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Abstract: O-Acyl derivatives of 3-hydroxy-butyrolactone are formed in up to 20 % yield as
by-products from 1-alkyl- and 1-phenyl-substitutedentenols antert-butyl hydroperoxide
(TBHP) in vanadium-catalyzed synthesis of (tetrabfutan-2-yl)-methanols. The lactones are
secondary products formed from (tetrahydrofurar}anethanols via hydrogen atom
abstraction in positions 4 and 5, as derived frapeements starting from deuterium-labeled
alkenols. Stereocenters at tetrahydrofuran carbexmd2he proximate hydroxyl carbon of the
alkanol side chain retain configuration in the s@uof oxidative tetrahydrofuran conversion.
In an atmosphere of nitrogen or argonyrmutyrolactone formation occurs, pointing to
dioxygen as terminal oxidant for the secondary atiah. Adding cyclohexa-1,4-diene wr
terpinene to a solution of a 4-pentenol, TBHP, amdnadium-catalyst exposed to air inhibits
formation ofy-butyrolactones. A third approach to prevesutyrolactones to be formed in
oxidative 4-pentenol cyclization useis-2,6-bis-(methanolate)-piperidine instead\sf

salicylideneertho-aminophenol as tridentate auxiliary for the vaonadcatalyst.

1. Introduction

Vanadium(V) compounds have a long and successstonyiin oxidation catalysis for
activating peroxideSOne of the most prominent reagents for oxidiziaghon-carbon double
bonds istert-butyl hydroperoxide (TBHP) The peroxide dissolves in most organic solvents
and binds at room temperature to esters of orthamliaracid to furnishert-butyl peresters
(tert-butyl peroxy vanadates). Like otherd® transition metal peroxy complexes, peresters of
orthovanadic acid are strong oxidants, able to edralkenes into epoxidésllylic alcohols

(2-propenols) into epoxy alcohdl®ximes and nitrones into nitro compouridshioethers



into sulfoxides’ and bromide into bromin.The principal co-product formed from
oxidations with TBHP igert-butanol, a volatile liquid (bp 83 °C), which evaates from
reaction mixtures at room temperature under redpoessure and can be recovered via
fractional distillation for producintert-butyl ethers or carboxylic esters as additivesgeats,

or solvents?!

Almost all vanadium compounds for activating TBHIRuse today ar®-esters of
orthovanadic acid, having one or two alkoxy grorgsaced by a chelate ligahdThe
auxiliary modifies selectivity of vanadium(V) comyads for stereoselectively epoxidizing 2-
propenols (allylic alcohols), 3-butenols (homoatiydlcohols), and oxidatively cyclizing 4-
pentenols (dihomoallylic alcohols). The most efifieetauxiliaries for controlling
stereoselectivity in alkenol oxidation by TBHP dgtad by vanadium(V) complexes are

bishydroxamic acid8 Schiff-base-derived iminodiol$,andN-heterocyclic aminodiol&!

Apart from stereocontrol, aspects of chemoseldgtincreasingly attract attention in
vanadium-catalyzed oxidationg\s alkenol- and peroxide consumption progressasym
vanadium(V) compounds undergo chemical changedugty favoring homolytic side
reactions. Chemo-, stereo-, and regioselectivitgxiygen atom transfer frotert-butyl peroxy
vanadate(V) to nucleophilic acceptors differs frordative radical reactions, diversifying the

product manifold as substrate conversion approasyresetically attractive levef8:*®

In a project dealing with synthesis of chiral tarpeand acetogenin-derived natural
products we started to face the problem that 4gmats, such a$, required up to three
equivalents of TBHP for being quantitatively oxieiZ:* An excess of TBHP in least instances

raised yields of (tetrahydrofuran-2-yl)-isopropa®g, for exampl&. Instead, 3-acyloxy-



butyrolactones of the tygappeared as unwanted by-products in up to 20 % ¢8dheme

1). At a stage where yields of a tetrahydrofurargtimanol in a benchmark reaction remained
below 40 %, we addressed the origin of oxidayNmityrolactone formation from 4-pentenols
in a mechanistic study. In the following paragraplessummarize the major findings from this
project and show details how to modify the origieaperimental procedure for improving

yields of tetrahydrofuranylmethanols (e2).

The most important results of the study showstip 3 y-butyrolactones are secondary
oxidation products, formed from (tetrahydrofuragtgmethanol2, an alkyl hydroperoxide, a
vanadium complexanddioxygen. Conducting alkenol oxidation by TBHP matmosphere
of nitrogen or argon, adding a 1,4-dihydroareneeastive hydrogen atom donor, or using a
newcis-2,6-bis-(hydroxymethyl)-piperidine-derived vanaaicomplex in lower concentration
for a shorter reaction time almost entirely presgrbutyrolactone formation, thus raising

yields of (tetrahydrofuran-2-yl)-methan2l

(~30-70%) (~1-20%)

Scheme 1Products of 4-pentenol oxidation ([O}ert-butyl hydroperoxide in combination
with a vanadium complex (vide infra); the open leirstands for an alkyl and an aryl group;

RF, R = hydrogen or methyl).



2. Results and Interpretation
2.1 Vanadium(V) complexes

The compounds we use in natural product synthesisatalyzing stereoselective
oxidative 4-pentenol cyclization lgrt-butyl hydroperoxide (TBHP) are vanadium(V)
complexes of the general formula VBY(OEt), whereby ([)*~ denotes a dibasic tridentate
iminodiolate prepared from 2-hydroxybenzaldehyde 2mminophenol(= 1) or, more
recently, the dianion afis-2,6-bis-(hydroxymethyl)-piperidinenE 2; Scheme 2)° Schiff-
base complex VO®)(OEt) is a dark brown, almost black crystallinéisd’ separating from
a solution of ethanol as ethanol solvate. 2,6-BipHenylhydroxymethyl)-piperidine-derived
vanadium(V) complex VO®(OEt) is a pale yellow crystalline compound, adopi

greenish color when exposed for some days t§&fr->%°

. EtOH
VO(OEt); + H,L — > VO(L")(OEY)
25°C 85-95%
-
N / Ph Ph
NTN Ph— 1N Ph
N | H H |
OH OH HO OH
H,L? H,oL?

Scheme 2 Synthesis of vanadium(V) compounds VO(DEt) (95 % fom = 1, 85 % fon =
2) from auxiliaries HL" [acidic protons being removed in the course ofadium
complexation are printed in bold; VOYOEt) crystallizes as EtOH addétfrom a solution

of ethanol, referred to in the Experimental par/&§L")(OEt)(EtOH)].



2.2 Oxidation of 4-pentenols byert-butyl hydroperoxide

According to a standard experimental set up deegldpr oxidizing alkenol by tert-
butyl hydroperoxide (TBHP), a 0.16-molar solutidrilephenyl-5-methylhex-4-en-1-014) in
chloroform, the most practical solvent for this pese’®is treated with 1.5 equivalents of
TBHP, commercially obtained as 5.5-molar solutiemonane, and 10 mol% of Schiff-base
complex VO(L)(OE), or alternatively, 10 mol% afs-2,6-bis-(hydroxymethyl)-piperidine
complex VO(%)(OEt). Alkenollais quantitatively consumed within 72 hours at a
temperature of 20-24 °C, providing 2-(5-phenylteydrofuran-2-yl)-propan-2-oPg) as
major product, with a strong stereochemical prefeedor the cis-isomer. The reaction yields
in addition 13 % of 6-phenyl-2,2-dimethyltetrahypyoan-3-ol 4a) as approximately
equimolar mixture of cis/trans-stereoisomers, antil4% ofy-butyrolactone3a (Table 1,

entries 1 and 3)/%

Without externally added Lewis-acids VO{f)(OEt), no oxidative alkenol turnover
occurs. Changing the terminal oxidant to cumenedpetoxide (CHP) affords
(tetrahydrofuran-2-yl)-isopropangk, y-butyrolactone8a, and tetrahydropyrandia in similar
distribution of stereoisomers, as oxidation of atidela by TBHP (Table 1, entries 2 and 4).
From this information we concluded thabutyrolactone8a forms independently from the
chemical nature of the alkyl hydroperoxide and fribva type of vanadium(V) complex used

for activating the terminal oxidant.

Table 1 Products formed from alkyl hydroperoxide-mediatediation of prenyl-type alkenol



1a, catalyzed by two different oxovanadium complexes

ROOH H H OH H
Ph__OH VO(L")(OEY) Phd\/% 0 O\< Phqio/\ﬁ
. m o+
CHCl3/ 20 °C
\[/ﬁ/ 3 o % HOH
Ph
la (¥)-2a 3a (£)-4a
entry VO(L)(OEt)* ROOH 2a/ % (cisitrans 3a/ % 4al % (Cisitrang)
1 VO(LY)(OEt) TBHP 60 (96:4) 5 13 (57:43)
2 VO(LY)OEt) CHP 74 (95:5) 7 12 (56:44)
3  VO(L)(OEt)  TBHP 26 (>96:4) 11 13 (45:55)
4  VO(LA)(OEt)  CHP 35 (96:4) 4 12 (53:47)

2 General conditionsy?® = 0.16M: ¢,R°°" = 0.23M: 72 h reaction time; 10 mol% of

VO(LY)(OEt) or VO(L?)(OEY).” 5.5 molar solution in nonan&80 % by weight.

In a screening for parameters promotyrgutyrolactone formation we found that larger
surface areas of reaction solutions improve yiefdsyclic este3a. The chosen standard flask
gave rise to a rather large contact area betwezligind and the gas phase above the solution.
Charging this glassware with chloroform, alkeha) 1.5 equivalents of TBHP, and 10 mol%
of VO(LY)(OEt), and allowing the solution to stir for 24ums at 20 °C, provides 80 % of
tetrahydrofuranylisopropan@b, 15 % of tetrahydropyrandla, and 5 % of-butyrolactone3a
(Scheme 3, procedurel). Exposing this mixture for 24 hours to air does change the ratio
of product2a—4a (procedureB). Treating the solution obtained from proced@fefor 24
hours with 1.5 equivalents of TBHP in an atmosploér@rgon (procedur€) causes the

fraction of tetrahydrofuraBato decrease by approximately a quarter, whilegotreentage of



lactone3aincreases by almost the same amount. The fracfitetrahydropyranoda remains
unchanged. Adding TBHP to the solution obtainedifroceduré\l, and exposing this
reaction mixture to air (procedu®, reduces the fraction of tetrahydrofui2a increases the
amount of lacton8a, and leaves the ratio of tetrahydropyrad@bpproximately unaffected.
From these results we concluded that TBHP in coathin with air modifies VO(£)(OEt) to

a vanadium compound, hereafter referred to agfMHcheme 4), which induces in a second

step oxidative conversion of one of the produdis yrbutyrolactoneSa.

AlorA2 B/C/D  modified product ratios

la 2a4a ————————= 24 3a-
CHCly/ 24h CHC}/ 24h a:33:4a
Al = TBHP / air / VO(})(OEt) B=air/[V]
A2 = TBHP / argon /VO(Il_)(OEt) C=TBHP /argon/ [V]
D = TBHP / air / [V]
primary step in air (A1) primary step in argon (A2)
yield / % yield / %

100 - 100 -
80 A 80

Scheme 3Effect of oxovanadium(V) complex preconditionimgy-butyrolactone formation
(all reactions were performed in chloroform at 20 Ar = argon; TBHP ert-butyl
hydroperoxide; air = laboratory atmosphere; [V] ales a vanadium compound formed from

VO(LY(OE) in runsAl or A2; relative product ratios determined via GC).



To address the role of dioxygen in oxidatwkutyrolactone formation, we stirred in a
second set of experiments alkeia) VO(LY)(OEt), and TBHP for 24 hours in an atmosphere
of argon (Scheme 3, proced®). The reaction provides an 85/15-mixture of
tetrahydrofuranylmethan@a and tetrahydropyrandla as sole identifiable products (GC-MS-
analysis). Allowing this solution to rest for 24ure in an atmosphere of air (procedBie or
adding 1.5 equivalents of TBHP in an atmosphemgdn (procedur€), induces no obvious
chemical changes. Exposing the solution obtainaeh #xperimenA2 to airand TBHP
(procedureD) furnishesy-butyrolactone8a by lowering the fraction of tetrahydrofur@a by
almost the same degree, leaving the fraction cdligtiropyranoia almost unchanged. From
these results we concluded that dioxygad TBHP are essential for obtainigebutyrolactone

3afrom cyclic etheraand/orda.

TBHP/ air

VO(LY)(OEY) [V Imod

CHCl3/ 20 °C

Scheme 4Oxidative preconditioning of Schiff-base complé®(L*)(OEt) (used as EtOH-

solvate) for improving efficiency ig-butyrolactone formation from 4-pentenols (cf. T&aB).

Using [V]mod as catalyst for oxidation of alkendlb—d by TBHP furnisheg-
butyrolactones differing in substitution at positid and the hydroxyl oxygen (Scheme 4;
Table 2, entries 2—4). These results show\tmattyrolactones are generally by-products in

vanadium-catalyzed oxidations of 1-substituted dtgeols by TBHP.
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Table 2 Products of 4-pentenol oxidation by TBHP undeohie conditions'

[V Imod z
R OH TBHP / air v \\\R RlE‘/O ‘\\RRE
\LYR CHCl3/ 20 °C ﬁ @OH
R \
1 (¥)-2 (¥)-3 (¥)-4

entry 14 R' Rf R 2/% (istrans 3/% 4] % (cistrans)
1 a Ph CH CHs 59 (96:4) 11 17 (51:49)
2 b Ph CH H 54 (40:60) 11 8 (<5:95)

3 c Ph H H 38 (40:60) 5 b
4 d tBu CH CHs 56 (>95:5) 16 11 (<5:95)

@ For [ V Jmodrefer to Scheme 4 and the Experimental; TBHErtbutyl hydroperoxider.’ Not

detected (GC*H-NMR).

2.3 Oxidation of deuterated alkenols

y-Butyrolactone3a (C,3H1404) comprises three additional oxygen atoms and fieewer
hydrogen atoms compared to alkehal(C;3H150). To identify carbon-hydrogen bonds being
broken in oxidative-butyrolactone formation, we prepared deuterataeteBayl-1-
phenylhexen-1-ol4a;.q4, 1a 2.4, andlag 34, and treated the compounds with TBHP, VO(L
%)(OEY) in solutions of chloroform exposed to aintiles 3-5). For synthetic reasons we
extended reaction times and successively addduefuatiquots of TBHP. From such reaction
mixtures we isolated by chromatography tetrahydeofs2as.q, 2a4 44,, and2az z.4, and
tetrahydropyrandas.q, 4as,54,, and4as 44,, showing deuterium labeling at positions expected

according to the general mechanism describing oxggem transfer to the-bond of substrate

11



lain vanadium(V)-catalyzed reactioh’s.

Table 3 Products formed from vanadium(V)-catalyzed oiimtabf alkenollay.g *®

TBHP/ air

D D o H OH D
Ph.J_OH VO(L"(OEY) p% Oﬁ Phy 0./
. L
SOH
OBz H
3a 434

X~ CHCly/20°C

13y ¢ 2854
entry n t/h  2as4/ % (Cisitrans) 3a/ % dasq ! % (Cisitrans

1 1 48 71 (93:7) 3 14 (46:54)
2 1 72 64 (94:6) 4 9 (46:54)
3 1 168° 47 (98:2) 12 12 (50:50)
4 2 48 47 (95:5) 2 8 (49:51)
5 2 72 40 (95:5) 2 7 (42:58)
6 2 168° 21 (>99:1) 6 8 (44:56)

# Systematic for indexing of deuterated compounggs,, n refers to compound numbexrtfo

location of a deuterium atormd)( andm the number of deuterium atoms present in the

molecule?’ general conditions (1as.4) = 0.12M, 10 mol% of VO(L?)(OEt); VO(L")(OEt)
BHP _

was used as ethanol addugt;"™ = 0.18M. ¢ Addition of additional 1.5 equiv. of TBHP after

72 hours, otherwise identical conditions as in fiotd”.

Table 4. Products of vanadium(V)-catalyzed oxidation d¢eaiol 12,54, ab

12



TBHP/ air

Ph._OH VOLMOEY Ph1O L 0= O/ Phy 0./
+ +
D—2 CHCly/ 20 °C j‘l m D*@
D/ X 3 D | OBz D/ " SOH

H
1824, (#)-224,44, 3a (3)-485 5.4,
entry n t/h  2a444,/ % (istrang 3a/% 435 54, | % (Cistrans)

1 1 48 56 (93:7) 9 13 (41:59)
2 1 72 44 (94:6) 6 8 (46:54)
3 1 168° 24 (96:4) 21 13 (45:55)
4 2 48 17 (97:3) 2 6 (34:66)
5 2 72 36 (96:4) d 8 (38:62)
6 2 168° 8 (98:2) 15 9 (39:61)

3 Systematic for indexing of deuterated compounels, Table 3° General conditions,

— . 1 .
(la24,) = 0.12 M, 10 mol% of VO(D(OEL); VO(L)(OEt) was used as ethanol adduct;
co o = 0.18M. ¢ Addition of additional 1.5 equiv. of TBHP after Rdurs, otherwise

identical conditions as in footnote® Not detected.

Proton-NMR and carbon-13 NMR-data of tabutyrolactones show that deuterated
alkenolsla; g andla; .4, €xclusively furnish the non-deuterated proddectSimplified
proton-NMR fine structures and a quintet-splittof?1.4 Hz of the resonance of carbon 3
showed that thg-butyrolactone obtained from alkertials 3.4, is the twofold deuterated

product3as 34, (Table 5).

The results obtained from oxidation of deuteratexvatives of prenyl-type substrédte,
in reactions catalyzed by Schiff-base complex VAYQREt) andcis-2,6-bis-(hydroxymethyl)-

piperidine complex VO(f)(OEt) in summary show that two hydrogens from @é ane

13



hydrogen from C1 are removed in the course of axidg-butyrolactone formation, leaving

to the hydroxyl group as putative fourth position fiydrogen atom abstraction (vide infra).

Table 5. Products of vanadium(V)-catalyzed oxidation dealol 133 3.4, ab

TBHP/ air H
Ph__OH VO(L")(OEY) Pmﬁ ﬁ jé
3N CHCly/ 20 °C -OH

A\

DD

lag 34, (#)-28534 3a3,3d2 (i) 4a4,4d )

entry n t/h 2334,/ % Cistransy  3ag34,/ %  4au4q,/ % (istrany

1 1 48 30 (97:3) 1 7 (44:56)
2 1 72 52 (96:4) 4 9 (36:64)
3 1 168° 27 (97:3) 13 8 (47:53)

3 Systematic for indexing of deuterated compounels, Table 3° General conditions,

(lagzd,) = 0.12 M, 10 mol% of VOD)(OEt); VO(L')(OEt) was used as ethanol solvate

TBHP _

complex;co = 0.18M. ¢ Addition of additional 1.5 equiv. of TBHP after fidurs,

otherwise identical conditions as in footnBte

2.4 Oxidation of primary products

The results summarized in sections 2.2 and 2.3 poiftetrahydrofuran-2-yl)-propanol
2aas progenitor of 3-acyloxy-butyrolactone8a. To test this hypothesis, we treated the cis-
isomer of 5-phenyl-(tetrahydrofuran-2-yl)-2-isopampl2a with TBHP and oxovanadium(V)

Schiff-base complex VO{)(OEt), and exposed this solution for 72 hoursitoldnder such

14



conditions, 29 % of tetrahydrofur@a are oxidatively converted into 28 % wbutyrolactone
3a(Scheme 5, top). The configuration of recoveradtisig materiaRais exclusively cis. In a
second experiment, we treated the trans-isometi@itydropyranoda accordingly, providing
7 % ofy-butyrolactone8a and 89 % of recovered starting material showirguesively trans-
configuration (Scheme 5, bottom). Mdoutyrolactone8a forms when cyclic etherss-2a and

trans-4aare stirred without externally added VO((OE?) in solutions of TBHP exposed to

air.
TBHP / air
OH 1
H H VO(L)(OEY)
Phd/o% o) O\<
\/ CHCI;/20 °C m

29% convn. OBz

(¥)-cis-2a 3a(28%)
TBHP / air

H
PN/OWL VO(L')(OEY) oﬁ
kAOH CHCIl; /20 °C OBz
11% convn.

(¥)-trans-4a 3a(7%)

Scheme 5y-Butyrolactone formation from cyclic ethesis-2a andtrans-4a.

For testing the idea that tlybutyrolactone forming reaction involves autoxidatiwe
exposed solutions of cyclic etharis-2a andtrans-4a and azobisisobutyronitrile (AIBN) in
a,a,a-trifluorotoluene (TFT) at a temperature of 80 ¥Cair. The experiments afforded cyclic

ester3ain 21 % yield froncis-2a, and in 7 % yield starting frotnans-4a.

The results obtained from oxidative conversionyafic ethers in summary show that

15



tetrahydrofuranylmethanaeis-2a andtetrahydropyrandirans-4a are progenitors of

butyrolactone3a.

2.5 Mechanistic proposal

From the information summarized in the precedinggaphs we derived a mechanism
for describing transformation of alkenbinto y-butyrolactone8 (Schemes 6 and 7). In the first
step, alkenol is stereoselectively oxidized byext-butylperoxy vanadium(V) complex into
substituted (tetrahydrofuran-2-yl)-methard-2 as major product and a cis/trans-mixture of

tetrahydropyrano as minor product®’

(5-Phenyltetrahydrofuran-2-yl)-methanols insertxgmen preferentially at the benzylic
carbon-hydrogen bond, to afford tertiary ether bperoxidel (Scheme 652 Homolytically
breaking the oxygen-oxygen bond in hydroperoxideses an tetrahydrofuranyl-5-oxyl
radical, which induces fragmentation of the tetcabfuran ring. Thg-fragmentation is
thermochemically driven by relief of the tetrahyldman strain and electron delocalization in
the ester group and gives rise to a vicinal ragdesl. Combining the radical pair furnishes
acyloxydiolll . For explaining quantitative loss of deuteriumnasdoound to positions 1 and 2
of alkenolla (vide supra), the primary alcohiblis successively dehydrogenated to furryish
butyrolactone8 as terminal product. The mechanism of autoxidatisatyrolactone8a
formation extends to conversion of tetrahydropytdaramns-4a, by introducing a 1,2-benzoyl

group migration, converting tertiary estdr into primary estell (Scheme 7).

An alternatively possible scenario leading fromnaleydrofuranylmethand via an

16



intermediate 4,5-dihydrofuran in a singlet-oxygeaehated oxidation to a progenitor of g-
butyrolactone8 cannot be entirely excluded at this pdihif this reaction occurs, the

dihydrofuran concentration remains small, sincedwienot detect intermediates of this kind

via GC-MS.
D OH DO\
B A
D7\/¥. h\: h\:
D
1 2

o 2[0] E . E
D0 g D

OBz - DHO X c
D

(#)-3 1

Scheme 6Proposed pathway fgrbutyrolactone formation from 2-(5-phenyltetrahyfdiran-
2-yl)-methanol {roman numbers refer to hypothetical intermediateande = H or CH;
the red spot at C2 marks the stereocenter thatimernachanged (vide infra); [O] =

TBHP/VO(L")(OR),n = 1, 2; R = e.g. Et dBu}.

O~__Ph
Y
&O\Bph[oz] [ OOD © D
UTD )k o~ °
D

T

HO HO
4 Il I

Scheme 7Proposed pathway fgrbutyrolactone formation from 6-phenyltetrahydrapy3-

ols4 (roman numbers refer to hypothetical intermedjateande = H or CH).

17



For investigating the role of vanadium(V) compleassautoxidation initiators, we
analyzed products of cumene hydroperoxide decoripodiy VO(L")(OEt), vanadium(lV)
analogue VO(HL),* as putative model for [Viha>®?’ Such controls clarified that cumene
hydroperoxide quantitatively decomposes in solstiohVO(LY)(OEt) or VO(HLY), in
chloroform, leading to (2-hydroxy-2-propyl)-benzeneetophenone, styrene, and
isopropylbenzene. Acetophenone forms by homolyidakaking the oxygen-oxygen bond of
cumene hydroperoxide to afford the cumyloxyl rabf&° Alkoxyl radicals, such as the
cumyloxyl radical, abstract a hydrogen atom prefeadly from the weakest carbon-hydrogen
bond, which is the benzylic position in 5-phenyliétydrofuranylisopropand@a. The controls
in summary provide an explanation for the role afiadium complexes in oxidatiye

butyrolactone formatior{’

2.6 Mechanistic implications

2.6.1 Retention of configuration at tetrahydrofurgarbon 2 and the center of chirality in the

alkanol side chain

The proposed mechanismysbutyrolactone formation implies that stereocengtrs
tetrahydrofuran carbon 2 and the proximate exocygtdroxyl carbon of typ2b-
(tetrahydrofuran-2-yl)-ethan-1-ols retain configuwa. To test this prediction, we treated the
diastereomer of 1-(5-phenyltetrahydrofuran-2-yhaat-1-ol b) showing relative (81'R)-
configuration, abbreviated hereaftenasike-stereoisomer, with TBHP and VOY(OEY) in a

solution exposed to air. This experiment furnisti@estereomerically purgbutyrolactone

18



trans-3b, whereas théke-stereoisomer a?b affords cis-configured lactorws-3b (Scheme

8). From this information we concluded that sulieeel-(2S1'R)-2b andrel-(2S51'S)-2b

retain configuration at carbons 2 and 1’, as teuladfuran rings are oxidatively broken and

intermediates converted inyebutyrolactonegis/trans-3b (cf. Scheme 6).

rel-(251'9-2b

TBHP/ air
1 H
VO(L")(OEt) oﬁ
CHCI3 20 °C

N\
H OBz
25% conv. (%)-trans-3b (24%)

TBHP / air
1 H
VO(L)(OEt) o0

CHCI; 20 °C s
H OBz

75% conv. ()-cis-3b (18%)

Scheme 80xidation of side chain stereoisomers of 5-phétettahydrofuran-2-yl)ethanol

2b.

2.6.2 Oxidation of prenyl-type 4-pentenols beaphgnyl groups in positions 2 and 3

The proposed mechanism of oxidative (tetrahydrof&gl)-methanol conversion into

y-butyrolactones of the ty@implies that ether hydroperoxides selectively fdiyrinserting

dioxygen into the carbon-hydrogen bond at posifiomhe radical stabilizing effect of the

phenyl group irRaand thetert-butyl group in2d is larger than the stabilizing effect of the 2-

hydroxy-2-propyl group, given electron withdrawiogntribution of the€3-hydroxyl group.

19



Isomers oRa bearing a phenyl group at carbons 3 or 4, accgrirthis interpretation, should

provide other secondary oxidation products thae Byp-butyrolactones.

In order to assess selectivityyibutyrolactone formation from other substrates than
substituted 4-pentenols, we stirred a solution-ph&nyl-5-methylhex-4-en-1-016), TBHP,
and 10 mol% of VO(t)(OEt) in chloroform, while being exposed to aick®me 9). From this
mixture we isolated 2-(4-phenyltetrahydrofuran-gfopan-2-ol 2€) in a yield of 87 % as
11/89-mixture of cis/trans-isomers, traces of tetdropyranokrans-4e and 6 % of 3-phenyl-
y-butyrolactoneése Oxidation of 3-phenyl-5-methylhex-4-en-1-af)Y performed under similar
conditions furnished 30 % afs-2-(3-phenyltetrahydrofuran-2-yl)-propan-2-@$-(2f) and 37
% trans-3-phenyl-2,2-dimethyltetrahydropyran-3-@s-(4f), besides 17 % of 2-pheny-

butyrolactonesf.

The results from oxidations of 1-, 2- and 3-subgtid 4-pentenol$a, 1leandlf in
summary show that selectivity in oxidatiydutyrolactone formation is guided by strengths of

a-carbon-hydrogen bonds #a, 2e and2f, which is in line with an autoxidation mechanism.

TBHP/ air
OH VO(LY)(OEY) ﬁ
P N CHCl;/ 20 °C H; Sj
le (+)-2e (87%) @)-trans4e(1%)2  5e(6%)
cistrans=11:89
TBHP [/ air
OH VO(LY)(OEt) O\yﬂ\ o
AN CHCI;/ 20 °C
Ph
Ph H Ph
1f (+)-cis2f (30%)2  )-cis4f (37%)8  5f (17%)
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Scheme 9Oxovanadium(V)-catalyzed oxidation of 2- and Zpyi-substituted prenyl-type 4-

pentenolsle-f.  Diastereomerically pure (proton-NMR).

2.6.3 Preventingsbutyrolactone formation in 2-(tetrahydrofuran-2-opropanol synthesis

from prenyl-type 4-pentenols

For preventing-butyrolactones to be oxidatively formed, we dedit@ee

modifications of the original experimental set up.

In the first modification we excluded air. Oxidigialkenolla by TBHP in an
atmosphere of nitrogen, under otherwise standarditons, raised the yield of
(tetrahydrofuran-2-yl)-propan@a by 5 % to 65 %, without providingbutyrolactone8a

(Table 6, entry 1).

The second modification addressed the proposeddckeal-type hydroperoxidation in
a-position to the tetrahydrofuran oxygen2at For disrupting radical chain reactions, we
added hydrogen atom donors, such as cyclohexaidng-@CHD) or naturally occurring
derivativey-terpinene y-Ter) > to solutions of alkendla, TBHP, and VO(t)(OEt) kept in an
atmosphere of air. From such solutions we isolZtee/ 4 % of (5-phenyltetrahydrofuran-2-

yl)-2-propanol2a and 1-2 % of-butyrolactone3a (Table 7, entries 2-3).

The third modification related to a change of th&alyst, from Schiff-base complex
VO(LY)(OEt) to piperidine-derived complex VO(OEt) X The latter reagent is a stronger
Lewis-acid, able to more selectively activate TBHfen used in lower concentration, and

applied for shorter reaction times, compared tadarm complex VO(E)(OEt). Oxidation of
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1-phenyl-5-methylhex-4-en-1-o14) by TBHP catalyzed by VO@)(OEt) is complete at room
temperature within six hours, leading to a proanptture composed of 80 % ofs-(5-
phenyltetrahydrofuran-2-yl)-2-propandb-2a, 19 % of tetrahydropyrandia as 37/63-mixture
of cis/trans-stereoisomers, and only 0.§-#utyrolactone8a, as exemplified in a GC-

screening (Supplementary data).

Table 6. Products formed from phenylmethylhexefalin anaerobic or reductive conditiofs.

TBHP

OH H
+ +
AN conditions \V\—Z< 0] OH
I/\( CHCl53/ 20 °C O% H
Ph
la (¥)-2a 3a (¥)-4a
entry conditions  2a/ % (cis:itrans) 3a % 4a/ % (cistrans)
1 N, 65 (94:6) o 13 (45:55)
2 CHD / air 74 (94:6) 2 12 (35:65)
3 y-Ter / air 70 (94:6) 1 17 (32:68)

2 VO(LY)(OEt)was used as ethanol-solvate complex; 72 h reatitian) 5 mol% of vanadium

compound® Not detected.

3.  Concluding remarks

3-Acyloxy-y-butyrolactones are secondary products, formed f{tetrahydrofuran-2-yl)-
methanols, the primary products of oxidative 4-pant cyclization by TBHP, and dioxygen

in vanadium-catalyzed reactions. Excluding air prés oxidative consumption of
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(tetrahydrofuran-2-yl)-methanols, similar to addimegctive hydrogen atom donors, such as
cyclohexa-1,4-diene grterpinene. The third approach to prevent oxidagibeityrolactone
formation usesis-2,6-bis-(methanolate)-piperidine instead\s$alicylideneertho-
aminophenol as tridentate auxiliary for the vanadeatalyst. This modification furnishes a
stronger Lewis-acidic vanadium(V) reagent, abledatalyze (tetrahydrofuran-2-yl)-methanol
formation from a 4-pentenol and TBHP at lower canicdtion in shorter time. Using one of
the three modifications allows peroxide decomposito adhere more effectively to the

oxygen atom transfer pathway, preventing oxidatagical reactions to become significant.

Apart from addressing a significant chemoselegtipibblem in vanadium-catalyzed
oxidation we noticed that elementary reactions deedescribing oxidative degradation of 5-
substituted tetrahydrofuranyl-2-methanols (&)aallow rationalizing stereoselectivity in a
method used for some time to determine absolutkgroation of natural products.
Ozonolyzing chiral dihydrofurans, furanocoumariasd isoprenoids furnishes
enantiomerically pure 3-acyloxy- or 3-hydroxyl-stihged 4,4-dimethyl-butyrolactones. The
configuration of the aliphatia-carbon, for example, of a chiral furanocoumannthis
approach, is correlated to the absolute configumadf the lactone formed by ozonoly&i$>3*
The intermediate justifying this stereochemicarelation is the hydroxyaldehyde derived
from I, relating configuration of carbon 2 in tetrahydn@in?2a to the stereocenter of the

dihydrofuran-natural product.

A second stereochemical aspect deserving commaehelgnd of this article refers to
configuration of the product obtained from 3-phebyhethylhex-4-en-1-ollf) and TBHP,

catalyzed by VO(E)(OE). In an earlier study we described this patduroneously as 2,3-
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trans due to a flaw in the chosen analytic metid@riginally, we used a sample as reference
for GC-analysis prepared from alkerddlandmetachloroperoxybenzoic acid, leading to the
2,3-trans-stereoisomer 2f. The 2,3-trans- and the 2,3-cis-stereoisiomef ainfortunately
show similar retention times under conditions usedsC-analysis. In the present study we
isolated and spectroscopically characterized prgdotatained from oxidation of alkenbl

and TBHP, catalyzed by VOY(OEt), showing that the correct configuration fué products

is cis-2f andcis-4f (Scheme 9).

4.  Experimental

4.1. General

For general laboratory practice and instrumentai@mref° and the Supplementary Data.

4.2  Oxidations catalyzed by vanadium(V) Schiff-bascomplex and TBHP as terminal
oxidant

4.2.1 General method\ solution of TBHP (136 pL, 5.8 in nonane) was added to a
solution of VO(L)(OEt) (18.5 mg, 50 pmol; used as ethanol solvatebgained from
synthesis; kL' = N-salicylidene 2-aminophenol) in chloroform (1.5 mje resulting

mixture was heated for 1 minute at 60 °C and tcbate temperature of 20 °C with a solution
of alkenoll in chloroform (1.5 mL). The reaction mixture wasred for 72 hours at a
temperature of 20 °C and filtrated afterwards tgfoa pad of neutral aluminium oxide.
Organic products adsorbed were washed with etleghse (5 mL) from the pad of aluminium
oxide. Combined filtrate and washings were conegett at a bath temperature of 40 °C in an

aspirator vacuum to leave an oily residue, whick parified by flash-chromatography using
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the eluent specified in sections 4.2.2-4.2 4.

4.2.2. Oxidation of 5-methyl-1-phenylhex-4-en-{1a). 5-Methyl-1-phenylhex-4-en-1-ol
(1a): 95.2 mg (500 umol). Eluent used for chromatogm@apurification: petroleum ether/ethyl
acetate = 8:24v). 2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-dsd). Yield: 61.6 mg (299
pmol, 60 %), 96/4-mixture of cis/trarmomers2,2-Dimethyl-6-phenyltetrahydropyran-3-ol
(4a). Yield: 13.6 mg (66.1 umol, 13 %), 57/43-mixtufects/trans-isomergl-Benzoyloxy-5,5-

dimethyl-2(3H)-dihydrofuranoned). Yield: 6.06 mg, (25.9 pmol, 5 %).

4.2.3. Oxidation of 5-methyl-2-phenylhex-4-en-{1e). 5-Methyl-2-phenylhex-4-en-1-ol
(1e): 94.5 mg (497 umol). Eluent used for chromatogr@apurification: petroleum ether/ethyl
acetate = 2:1\v). 2-(4-Phenyltetrahydrofuran-2-yl)-propan-2-d¢). Yield: 89 mg (431
pmol, 87 %), 11/89-mixture of cis/trans-isometsgns-2,2-Dimethyl-5-
phenyltetrahydropyran-3-ol trangk). Yield: 1 mg (4.8 pmol, 1 %%-Phenyl-2(3H)-

dihydrofuranone&e). Yield: 5 mg, (30.8 pmol, 6 %).

4.2.4. Oxidation of 5-methyl-3-phenylhex-4-en-116). 5-Methyl-3-phenylhex-4-en-1-ol
(1f): 96.0 mg (504 umol). Eluent used for chromatogm@apurification: petroleum ether/ethyl
acetate = 2:1\V). cis-2-(3-phenyltetrahydrofuran-2-yl)-propan-2-os€pf). Yield: 31 mg
(150 umol, 30 %)cis-2,2-Dimethyl-4-phenyltetrahydropyran-3-ol ¢). Yield: 39 mg (189

pmol, 38 %)3-Phenyl-2(3H)-dihydrofuranon&f(. Yield: 14 mg, (86.3 pmol, 17 %).
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4.3  Oxidations catalyzed by Piperidine-Derived Oxaanadium(V) Complex

VO(L ?)(OEt) and TBHP as terminal oxidant

4.3.1 Oxidation of 5-methyl-1-phenylhex-4-en-11a) ¢ 72 hoursTo a solution of
VOL%(OEt) [H,L? = cis-2,6-bis(diphenylmethanol)piperidine] (28.0 mg,|&fol) in
chloroform (3 mL) was added a solution of TBHP (&.%1 nonane) (273 pL, 1.50 mmol).
The mixture was stirred for 3 minutes at 60 °C aag treated at 20 °C with a solution of 5-
methyl-1-phenylhex-4-en-1-018) (190 mg, 1.00 mmol) in chloroform (3 mL). The cgan
mixture was stirred at a temperature of 20 °C #hadurs and filtrated through a pad of
neutral aluminium oxide. Organic products were vealstiom the aluminium oxide with ethyl
acetate (15 mL). Combined filtrate and washingsveencentrated at a bath temperature of 40
°C in an aspirator vacuum to leave an oily residvech was purified by flash-
chromatography [diethyl ether/pentane = W/U){. 2-(5-phenyltetrahydrofuran-2-yl)-propan-
2-ol (2a). Yield: 53.6 mg (260 pmol, 26 %), 96/4 mixture a$/tians-isomer,2-dimethyl-6-
phenyltetrahydropyran-3-o#4). Yield: 33.8 mg (130 pmol, 13 %), 45/55-mixture of
cis/trans-isomergt-Benzoyloxy-5,5-dimethyl-2(3H)-dihydrofurandBa). Yield: 26.1 mg,

(120 pmol, 11 %).

4.3.2 Oxidation of 5-methyl-1-phenylhex-4-en-11a) ¢ 6 hoursTo a solution of
VOL?(OEt) [H.L? = cis-2,6-bis(diphenylmethanol)piperidine] (27.3 mg, | 5®ol) in
chloroform (3 mL) was added a solution of TBHP (B30 nonane) (273 pL, 1.50 mmol).
The mixture was stirred for 5 minutes and was ¢é@at 20 °C with a solution of 5-methyl-1-

phenylhex-4-en-1-ol1@) (190 mg, 1.00 mmol) in chloroform (3.3 mL). Theaction mixture
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was stirred at 20 °C for 6 hours and filtrated tigio a pad of neutral aluminium oxide.
Lipophilic products were washed from the aluminiaride with ethyl acetate (15 mL).
Combined filtrate and washings were concentrate &C in an aspirator vacuum to leave an
oily residue, which was analyzed by GC-MS. Relayivgtd: 80 %cis-(5-
phenyltetrahydrofuran-2-yl)-2-propan@is-2a), 19 %2,2-dimethyl-6-phenyltetrahydropyran-
3-ol (4a), 37/63-mixture of cis/trans-isomers, @®@4-Benzoyloxy-5,5-dimethyl-2(3H)-

dihydrofuranong3a).

4.4  Cumene hydroperoxide as terminal oxidant

4.4.1 Oxidation catalyzed by Schiff-base Complef.Y@DEt). To a solution of
VO(LY(OE), used as ethanol solvate VE(OEt)(EtOH) (HL = N-salicylidene 2-
aminophenol) (18.5 mg, 50 umol) in chloroform (ink) was added neat cumene
hydroperoxide (135 pL, 752 pmol). The resulting tiig was heated for 1 minute at 60 °C
and treated at 20 °C with a solution 5-methyl-1pfieex-4-en-1-ol 1a) (95.2 mg, 500 pmol)
in chloroform (1.5 mL). The reaction mixture wasrsd for 72 hours at 20 °C and filtrated
through a pad of neutral aluminium oxide. Orgammdpicts adsorbed were washed with ethyl
acetate (5 mL) from the pad of aluminium oxide. @amed filtrate and washings were
concentrated at 40 °C in an aspirator vacuum tel@a oily residue, which was purified by
flash-chromatography using petroleum ether/ethgtate = 8:2\{v) as eluent2-(5-
Phenyltetrahydrofuran-2-yl)-propan-2-a2d). Yield: 75.9 mg (368 umol, 74 %) as 95/5-
mixture of cis/trans-isomerg,2-Dimethyl-6-phenyltetrahydropyran-3-d&. Yield: 12.4 mg

(60.1 umol, 12 %) as 56/44-mixture of cis/trangnees.4-Benzoyloxy-5,5-dimethyl-2(3H)-
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dihydrofuranone3a). Yield: 8.4 mg, (35.9 pmol, 7 %).

4.4.2 Oxidation catalyzed by Piperidine-Derived ®ter VO(I?)(OEt). To a solution of
VO(L?)(OEY) [HoL? = 2,6-bis-(1-hydroxy-1,1-diphenyl-methyl)pyriding8.0 mg, 50 umol) in
chloroform(3 mL) was added a neat cumene hydroperoxide (2861760 mmol). The
mixture was stirred for 5 min at 20 °C and wastedavith a solution of 5-methyl-1-
phenylhex-4-en-1-o0l1@) (192 mg, 1 mmol) in chlorofori§8 mL). The reaction mixture was
stirred 72 hours at 20 °C and filtrated througtad pf neutral aluminium oxide. Organic
products adsorbed were washed with ethyl acetaten(d from the pad of aluminium oxide.
Combined filtrate and washings were concentrate &C in an aspirator vacuum to leave an
oily residue, which was purified by flash-chromatguhy using diethyl ether/pentane = 1:1
(v/iv) as eluent2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-dsd). Yield: 70.1 mg (340 pmol,
35 %) as 96/4-mixture of cis/trans-isom&2-Dimethyl-6-phenyltetrahydropyran-3-dk.
Yield: 24.6 mg (119 pmol, 12 %) as 53/47-mixtureisftrans-isomergi-Benzoyloxy-5,5-

dimethyl-2(3H)-dihydrofuranoned). Yield: 8.4 mg, (35.6 umol, 4 %).

4.5. Oxidations catalyzed by preconditioned vanadm(V) Schiff-base complex

4.5.1 General methodo a solution of VO(E)(OEt) (18.5 mg, 50 pmol; used as ethanol
solvate as obtained from synthesist.H= N-salicylidene 2-aminophenol) in chloroform (1.5
mL) was added a solution tdrt-butyl hydroperoxide (TBHP) (136 ul, 5Mbin nonane). The
mixture was heated for 1 minute at 60 °C and furthéoroform (1.5 mL) was added and the

mixture was allowed cooling to room temperatur@rifg was continued for 72 hours at a
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temperature of 20 °C and the mixture was concesdrafterwards in an aspirator vacuum at a
bath temperature of 40 °C to leave a dark resmtesh was dissolved in chloroform (1.5

mL). To this solution was added a solution of TBiHPonane (136 ul, 5/ solution of

TBHP). The resulting mixture was heated for 1 menait 60 °C and treated at 20 °C with a
solution of the alkenol in chloroform (1.5 mL). Theaction mixture was stirred for 72 hours
at a temperature of 20 °C and filtrated througla@ @f neutral aluminium oxide. Organic
products adsorbed were washed with ethyl acetatd_j5rom the pad of aluminium oxide.
Combined filtrate and washings were concentrate &C in an aspirator vacuum to leave an
oily residue, which was purified by flash-chromatqghy using the eluent specified in sections

4.5.2-4.5.5.

4.5.2. Oxidation of 5-methyl-1-phenylhex-4-en-{1a). 5-Methyl-1-phenylhex-4-en-1-ol
(1a): 95.2 mg (500 umol). Eluent used for chromatogm@apurification: petroleum ether/ethyl
acetate = 8:24v). 2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-dsd). Yield: 60.3 mg (292
pmol, 59 %), 96/4-mixture of cis/trans-isome&X-dimethyl-6-phenyltetrahydropyran-3-ol
(4a). Yield: 17.2 mg (83.3 umol, 17 %), 51/49-mixturfects/trans-isomergl-Benzoyloxy-5,5-

dimethyl-2(3H)-dihydrofuranonga). Yield: 12.7 mg, (54.2 pumol, 11 %).

4.5.3. Oxidation of (E)-1-phenylhex-4-en-1-ti) (E)-1-Phenylhex-4-en-1-ol{): 88.1 mg
(500 pmol). Eluent used for chromatographic puaiien: petroleum ether/ethyl acetate = 8:2
(VIv). rel-(2S,1’'S)-1-(5-Phenyltetrahydrofuran-2-yl)-etlwhmel-(2S,1’S)-2b). Yield: 52.1 mg

(271 umol, 54 %), 40/60-mixture of cis/trais®mersrel-(2S,3R,6S)-2-Methyl-6-
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phenyltetrahydropyran-3-o4b). Yield: 9.28 mg, (42.1 umol, 8 %dyans-4-Benzoyloxy-5-

methyl-2(3H)-dihydrofuranonelf). Yield : 10.3 mg (53.6 pmol, 11 %).

4.5.4. Oxidation of 1-phenylpent-4-en-1-bt)( 1-Phenylpent-4-en-1-ol¢): 81.1 mg (499
pmol). Eluent used for chromatographic purificatipatroleum ether/ethyl acetate = 8v&/).
5-Phenyltetrahydrofuran-2-yl)-methand@dj. Yield: 33.5 mg (188 pmol, 38 %), 40/60-
mixture of cis/trans-isomerd-Benzoyloxy-2(3H)-dihydrofuranongc]. Yield: 5.0 mg, (24.1
pmol, 5 %).1-Phenylpent-4-en-1-on¥ield: 4.2 mg (26.0 umol, 5 %)-Phenylethanol
Yield: 3.9 mg (31.6 umol, 6 %). Recovered 1-pheegtpi-en-1-ol 1c): 28.6 mg (176 pmol,

35 %).

4.5.5. Oxidation of 2,2,7-trimethyloct-6-en-3-bd). 2,2,7-Trimethyloct-6-en-3-oll(l): 84.2
mg (494 umol). Eluent used for chromatographicfation: diethyl ether/pentane = 1:2
(V/V). cis-2-(5-tert-butyl-tetrahydrofuran-2-yl)-propand-cis-2d). Yield: 51.5 mg (276
pmol, 56 %)trans-2,2-Dimethyl-6-tert-butyl-tetrahydropyraneBtrans-@d). Yield: 10.3 mg
(55.3 umol, 11 %)}-Pivaloyloxy-5,5-dimethyl-2(3H)-dihydrofuranorgl). Yield: 16.9 mg,

(78.9 umol, 16 %).

4.6  Variation of Additives and Oxidants
4.6.1 Dihydroarenes as additives — general metfioda solution of VO(&)(OEt)(EtOH)
(HoL! = N-salicylidene 2-aminophenol) (18.5 mg, 50 pmolylioroform (1.5 mL) was added

a solution of TBHP (136 pL, 5M) in nonane. The resulting mixture was heated fonidute
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at 60 °C and treated at a temperature of 20 °C avetblution alkenol in chloroform (1.5

mL). The reaction mixture was stirred for 72 hoatrs temperature of 20 °C and filtrated
through a pad of neutral aluminium oxide. Orgammdpicts adsorbed were washed with ethyl
acetate (5 mL) from the pad of aluminium oxide. @amed filtrate and washings were
concentrated at a bath temperature of 40 °C irspimador vacuum to leave an oily residue,

which was purified by flash-chromatography using @tuent specified below.

4.6.2 Cyclohexadiene as additiReactants: 5-methyl-1-phenylhex-4-en-144)((95.2 mg,
500 pmol), cyclohexa-1,4-diene (60.1 mg, 750 unkBHP, and VO(L)(OEt)(EtOH) in
chloroform according to general method 14.1. Elwsetd for chromatographic purification:
petroleum ether/ethyl acetate = 8. 2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-@s).
Yield: 76.1 mg (369 pmol, 74 %) as 94/6-mixturesitrans-isomer,2-Dimethyl-6-
phenyltetrahydropyran-3-o44). Yield: 12.7 mg (61.8 pmol, 12 %) as 35/65-mixtafe
cis/trans-isomergl-Benzoyloxy-5,5-dimethyl-2(3H)-dihydrofuranoBe)( Yield: 2.0 mg, (8.6

pmol, 2 %).

4.6.3 pTerpinene as additivd&Reactants: 5-methyl-1-phenylhex-4-en-14d)((95.2 mg, 500
pmol), y-terpinene (102 mg, 750 pmol), TBHP, and VE(DEt)(EtOH) in chloroform
according to general method 14.1. Eluent usedHoomatographic purification: petroleum
ether/ethyl acetate = 8:2/\). 2-(5-phenyltetrahydrofuran-2-yl)-propan-2-@s). Yield: 71.8
mg (348 umol, 70 %) as 94/6-mixture of cis/trarssiers.2,2-Dimethyl-6-

phenyltetrahydropyran-3-o#4). Yield: 17.7 mg (85.7 umol, 17 %) as 32/68-mixtafe
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cis/trans-isomergt-Benzoyloxy-5,5-dimethyl-2(3H)-dihydrofuranoBa)( Yield: 1.3 mg,

(6.32 umol, 1 %).

4.6.4 Oxidation of alkenols by TBHP in an atmosptarnitrogenin an atmosphere of
nitrogen, a solution of VO@)(OEt)(EtOH) (KL = N-salicylidene 2-aminophenol) (19 mg, 63
pmol) in chloroform (1.5 mL) was treated with awgan of TBHP in nonane (136 puL, Svb
solution of TBHP). The resulting mixture was hedi@dl minute at 60 °C and treated at 20
°C with a solution 5-methyl-1-phenylhex-4-en-1-bh) (102 mg, 536 pumol) in chloroform
(1.5 mL). The reaction mixture was stirred for Burs at 20 °C and filtrated through a pad of
neutral aluminium oxide. Organic products adsonvete washed with ethyl acetate (5 mL)
from the pad of aluminium oxide. Combined filtrated washings were concentrated at 40 °C
in an aspirator vacuum to leave an oily residuackvivas purified by flash-chromatography
using petroleum ether/ethyl acetate = 2/%)(as eluent2-(5-Phenyltetrahydrofuran-2-yl)-
propan-2-ol a). Yield: 71.9 mg (349 umol, 65 %) as 94/6-mixtufeig/trans-isomers2,2-
Dimethyl-6-phenyltetrahydropyran-3-aid). Yield: 14.4 mg (69.8 umol, 13 %) as 45/55-

mixture of cis/trans-isomers.

4.7  Oxidation of Cyclic Ethers

4.7.1 General method for oxidation by TBHm®.a solution of VO(L)(OEt)(EtOH) (HL =
N-salicylidene aminophenol) in chloroform was addesblution of TBHP (5.™) in nonane.
The mixture was heated for one minute to 60 °Ctezmted at a temperature of 20 °C with a

solution of tetrahydrofura or tetrahydropyrad dissolved in chloroform. The reaction
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mixture was stirred 72 hours at 20 °C and filtratedugh a pad of neutral aluminium oxide.
Organic products were washed with ethyl acetatal(bfrom the pad of aluminium oxide.
Combined filtrate and washings were concentratedbatth temperature of 40 °C in an

aspirator vacuum to leave an oily residue, whick aalyzed by GC-MS artéi-NMR.

4.7.2 Oxidation of trans-2-(5-phenyltetrahydrofus2syl)-propan-2-ol transa). Reactants:
tetrahydropyranalrans-4a (103 mg, 499 umol) (>96/4-ratio of cis/trans-isomerccording to
proton-NMR spectroscopy), TBHP (136 pL, M5olution in nonane), chloroform (2 x 1.5
mL), VO(LY)(OEt)(EtOH) (18.5 mg, 50 umok-Benzoyloxy-5,5-dimethyl-2(3H)-
dihydrofuranong3a). Yield: 32.7 mg, (140 pmol, 28 %). Recovered trarisdimethyl-6-
phenyltetrahydropyran-3-o4&): 73.1 mg (354 umol, 71 %). Stereochemical analyased

on proton-NMR spectroscopy.

4.7.3 Oxidation of rel-(2S,1'S)-1-(5-phenyltetraiyfdran-2-yl)-ethanol rel-(2S,1'Jb.
Reactantstel-(251’'S)-1-(5-phenyltetrahydrofuran-2-yl)-ethanal-(2S1'S)-(2b) as 75/25-
mixture of cis/trans-isomers (194 mg 1.01 mmol)HRB(273 uL, 5.5 solution in nonane), 2
x 3 mL of chloroform, 36.9 mg of VOA(OEt)(EtOH) (KL = N-salicylidene 2-aminophenol)
(100 pmol). cisA-Benzoyloxy-5-methyl-2(3H)-dihydrofurano®b)( Yield: 39.8 mg, (181
pmol, 18 %). Recovere@l-(2S,1’'S)-1-(5-phenyltetrahydrofuran-2-yl)-ethanol rel§2’S)-

(2b): 51.5 mg (249 pmol, 25 %), as 78/22-mixture oft@ss-isomers.

4.7.4 Oxidation of rel-(2S,1'R)-1-(5-phenyltetrahyfdiran-2-yl)-ethanol rel-(2S,1'R}b.
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Reactantstel-(2S1'R)-1-(5-phenyltetrahydrofuran-2-yl)-ethanal-(2S,1'R)-(2b) as 40/60-
mixture of cis/trans-isomers (61.5 mg, 320 umoBHP (90 pL, 5.5v solution in nonane),
chloroform (2 x 2 mL), VO(£)(OEt)(EtOH) (11.7 mg, 34 pmolixans-4-Benzoyloxy-5-
methyl-2(3H)-dihydrofuranongb). Yield: 16.7 mg, (75.8 umol, 24 %). Recovered rel
(25,1'R)-1-(5-phenyltetrahydrofuran-2-yl)-ethanal-(2S,1'R)-(2b): 46.3 mg (241 pmol, 75

%) as 39/61-mixture of cis/trans-isomers.

4.7.5 Oxidation of trans-2,2-dimethyl-6-phenyltéydropyran-3-ol trans4a). Reactants:
trans-2-(5-phenyltetrahydrofuran-2-yl)-propan-2-@gj (70.1 mg, 340 umol), TBHP (93 puL,
5.5M solution in nonane), chloroform (2 x 2 mL), VOY(OE)(EtOH) (12.5 mg, 34 pmoki-
Benzoyloxy-5,5-dimethyl-2(3H)-dihydrofuranoBa)( Yield: 5.7 mg, (24.3 pmol, 7 %).
Recovered tran-(5-phenyltetrahydrofuran-2-yl)-propan-2-dd): 62.4 mg (302 pumol, 89

%).

4.7.6 Aerobic oxidation of trans-2-(5-phenyltetrdigfuran-2-yl)-propan-2-ol trans2g). A
solution oftrans-2-(5-phenyltetrahydrofuran-2-yl)-propan-2-@gj (69.0 mg, 334 pmol), in
a,a,0-trifluorotoluene (6 mL) was treated with azoisglanitrile (12.5 mg, 76.1 pmol). The
resulting mixture was stirred 48 hours at 80 °Ce $hlution was concentrated at 40 °C in an
aspirator vacuum to leave an oily residue which prasfied by flash-chromatography using
petroleum ether/ethyl acetate = 2viv) as eluent4-Benzoyloxy-5,5-dimethyl-2(3H)-
dihydrofuranone3a). Yield: 16.5 mg (70.4 umol, 21 %). Recovered tran%-

phenyltetrahydrofuran-2-yl)-propan-2-a24): 51.6 mg, (250 pmol, 75 %).
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4.7.7 Aerobic oxidation trans-2,2-dimethyl-6-phéstyhhydropyran-3-ol trans4g). A

solution oftrans-2,2-dimethyl-6-phenyltetrahydropyran-3tchns-(4a) (81.0 mg, 393 pumol)

in a,a,0-trifluorotoluene (6 mL) was treated with azoisganitrile (12.3 mg, 74.9 pumol).

The resulting mixture was stirred 48 hours at 80Tk solution was concentrated at 40 °C in
an aspirator vacuum to leave an oily residue, whiak analyzed by GC-MS and-NMR. 4-
Benzoyloxy-5,5-dimethyl-2(3H)-dihydrofuranoBe)( Yield: 6.4 mg, (27.5 pmol, 7 %).

Recovered trang;2-dimethyl-6-phenyltetrahydropyran-3-dgj: 71.8 mg (348 umol, 89 %).

4.8  Decomposition of Cumene Hydroperoxide

4.8.1 General method.o a solution of vanadium catalyst in chlorofornb(inL) was added
cumene hydroperoxide (80 percent by weight). Thaume was heated for one minute to 60
°C and treated at a temperature of 20 °C with cfitom (1.5 mL). The reaction mixture was
stirred 72 hours at 20 °C and filtrated througlad pf neutral aluminium oxide. Lipophilic
products were washed with ethyl acetate (5 mL) ftbenpad of aluminium oxide. The eluate

was treated with triphenylphosphine and the satusiarred for 5 minutes.

4.8.2 VOLY(OEY) as catalystReactants: VO(})(OEt)(EtOH) (HL = N-salicylidene 2-
aminophenol) (18.5 mg, 50 umol), cumene hydrope®xi42 mg, 933 umol) and
triphenylphosphine (131 mg, 499 umol) accordingeneral method 15.1. GC-MS analysis
showed formation of cumene, styrene, acetophenoméZahydroxy-2-propyl)benzene; no

triphenylphosphine oxide was found in GC-MS.
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4.8.3 VOL(OEY) as stoichiometric reagerReactants: VO(1)(OEt)(EtOH) (HL = N-
salicylidene 2-aminophenol) (138 mg, 373 umol), enmhydroperoxide (71,1 mg, 467 pmol)
and triphenylphosphine (66 mg, 252 umol) accordingeneral method 15.1. GC-MS analysis
showed formation of cumene, styrene, acetophenoméZahydroxy-2-propyl)benzene; no

triphenylphosphine oxide was found in GC-MS.

4.8.4 VO(HL), as catalystReactants: VO(H), (H.L = N-salicylidene 2-aminophenol)
(28.5 mg, 54,8 umol), cumene hydroperoxide (142988, umol) and triphenylphosphine
(131 mg, 499 umol) according to general method.¥50-MS analysis showed formation of
cumene, styrene, acetophenone and (2-hydroxy-2¢hbgmzene; no triphenylphosphine

oxide was found in GC-MS.

4.8.5 VO(HL), as stoichiometric reagerReactants: VO(HD), (H.L = N-salicylidene 2-
aminophenol) (238 mg, 458 pmol), cumene hydrope®xr1.1 mg, 467 umol) and
triphenylphosphine (66 mg, 252 pumol) accordingegoagal method 15.1. GC-MS analysis
showed formation of cumene, styrene, acetophenathé¢Zahydroxy-2-propyl)benzene; no

triphenylphosphine oxide was found in GC-MS.

4.9. Synthesis of Deuterated Alkenols
4.9.1 5-Methyl-1-phenylhex-4-en-1-d-1-bd{ q). In an atmosphere of dry nitrogen, LIAID

(236 mg, 5.62 mmol) was suspended in dry diethgre{10 mL) and treated in a drop wise
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manner at a temperature of 0 °C with a solutioi-ofethyl-1-phenylhex-4-en-1-one (2.13 g,
11.3 mmol) in dry diethyl ether (10 mL). The remdtreaction mixture is boiled under reflux
while being stirred for 2 hours and cooled aftedsgan an ice-bath to 0 °C. At this
temperature, an agueous saturated solution QfONid added (20 mL) to afford a liquid two-
phase system, which is acidified byzhydrochloric acid to pH 3-4 in the aqueous phase.
The organic phase was separated and the aqueces @tteacted with diethyl ether (3 x 30
mL). Combined organic phases were successivelyadasiith brine (100 mL) and 4@ (100
mL). The resulting clear solution was dried (Mggp@nd concentrated under reduced pressure
(700 mbar / 40 °C) to leave an oily residue, whias purified by chromatography
[dichloromethane/petroleum ether = 3ulvj]. Yield: 1.51 g (7.89 mmol, 70 %), colorless oil.
R = 0.23 [dichloromethane/petroleum ether = 374)[.*H-NMR (CDCl;, 600Mz)d 1.59 (s, 3
H, CHs), 1.70 (s, 3 H, Ch), 1.72-1.77 (m, 1 H, 2-H), 1.82-1.86 (m, 1 H, 2-HB8 (s, 1 H,
OH), 2.01-2.12 (m, 2 H, 3-H), 5.15 (&= 7.1, 1.3 Hz, 1 H, 4-H), 7.26-7.29 (m, 1 H, Ar<H)
7.34-7.35 (M, 4 H, Ar—-H)*C-NMR (CDCk, 151 MHz)d 17.9 (CH), 24.6 (C3), 25.9 (Cb),
39.0 (C2), 74.0 (J)cp = 22.2 Hz, C1), 123.9 (C4), 126.0 (Ar-C), 127.6+8), 128.6

(Ar-C), 132.5 (C5), 144.8 (Ar-C). Anal. calcd. 8sH17D0 (191.29): C, 81.63; HIR, 9.48;

Found.: C, 81.31; H/[ 9.32%¢

4.9.2 5-Methyl-1-phenylhex-4-en-2,2tol (1az,-,). A slurry of 5-methyl-1-phenylhex-4-
en-1-one (3.08 g, 16.4 mmol) inO (30 mL) was treated with KiBu (3.87 g, 34.5 mmol)
and stirred for 140 h at a temperature 24 °C. ERalting mixture was extracted witdrt-

butyl methyl ether (3 x 30 mL). Combined organicshiags were dried (MgS{pand
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concentrated at a bath temperature of 40 °C amdssyre of 700 mbar. The residue was taken
up in D,O (30 mL) and treated again with K& (3.87 g, 34.5 mmol) for 140 h at 24 °C. The
resulting mixture was extracted witdrt-butyl methyl ether (3 x 30 mL), dried (Mg@and
concentrated at a bath temperature of 40 °C amdssyre of 700 mbar to leave an oil, which
was taken up in dry diethyl ether (10 mL) and addeal drop wise manner to a suspension of
LiAIH 4 (0.22 g, 5.79 mmol) in dry diethyl ether (10 mlgitg stirred at 0 °C in an atmosphere
of dry nitrogen. The reaction mixture is boiled andeflux for 2 hours while being stirred and
cooled afterwards to 0 °C. After carefully hydrahyg the reaction mixture at 0 °C with an
aqueous saturated solution of M (20 mL), 2m-hydrochloric acid is added to adjust the pH
of the aqueous phase to 3—4. The organic phasp@&aed and the aqueous phase extracted
with tert-butyl methyl ether (3 x 20 mL). Combined organiapes and washings are
sequentially washed with brine (100 mL) angDH100 mL) to afford a clear solution which
was dried (MgS(@). Removing the solvent at a pressure of 700 mbaraabath temperature of
40 °C furnished an oily residue, which was purifigdchromatography
[dichloromethane/petroleum ether = 3vivj]. Yield: 970 mg (5.05 mmol, 31 %R = 0.22
[dichloromethane/petroleum ether = 3vlvj], colorless oil*H-NMR (CDCl, 600Mz)5 1.59

(s, 3H, CH), 1.69 (s, 3H, Ch), 1.86 (s, 1 H, OH), 1.95-2.09 (m, 2 H, 3-H), 4(671 H, 1-

H), 5.14 (tt,J = 12.0, 6 Hz, 1 H, 4-H), 7.25.28 (m, 1 H, Ar-H), 7.33-7.35 (m, 4 H, Ar—H).
13C-NMR (CDCk, 151 MHz)5 17.9 (CH), 24.4 (C3), 25.9 (C¥), 38.5 (quinJcp = 19.4 Hz,
C2), 74.3 (C1), 123.9 (C4), 126.0 (Ar-H), 127.6tA, 128.6 (Ar-H), 132.4 (C5), 144.9
(Ar—H). Anal. Calcd for GH16D,0 (192.29): C, 81.20; H/fp 9.43; Found.: C, 80.87; Hip

9.2936
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4.9.3 5-Methyl-1-phenylhex-4-en-3,31tol (1ag3.q,). A solution of ethyl-3-methylbut-2-
enoate (8.50 g, 66.3 mmol) in dry diethyl ether {5 is added to a suspension of LiAID
(1.86 g, 44.3 mmol) in dry diethyl ether (20 mL)rgestirred at 0 °C in an atmosphere of dry
nitrogen. The reaction mixture is boiled underweflor 2 hours while being stirred and cooled
afterwards to 0 °C. After carefully hydrolyzing tresaction mixture at 0 °C with an aqueous
saturated solution of Ni€I (40 mL), 2 M-hydrochloric acid is added to adjtiee pH of the
agueous phase te-8. The organic phase is separated and the agpblase extracted with
tert-butyl methyl ether (3 x 30 mL). Combined organapes are sequentially washed with
brine (100 mL) and kD (100 mL) to afford a clear solution, which waiedr(MgSQ).%’
Removing the solvent at a pressure of 700 mbaaavath temperature of 40 °C furnishes a
residue, which is dissolved in dry pentane (20 arg added at —40 °C in a drop wise manner
to a solution of PBr(6.80 g, 25.0 mmol) in dry pentane (100 mL). Aotaial PBg (2.80 g,

10.3 mmol) is added and the resulting mixture etiior one hour at4 °C and for two hours

at 0 °C. Afterwards, methanol (15 mL) is added dr@p wise manner at 0 °C, while stirring is
being continued for further 30 minutes. The organiiase (upper layer) is separated and
filtrated through a pad of celite. The filtratecisncentrated under reduced pressure (300 mbar /
40 °C) to leave a residue, which is dissolved it@age (150 mL) and treated with ethyl
benzoylacetate (8.38 g, 43.6 mmol) anCRx (6.67 g, 48.3 mmol). The resulting slurry is
boiled for 24 h under reflux, while being stirr@the solids are filtrated off at room
temperature and the filtrate concentrated underaed pressure (550 mbar) and a bath

temperature of 40 °C to leave an oily residue, Wincdissolved in ethanol (60 mL). The clear
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solution is treated with an aqueous-8olution of NaOH (150 mL) and heated for 24 h unde
reflux, while being stirred. The resulting mixtuseextracted at room temperature with
dichloromethane (3 x 100 mL). Combined organic phase washed with brine (100 mL),
dried (MgSQ), and concentrated at a pressure of 700 mbar aathaemperature of 40 °C.
The remaining colorless oil is dissolved in drythye ether (7 mL) and added in a drop wise
manner to a suspension of LiAllh dry diethyl ether (15 mL), which is stirred4tC in an
atmosphere of dry nitrogen. The reaction mixtudeaged under reflux for 1.5 hours, while
being stirred. Water (10 mL) and a 10-percent bighteaqueous solution of NaHGEb mL)
are successively and carefully added. The resuttragipitate is filtrated off. The organic
phase from the filtrate is separated and the aquiayer extracted with diethyl ether (2 x 70
mL). Combined organic phase and washings are @dg&(O,) and concentrated at a pressure
of 700 mbar and a bath temperature of 40 °C toel@awoil, which was distilled (3 x 10

mbar, 122 °C) and purified by chromatography [dicbinethane/petroleum ether = 3VAj].
Yield: 2.66 g (14.0 mmol, 20 %l = 0.31 [dichloromethanfpetroleum ether = 3: /)],
colorless oil. Bp 122 °C (3.4 x Tombar).'H-NMR (CDCk, 400Mz)5 1.51 (s, 3 H, Ch),

1.62 (s, 3 H, Ch), 1.66-1.67 (m, 1 H, 2-H), 1.72-1.78 (m, 1 H, 2-H)B3-1.89 (m, 1 H,

OH), 4.60 (m, 1 H, 1-H), 5.06 (s, 1 H, 4-H), 7.1726/(m, 5 H, Ar-H)*C-NMR (CDC},

101 MHz)d 17.7 (CH), 23.7 (quinJcp = 19.5 Hz, C3), 25.7 (G} 38.9 (C2) 74.2 (C1),
123.6 (C4), 125.8 (Ar-C), 127.4 (Ar-C), 128.3 (A};@32.3 (C5), 144.7 (Ar-C). Anal.

Calcd for GaH16D-0 (192.29): C, 81.20; H/R 9.43; Found.: C, 80.90; H9.80%°

4.10 Vanadium-Catalyzed Oxidation of Deuterated Alkenols
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4.10.1 General methodo a solution of VO(I)(OEt) [H.L* = N-salicylidene aminophenol,
derived vanadium complex used as ethanol solvateb&ined from synthesis] in chloroform
was added a solution of TBHP (3/An toluene). The mixture was stirred for 3 minuaesl
was treated at a temperature of 20 °C with a swiutf a deuterated alkendlgq¢, 18 24,,

1&g 34,) in chloroform. The reaction mixture was stirred the time specified in sections
4.10.2-4.10.4. Additional TBHP is added were intideand stirring continued at a
temperature of 20 °C for up to a maximum of 168reotlihe reaction mixture is filtrated
through a pad of neutral aluminium oxide. Orgammdoicts adsorbed are washed with ethyl
acetate (15 mL) from the pad of aluminium oxiden®med filtrate and washings were
concentrated at a temperature of 40 °C in an @spvacuum to leave an oily residue, which
was purified by flash-chromatography [petroleuneetbrt-butyl methyl ether = 3:24(v)].
Deuterated tetrahydrofuranmethanols, tetrahydromysaandy-butyrolactones were

characterized using authentic samples from synshésscribed in the Supplementary data.

4.10.2 Oxidation of 5-methyl-1-phenylhex-4-en-d-(ta;.q4) (48 hours reaction time)
Reactants: alkendla;4 (191 mg, 1.00 mmol) in chloroform (4 mL), VOJ(OEt)(EtOH)

(36.9 mg, 10 mol%), TBHP (434, 3.5Mm solution in toluene, 1.50 mmol) in chloroform (3.6
mL). Reaction time 48 hours at 20 “Z(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-5-2b6.

d). Yield: 147 mg (709 pumol, 71 %, 93/7-mixture of/tians-isomers:; = 0.67 [ethyl
acetate/diethyl ether/pentane = 1:M®/()]. *H-NMR (CDChk, 600 MHz)6 1.23 (s, 3 H,

CHgs), 1.30 (s, 3H, Chk), 1.79-1.84 (m, 1 H, 4-H), 1.96-1.99 (m, 2 H, 3-BIj11 (s, 1 H,

OH), 2.28-2.33 (M, 1 H, H), 3.87 (tJ = 7.4 Hz, 1 H, 2-H), 7.277.29 (m, 1 H, Ar-H),
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7.33-7.38 (M, 4 H, Ar—-H)!*C-NMR (CDCk, 151 MHz)d 24.7 (CHy), 26.6 (C3), 27.4 (Cb,
34.3 (C4), 71.6 (C1’), 80.8 (fcp= 22.2 Hz, C5), 86.3 (C2), 126.1 (Ar-C), 127.6 (&)+
128.6 (Ar-C), 142.5 ( Ar-C). GC-MS,  17.21; 70 eV, ENm/z (%) = 148 (26), 130 (17),
118 (23), 105 (100), 92 (26), 77 (9), 59 (61). HRIES) mVz 192.1138 [M —CHg]; calculated
mass for @H14D0,": 192.11352,2-Dimethyl-6-phenyltetrahydropyran-3-ol-6-4h§.q).
Yield: 28.1 mg (136 umol, 14 %36/54-mixture of cis/trans-isomers. Data fians-(4a.q):

R: = 0.24 [petroleum ether/ethyl acetate = 47%)], colorless crystals. Mp 135 °¢H-NMR
(CDCl;, 600 MHz)6 1.21 (s, 3 H, Ch), 1.28 (s, 3 H, Ch), 1.39 (dJ=4.9 Hz, 1 H, OH),
1.53-1.58 (m, 1 H, 5-H), 1.63-1.70 (m, 1 H, 5-HB2-1.87 (m, 2 H, 4-H), 3.48 (dd=
11.5, 4.4 Hz, 1 H, 3-H), 7.14-7.17 (m, 1 H, Ar-R)22-7.27 (m, 4 H, Ar-H)"*C-NMR
(CDCls, 151 MHz)s 16.5 (CH), 28.5 (CH), 29.0 (C4), 34.2 (C5), 71.7 (s p = 20.8 MHz,
C6), 74.4 (C3), 75.8 (C2), 126.1 (Ar-C), 127.5 (8)-128.5 (Ar-C), 143.0 (Ar-C). GC-MS
(t; = 17.90/El)m/z 149 (11), 131 (7), 118 (5), 105 (100), 92 (8)(9B 59 (11) 4-Benzoyloxy-

5,5-dimethyl-2(3H)-dihydrofuranon&d). Yield: 6.93 mg (30.0 pmol, 3 %).

4.10.3 Oxidation of 5-methyl-1-phenylhex-4-en-2;2-ol (1a,2.4,) (48 hours reaction time)
Reactants: alkendla 24, (193 mg, 1.00 mmol) in chloroform (4 mL), VO(OEL)(EtOH)
(36.9 mg, 10 mol%), TBHP (434, 3.5Mm solution in toluene, 1.50 mmol) in chloroform (3.6
mL). Reaction time: 48 hours at 20 “Z(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-4,4-d
(2a44-4,). Yield: 117 mg (562 pmol, 56 %), 93/7-mixture @/rans-isomers; = 0.68 [ethyl
acetate/diethyl ether/pentane = 1: M&/)]. *H-NMR (CDCk, 400 MHz)6 1.23 (s, 3 H,

CHs), 1.30 (s, 3 H, CH), 1.96 (dd, 2 HJ = 7.4 Hz, 3-H), 2.12 (s, 1 H, OH), 3.88t 7.8
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Hz, 1 H, 2-H), 4.87 (s, 1 H, 5-H), 7.27.30 (m, 1 H, Ar—H), 7.33-7.38 (m, 4 HrAH). °C-
NMR (CDCL, 151 MHz)s 24.7 (CH), 26.4 (C3), 27.4 (C¥), 33.7 (quinJcp = 20.8 Hz, C4),
71.7 (C1'), 81.1 (C5), 86.3 (C2), 126.1 (Ar-C), IR{Ar-C), 128.6 (Ar-C), 142.6 (Ar-C).
GC-MS ¢, = 17.20; 70 eV, El)m/z (%) = 149 (27), 132 (12), 118 (12), 106 (100), 92 (53),
(52). HRMS (ET) m/z 193.1191 [M —CHg]; calculated mass forigH13D,0,™: 193.11982,2-
Dimethyl-6phenyltetrahydropyraB-ol-5,5-¢ (4ass.q,)- Yield: 27.2 mg (131 pmol, 13 %),
41/59-mixture of cis/trans-isomers. Data fi@ns{4as s4,): R = 0.20 [petroleum ether/ethyl
acetate = 4:1v{v)], colorless crystalVip 134 °C.'*H-NMR (CDCl, 600 MHz)6 1.31 (s, 3 H,
CHa), 1.38 (s, 3 H, CH), 1.68 (s, 1 H, OH), 1.73-1.77 (m, 1 H, 4-H), 1(6d,J = 12.8, 4.9
MHz, 1 H, 4-H), 3.56 (dd] = 11.8, 4.6 Hz, 1 H, 3-H), 4.57 (s, 1 H, 6-H), #Z®7 (m, 1 H,
Ar-H), 7.32-7.38 (m, 4 H, Ar-H)*C-NMR (CDCk, 151 MHz)d 16.5 (CH), 28.5 (CH),
28.8 (C4), 33.5 (quinlep = 19.4 Hz, C5), 72.0 (C6), 74.2 (C3), 75.9 (C2)6.1XAr-C),
127.4 (Ar-C), 128.4 (Ar-C), 143.1 (Ar-C). GC-M& £ 17.93/El)m'z 150 (12), 132 (7), 106
(100), 79 (7), 59 (12). Anal. Calcd. for4E16D,0, (208.29): C, 74.96; H/L, 8.71; Found: C,
74.90; H/IQ¢, 8.56°° 4-Benzoyloxy-5,5-dimethyl-2(3H)-dihydrofuranoBa)( Yield: 19.8 mg

(84.5 pmol, 9 %).

4.10.4 Oxidation of 5-methyl-1-phenylhex-4-en-3;3-@l (1as3.4,) (48 hours reaction time)
Reactants: alkendlas 34, (194 mg, 1.01 mmol) in chloroform (4 mL), VO(OEL)(EtOH)
(37.4 mg, 10 mol%), TBHP (434, 3.5M solution in toluene, 1.50 mmol) in chloroform (3.6
mL). Reaction time: 48 hours at 20 “Z(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-3,3-d

(2833.4,)- Yield: 62.1 mg (298 umol, 30 98)7/3-mixture of cis/trans-isomers, brown &4.=
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0.25 [diethyl ether/pentane = 1:\()]. *H-NMR (CDCl, 400 MHz)6 1.26 (s, 3 H, Ch), 1.33
(s, 3H, CH), 1.82-1.85 (m, 1 H, 4-H), 2.16 (s, 1 H, OH), 223B5 (m, 1 H, 4-H), 3.90 (s, 1
H, 2-H), 4.89-4.92 (m, 1 H, 5-H), 7.29-7.32 (m, 1Ad-H), 7.36-7.41 (m, 4 H, Ar-H)C-
NMR (CDCL, 151 MHz)s 24.7 (CH), 26.0 ( quinJcp= 19.4 Hz, C3), 27.3 (C}), 34.2

(C4), 71.6 (C1’), 81.2 (C5), 86.1 (C2), 126.1 (A);-C27.6 (Ar-C), 128.6 (Ar-C), 142.5
(Ar-C). GC-MS ¢ = 17.20; 70 eV, El)m/z (%) = 149 (24), 132 (13), 119 (18), 104 (100), 91
(15), 77 (9), 59 (48)2,2-Dimethyl-6-phenyltetrahydropyran-3-ol-4,4{das 44,). Yield: 13.9
mg (66.7 pmol, 7 %34/56-mixture of cis/trans-isomers, brown oil. Digatrans{4as,4.4,):

R = 0.36 [petroleum ether/ethyl acetate = 474)], colorless crystals. Mp 136 °¢éH-NMR
(CDCls, 600 MHz)5 1.32 (s, 3 H, Ch), 1.38 (s, 3 H, Ch), 1.45 (dJ= 5.5 Hz, 1 H, OH),
1.63-1.67 (m, 1 H, 8H), 1.94 (ddJ = 13.6, 2.5, 1 H, 5-H), 3.58 (d=5.2 Hz, 1 H, 3-H),
4.59 (dd, 1 HJ = 11.7, 2.4 Hz, 6-H), 7.25-7.28 (m, 1 H, Ar-H), 3-3.38 (m, 4 H, Ar-H).
13C-NMR (CDC}, 151 MHz)d 16.5 (CHy), 28.1-28.4 (m, C4), 28.5 (GH 34.1 (C5), 72.1
(C6), 74.3 (C3), 75.8 (C2), 126.1 (A€), 127.5 (Ar-C), 128.5 (Ar-C), 143.1 (Ar-C). @aS
(t: = 17.84/El)m/'z 150 (11), 132 (8), 106 (100), 91 (6), 78 (11)(58). 4-Benzoyloxy-5,5-
dimethyl-2(3H)-dihydrofuranone-3,3-(Bass.4,). Yield: 2.55 mg (10.8 pmol, 1 %y = 0.36
[ethyl acetate/hexane = 4:1H\)]. *H-NMR (CDCk, 400 MHz):6 = 1.41 (s, 6 H, Ch), 5.34

(s, 1 H, 4-H), 7.36-7.39 (m, 2 H, Ar-H), 7.49-7(8, 1 H, Ar—H), 7.93-7.95 (m, 2 H,
Ar—H). **C-NMR (CDCk, 151 MHz):6 = 22.0 (CH), 26.5 (CH), 35.7 (quinJcp = 21.4 Hz,
C4), 75.1 (C3), 86.6 (C2), 128.8 (Ar-C), 129.1 (&)-129.9 (Ar-C), 133.9 (Ar-C), 165.6

(CO), 173.7 (CO).
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1 General Remarks

(i) Compound numbering in the Supplementary Data is consistent with the

accompanying article.

(i) Reference numbering refers exclusively to the Supplementary data.
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2.1

2.3

2.3

2.4

2.5

2.6

Instrumentation

NMR-spectroscopy

'H- and "C-NMR spectra were recorded with FT-NMR DPX 200, DPX 400 and DMX
600 instruments (Bruker). Chemical shifts refer to the J-scale. Tetramethylsilane was

used as internal standard.
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 um). Temperature
program: 40 °C (3 min), 10 °C min ' — 280 °C, 280 °C (10 min).

High resolution mass spectra

High resolution mass spectra (EI, 70 eV) were detected on a GCT Premier Micromass

(Waters).
Combustion analysis

Combustion analyses were performed with a vario Micro cube CHNS (Elementar

Analysentechnik / Hanau).
Thin layer chromatography

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

heating, leading to colored spots for alcohols and ketones.
Melting points

Melting points were determined on a digital melting point apparatus 9100

(Electrothermal).
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Chemicals

Petroleum ether refers to the fraction boiling between 40 °C and 60 °C. All solvents were

used in analytical quality or purified according to standard procedures.'

tert-Butyl hydroperoxide (TBHP; 5.5 M solution in nonane), cyclohexa-1,4-diene, y-
terpinene and cumene hydroperoxide (80 percent by weight) were purchased from

Aldrich Chemicals.

5-Methyl-1-phenylhex-4-en-1-ol ~ (1a)’>,  5-Methyl-1-phenylhex-4-en-1-one*  (E)-1-
phenylhex-4-en-1-ol (1b)’, 1-phenylpent-4-en-1-ol (1c¢)*, 2,2,7-trimethyloct-6-en-3-ol
(1d)’, 5-methyl-2-phenylhex-4-en-1-o0l (1e)°, 5-methyl-3-phenylhex-4-en-1-ol (1f)’, 3-
hydroxy-2,2-dimethyl-tetrahydrodrofuran-5-one®, VO(L)(OEt)(EtOH)’ (H.L = N-
salicylidene 2-aminophenol), VO(HL),” (H,L = N-salicylidene 2-aminophenol) and
VO(L)(OEt)'"" H,L = cis-2,6-bis(diphenylmethanol)-piperidine were synthesized
according to published procedures. A 3.5 M solution of fert-butyl hydroperoxide (TBHP)
in toluene was prepared according to Sharpless et al. and the concentration determined as
described.'" Chloroform used for oxidations was filtrated trough a pad of basic aluminium

oxide.
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4  Spectroscopic Data and Preparation of References

4.1 Deuterated Tetrahydrofuranmethanols
4.1.1 General remarks

Deuterated tetrahydrofurans 2as.,. 234,4-,12 and 233,3.,12 were prepared from deuterated
alkenols as described in the associated article. Compounds 2as.4 2a44.4, and 2234, were
purified by repetitive chromatographic separation [petroleum ether/fert-butyl methyl ether
=3:2 (vv)].

4.1.2 cis-2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-5-d cis-(2as.;)

R¢ = 0.67 [ethyl acetate/diethyl ether/pentane = 1:1:2 (v/v/v)]. '"H-NMR (CDCls;, 600
MHz) ¢ 1.23 (s, 3 H, CHj3), 1.30 (s, 3 H, CH3), 1.79-1.84 (m, 1 H, 4-H), 1.96—1.99 (m,
2 H, 3-H), 2.11 (s, 1 H, OH), 2.28-2.33 (m, 1 H, 4-H), 3.87 (t, J = 7.4 Hz, 1 H, 2-H),
7.27-7.29 (m, 1 H, Ar—H), 7.33-7.38 (m, 4 H, Ar—H). "C-NMR (CDCl;, 151 MHz) §
24.7 (CHj3), 26.6 (C3), 27.4 (CH3), 34.3 (C4), 71.6 (C1°), 80.8 (t, Jop= 22.2 Hz, C5),
86.3 (C2), 126.1 (Ar—C), 127.6 (Ar—C), 128.6 (Ar-C), 142.5 ( Ar—C). GC-MS (¢, =
17.21; 70 eV, El): m/z (%) = 148 (26), 130 (17), 118 (23), 105 (100), 92 (26), 77 (9), 59
(61). HRMS (EI+) m/z 192.1138 [M+—CH3]; calculated mass for C;,H;4DO,": 192.1135.

4.1.3 trans-2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-5-d trans-(2as.,)

R; = 0.67 [ethyl acetate/diethyl ether/pentane = 1:1:2 (v/v/v)]. '"H-NMR (CDCls, 600
MHz) ¢ 1.19 (s, 3 H, CH3), 1.33 (s, 3 H, CH;), 1.79-2.33 (m, 5 H, 3-H, 4-H, OH),
4.03-4.06 (m, 1 H, 2-H), 7.27-7.38 (m, 5 H, Ar-H). "C-NMR (CDCl;, 151 MHz) ¢
24.7 (CHs), 26.6 (C3), 27.4 (CH;), 34.3 (C4), 71.7 (C1°), 86.3 (C2), 126.1 (Ar—C),
127.6 (Ar—C), 128.6 (Ar—C), 142.5 (Ar—C).

4.1.4 cis-2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-4,4-d; cis-(2a44.4,)

R; = 0.68 [ethyl acetate/diethyl ether/pentane = 1:1:2 (v/v/v)]. 'H-NMR (CDCls;, 400
MHz) 6 1.23 (s, 3 H, CH3), 1.30 (s, 3 H, CH3), 1.96 (dd, 2 H, J = 7.4 Hz, 3-H), 2.12 (s,
1 H, OH), 3.88 (t, /= 7.8 Hz, 1 H, 2-H), 4.87 (s, 1 H, 5-H), 7.27-7.30 (m, 1 H, Ar-H),
7.33-7.38 (m, 4 H, Ar—H). "C-NMR (CDCls;, 151 MHz) ¢ 24.7 (CHs), 26.4 (C3), 27.4
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(CHa), 33.7 (quin, Jep = 20.8 Hz, C4), 71.7 (C1°), 81.1 (C5), 86.3 (C2), 126.1 (Ar—C),
127.6 (Ar=C), 128.6 (Ar—C), 142.6 (Ar—C). GC-MS (1, = 17.20; 70 &V, EI) : m/z (%) =
149 (27), 132 (12), 118 (12), 106 (100), 92 (18), 59 (52). HRMS (EI*) m/z 193.1191
[M’—CHj;]; calculated mass for C,H,3D,0,": 193.1198.

4.1.5 trans-2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-4,4-d, trans-(2a44.4,)

Ry = 0.68 [ethyl acetate/diethyl ether/pentane = 1:1:2 (v/v/v)]. 'H-NMR (CDCls;, 400
MHz) ¢ 1.19 (s, 3 H, CH;), 1.36 (s, 3 H, CH3), 1.96-2.13 (m, 3 H, 3-H, OH), 4.03—4.06
(m, 1 H, 2-H), 4.99 (s, 1 H, 5-H), 7.27-7.38 (m, 5 H, Ar—H). "C-NMR (CDCl, 151
MHz) 6 24.2 (CH3), 26.5 (C3), 27.4 (CHs), 66.5 (C1°), 81.6 (C5), 86.8 (C2), 125.7
(Ar—C), 127.10 (Ar-C), 128.44 (Ar—C), 141.04 (Ar—C).

4.1.6 cis-2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-3,3-d; cis-(2a33.4,)

Ry = 0.25 [diethyl ether/pentane = 1:1 (v/v)]. "H-NMR (CDCls;, 400 MHz) 6 1.26 (s, 3 H,
CHj), 1.33 (s, 3 H, CHj3), 1.82—-1.85 (m, 1 H, 4-H), 2.16 (s, 1 H, OH), 2.31-2.35 (m, 1
H, 4-H), 3.90 (s, 1 H, 2-H), 4.89-4.92 (m, 1 H, 5-H), 7.29-7.32 (m, 1 H, Ar—H),
7.36—7.41 (m, 4 H, Ar—H). "C-NMR (CDCL, 151 MHz) ¢ 24.7 (CH3), 26.0 ( quin, Jc
=19.4 Hz, C3), 27.3 (CH;), 34.2 (C4), 71.6 (C1"), 81.2 (C5), 86.1 (C2), 126.1 (Ar—C),
127.6 (Ar—C), 128.6 (Ar—C), 142.5 (Ar—C). GC-MS (. = 17.20; 70 eV, EI): m/z (%) =
149 (24), 132 (13), 119 (18), 104 (100), 91 (15), 77 (9), 59 (48).

4.1.7 trans-2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-3,3-d, trans-(2a; 3..,)

Ry = 0.25 [diethyl ether/pentane = 1:1 (v/v)]. '"H-NMR (CDCl;, 400 MHz) § 1.22 (s, 3 H,
CHs), 1.39 (s, 3 H, CHs), 1.93-1.96 (m, 1 H, 4-H), 2.16 (s, 1 H, OH), 2.39-2.42 (m, 1
H, 4-H), 4.07 (s, 1 H, 2-H), 5.01-5.04 (m, 1 H, 5-H), 7.29-7.32 (m, 1 H, Ar—H),
7.36—7.41 (m, 4 H, Ar—H). "C-NMR (CDCl;, 151 MHz) 6 24.2 (CH3), 26.0 (quin, Jep=
19.4 Hz, C3), 28.5 (CHs), 36.1 (C4), 71.9 (C1°), 81.7 (C5), 86.6 (C2), 125.7 (Ar—C),
127.1 (Ar-C), 128.7 (Ar—C), 143.1 (Ar-C).
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Table S1. Chemical shifts and multiplicity of diagnostic 'H-NMR signals of deuterated and non

deuterated heterocycles 2a, 3a, and 4a “

1 OH R!
Phi/OJHﬂ/\ 0 O\< Ph\to/\‘f
— 2 _— o

R> R’ R OBz R R3\R3H
cis-2a 3a 4a
2a-4a R' R R’ dppm / multiplicity °
2-H 3-H 4-H 5-H 6-H
cis-2a H H H 3.87/t 1.98/q 2.31/m 4.86/dd
1.83/m
cis-2as.4 D H H 3.87/t 1.98 /m 2.30/m -°
1.83/m
cis-2a4 4.4, H D H 3.88/t 1.93/dd - 4.87 /s
cis-223 3.4, H H D 390/s -° 2.33/m 490 /m
1.83/m
3a H 3.16/dd 5.44/dd
2.71/dd
333,3_‘12 D —° 534 /s
cis-4a H H H 348/s 1.60-1.79 /m 4.70 / dd
cis-4a¢ 4 D H H 348 /m 1.60-1.97 /m -°
cis-4as 5.4, H D H 348 /m 1.72 /1t —° 4.69 /s
1.90 / m
cis-424 4.4, H H D 348/s —° 1.62/1 4.70 / dd
1.80 /m
trans-4a H H H 3.55/dd 4.56 /dd
trans-4a,;, D H H 3.48 /dd 1.82-1.87 /m -
trans-4ass,, H D H 3.56/dd 1.75/m - 457 /s
1.92/dd
trans—4a4,4_42 H H D 3.58/d - 1.65/m 4.59/dd
1.94 /dd

“ Shaded fields refer to positions not available in 2a, 3a, and 4a. ’ Chemical shift information for
multiplets refer to center position of the signal. © Position of deuteration (see text of the
associated article).
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4.2 Non-Deuterated Tetrahydrofuranmethanols
4.2.1 cis-2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol cis-(2a)’

Ry = 0.25 [petroleum ether/ethyl acetate = 8:2 (v/v)]. 'H-NMR (CDCls;, 400 MHz) §1.22
(s, 3 H, CH3), 1.29 (s, 3 H, CH3), 1.75-1.85 (m, 1 H, CH>), 1.93-1.99 (m, 2 H, CH.,),
2.19 (br. s, 1 H, OH), 2.27-2.34 (m, 1 H, CH,) 3.87 (t, J=7.4 Hz, 1 H, CH), 4.86 (dd, J
=8.3,6.9 Hz, 1 H, CH) 7.25-7.38 (m, 5 H, Ar-H).

4.2.2 trans-2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol trans-(2a)’

Ry = 0.25 [petroleum ether/ethyl acetate = 8:2 (v/v)]. "H-NMR (CDCls;, 400 MHz) 51.28
(s, 3 H, CH3), 1.19 (s, 3 H, CH3), 1.78-1.99 (m, 3 H, CH,), 2.19 (br. s, 1 H, OH), 2.30-
2.42 (m, 1 H, CH,) 4.03 (dd, J=8.9, 6.3 Hz, 1 H, CH), 4.98 (dd, J = 8.8, 59 Hz, 1 H,
CH) 7.25-7.38 (m, 5 H, Ar—H).

4.2.3 rel-(25,1°’S)-1-(5-phenyltetrahydrofuran-2-yl)-ethanol rel-(2S5,1°5)-(2b)

Ry = 0.17 [petroleum ether/ethyl acetate = 8:2 (v/v)]. trans-3b: 'H-NMR (CDCl;, 400
MHz) 6 1.18 (d, J = 6.44 Hz, 3 H, CH3),1.80—1.92 (m, 1 H, CH,), 1.94-2.09 (m, 2 H,
CH,), 2.18 (s, 1 H, OH), 2.35-2.42 (m, 1 H, CH,), 4.03—4.10 (m, 1 H, CH), 4.12—4.16
(m, 1 H, CH), 5.02 (dd, J = 8.49, 5.95 Hz, 1 H, CH) 7.24— 7.36 (m, 5 H, Ar-H). C-
NMR (CDCl;, 101 MHz) 618.1 (CH;), 25.7 (CH,), 35.7 (CH»), 68.2 (HO-CH), 81.7
(O-CH), 83.9 (O-CH), 126 (Ar—C), 127 (Ar—C), 129 (Ar—C), 143 (Ar—C). cis-3b: 'H-
NMR (CDCl;, 400 MHz) 6 1.22 (d, J = 6.44 Hz, 3 H, CH;),1.79-1.84 (m, 1 H, CH,),
1.94-2.09 (m, 2 H, CH,), 2.18 (s, 1 H, OH), 2.27-2.34 (m, 1 H, CH;), 3.94-3.98 (m, 1
H, CH), 4.03—4.10 (m, 1 H, CH), 4.88 (dd, J = 8.29, 6.73 Hz, 1 H, CH), 7.24—7.36 (m,
5 H, Ar-H). "C-NMR (CDCl;, 101 MHz) §18.6 (CHs), 25.1 (CH,), 34.1 (CH,), 68.3
(HO-CH), 81.3 (O-CH), 83.5 (O-CH), 126 (Ar—C), 128 (Ar—C), 129 (Ar—C), 142
(Ar—C). HRMS (EI") m/z 192.1149 [M']; calculated mass for C,,H;s0,". 192.1150.

4.2.4 cis-(5-Phenyltetrahydrofuran-2-yl)-methanol cis-(2c)’

R¢ = 0.09 [petroleum ether/ethyl acetate = 8:2 (v/v)]. 'H-NMR (CDCl;, 400 MHz)
01.81-1.92 (m, 2 H, CH,), 2.02-2.11 (m, 1 H, CH,), 2.04 (s, 1 H, OH), 2.28-2.40 (m, 1
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H, CH,) 3.65 (dd, J = 11.6, 6.1 Hz, 1 H, CH,), 3.79 (dd, J=11.5, 3.3 Hz, 1 H, CH,),
4.184.23 (m, 1 H, CH), 4.91 (dd, /=7.6, 6.7 Hz, 1 H, CH) 7.24-7.37 (m, 5 H, Ar—H).

4.2.5 trans-(5-Phenyltetrahydrofuran-2-yl)-methanol trans-(2c)’

R¢ = 0.09 [petroleum ether/ethyl acetate = 8:2 (v/v)]. 'H-NMR (CDCl;, 400 MHz)
01.81-1.92 (m, 2 H, CH,), 2.02-2.11 (m, 1 H, CHa), 2.04 (s, 1 H, OH), 2.28-2.40 (m, 1
H, CH,) 3.60 (dd, J = 11.6, 6.1 Hz, 1 H, CH»), 3.74 (dd, J=11.7, 3.3 Hz, 1 H, CH>),
4.34-4.40 (m, 1 H, CH), 5.00(dd, J=8.2, 5.9 Hz, 1 H, CH) 7.24-7.37 (m, 5 H, Ar—H).

4.2.6 cis-2-(5-tert-Butyl-tetrahydrofuran-2-yl)-propan-2-ol cis-(2d)’

Ry = 0.35 [diethyl ether : pentane = 1:2 (v/v)]. 'H-NMR (CDCl;, 400 MHz) 50.91 (s, 9
H, C(CH;);), 1.14 (s, 3 H, CHs), 1.23 (s, 3 H, CH3), 1.56-1.82 (m, 4 H, CH,), 2.11 (br.
s, 1 H, OH), 3.54 (dd, J=8.3, 6.5 Hz, 1 H, CH), 6.64 (t, /= 7.2 Hz, 1 H, CH).

4.2.7 cis-2-(4-Phenyltetrahydrofuran-2-yl)-propan-2-ol cis-(2e)’

Ry = 0.29 [petroleum ether/ethyl acetate = 2:1 (v/v)]. 'H-NMR (CDCls;, 400 MHz) 51.19
(s, 3 H, CH3), 1.30 (s, 3 H, CHj3), 1.80—-1.95 (m, 1 H, CH,), 2.05 (br. s, 1 H, OH), 2.25—
2.35 (m, 1 H, CH,), 3.54 (t, J=11.6 Hz, 1 H, CH>), 3.77 (dd, J=9.5, 8.1 Hz, 1 H, CH),
3.93(dd, J=9.8,5.2 Hz, 1 H, CH), 4.22-4.28 (m, 1 H, CH,) 7.21-7.34 (m, 5 H, Ar—H).

4.2.8 trans-2-(4-Phenyltetrahydrofuran-2-yl)-propan-2-ol trans-(2e)’

R;=0.29 [petroleum ether/ethyl acetate = 2:1 (v/v)]. '"H-NMR (CDCls;, 400 MHz) 51.17
(s, 3 H, CH3), 1.29 (s, 3 H, CH3), 1.97 (ddd, J = 12.7, 7.8, 6.4 Hz, 1 H, CH,), 2.05 (br.
s, | H, OH), 2.22 (ddd, J = 12.7, 9.0, 7.3 Hz, 1 H, CH,), 3.43 (ddd, J = 13.7, 9.0, 6.9
Hz, 1 H, CH,), 3.84 (dd, /= 8.4, 7.2 Hz, 1 H, CH), 3.97 (t, /= 7.5 Hz, 1 H, CH), 4.25
(dd, J = 8.6, 6.8 Hz, 1 H, CH;) 7.21-7.34 (m, 5 H, Ar—H).

4.2.9 cis-2-(3-Phenyltetrahydrofuran-2-yl)-propan-2-ol cis-(2f)’

Ry = 0.25 [petroleum ether/ethyl acetate = 2:1 (v/v)]. '"H-NMR (CDCls;, 600 MHz) & 0.88
(s, 3 H, CHs), 1.06 (s, 3 H, CH3), 1.72 (br. s 1 H, OH), 2.17 (dddd, J = 12.8, 9.1, 5.8,
3.7Hz, 1 H CH,), 2.45 (dddd, J = 12.8, 9.8, 8.2, 5.8 Hz, 1 H, CH,), 3.40 (ddd, J = 8.5,
5.3,3.8 Hz, 1 H, O-CH), 3.75 (d, /= 5.6 Hz, 1 H, Ar—CH), 3.97 (td, J;=9.2 Hz, J, =
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3.3

4.3.1

4.3.1.

6.2 Hz, 1 H, O-CH,), 4.27 (td, J, = 8.7 Hz, J,; = 5.6 Hz, | H, CH,), 7.20-7.36 (m, 5 H,
Ar-H). §25.8 (CH:), 27.4 (CHs), 34.4 (CH,), 46.3 (Ar—CH) 66.8 (O-CH,), 74.8
[C(CH;),], 88.8 (O-CH), 127 (Ar—C), 128 (Ar—C), 129 (Ar—C), 142 (Ar—C).

Deuterated Tetrahydropyran-3-ols
General method

Neat MoO;(acac), is added to a solution of alkenols 1a;.4, 1az5.4, und lag,,g,_d2 in benzene
(35 mL). The solution is stirred in an atmosphere of dry nitrogen for 15 minutes at 40 °C
and treated with a solution of TBHP in toluene (2.29 mL, 3.5 M solution of TBHP). The
resulting mixture is stirred for 48 hours at a temperature of 40 °C and treated at room
temperature with an aqueous saturated solution of NH4CI (100 mL). The organic phase is
separated and the aqueous layer extracted with ters-butyl methyl ether (3 x 30 mL).
Combined organic layer and washings are sequentially washed with an aqueous saturated
solution of NaHCO; (100 mL), water (100 mL) and brine (100 mL) to afford a clear
solution which is dried (MgSO,) and concentrated at a pressure of 700 mbar and a bath
temperature of 40 °C. The remaining residue was purified by chromatography [petroleum
ether/ethyl acetate = 4:1 (v/v)] to afford a deuterated tetrahydropyranol as crystalline

solid, which was crystallized from a 10/1-mixture of hexane/ethyl acetate.
1 trans-2,2-Dimethyl-6-phenyltetrahydropyran-3-o0l-6-d trans-(4a¢.q)

Reagents: 5-methyl-1-phenylhex-4-en-1-d-1-ol (1a,) (772 mg, 4.03 mmol), MoO,(acac),
(138 mg, 423 pumol), TBHP, and benzene. Yield: 139 mg (671umol, 17 %), Ry = 0.24
[petroleum ether/ethyl acetate = 4:1 (v/v)], colorless crystals. Mp 135 °C. 'H-NMR
(CDCl;, 600 MHz) ¢ 1.21 (s, 3 H, CH3), 1.28 (s, 3 H, CH3), 1.39 (d, J=4.9 Hz, 1 H,
OH), 1.53-1.58 (m, 1 H, 5-H), 1.63—1.70 (m, 1 H, 5-H), 1.82—1.87 (m, 2 H, 4-H), 3.48
(dd, J=11.5,4.4Hz, 1 H, 3-H), 7.14-7.17 (m, 1 H, Ar—H), 7.22-7.27 (m, 4 H, Ar—H).
BC-NMR (CDCl, 151 MHz) ¢ 16.5 (CHs), 28.5 (CHs), 29.0 (C4), 34.2 (C5), 71.7 (4,
Jep =20.8 MHz, C6), 74.4 (C3), 75.8 (C2), 126.1 (Ar—C), 127.5 (Ar—C), 128.5 (Ar—C),
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143.0 (Ar-C). GC-MS (4 = 17.90/EI) m/z 149 (11), 131 (7), 118 (5), 105 (100), 92 (8),
78 (9), 59 (11).

4.3.1.2 trans-2,2-Dimethyl-6-phenyltetrahydropyran-3-ol-5,5-d, trans-(4as;s..,)

Reagents: 5-methyl-1-phenylhex-4-en-2,2-d>-1-01 (1a324,) (717 mg, 3.75 mmol),
MoOs(acac), (137 mg, 423 umol), and TBHP and benzene. Yield: 83.5 mg (400 pmol,
11 %), Ry = 0.20 [petroleum ether/ethyl acetate = 4:1 (v/v)], colorless crystals. Mp 134
°C. "H-NMR (CDClL;, 600 MHz) 6 1.31 (s, 3 H, CH3), 1.38 (s, 3 H, CH3), 1.68 (s, 1 H,
OH), 1.73—1.77 (m, 1 H, 4-H), 1.92 (dd, J = 12.8, 4.9 MHz, 1 H, 4-H), 3.56 (dd, J =
11.8, 4.6 Hz, 1 H, 3-H), 4.57 (s, 1 H, 6-H), 7.25-7.27 (m, 1 H, Ar—H), 7.32-7.38 (m, 4
H, Ar-H). "C-NMR (CDCL, 151 MHz) ¢ 16.5 (CHs), 28.5 (CH3), 28.8 (C4), 33.5
(quin, Jcp = 19.4 Hz, C5), 72.0 (C6), 74.2 (C3), 75.9 (C2), 126.1 (Ar-C), 127.4
(Ar—C), 128.4 (Ar—C), 143.1 (Ar—C). GC-MS (¢, = 17.93/El) m/z 150 (12), 132 (7), 106
(100), 79 (7), 59 (12). Anal. Caled. for Ci3H;sD,0, (208.29): C, 74.96; H/D.s, 8.71;
Found: C, 74.90; H/D.s, 8.56."

4.3.1.3 trans-2,2-Dimethyl-6-phenyltetrahydropyran-3-ol-4,4-d, trans-(4a44.4,)

Reagents: 5-methyl-1-phenylhex-4-en-3,3-d>-1-0l (1a334,) (754 mg, 3.92 mmol),
MoOs(acac), (136 mg, 417 pmol), TBHP and benzene. Yield: 102 mg (488 umol, 13 %),
R; = 0.36 [petroleum ether/ethyl acetate = 4:1 (v/v)], colorless crystals. Mp 136 °C. 'H-
NMR (CDCl;, 600 MHz) ¢ 1.32 (s, 3 H, CH3), 1.38 (s, 3 H, CHs;), 1.45 (d, /= 5.5 Hz, 1
H, OH), 1.63—1.67 (m, 1 H, 5-H), 1.94 (dd, /= 13.6, 2.5, 1 H, 5-H), 3.58 (d, /= 5.2 Hz,
1 H, 3-H), 4.59 (dd, 1 H, J=11.7, 2.4 Hz, 6-H), 7.25-7.28 (m, 1 H, Ar—H), 7.33—-7.38
(m, 4 H, Ar-H). "C-NMR (CDCl, 151 MHz) ¢ 16.5 (CHs), 28.1-28.4 (m, C4), 28.5
(CH3), 34.1 (C5), 72.1 (C6), 74.3 (C3), 75.8 (C2), 126.1 (Ar—C), 127.5 (Ar—C), 128.5
(Ar—C), 143.1 (Ar—C). GC-MS (t, = 17.84/EI) m/z 150 (11), 132 (8), 106 (100), 91 (6),
78 (11), 59 (12).
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4.4 Non-Deuterated Tetrahydropyran-3-ols
4.4.1 cis-2,2-Dimethyl-6-phenyltetrahydropyran-3-ol cis-(4a)’

R¢=0.22 [petroleum ether/ethyl acetate = 8:2 (v/v)]. 'H-NMR (CDCls;, 400 MHz) 51.33
(s, 3 H, CH3), 1.33 (s, 3 H, CH3), 1.51 (s, 1 H, OH), 1.60-1.79 (m, 2 H, CH), 1.88-1.97
(m, 2 H, CH,), 3.48 (br. s, 1 H, CH), 4.70 (dd, J=11.7,2.7 Hz, 1 H, CH) 7.21-7.39 (m,
5 H, Ar-H).

4.4.2 trans-2,2-Dimethyl-6-phenyltetrahydropyran-3-ol trans-(4a)

In an atmosphere of argon, a solution of 5-methyl-1-phenylhex-4-en-1-ol (1a) (766 mg,
4.03 mmol) and MoO,(acac), (134 mg, 411 pmol) in benzene (30 mL) was treated with a
solution of TBHP in nonane (1.46 mL, 5.5 M solution of TBHP). The reaction mixture
was stirred for 48 hours at 40 °C, treated at 20 °C with a saturated aqueous solution of
NH4CI (100 mL), and extracted with tert-butyl methyl ether (3 x 100 mL). Combined
organic extracts were sequentially washed with an aqueous saturated solution of NaHCO;
(100 mL), water (100 mL), and brine (100 mL). The resulting clear solution was dried
(MgSO0,) and concentrated under reduced pressure (10 mbar) at a bath temperature of 40
°C. The remaining yellow oil was purified by flash-chromatography [petroleum
ether/ethyl acetate = 8:2 (v/v)]. The fraction having a ratio of fronts of Ry = 0.22 was
collected, concentrated under reduced pressure and crystallized from a 10/1-mixture (v/v)
of hexane/ethyl acetate (2.75 mL). Yield: 151 mg (732 pumol, 18 %), Ry = 0.22
[petroleum ether/ethyl acetate = 8:2 (v/v)]. '"H-NMR (CDCls, 400 MHz) 61.29 (s, 3 H,
CH,), 1.36 (s, 3 H, CHs), 1.59 (br. s, 1 H, OH), 1.63-1.79 (m, 2 H, CH;), 1.90-1.96 (m,
2 H, CH,), 3.55 (dd, J=11.4, 43Hz, 1 H, CH), 4.56 (dd, J=11.5, 2.0 Hz, 1 H, CH)
7.22-7.25 (m, 1 H, Ar—H) 7.30-7.37 (m, 4 H, Ar-H).

4.4.3 rel-(25,3R,65)-2-Methyl-6-phenyltetrahydropyran-3-ol rel-(2S5,3R,65)-(4b)

R¢=0.17 [petroleum ether/ethyl acetate = 8:2 (v/v)]. °C NMR (CDCl;, 101 MHz) 518.1
(CH3), 25.7 (CH,), 35.7 (CH,), 68.2 (HO-CH), 81.7 (O-CH), 83.9 (O-CH), 126 (Ar—C),
127 (Ar—C), 129 (Ar—C), 143 (Ar—C). HRMS (EI") m/z 192.1149 [M]; calculated mass
for C1,H160, ", 192.1150.
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4.4.4 trans-2,2-Dimethyl-6-tert-butyl-tetrahydropyran-3-ol trans-(4d).’

R¢= 0.33 [diethyl ether/pentane = 1:2 (v/v)]. '"H-NMR (CDCl;, 400 MHz) 50.85 (s, 9 H,
C(CHs);), 1.12 (s, 3 H, CH3), 1.21 (s, 3 H, CH3), 1.49-1.83 (m, 4 H, CH,), 2.10 (br. s, 1
H, OH), 3.05 (dd, J=11.6, 2.2 Hz, 1 H, CH), 3.35 (dd, J=11.5, 4.7 Hz, 1 H, CH).

4.4.5 trans-2,2-Dimethyl-5-phenyltetrahydropyran-3-ol trans-(4e)’

Ry = 0.24 [petroleum ether/ethyl acetate = 2:1 (v/v)]. '"H-NMR (CDCl;, 400 MHz) &1.31
(s, 3 H, CHs), 1.37 (s, 3 H, CH3), 1.59 (br. s, 1 H, OH), 1.94-2.06 (m, 1 H, CH,), 2.21
(ddd, J=13.8, 12.3, 2.6 Hz, 1 H, CH,), 3.20 (tt, /=11.4, 4.7 Hz, 1 H, CH), 3.61 (dd, J
=3.7,3.4 Hz, 1 H, CH»), 3.74 (dd, ] = 11.9, 10.7 Hz, 1 H, CH,), 3.80 (ddd, J = 11.7,
5.0, 1.8 Hz, 1 H, CH,), 7.20-7.33 (m, 5 H, Ar—H).

4.4.6 cis-2,2-Dimethyl-4-phenyltetrahydropyran-3-ol cis-(4f)’

Ry = 0.25 [petroleum ether/ethyl acetate = 2:1 (v/v)]. 'H-NMR (CDCls;, 600 MHz) §1.30
(s, 3 H, CH;), 1.40 (s, 3 H, CH;), 1.54 (dt, J,= 13.2 Hz, J;,=4.0 Hz, 1 H, eq. CH,), 1.66
(br. s, 1 H, OH), 2.30 (qd, J, = 13.0 Hz, J, = 5.6 Hz, 1 H, ax. CH,), 3.24 (dt, J, = 13.1
Hz, J;=2.9 Hz, 1H, Ar-CH), 3.47 (s, 1 H, HO-CH), 3.85 (td, J;= 12.2 Hz, J,= 2.3 Hz,
1 H, O-CH,), 3.90 (ddd, /= 11.7, 5.6, 1.5 Hz, 1 H, O-CH,), 7.20-7.36 (m, 5 H, Ar—H).
PC-NMR (CDCl;, 151 MHz) 621.6 (CHs), 24.1 (CH,), 27.0 (CH3), 41.1 (Ar—CH), 61.4
(O-CH,), 74.5 (HO-CH), 71.9 (C(CH3),), 127 (Ar-C), 128 (Ar-C), 129 (Ar-C), 142
(Ar—C).

4.5 y-Butyrolactones
4.5.1 4-Benzoyloxy-5,5-dimethyl-2(3H)-dihydrofuranone-3,3-d; (3a3.4,)

To a solution of VO(L')(OEt)(EtOH) (60.0 mg, 162 pmol) in chloroform (4 mL) was
added a solution of TBHP in toluene (600 pL, 3.5 M solution of TBHP) and stirred for
three minutes at a temperature of 20 °C. To this mixture was added a solution of cis-2-
(5-phenyltetrahydrofuran-2-yl)-propan-2-0l-3,3-d> (2a33.4,) (314 mg, 2.33 mmol) in

chloroform (3.60 mL). The resulting solution was stirred for 7 days at a temperature of
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20 °C and concentrated afterwards at a pressure of 700 mbar and a bath temperature of
40 °C. The remaining oil was purified by chromatography [ethyl acetate/hexane = 2:8
(v/v)]. R¢= 0.36 [ethyl acetate/hexane = 4:1 (v/v)]. '"H-NMR (CDClL;, 400 MHz): § = 1.41
(s, 6 H, CH3), 5.34 (s, 1 H, 4-H), 7.36—7.39 (m, 2 H, Ar-H), 7.49-7.53 (m, 1 H, Ar—H),
7.93-7.95 (m, 2 H, Ar—H). "C-NMR (CDCl;, 151 MHz): 6 = 22.0 (CH3), 26.5 (CH),
35.7 (quin, Jep = 21.4 Hz, C4), 75.1 (C3), 86.6 (C2), 128.8 (Ar—C), 129.1 (Ar—C),
129.9 (Ar-C), 133.9 (Ar—C), 165.6 (CO), 173.7 (CO).

4.5.2 4-Benzoyloxy-5,5-dimethyl-2(3H)-dihydrofuranone (3a)’

Ry = 0.18 [petroleum ether/ethyl acetate = 8:2 (v/v)]. 'H-NMR (CDCl;, 400 MHz) & 1.49
(s, 3 H, CH3), 1.50 (s, 3 H, CHs3), 2.70 (dd, J = 18.5, 2.1 Hz, 1 H, CH,), 3.16 (dd, J =
18.5, 6.6 Hz, 1 H, CH,), 5.44 (dd, /= 6.6, 2.1 Hz, 1 H, CH), 7.45-7.48 (m, 2 H, Ar—H),
7.58-7.62 (m, 1 H, Ar—H), 8.02-8.04 (m, 2 H, Ar—H).

4.5.3 cis-4-Benzoyloxy-5-methyl-2(3H)-dihydrofuranone cis-(3b)"

Ry = 0.24 [petroleum ether/ethyl acetate = 8:2 (v/v)]. 'H-NMR (CDCls;, 600 MHz) & 1.47
(d, J=6.6 Hz, 3 H, CH3), 2.76 (dd, J=18.2, 1.5 Hz, 1 H, CH,), 3.02 (dd, /= 18.2, 6,5
Hz, 1 H, CH,), 4.82 (qd, J, = 6.5 Hz, J,=4.2 Hz, 1 H, CH), 5.71 (ddd, J=6.0, 4.3, 1.4
Hz, 1 H, CH), 7.47 (d, J=7.5 Hz, 2 H, Ar-H), 7.61 (tt, J=7.4, 1.4 Hz, 1 H, Ar-H), 8.04
(dd, J=8.4, 1.4 Hz, 2 H, Ar—H).

4.5.4 trans-4-Benzoyloxy-5-methyl-2(3H)-dihydrofuranone trans-(3b)"

Ry = 0.24 [petroleum ether/ethyl acetate = 8:2 (v/v)]. "H-NMR (CDCls;, 400 MHz) & 1.50
(d, J=6.7 Hz, 3 H, CH3), 2.75 (dd, /= 18.6, 2.2 Hz, 1 H, CH,), 3.08 (dd, J=18.7, 7.0
Hz, 1 H, CH»), 4.78 (qd, J, = 6.8, J, = 1.7 Hz, 1 H, CH), 5.30 (dt, J4=6.9, J;= 1.9 Hz,
1 H, CH), 7.45-7.49 (m, 2 H, Ar-H), 7.59-7.63 (m, 1 H, Ar-H), 8.03 (dd, J = 8.4, 1.3
Hz, 2 H, Ar-H).

4.5.5 4-Benzoyloxy-2(3H)-dihydrofuranone (3¢)"

R¢=0.04 [petroleum ether/ethyl acetate = 8:2 (v/v)]. 'H-NMR (CDCls;, 400 MHz) & 2.78
(d, J=18.3 Hz, 1 H, CH»), 2.97 (dd, J=18.5, 6.6 Hz, 1 H, CH;), 4.52 (d, J=11.1 Hz,
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1 H, CH,), 4.61 (dd, J = 11.7, 4.7 Hz, 1 H, CH.), 5.68 (dd, J, = 6.6, 4.9 Hz, 1 H, CH),
7.43-7.48 (m, 2 H, Ar—H), 7.55-7.58 (m, 1 H, Ar—H), 8.02-8.04 (m, 2 H, Ar—H).

4.5.6 4-Pivaloyloxy-5,5-dimethyl-2(3H)-dihydrofuranone (3d)

To an ice-cooled solution of 4-hydroxy-5,5-dimethyl-2(3H)-dihydrofuranone (836 mg,
6.42 mmol), triethylamine (14.2 g, 141 mmol) and 4,4-dimethylaminopyridine (855 mg,
7.0 mmol) in dichloromethane (120 mL) was added in a dropwise manner neat pivaloyl
chloride (10.1 mg, 83.8 mmol) while being stirred. Stirring was continued at 21 °C for
sixty minutes. Water (100 mL) was subsequently added and the aqueous phase acidified
to pH 1 by adding 6 M-hydrochloric acid. The organic phase was separated and washed
with an aqueous saturated solution of NaHCO; (50 mL). The resulting solution was dried
(Na,SO,) and concentrated at bath temperature of 40 °C in an aspirator vacuum. The
residue was purified by flash-chromatography using a 1/2-mixture by volume of diethyl
ether/pentane. Yield: 1.05 g (4.90 mmol, 76 %), colorless liquid, Ry = 0.21 [diethyl
ether/pentane = 1:2 (v/v)]. '"H-NMR (CDClL, 400 MHz) §1.22 (s, 9 H, C(CH:)3), 1.41 (s,
3 H, CH,), 1.45 (s, 3 H, CH3), 2.51 (dd, J = 18.6, 2.1 Hz, 1 H, CH,), 3.06 (dd, J = 18.6,
6.7, Hz, 1 H, CH,), 5.16 (dd, J = 6.7, 2.2, Hz, 1 H, CH). "C-NMR (CDCl;, 151 MHz) &
21.6 (CHj), 26.4 (CHj), 27.0 [C(CH3)s], 36.0 (C3), 38.9 [C(CH3);], 74.4 (C4), 86.4
(C5), 173.6 (C1°), 177.5 (C2). Anal. calcd. for C,;H;504 (214.26): C, 61.66; H, 8.47;
Found: C, 61.41; H, 8.55. GC-MS (EI): m/z (%) = 57 (100), 199 (15) [M"-CH3], 215 (5)
[M™+H].

4.5.7 4-Phenyl-2(3H)-dihydrofuranone (5¢)'

Ry = 0.36 [petroleum ether/ethyl acetate = 2:1 (v/v)]. 'H-NMR (CDCls;, 400 MHz) & 2.68
(dd, J=17.5,9.2 Hz, 1 H, CH;), 2.93 (dd, /= 17.4, 8.8 Hz, 1 H, CH;), 3.74-3.84 (m, 1
H, CH), 4.27 (dd, J=9.0, 8.1 Hz, 1 H, CH,), 4.67 (dd, J=9.0, 7.8 Hz, 1 H, CH,), 7.23—
7.26 (m, 2 H, Ar—H), 7.29-7.32 (m, 1 H, Ar—H), 7.36-7.40 (m, 2 H, Ar-H).

4.5.8 3-Phenyl-2(3H)-dihydrofuranone (5f)"’

R¢ = 0.42 [petroleum ether/ethyl acetate = 2:1 (v/v)]. "H-NMR (CDCls;, 400 MHz) & 2.45
(dddd, J = 12.8, 10.2, 9.3, 8.3 Hz, 1 H, CH,), 2.69-2.77 (m, 1 H, CH»), 3.82 (dd, J =
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10.1, 9.3 Hz, 1 H, CH), 4.36 (td, J, = 9.2 Hz, J, = 6.7 Hz, | H, CH,), 4.49 (td, J, = 8.6
Hz, J,;=3.3 Hz, | H, CH,), 7.28-7.40 (m, 5 H, Ar-H).
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5.1

Oxidation of Deuterated Alkenols Catalyzed by Oxovanadium(V) Schiff-
Base Complex VO(LI)(OEt) — Different Reaction Times

General method

To a solution of VO(L')(OEt) (H,L' = N-salicylidene 2-aminophenol; used as ethanol
solvate as obtained from synthesis) in chloroform was added a solution of TBHP (3.5 M)
in toluene. The mixture was stirred for 3 minutes at 20 °C and was treated at 20 °C with
a solution of a deuterated alkenol (1a;4, 1a33.4,, 2a33.4,) in chloroform. The reaction
mixture was stirred for the time specified in sections 5.1.1-5.1.6 at 20 °C and filtrated
through a pad of neutral aluminium oxide. Organic products adsorbed were washed with
ethyl acetate (15 mL) from the pad of aluminium oxide. Combined filtrate and washings
were concentrated at a bath temperature of 40 °C in an aspirator vacuum to leave an oily
residue, which was purified by flash-chromatography [petroleum ether/tert-butyl methyl
ether = 3:2 (v/v)]. Deuterated tetrahydrofuranmethanols, tetrahydropyranols and v-
butyrolactones were characterized using authentic samples from syntheses described in

the sections 5 and 7.

5.1.1 Oxidation of 5-methyl-1-phenylhex-4-en-d-1-ol (1a,.4) — 72 hours

Reactants: alkenol 1a;, (192 mg, 1.00 mmol) in chloroform (4 mL),
VO(L")(OEt)(EtOH) (37.0 mg, 10 mol%) and TBHP (430 uL, 3.5 M solution in toluene,
1.50 mmol) in chloroform (3.6 mL). Reaction time: 72 hours at 20 °C. 2-(5-
Phenyltetrahydrofuran-2-yl)-propan-2-ol-5-d (2as.,). Yield: 133 mg (642 umol, 64 %),
94/6-mixture of cis/trans-isomers. 2,2-Dimethyl-6-phenyltetrahydropyran-3-ol-6-d (4as.
2. Yield: 17.7 mg (85.4 pumol, 9 %), 46/54-mixture of cis/trans-isomers. 4-Benzoyloxy-
5,5-dimethyl-2(3H)-dihydrofuranone (3a). Yield: 8.29 mg (35.4 umol, 4 %).

5.1.2 Oxidation of 5-methyl-1-phenylhex-4-en-d-1-o0l (1a;.4) — 168 hours

Reactants: alkenol 1a;, (191 mg, 1.00 mmol) in chloroform (4 mL),
VO(L")(OEt)(EtOH) (36.9 mg, 10 mol%), TBHP (2 x 430 pL, 3.5 M solution in toluene,
2 x 1.50 mmol; second aliquot added after 72 h) in chloroform (3.6 mL). Reaction time:

S17



168 hours at 20 °C. 2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-5-d (2as.,). Yield:
97.9 mg (470 umol, 47 %), 98/2-mixture of cis/trans-isomers. 2,2-Dimethyl-6-
phenyltetrahydropyran-3-ol-6-d (4as.4). Yield: 24.4 mg (117 pmol, 12 %), 50/50-mixture
of cis/trans-isomers. 4-Benzoyloxy-5,5-dimethyl-2(3H)-dihydrofuranone (3a). Yield:
26.9 mg (115 pmol, 12 %).

5.1.3 Oxidation of 5-methyl-1-phenylhex-4-en-2,2-d,-1-o0l (1a,.4,) — 72 hours

Reactants: alkenol 1as4, (195 mg, 1.01 mmol) in chloroform (4 mL),
VO(L")(OEt)(EtOH) (36.1 mg, 10 mol%), TBHP (430 pL, 3.5 M solution in toluene,
1.50 mmol) in chloroform (3.6 mL). Reaction time: 72 hours at 20 °C. 2-(5-
Phenyltetrahydrofuran-2-yl)-propan-2-ol-4,4-d; (2a,4.4,). Yield: 92.1 mg (442 umol, 44
%), 94/6-mixture of cis/trans-isomers. 2,2-Dimethyl-6-phenyltetrahydropyran-3-ol-3,5-
d> (4as54). Yield: 17.1 mg (82.1 umol, 8 %), 46/54-mixture of cis/trans-isomers. 4-
Benzoyloxy-35,5-dimethyl-2(3H)-dihydrofuranone (3a). Yield: 13.0 mg (55.5 pmol, 6 %).

5.1.4 Oxidation of 5-methyl-1-phenylhex-4-en-2,2-d,-1-o0l (laz,z_dz) — 168 hours

Reactants: alkenol 1lazz4, (193 mg, 1.00 mmol) in chloroform (4 mL),
VO(L")(OEt)(EtOH) (36.7 mg, 10 mol%), TBHP (2 x 430 uL, 3.5 M solution in toluene,
2 x 1.50 mmol; second aliquot added after 72 hours) in chloroform (3.6 mL). Reaction
time: 168 hours at 20 °C. 2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-4,4-d; (2a44.a,).
Yield: 49.2 mg (236 umol, 24 %), 96/4-mixture of cis/trans-isomers, brown oil. 2,2-
Dimethyl-6-phenyltetrahydropyran-3-ol-5,5-d> (4ass.,). Yield: 26.7 mg (128 pmol, 13
%), 45/55-mixture of  cis/trans-isomers. 4-Benzoyloxy-35,5-dimethyl-2(3H)-
dihydrofuranone (3a). Yield: 50.1 mg (214 pmol, 21 %).

5.1.5 Oxidation of 5-methyl-1-phenylhex-4-en-3,3-d,-1-o0l (1a3,3_d2) — 72 hours

Reactants: alkenol 1laszq, (194 mg, 1.01 mmol) in chloroform (4 mL),
VO(L")(OEt)(EtOH) (37.4 mg, 10 mol%), TBHP (430 pL, 3.5 M solution in toluene,
1.50 mmol) in chloroform (3.6 mL). Reaction time: 72 hours at 20 °C. 2-(5-
Phenyltetrahydrofuran-2-yl)-propan-2-ol-3,3-d; (2a33.4,). Yield: 108 mg (519 pmol, 52
%), 96/4-mixture of cis/trans-isomers. 2,2-Dimethyl-6-phenyltetrahydropyran-3-ol-4,4-
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d> (4a44.4,). Yield: 18.1 mg (86.9 umol, 9 %, cis:trans = 36:64). 4-Benzoyloxy-5,5-
dimethyl-2(3H)-dihydrofuranone-3,3-d> (3as3.4,). Yield: 8.15 mg (34.5 umol, 4 %).

5.1.6 Oxidation of 5-methyl-1-phenylhex-4-en-3,3-d,-1-o0l (1a33.4,) — 168 hours

Reactants: alkenol 1lazsq, (193 mg, 1.01 mmol) in chloroform (4 mL),
VO(L")(OEt)(EtOH) (37.2 mg, 10 mol%), TBHP (2 x 430 ul, 3.5 M solution in toluene,
2 x 1.50 mmol; second aliquot added after 72 hours) in chloroform (3.6 mL). Reaction
time: 168 hours at 20 °C. 2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-3,3-d; (2a33.4,).
Yield: 55.2 mg (265 pumol, 27 %), 97/3-mixture of cis/trans-isomers. 2,2-Dimethyl-6-
phenyltetrahydropyran-3-ol-4,4-d; (4a4,4.4,). Yield: 15.9 mg (76.3 pmol, 8 %), 47/53-
mixture of cis/trans-isomers. 4-Benzoyloxy-3,5-dimethyl-2(3H)-dihydrofuranone-3,3-d,
(3a33.4,). Yield: 30.7 mg (130 pmol, 13 %).
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6.1

Oxidation of Deuterated Alkenols Catalyzed by Piperidine-Derived
Oxovanadium(V) Complex VO(L?)(OEt) — Different Reaction Times

General method

To a solution of VO(L?)(OEt) [H,L’ = cis-2,6-bis(diphenylmethanol)piperidine] in
chloroform was added a solution of TBHP (3.5 M) in toluene. The mixture was stirred for
3 minutes at 20 °C and was treated at 20 °C with a solution of a deuterated alkenol (1a;.4,
1a;,.4,) in chloroform. The reaction mixture was stirred for the time specified in sections
6.1.1-6.1.6 at a temperature of 20 °C and filtrated through a pad of neutral aluminium
oxide. Organic products were washed from the aluminium oxide with ethyl acetate (15
mL). Combined filtrate and washings were concentrated at a bath temperature of 40 °C in
an aspirator vacuum to leave an oily residue, which was purified by flash-chromatography
[petroleum  ether/tert-butyl ~ methyl ether = 3:2  (v/v)].  Deuterated
tetrahydrofuranmethanols, tetrahydropyranols and y-butyrolactones were characterized

using authentic samples from syntheses described in the sections 5 and 7.

6.1.1 Oxidation of 5-methyl-1-phenylhex-4-en-d-1-ol (1al-d) — 48 hours.

Reactants: alkenol 1a;, (191 mg, 1.00 mmol) in chloroform (4 mL), VO(L’)(OEt) (56.5
mg, 10 mol%), TBHP (430 uL, 3.5 M solution in toluene, 1.50 mmol) in chloroform (3.6
mL). Reaction time: 48 hours at 20 °C. 2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-5-
d (2as). Yield: 98.0 mg (473 pmol, 47 %), 95/5-mixture of cis/trans-isomers. 2,2-
Dimethyl-6-phenyltetrahydropyran-3-ol-6-d (4as.q). Yield: 15.9 mg (76.7 pmol, 8 %),
49/51-mixture of cis/trans-isomers. 4-Benzoyloxy-35,5-dimethyl-2(3H)-dihydrofuranone
(3a). Yield: 3.81 mg (16.3 umol, 2 %).

6.1.2 Oxidation of S-methyl-1-phenylhex-4-en-d-1-ol (1a;.4) — 72 hours

Reactants: alkenol 1a;, (192 mg, 1.00 mmol) in chloroform (4 mL), VOL’(OEt) (56.6
mg, 10 mol%), TBHP (430 uL, 3.5 M solution in toluene, 1.50 mmol) in chloroform (3.6
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mL). Reaction time: 72 hours at 20 °C. 2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-5-
d (2asy). Yield: 82.8 mg (399 pmol, 40 %), 95/5-mixture of cis/trans-isomers. 2,2-
Dimethyl-6-phenyltetrahydropyran-3-ol-6-d (4asq). Yield: 15.1 mg (72.8 pmol, 7 %),
49/51-mixture of cis/trans-isomers. 4-Benzoyloxy-3,5-dimethyl-2(3H)-dihydrofuranone
(3a). Yield: 2.49 mg (10.6 umol, 2 %).

6.1.3 Oxidation of 5-methyl-1-phenylhex-4-en-d-1-ol (1a,4) - 168 hours

Reactants: alkenol 1a;, (191 mg, 1.00 mmol) in chloroform (4 mL), VOL’(OEt) (56.3
mg, 10 mol%), TBHP (2 x 430 pL, 3.5 M solution in toluene, 2 x 1.50 mmol; second
aliquot added after 72 hours) in chloroform (3.6 mL). Reaction time: 168 hours at 20 °C.
2-(5-Phenyltetrahydrofuran-2-yl)-propan-2-ol-5-d (2as.4). Yield: 42.5 mg (205 umol, 47
%), >99/1-mixture of cis/trans-isomers. 2,2-Dimethyl-6-phenyltetrahydropyran-3-ol-6-d
(4asy). Yield: 17.1 mg (82.5 pumol, 8 %), 44/56-mixture of cis/trans-isomers. 4-
Benzoyloxy-35,5-dimethyl-2(3H)-dihydrofuranone (3a). Yield: 12.9 mg (55.1 pmol, 6 %).

6.1.4 Oxidation of 5-methyl-1-phenylhex-4-en-2,2-d,-1-0l (laz,z_dz) — 48 hours

Reactants: alkenol 1az;.4, (193 mg, 1.00 mmol) in chloroform (4 mL), VO(L’)(OEt)
(57.0 mg, 10 mol%), TBHP (430 pL, 3.5 M solution in toluene, 1.50 mmol) in
chloroform (3.6 mL). Reaction time: 48 hours at 20 °C. 2-(5-Phenyltetrahydrofuran-2-
yl)-propan-2-ol-4,4-d> (2a44.4,). Yield: 36.0 mg (173 pmol, 17 %), 97/3-mixture of
cis/trans-isomers. 2, 2-Dimethyl-6-phenyltetrahydropyran-3-ol-5,5-d> (4as;s.4,). Yield:
12.7 mg (61.0umol, 6 %), 34/66-mixture of cis/trans-isomers. 4-Benzoyloxy-5,5-
dimethyl-2(3H)-dihydrofuranone (3a). Yield: 4.62 mg (19.6 umol, 2 %).

6.1.5 Oxidation of 5-methyl-1-phenylhex-4-en-2,2-d,-1-o0l (laz,z_dz) — 72 hours

Reactants: alkenol 1az;.4, (191 mg, 0.99 mmol) in chloroform (4 mL), VO(L?)(OEt)
(57.3 mg, 10 mol%), TBHP (430 pL, 3.5 M solution in toluene, 1.50 mmol) in
chloroform (3.6 mL). Reaction time: 72 hours at 20 °C. 2-(5-Phenyltetrahydrofuran-2-
yl)-propan-2-ol-4,4-d> (2a44.4,). Yield: 74.8 mg (359 pmol, 36 %), 96/4-mixture of
cis/trans-isomers. 2, 2-Dimethyl-6-phenyltetrahydropyran-3,5-d; (4as5s.4,). Yield: 17.5 mg
(84.0 pmol, 8 %, cis:trans = 38:62).
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6.1.6 Oxidation of 5-methyl-1-phenylhex-4-en-2,2-d,-1-ol (1a;,.4,) — 168 hours Reactants:
Alkenol 12,4, (193 mg, 1.01 mmol) in chloroform (4 mL), VO(L?)(OEt) (57.0 mg, 10
mol%), TBHP (2 x 430 pL, 3.5 M solution in toluene, 2 x 1.50 mmol; second aliquot
added after 72 hours) in chloroform (3.6 mL). Reaction time: 168 hours at 20 °C. 2-(5-
Phenyltetrahydrofuran-2-yl)-propan-2-ol-4,4-d; (2a44.4,). Yield: 15.7 mg (75.4 pmol, 8
%), 98/2-mixture of cis/trans-isomers. 2,2-Dimethyl-6-phenyltetrahydropyran-3-ol-5,5-
d> (4as5.4,). Yield: 18.0 mg (86.4 umol, 9 %), 39/61-mixture of cis/trans-isomers. 4-
Benzoyloxy-35,5-dimethyl-2(3H)-dihydrofuranone (3a). Yield: 36.3 mg (154 pmol, 15
%).
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