) was added and the mixture was stirred for 2 hours at 22 °C. Solids were filtered
off and washed with chloroform (3 x 30 mL). The solvent was removed under reduced
pressure (200 mbar, 30 °C) to leave a residue, which was purified by chromatography [SiO»,
diethyl ether/pentane = 1:2 (v/v)]. Yield: 1.49 g (7.90 mmol, 56%), colorless liquid. Rf = 0.47
[diethyl ether/pentane = 1:2 (v/v)]. *H NMR (CDCls, 400 MHz) § 1.26 (t, 3 H, J = 7.2 Hz),
2.47-2.66 (m, 2 H), 3.35 (s, 1 H), 4.11-4.19 (m, 2 H), 4.49 (td, 1 H, J; = 7.9 Hz, Jg = 5.4 Hz),
455 (d, 1 H, J =6.8 Hz), 4.69 (d, 1 H, J = 6.8 Hz), 5.23 (dt, 1 H, J4 = 10.3 Hz, J; = 1.1 Hz),
5.30 (dt, 1 H, Jg = 17.3 Hz, J; = 1.3 Hz), 5.73 (ddd, 1 H, J = 17.5, 10.1, 7.6 Hz). *C NMR

(CDCls, 100 MHz) 614.2, 41.0, 55.5, 60.5, 73.8, 93.9, 118.1, 136.7, 170.7.

3.2.3 3-(Methoxymethyloxy)pent-4-en-1-ol.>° In an atmosphere of dry nitrogen, a solution

S5



of ethyl 3-(methoxymethyloxy)pent-4-enoate (4) (3.47 g, 18.44 mmol) in dry diethyl ether (78
mL) was cooled in an ice bath and treated with lithium aluminium hydride (700 mg, 18.44
mmol) at such a rate that the temperature of 0 °C is maintained. The reaction mixture was
allowed to warm to 22 °C and stirred for 1.5 hours at this temperature. Water (0.72 mL) was
added at room temperature and the suspension was stirred for 5 minutes, afterwards aqueous
sodium hydroxide (2 M, 0.95 mL) was added and the suspension was stirred for 5 minutes. The
reaction mixture was treated with additional water (2.20 mL) and stirred for 5 minutes, while
solids were precipitated. The solids were filtered off and washed with diethyl ether (30 mL).
The solution was dried (MgSO,) and the solvent was removed under reduced pressure (600
mbar, 40 °C) to leave a residue that was purified by chromatography (SiO,, diethyl ether).
Yield: 2.37g (16.21 mmol, 88%), colorless liquid. Rs = 0.38 (diethyl ether). *H NMR (CDCls,
400 MHz) 5 1.80-1.85 (m, 2 H), 2.35 (brs, 1 H, OH), 3.39 (s, 1 H), 3.71-3.84 (m, 2 H),
4.23-4.28 (m, 1 H), 4.55 (d, 1 H, J = 6.6 Hz), 4.70 (d, 1 H, J = 6.8 Hz), 5.19-5.27 (m, 2 H),
5.72 (ddd, 1 H, J = 17.4, 10.1, 7.5 Hz). *C NMR (CDCl;, 100 MHz) §37.7, 55.6, 60.0, 76.3,

93.9,117.4, 137.6.

3.2.4 3-(Methoxymethyloxy)pent-4-en-1-yl ~ p-toluenesulfonate  (5).>  3-(Methoxy-
methyloxy)pent-4-en-1-ol (3.67 g, 25.11 mmol) was dissolved in dichloromethane (120 mL)
and treated with 1,4-diazabicyclo[2.2.2]octane (5.63 g, 50.22 mmol) at room temperature. The
reaction mixture was cooled in an ice bath and treated in portions with p-toluenesulfonyl
chloride (7.18 g, 37.67 mmol) at such at rate that the temperature is kept at 0 °C. The reaction

mixture was allowed to warm to 22 °C. Stirring at this temperature was continued for 16
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hours, leading to a colorless deposit. Solids were filtered off and washed with
dichloromethane (50 mL). The solution was washed with aqueous hydrochloric acid (2 M, 2 x
50 mL), an aqueous saturated solution of NaHCO;3; (50 mL) and brine (50 mL). Combined
organic extracts were dried (MgSQO,) and the solvent was removed under reduced pressure
(600 mbar, 40 °C). The residue was purified by chromatography [SiO,, diethyl ether/pentane =
1:1 (viv)]. Yield: 6.54 g (21.76 mmol, 87%), colorless oil. R = 0.44 [diethyl ether/pentane =
1:1 (vv)]. *H NMR (CDCls, 400 MHz) & 1.81-1.94 (m, 2 H), 2.45 (s, 3 H), 3.29 (s, 1 H),
4.07-4.12 (m, 2 H), 4.16-4.22 (m, 1 H), 4.46 (d, 1 H, J = 6.6 Hz), 4.63 (d, 1 H, J = 6.8 Hz),
5.15-5.19 (m, 2 H), 5.55-6.64 (m, 1 H), 7.34 (d, 2 H, J = 8.1 Hz), 7.79 (d, 2 H, J = 8.3 Hz).
3C NMR (CDCls, 100 MHz) 621.6, 34.6, 55.5, 67.0, 73.4, 93.9, 118.3, 127.9, 129.8, 133.1,
137.0, 144.7. Anal. Calcd. for C14H200sS (300.37): C, 55.98; H, 6.71; S, 10.68. Found: C,

56.12; H, 6.62; S, 10.50.

3.2.5 3-[3-(Methoxymethyloxy)pent-4-en-1-oxy]-4-methylthiazole-2(3H)-thione. To a
solution of 3-hydroxy-4-methylthiazole-2(3H)-thione tetraethylammonium salt (2.14 g, 7.74
mmol) in anhydrous dimethylformamide (8 mL) was added at 22 °C 3-
(methoxymethyloxy)pent-4-en-1-yl p-toluenesulfonate (5) (2.12 g, 7.04 mmol) in anhydrous
dimethylformamide (5.5 mL). The reaction mixture was stirred at 50 °C (oil bath temperature)
for 2.5 hours. Water (50 mL) was added and the resulting suspension was extracted with
dichloromethane (3 x 20 mL). Combined organic extracts were washed with agqueous sodium
hydroxide (2 M, 3 x 20 mL) and brine (20 mL). The solution was dried (MgSO,) and the

solvent was removed under reduced pressure (600 mbar, 40 °C). The residue was purified by
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chromatography [SiO,, diethyl ether/pentane = 2:1 (v/v)]. Yield: 1.63 g (5.92 mmol, 84%),
pale yellow oil. Rs = 0.33 [diethyl ether/pentane = 2:1 (v/v)]. *H NMR (CDCls, 400 MHz) &
2.03-2.18 (m, 2 H), 2.28 (d, 3 H, J = 1.4 Hz), 3.37 (s, 1 H), 4.23-4.29 (m, 1 H), 4.44-4.55 (m,
2 H),4.58 (d, 1 H, J = 6.6 Hz), 4.71 (d, 1 H, J = 6.6 Hz), 5.24-5.32 (m, 2 H), 5.74 (ddd, 1 H, J
=17.4,10.1, 7.4 Hz), 6.15 (d, 1 H, J = 1.2 Hz). *C NMR (CDCls;, 100 MHz) & 13.5, 33.7,
55.7, 72.9, 74.2, 94.1, 102.7, 118.2, 137.4, 137.6, 180.4. Anal. Calcd. for C1;H17NO3S;

(275.39): C, 47.98; H, 6.22; N, 5.09; S, 23.29. Found: C, 48.18; H, 6.17; N, 5.14; S, 23.48.

3.3  3-[(2R,3S)-Isopropylidendioxypent-4-en-1-oxy]-4-methylthiazole-2(3H)-thione

erythro-(7). 3-Hydroxy-4-methylthiazole-2(3H)-thione tetraethylammonium salt (575 mg,
2.08 mmol) and [(2R,3S)-isopropylidendioxypent-4-en-1-yl]  p-toluenesulfonate were
dissolved in dimethylformamide (5 mL). The resulting clear solution was stirred for 16 hours
at 40 °C. Afterwards water (50 mL) was added and the resulting mixture was extracted with
diethyl ether (4 x 50 mL). Combined organic extracts were washed with aqueous sodium
hydroxide (2 M, 50 mL). The organic layer was dried (MgSQO,) and the solvent removed under
reduced pressure (600 mbar, 40 °C). The residue was purified by chromatography [SiO,
diethyl ether/pentane = 2.5/1 (v/v)]. Yield: 361 mg (1.26 mmol, 78%), yellow oil. R =0.65
[petroleum ether/diethyl ether = 1/3 (v/v)]. *H NMR (CDCls, 400 MHz) & 1.40 (s, 3 H), 1.52
(s, 3 H), 2.31 (d, 3 H, J = 1.17 Hz), 4.12 (dd, 1 H, J = 9.3, 8.3 Hz), 4.58-4.74 (m, 3 H), 5.28
(dt, 1 H, Jg = 10.4 Hz, J;= 1.1 Hz), 5.41 (dt, 1 H, Jg = 17.1 Hz, J; = 1.3 Hz), 5.83 (ddd, 1 H, J

= 17.2,10.2, 7.1 Hz), 6.15 (d, 1 H, J = 1.2 Hz). *C NMR (CDCls, 150 MHz) §13.5, 25.2,
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27.8,75.0, 75.7, 77.9, 102.6, 109.5, 119.4, 132.3, 138.0, 180.3. Anal. Calcd. for C1,H17NO3S;

(287.39): C, 50.15; H, 5.96; N, 4.87; S, 22.31. Found: C, 50.26; H, 6.21; N, 4.97; S, 22.45.

3.4  3-[(2S,35)-Isopropylidendioxypent-4-en-1-oxy]-4-methylthiazole-2(3H)-thione.  3-
Hydroxy-4-methylthiazole-2(3H)-thione tetraethylammonium salt (2.07 g, 7.49 mmol) and
[(2R,3R)-isopropylidendioxypent-4-en-1-yl] p-toluenesulfonate (1.80 g, 5.76 mmol) were
dissolved in dimethylformamide (10 mL). The solution was stirred at 40 °C for 16 hours and
then added to water (50 mL). The mixture was extracted with diethyl ether (4 x 50 mL).
Combined organic extracts were washed with aqueous sodium hydroxide (2 M, 50 mL), dried
(MgSO0,) and the solvent was removed under reduced pressure (600 mbar, 40 °C). The residue
was purified by chromatography [SiO,, diethyl ether/pentane = 2.5/1 (v/v)]. Yield: 1.40 g (4.87
mmol, 85%), yellow oil. R = 0.63 [petroleum ether/diethyl ether = 1/3 (v/v)]. *H NMR
(CDCls, 600 MHz) §1.43 (d, 6 H, J = 6.2 Hz), 2.30 (d, 3 H, J = 1.2 Hz), 4.03 (ddd, 1 H, J =
8.5,5.1, 3.4 Hz), 4.45 (t, 1 H, J = 7.8 Hz), 4.52-4.58 (m, 2 H), 5.30 (d, 1 H, J = 10.3 Hz), 5.49
(d, 1 H, J = 10.3 Hz), 5.86 (ddd, 1 H, J = 17.2, 10.3, 7.0 Hz), 6.16 (d, 1 H, J = 1.2 Hz). **C
NMR (CDCls, 150 MHz) ¢ 13.3, 26.7, 26.9, 74.3, 78.0, 78.3, 102.6, 109.9, 119.7, 134.2,
137.9, 180.2. Anal. Calcd. for C1oH17NOsS; (287.39): C, 50.15; H, 5.96; N, 4.87; S, 22.31.

Found: C, 50.23; H, 5.82; N, 4.82; S, 21.93.

35  3-[(2S,35,4S)-3,4-0O-Bishydroxyhex-5-en-2-oxy]-4-methyl-5-(p-methoxy-
phenylthiazole-2(3H)-thione
3.5.1 (2R,3R,4S)-3,4-O-lsopropylidendioxyhex-5-en-2-ol. Potassium tert-butoxide (1.88 g,

16.8 mmol) and methyltriphenylphosphonium bromide (5.77 g, 16.2 mmol) were dissolved in
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dry tetrahydrofuran (80 mL). The reaction mixture was stirred 2 hours at 25 °C. 2,3-O-
Isopropyliden-5-O-desoxy-D-ribofuranose (1.10 g, 6.46 mmol) in tetrahydrofuran (20 mL) was
added and the mixture was stirred 6 hours while being refluxed. The reaction mixture was
treated with water (20 mL) at room temperature and the layers were separated. The aqueous
layer was extracted with diethyl ether (5 x 20 mL). Combined organic extracts were washed
with water (20 mL) and brine (20 mL). The solution was dried (Na,SO,) and the solvent was
removed under reduced pressure (800 mbar, 40 °C). The residue was purified by
chromatography [SiO,, diethyl ether/pentane = 1/1 (v/v)]. Yield: 755 mg (4.37 mmol, 67%),
colorless oil. R¢= 0.47 [diethyl ether/pentane = 1/1 (V/V)]. [0]°2s=—21.3 (c = 1.00 /100
ml/CH,Cl,). *H NMR (CDCls, 400 MHz) §1.27 (d, 3 H, J = 6.2 Hz), 1.37 (s, 3 H), 1.48 (s, 3
H), 1.74 (d, 1 H, J = 4.4 Hz, OH), 3.79-3.86 (m, 1 H), 3.93 (dd, 1 H, J= 7.9, 6.2Hz), 4.66 (dd,
1H,J=7.3,6.4Hz),531(ddd, 1 H,J=17.3,2.9, 1.7 Hz), 5.44 (ddd, 1 H, J = 12.0, 2.9, 1.4
Hz), 5.98-6.05 (m, 1 H). °C NMR (CDCl3, 100 MHz) 520.0, 25.3, 27.7, 66.4, 78.8, 82.0,
108.7, 118.5, 134.6. Anal. Calcd. for CgH;603 (172.22): C, 62.77; H, 9.36. Found: C, 62.46; H,

9.58.

3.5.2 3-[(2S,3S,4S)-3,4-O-lIsopropylidendioxyhex-5-en-2-oxy]-4-methyl-5-(p-methoxy-
phenyl)thiazole-2(3H)-thione (9). In an atmosphere of dry nitrogen, (2R,3R,4S)-3,4-O-
isopropylidendioxyhex-5-en-2-ol (750 mg, 4.36 mmol), 3-hydroxy-4-methyl-5-(p-
methoxyphenyl)thiazole-2(3H)-thione (1.66 g, 6.54 mmol) and triphenylphosphine (2.29 g,
8.72 mmol) were dissolved in benzene (50 mL). The solution was cooled to 0 °C and diethyl
azodicarboxylate (3.04 g, 17.4 mmol) was added in a dropwise manner. The reaction mixture

was stirred 48 hours at 25 °C and then treated with with aqueous sodium hydroxide (2 m, 15
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mL). The resulting layers were separated and the aqueous layer was extracted with
dichloromethane (4 x 20 mL). Combined organic extracts were dried (Na,SO,) and the solvent
was removed under reduced pressure (600 mbar, 40 °C) to leave a residue, which was purified
by chromatography [SiO, diethyl ether/pentane = 1/1 (v/v)]. Yield: 953 mg (2.35 mmol,
54%), yellow solid. Rt = 0.26 [diethyl ether/pentane = 1/1 (v/v)]. [0] 25 = 28.9 (¢ = 11.2 g/100
mI/CH,Cl,). *H NMR (CDCls, 400 MHz) §1.36 (d, 6 H, J = 6.7 Hz), 1.43 (s, 3 H), 2.32 (s, 3
H), 3.83 (s, 3 H), 4.34 (dd, 2 H, J = 7.8, 6.2 Hz), 4.53 (dd, 1 H, J= 8.6, 6.2 Hz), 5.34 (t, 2 H, J
=8.3, Hz), 5.41-5.47 (m, 1 H), 5.97-6.05 (m, 1 H), 6.94 (d, 2 H, J = 8.0 Hz), 7.21 (d, J = 8.0
Hz). BC NMR (CDCls, 100 MHz) 612.8, 15.2, 25.7, 28.0, 55.6, 79.8, 80.0, 80.8, 109.7, 114.7,
118.6, 120.4, 123.1, 130.0, 133.7, 134.3, 160.0, 178.7. Anal. Calcd. for C,0H2sNO4S;

(407.54): C, 58.94; H, 6.18; N, 3.44. Found: C, 58.75; H, 6.21; N, 3.63.

3.5.3 3-[(2S,35,4S)-3,4-O-Bishydroxyhex-5-en-2-oxy]-4-methyl-5-(p-
methoxyphenyl)thiazole-2(3H)-thione. From 3-[(2S,3S,4S)-3,4-O-isopropylidendioxyhex-5-
en-2-oxy]-4-methyl-5-(p-methoxyphenyl)thiazole-2(3H)-thione (9) (1.14 g, 2.8 mmol),
methanol (48 mL) and aqueous hydrochloric acid [2.96 mL, 37 % (w/w)] according to
procedure 3.1. Water (60 mL) was added and the mixture was extracted with diethyl ether (3 x
50 mL). This product was used as obtained in the succeeding step. Yield: 1.00 g (2.75 mmol,
96%), yellow oil. R¢= 0.0 [diethyl ether/pentane = 1/1 (v/)]. [0]°2s = 21.7 (c = 8.84 g/100
ml/CH,Cl,). *H NMR (CDCls, 400 MHz) §1.42 (d, 3 H, J = 6.7 Hz), 2.34 (s, 3 H), 3.58 (d, 1
H,J=4.7Hz),3.83(s,3H,),4.42 (t, 1 H,J=6.6 Hz), 5.32 (d, 1 H, J = 10.6 Hz), 5.43 (d, 1 H,
J=17.2 Hz), 5.49 (dd, 1 H, J=9.4, 3.1 Hz), 6.10-6.01 (m, 1 H), 6.95 (d, 2 H, J = 9.0 Hz),

7.24 (d, J = 9.0 Hz). **C NMR (CDCl3, 100 MHz) §12.9, 15.4, 55.5, 72.8, 76.2, 80.8, 114.6,
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117.7,120.1, 122.1, 129.9, 133.8, 137.2, 160.0, 178.8. Anal. Calcd. for C17H21NO4S;

(367.48): C, 55.56; H, 5.76; N, 3.81. Found: C, 55.31; H, 5.75; N, 4.04.

3.6  Synthesis of 3-(3-Hydroxynona-1,8-dien-5-oxy)-4-methylthiazole-2(3H)-thione (1f)
3.6.1 3-(Methoxymethyloxy)pent-4-enal. In an atmosphere of dry nitrogen, a solution of
ethyl 3-(methoxymethyloxy)pent-4-enoate (9.49 g, 50.4 mmol) in dichloromethane (125 mL)
was cooled to —78 °C, and treated in a dropwise manner at —78 °C with diisobutylaluminium
hydride (50.4 mL, 1 m solution in hexane) and afterwards with methanol (99.5 mL). The
reaction mixture was allowed to 22 °C and solids were filtered off over celite. The filtrate was
concentrated under reduced pressure (650 mbar, 30 °C) to leave a residue, which was purified
by chromatography [SiO,, diethyl ether/pentane = 1:1 (v/v)]. Yield: 3.00 g (20.80 mmol,
41%), colorless liquid. Rf = 0.41 [diethyl ether/pentane = 1:1 (v/v)]. *H NMR (CDCls, 400
MHz) & 2.53-2.59 (m, 1 H), 2.67-2.70 (m, 1 H), 3.34 (s, 3 H), 4.53 (d, 1 H, J = 6.9 Hz), 4.57
(m, 1 H), 4.70 (d, 1 H, J = 6.9 Hz,), 5.23-5.26 (m, 1 H), 5.28-5.33 (m, 1 H), 5.70-5.78 (m, 1
H), 9.77-9.78 (dd, 1 H, J = 2.6, 1.8 Hz). *C NMR (CDCls, 100 MHz) §48.9, 55.7, 72.2, 93.9,

118.2, 136.5, 200.5.

3.6.2 3-(Methoxymethyloxy)nona-1,8-dien-5-ol. In an atmosphere of dry nitrogen, a
suspension of magnesium (450 mg, 18.5 mmol) in dry tetrahydrofuran (18.5 mL) was treated
in a dropwise manner with bromobut-2-ene (2.50 g, 18.5 mmol) and afterwards with 3-
(methoxymethyloxy)pent-4-enal (2.06 g, 14.20 mmol) at room temperature. The reaction

mixture was stirred for 1 hour at 22 °C and then cooled to 0 °C. At 0 °C the reaction mixture
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was treated with an aqueous saturated solution of NH4CI. The layers were separated and the
aqueous layer was extracted with diethyl ether (3 x 50 mL). Combined organic layers were
washed with brine (10 mL) and dried (MgSO,). The solvent was removed under reduced
pressure (650 mbar, 30 °C) and the residue was purified by chromatography [SiO,, diethyl
ether/pentane = 1:1 (v/v)]. Yield: 2.08 g (10.2 mmol, 70%), colorless liquid, as a 50/50-
mixture of diastereomers. R; = 0.53 [diethyl ether/pentane = 1:1 (v/v)]. *H NMR (CDCls, 400
MHz) §1.49-1.80 (m, 4 H), 2.10-2.24 (m, 2 H), 3.41 (s, 3 H), 3.83-3.92 (m, 1 H), 4.27-4.36
(m, 1 H), 4.54-4.59 (dd, 1 H, J = 13.6, 6.7 Hz), 4.68-4.75 (m, 1 H), 4.96-4.98 (m, 2 H), 5.18—
5.28 (m, 2 H), 5.63-5.75 (m, 1 H), 5.77-5.90 (m, 1 H). **C NMR (CDCls;, 100 MHz) §29.7,
30.0, 36.4, 36.6, 42.2, 42.3, 55.8, 67.5, 70.3, 75.4, 77.6, 93.4, 94.4, 114.7, 116.8, 118.1, 137.4
(2C), 137.7 (2C), 138.5 (2C), 138.5 (2C). Retention time (t;) = 14.8 minutes (for GC/MS
conditions see section 2.7): MS (EI) m/z 138 (<1), 113 (24), 101 (28), 83 (57), 67 (57), 55
(100). HRMS (EI") m/z 168.1142 [M"—OCH;—H]; calculated mass for C1gH160,": 168.1150. t,
= 14.9 minutes: MS (EI) m/z 138 (<1), 113 (24), 101 (28), 83 (57), 67 (57), 55 (100). HRMS

(EI") m/z 168.1133 [M*—OCH3—H]; calculated mass for C1oH160,": 168.1150.

3.6.3 3-(Methoxymethyloxy)nona-1,8-dien-5-yl-4-methyl p-toluenesulfonate (10). In an
atmosphere of dry nitrogen, a solution of 3-(methoxymethyloxy)nona-1,8-dien-5-ol (1.30 g,
6.50 mmol) in dry dichloromethane (32 mL) was treated with 1,4-diazabicyclo[2.2.2]octane
(1.46 g, 13.00 mmol) and the mixture was cooled in an ice bath. p-Toluenesulfonyl chloride
(1.86 g, 9.75 mmol) was added in portions that the temperature does not exceed 0 °C. The

resulting reaction mixture was allowed to warm to 22 °C and stirred for 19 hours at this
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temperature. The precipitate formed was filtered off and washed with diethyl ether (3 x 30
mL). Filtrate and organic washings were washed with aqueous hydrochloric acid (2 m, 30
mL), an aqueous saturated solution of NaHCOj3 (30 mL), and brine (30 mL). The organic layer
was dried (MgSO,) and the solvent was removed under reduced pressure (600 mbar, 30 °C) to
leave a residue, which was purified by chromatography [SiO,, diethyl ether/pentane = 1:3
(viv)]. Yield: 1.85 g (5.20 mmol, 80%), pale yellow liquid, as a 50/50-mixture of
diastereomers. Ry = 0.26 [diethyl ether/pentane = 1:3 (v/v)]. *H NMR (CDCls, 400 MHz) &
1.71-1.84 (m, 4 H), 1.99-2.06 (m, 2 H), 2.45 (s, 3 H), 3.33-3.39 (m, 3 H), 3.98-4.03 (m, 1 H),
4.47-4.51 (m, 1 H), 4.62-4.64 (m, 1 H), 4.80-4.86 (m, 1 H), 4.93-4.98 (m, 2 H), 5.15-5.21
(m, 2 H), 5.58-5.72 (m, 2 H), 7.35 (d, 2 H, J = 8.2 Hz), 7.80-7.83 (m, 2 H). **C NMR (CDCls,
100 MHz) 6 21.6, 28.5, 28.8, 33.3, 34.1, 39.9, 40.6, 55.7, 55.9, 73.8, 74.5, 80.4, 80.5, 93.6,
945, 115.3, 115.3, 117.6, 118.6, 127.7, 127.8, 129.7, 134.5, 134.7, 137.0, 137.1, 137.1, 137.8,

1445,

3.6.4 3-[3-(Methoxymethyloxy)nona-1,8-diene-5-oxy]-4-methylthiazole-2(3H)-thione. 3-
Hydroxy-4-methylthiazole-2(3H)-thione tetraethylammonium salt (0.87 g, 5.90 mmol) was
dissolved in anhydrous dimethylformamide (3.5mL) and treated with 3-
(methoxymethyloxy)nona-1,8-diene-5-yl-4-methyl p-toluenesulfonate (10) (1.85 ¢, 5.20
mmol) in anhydrous dimethylformamide (7 mL). The solution was stirred at 40 °C (oil bath
temperature) for 2 hours and then allowed to cool to 22 °C. The mixture was treated with
water (10 mL) and dichlormethane (10 mL). The layers were separated and the aqueous layer
was extracted with dichloromethane (3 x 10 mL). Combined organic layers were washed with

aqueous sodium hydroxide (2 M, 3 x 10 mL) and brine (3 x 25 mL). The organic solution was
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dried (MgSO,) and the solvent was removed under reduced pressure (600 mbar, 40 °C). The
residue was purified by chromatography [SiO,, diethyl ether/pentane = 1:1 (v/V)]. Yield: 1.16
g (3.50 mmol, 67%), pale yellow liquid, as a 50/50-mixture of diastereomers. Ry = 0.35
[diethyl ether/pentane = 1:1 (v/v)]. *H NMR (CDCls, 400 MHz) & 1.78-2.00 (m, 4 H), 2.20—
2.27 (m, 5 H), 3.37-3.39 (m, 3 H), 4.17-4.20 (m, 1 H), 4.51-4.68 (m, 2 H), 4.98-5.07 (m, 2
H), 5.23-5.31 (m 2 H), 5.45-5.50 (m, 1 H), 5.67-5.83 (m, 2 H), 6.16-6.18 (m, 1 H). *C NMR
(CDCl3, 100 MHz) 614.1, 29.1, 31.7, 32.1, 38.4, 38.7, 55.8, 55.9, 74.0, 74.7, 81.9, 93.7, 94.5,

102.8, 115.2, 118.3, 137.3, 137.6, 137.8, 138.9, 181.0.
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4 Synthesis of rel-(3S,4R)-3-bromotetrahydropyran-4-ol cis-(11a)

3-Bromotetrahydropyran-4-one (180 mg, 1.00 mmol) was dissolved in methanol (4
mL) and treated with sodium borohydride (46 mg, 1.20 mmol) at 22 °C.°" The reaction
mixture was stirred at 22 °C for 3 hours. The solvent was removed under reduced pressure
(300 mbar, 40 °C). Ethyl acetate (20 mL) was added and the resulting solution was washed
with brine (20 mL). The layers were separated and the organic layer was dried (MgSQ,). The
solvent was removed under reduced pressure (200 mbar, 40 °C) and the residue was purified
by chromatography [SiO,, diethyl ether/pentane = 2:1 (v/v)]. Yield: 95.0 mg (0.52 mmol,
52%), pale yellow oil. Ry = 0.30 [diethyl ether/pentane = 2:1 (v/v)]. *H NMR (CDCls, 400
MHz) §1.91-2.04 (m, 2 H), 3.62 (dt, 1 H, Jg = 11.7 Hz, J; = 4.7 Hz), 3.79 (dd, 1 H, J = 11.9,
3.8 Hz), 3.89 (ddd, 1 H, J = 11.8, 8.5, 3.7 Hz), 3.95-3.99 (m, 2 H), 4.35 (dt, 1 H, J4 = 8.3 Hz,
J; = 3.3 Hz). ®C NMR (CDCls, 100 MHz) §32.6, 55.7, 63.3, 67.0, 68.1. MS (El) m/z 124/122,

108/106, 101, 100, 83 (100), 73, 61, 55.
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5 Bromocyclizations

5.1  General method for thermally initiated radical reactions. Bromotrichloromethane
(10 equiv.) and azobisisobutyronitrile (AIBN) (0.25 equiv.) were added to a solution of 3-
alkenoxythiazole-2(3H)-thione 1 (1 equiv., co = 83 mMm) in perdeuterobenzene. The solution
was heated to reflux for 2 hours. For yields of 4-methyl-2-(trichloromethylsulfanyl)thiazole
(2), tetrahydrofuran 3 and tetrahydropyran 11, determined via proton-NMR using
pentachlorobenzene or bromobenzaldehyde as internal standard, refer to section 2.4.1 of the

associated publication.

5.2 General method for  photochemically initiated radical reactions.
Bromotrichloromethane (9—10 equiv.) were added to a solution of 3-alkenoxythiazole-2(3H)-
thione 1 (1 equiv., ¢o = 83 or 196 mm) in perdeuterobenzene. The solution was photolyzed
(350 nm) for 30—60 minutes. For yields of 4-methyl-2-(trichloromethylsulfanyl)thiazole (2),
tetrahydrofuran 3 and tetrahydropyran 11, determined via proton-NMR using
pentachlorobenzene or bromobenzaldehyde as internal standard, refer to section 2.4.1 and

Scheme 9 of the associated publication.
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6 NMR Spectra
6.1  O-Alkenylthiohydroxamate
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Figure 6.1  ‘H-NMR-spectrum (C¢Ds, 600 MHz, top) and **C-NMR-spectrum (C¢Ds, 150
MHz, bottom) of 3-[(2S,3S)-bis(acetyloxy)pent-4-en-1-oxy]-4-methylthiazole-2(3H)-thione
threo-(1d).
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6.2  Bromocyclization products of 1a
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Figure 6.2  'H-NMR-spectrum (CDCls, 400 MHz, top) and **C-NMR-spectrum (CDCls,
100 MHz, bottom) of rel-(2R,3R)-2-bromomethyltetrahydrofuran-3-ol trans-(3a). Labeling
(@) refer to rel-(2S,3R)-2-bromomethyltetrahydrofuran-3-ol cis-(3a).
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6.3

Bromocyclization products of 1b

Figure 6.3

(@) refer to 4-methyl-2-(trichloromethylsulfanyl)thiazole (2).
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100 MHz, bottom) of rel-(3R,4R)-3-bromotetrahydropyran-4-yl acetate trans-(11b). Labeling
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Figure 6.4
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'H-NMR-spectrum (CDCls, 400 MHz, top) and **C-NMR-spectrum (CDCls,

100 MHz, bottom) of 2-bromomethyltetrahydrofuran-3-yl acetate (3b) (47/53-mixture of
cis/trans-isomers). Labeling (@) refer to assignable resonances for rel-(3R,4R)-3-
bromotetrahydropyran-4-yl acetate trans-(11b).
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'H-NMR-spectrum (CDCls, 400 MHz, top) and **C-NMR-spectrum (CDCls,
100 MHz, bottom) of rel-(3S,4R)-3-bromotetrahydropyran-4-yl acetate cis-(11b). Labeling

(@) refer to rel-(2S,3R)-2-bromomethyltetranydrofuran-3-yl acetate cis-(3b).
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6.4  Bromocyclization products of 1c
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Figure 6.6  'H-NMR-spectrum (CDCls, 400 MHz, top) and **C-NMR-spectrum (CDCls,
100 MHz, bottom) of rel-(2R,3R)-2-bromomethyltetrahydrofuran-3-yl benzoate trans-(3c) and
rel-(3R,4R)-3-bromotetrahydropyran-4-yl benzoate trans-(11c) (81/9- mixture of A/B-
isomers). Labeling (e) refer to 4-methyl-2-(trichloromethylsulfanyl)thiazole (2).
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Figure 6.7

(@) refer to rel-(2S,3R)-2-bromomethyltetrahydrofuran-3-yl benzoate cis-(3c).
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'H-NMR-spectrum (CDCls, 400 MHz, top) and **C-NMR-spectrum (CDCls,
100 MHz, bottom) of rel-(3S,4R)-3-bromotetrahydropyran-4-yl benzoate cis-(11c). Labeling
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6.5  Bromocyclization products of erythro-1d
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Figure 6.8  ‘H-NMR-spectrum (C¢Ds, 400 MHz, top) and **C-NMR-spectrum (CsDs, 100
MHz, bottom) of (3R,4R,5R)-3-bromotetrahydropyran-4,5-diyl bisacetate transeryinro-(11d).
Labeling (®) refer to (2S,3R,4R)-2-bromomethyltetrahydrofuran-3,4-diyl bisacetate CiSerythro-
(3d).

S25



3 B8
= 0o
~ 0 ww
l\“/
o
Q<H
AcO" > “Br
H”:
OAc

CiSerythro-11d

1 L

—1.721
—1.602

CiSerythro-11d

b Al Lt i s A
176 168 160 152 144 136

Figure 6.9

128

0 oo i o bl s e )

104 96 88 80
Chemical Shift (ppm)

120 112

72

64

56

48

40

32

24

0.99 1.07 1.192.021.09 1 131 3.02 3.‘14
H H 4 U g d Uy
T RRRRRRRR RS RaRERERREaT ERanmaa e S e RARRNRARERREEENERRRE LSS LR aRan: aana
7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 20 1.5 1.0 0.5
Chemical Shift (ppm)
- D o
~ o D O N = = © -
0~ (3] STOooD [ [=3
%] o 10 Q0 © « 0
oo S DON ™ < S
-~ -~ © © © o < N
I~ PAd |
O.
@}“
AcO™ > Br
H”:
OAc

16

8

0

'H-NMR-spectrum (C¢Ds, 400 MHz, top) and **C-NMR-spectrum (CsDs, 100
MHz, bottom) of (3S,4R,5R)-3-bromotetrahydropyran-4,5-diyl bisacetate CiSerytro-(11d).
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6.6  Bromocyclization products of threo-1d
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Figure 6.10 Expert of *H-NMR-spectrum (CDCl3, 600 MHz, top) and **C-NMR-spectrum

(CDCl3, 150 MHz, bottom) of (3R,4R,5S)-4,5-bis(acetyloxy)-3-bromomethyltetrahydropyran
transmreo-(11d) and (3R,4R,5S)-4,5-bisacetyloxy-3-bromomethyltetrahydropyran Cisinreo-(11d)
(80/20-mixture of cis/trans-isomers).
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6.7  Bromocyclization products of 1f

o ONONWOONTNOYLT®R® COININTCOOD INOCRNRNONO=D = ©O D00
o ONOUTONTOVIOW WLITOONAINT N CWNNOW-OXONOON= OO
N 00 MEWQRRDNNSS MOOOOOON0T T —oooooouuANNNNN
N mmmmmmmmmuﬁ/mf/m W« NNNNNWT\“S—‘—‘—V—‘—
I
HO, /
H H
0.

(%)-cis/trans-15

| L i b

i el G g
— L=

AN

1.00 1.011.02 1.02 0.56 0.76 0.80 055149 506152183

i 0o Ol P oty
—— N~ N~ S~ = . T L —
70 65 6.0 55 50 45 40 35 3.0 25 20 15 10 05 0

Chemical Shift (ppm)

8 o ® N©ONIOW©®© o~ omabL ©©
o] oo OLNONNOLWn eR=] OO~ O
o ® o DNO NSNS - © NON~= <O
< — DOMNOWLNN ®N MONN —
S T gErspdy g9 Sg8d &
\ < TS S N
HO, /
HqH
0.

(%)-cisltrans-15

T T T T T T T T T T T T T
144 136 128 120 112 104 96 88 80 72 64 56 48 40 32 24 16 8 0
Chemical Shift (ppm)

Figure 6.11 ‘H-NMR-spectrum (CDCls, 400 MHz, top) and **C-NMR-spectrum (CDCls,
100 MHz, bottom) of rel-(2’S,2R)-1-(5’-methyltetrahydrofuran-2’-yl)but-3-ene-2-ol (15)
(27/73-mixture of A/B-isomers).
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'H-NMR-spectrum (CDCls, 400 MHz, top) and **C-NMR-spectrum (CDCls,

Figure 6.12

-2-

100 MHz, bottom) from the main isomer B of rel-(3R,5S)-5-(but-3-en-1-yl)

methyltetrahydrofuran-3-ol (14) (20/80-mixture A/B-isomers).
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