||
I m  TECHNISCHE UNIVERSITAT
m KAISERSLAUTERN

Fachbereich
Chemie

Uber die Entwicklung und Anwendung
funktionaler Haloperoxidase-Modelle
zur Synthese von Naturstoffderivaten

Oliver Briicher

Dissertation
Fachrichtung Organische Chemie
Dezember 2012



Uber die Entwicklung und Anwendung
funktionaler Haloperoxidase-Modelle

zur Synthese von Naturstoffderivaten

Vom Fachbereich Chemie der Technischen Universitidt Kaiserslautern
zur Verleithung des akademischen Grades
,,Doktor der Naturwissenschaften‘

genehmigte Dissertation

]
I m [ECHNISCHE UNIVERSITAT
m KAISERSLAUTERN

D386

vorgelegt von

Oliver Briicher

Betreuer: Prof. Dr.-Ing. Jens Hartung

Kaiserslautern 2012



Fur Eva
und

meine Familie

Wenn du etwas machst, wie du es vor zehn Jahren gemacht hast, dann sind die

Chancen recht grof3, dass du es falsch machst. Charles Kettering



Die vorliegende Arbeit wurde in der Zeit von Juli 2007 bis Oktober 2012 im Fachbereich
Chemie (Fachrichtung Organische Chemie) der Technischen Universitit Kaiserslautern

angefertigt.

Mein besonderer Dank gilt Herrn Prof. Dr.-Ing. Jens Hartung fiir die freundliche Aufnahme in
seinen Arbeitskreis, fiir die Uberlassung des interessanten und vielseitigen Themengebiets und

das stets mit hilfreichen Anregungen und Diskussionen verbundene Interesse an dieser Arbeit.

Ferner danke ich Herrn Prof. Dr. Stefan Kubik fiir die Anfertigung des Zweitgutachtens und
Herrn Prof. Gereon Niedner-Schatteburg fiir die bereitwillige Ubernahme des Vorsitzes der

Priifungskommission.

Der Deutschen Bundesstiftung Umwelt (DBU) und ihren Mitarbeitern mochte ich fiir das in

mich gesetzte Vertrauen und die finanzielle Unterstiitzung danken.

gefdrdzrt durch

et C

Deutsche Bundesstiftung Umwelt

Tag der wissenschaftlichen Aussprache: 7. Dezember 2012

Priifungskommission:

Vorsitzender: Prof. Dr. Gereon Niedner-Schatteburg
Erstgutachter: Prof. Dr.-Ing. Jens Hartung
Zweitgutachter: Prof. Dr. Stefan Kubik



II

Die Ergebnisse der vorliegenden Dissertation wurden in den folgenden begutachteten Arbeiten

vorab verdffentlicht oder eingereicht:

(D) Forschungsartikel (mit Titelseite): Vanadium(V)-Catalyzed Oxidative
Bromination of Acid Labile Alkenols and Alkenes in Alkyl Carbonates.
Oliver Briicher, Jens Hartung, ACS Catal. 2011, 1, 1448—-1454.

(I)  Forschungsartikel: Controlling 6-endo-Selectivity in Oxidation/Bromocyclization
Cascades for Synthesis of Aplysiapyranoids and other 2,2,6,6-substituted
Tetrahydropyrans.

Oliver Briicher, Uwe BergstriBler, Harald Kelm, Jens Hartung, Marco Greb, Ingrid
Svoboda, Hartmut Fuess, Tetrahedron 2012, 68, 6968—6980.

(ITI)  Forschungsartikel: A Practical Approach to Catalytic and Noncatalytic Oxidative
Chlorination of Unsaturated and Saturated Hydrocarbons.

Oliver Briicher, Jens Hartung, 2012, zur Begutachtung eingereicht.

(IV)  Ubersichtsartikel: Bromoperoxidases and Functional Enzyme Mimics as
Catalysts for Oxidative Bromination — A Sustainable Synthetic Approach.
Diana Wischang, Oliver Briicher, Jens Hartung, Coord. Chem. Rev. 2011, 255, 2204—
2217.

Dariiber hinaus wurden die Promotionsergebnisse als Posterbeitrage auf folgenden Tagungen

présentiert:

(V)  Poster: Vanadium(V)-catalyzed Oxidative Brominations of Olefins and Alkenols
with zert-Butyl Hydroperoxide and f-Bromopropionic Acids.
Oliver Briicher, Jens Hartung, 7th International Vanadium Symposium, Toyama (Japan),

6.—10. Okt. 2010.

(VI) Poster: In situ-generated Chlorine as Selective Reagent for Chlorocyclization
Reactions of Substituted 4-Pentenols.

Oliver Briicher, Jens Hartung, GDCh-Wissenschaftsforum, Bremen, 4.—7. Sept. 2011.



III

Eidesstattliche Erklarung

Hiermit erklére ich ehrenwortlich, dass ich die vorliegende Arbeit selbstindig angefertigt

und keine anderen als die angegebenen Quellen und Hilfsmittel benutzt habe.

Ich erklire aulerdem, dass diese Dissertation weder in gleicher noch in &hnlicher Form
bereits in einem anderen Priifungsverfahren vorgelegen hat und ich, aufler den mit dem
Zulassungsgesuch urkundlich vorgelegten Graden, keine weiteren akademischen Grade

erworben habe oder zu erwerben versucht habe.

Oliver Bricher

Kaiserslautern, den 24.10.2012




14Y%

Erliuterungen

Die vorliegende kumulative Dissertation ist in Zusammentfassung, Einleitung (Kapitel 1),
Kenntnisstand mit Aufgabenstellung (Kapitel 2), drei unabhingige Ergebnisteile (Kapitel 3-5)
und einen Anhang gegliedert. Die zu den jeweiligen Ergebnisteilen gehdrenden
Forschungsartikel sind den entsprechenden Kapiteln angefiigt und besitzen eine eigene
Gliederung. Weitere veroffentlichte Inhalte sowie ergidnzende experimentelle Daten zu
Ergebniskapiteln sind im Anhang der Dissertation aufgefiihrt. Abbildungen, Schemata und
Tabellen sind fiir das jeweilige Kapitel fortlaufend nummeriert. Strukturformeln sind fiir die
gesamte Arbeit durchgehend nummeriert und stimmen nicht mit der Nummerierung in den
zugehorigen Forschungsartikeln {iiberein. Die in Strukturformeln mittels Keilschreibweise
angezeigte Stereochemie bezeichnet, sofern nicht explizit anders angegeben, die relative und
nicht die absolute Konfiguration. Wenn nicht anders vermerkt, bezieht sich die Angabe der
cis/trans-Verhidltnisse betrachteter Tetrahydrofuran- und Tetrahydropyran-Strukturen auf die
relative Stellung der Substituenten in 3- und 5-Position. Nummerierung von Atomen und
Benennung von Verbindungen entsprechen nicht immer der IUPAC-Empfehlung. Fiir jedes

Kapitel ist ein separates Literaturverzeichnis angegeben.
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ZUSAMMENFASSUNG 1

Zusammenfassung

Die vorliegende Arbeit beschéftigt sich mit der Entwicklung funktionaler Modellsysteme
von Bromo- und Chloroperoxidasen zur Oxidation von Bromid und Chlorid unter wasserfreien
und nachhaltigen Bedingungen. Die neuen Methoden fanden Anwendung in der Synthese
halogenierter O-Heterocyclen, welche hédufig als Grundstrukturen von Naturstoffen mit aus-
gepriagten physiologischen Wirkungen auftreten. Die gewonnenen FErkenntnisse Idsten
vorhandene Probleme mit Reaktivitdit und Chemoselektivitit in oxidativen Bromierungs-
reaktionen und trugen zu einem besseren Verstindnis der beobachteten Regioselektivitdten in
Bromcyclisierungen hochsubstituierter 4-Pentenole bei. Aufbauend auf diesen Ergebnissen
konnte erstmalig eine analoge Methode zur oxidativen Chlorcyclisierung fiir die Darstellung

B-chlorierter Tetrahydrofurane und Tetrahydropyrane entwickelt werden.

In einem ersten Projekt gelang die Realisierung eines Verfahrens zur oxidativen
Bromierung von C,C-Doppelbindungen unter nahezu pH-neutralen und wasserfreien
Reaktionsbedingungen, welches sich insbesondere zur Durchfithrung von Bromcyclisierungen
substituierter 4-Pentenole eignete. Dabei konnte das Konzept der in situ-Bromidoxidation, neben
der Verwendung effektiverer Vanadium-Katalysatoren und organischer Carbonate als
Solventien, vor allem durch Einsatz eines neuartigen HBr-Donors auf eine grundlegend neue
Basis gestellt werden. Die hierfiir entwickelten B-Bromcarbonsdurederivate fragmentieren in
Gegenwart katalytischer Mengen an Bromid unter milden Bedingungen und fungieren dabei als
Puffersystem, welches eine nahezu pH-neutrale, kontinuierliche Versorgung der Oxidations-
reaktion mit HBr-Aquivalenten sicherstellt. Auf diese Weise gelang es, das Verfahren auf die
Umsetzung sédurelabiler Substrate zu erweitern. Durch Verwendung umweltfreundlicher
Alkylcarbonate als Losungsmittel konnte zudem die Nachhaltigkeit oxidativer Bromierungs-
reaktionen verbessert und die Aufarbeitung groferer Ansétze vereinfacht werden. Die Methode
wurde im folgenden Projekt zur Herstellung bromierter O-heterocyclischer Naturstoffderivate

eingesetzt.

Die Resultate der zweiten Projektstudie zur Regioselektivitit in Bromcyclisierungen
hochsubstituierter 4-Pentenole belegen, dass ein Aryl-Substituent in 5-Position des Alkenols eine
Polarisierung der intermedidren Bromoniumion-Teilstruktur bewirkt, welche die autkommenden
Ringspannungseffekte kompensieren und den Ringschluss 6-endo-selektiv steuern kann. In einer
experimentellen Studie wurden hierzu zunédchst Bromcyclisierungsreaktionen von 4-Pentenolen
unter gezielter Substituentenvariation zur Beobachtung von sterischen und polaren Effekten

herangezogen. Diese Selektivititsstudien hatten den Zweck strukturelle Faktoren heraus-
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zuarbeiten, mit welchen sich die Regiochemie von Bromcyclisierungen beschreiben ldsst und
eine selektive Darstellung von Tetrahydropyranen beglinstigt werden kann. In Kooperation mit
Jens Hartung wurden die experimentellen Untersuchungen durch theoretische Berechnungen der
relativen freien Enthalpien eines Satzes Dimethyl-substituierter Tetrahydropyranderivate
erginzt, welche zur Abschitzung der relativen Aktivierungsenergien spiter Ubergangszustinde
des 6-endo-Ringschlusses dienten. Die experimentellen und die theoretischen Resultate zeigten,
dass vor allem axiale Substituenten in 2- und 6-Position des entstechenden Tetrahydropyran-
geriistes zu Spannungsenergien fiihren, welche das System unter verstirkter Bildung des sterisch
weniger aufgeladenen Fiinfrings zu vermeiden sucht. Vor allem die Bildung 2,2,6,6-
substituierter Tetrahydropyranderviate ist dabei energetisch benachteiligt, was bei Synthesen
entsprechender Naturstoffderivate zu ungiinstigen Selektivitdten fiihrt. Die neuen Erkenntnisse
zur Steuerung der Regiochemie durch polare Substituenten konnten im Anschluss bei der

Darstellung des Naturstoffs Aplysiapyranoid A und eines 5-Epimers synthetisch genutzt werden.

Im dritten Teil dieser Arbeit gelang erstmals die Realisierung eines Ubergangsmetall-
katalysierten Verfahrens zur Durchfiithrung oxidativer Chlorcyclisierungen von substituierten
4-Pentenolen unter milden und nachhaltigen Reaktionsbedingungen. Dabei fungieren neuartige
Molybdan(VI)- und Titan(IV)-Komplexe als Chloroperoxidase-Modelle fiir die Generierung
elektrophiler Chlorierungsreagenzien aus Pyridiniumhydrochlorid und fer#-Butylhydroperoxid in
einer Losung von Dimethylcarbonat bei Temperaturen ab 20 °C. Dieses katalytische System
wurde ferner durch ein stochiometrisches Verfahren erginzt, welches Kaliumchlorid und
Kaliumperoxomonosulfat (Oxone®) zur Erzeugung dhnlich reaktiver Chlorierungsiquivalente
nutzt. Neben der guten Eignung fiir Chlorcyclisierungsreaktionen konnten die Methoden ihre
Vielseitigkeit auch bei der Chlorierung von Aromaten, Alkanen sowie allylischer Substrate unter
Beweis stellen, wobei die gefundenen Produkte und Selektivitdten mit hoher Wahrscheinlichkeit
auf das Vorliegen von molekularem Chlor als aktives Chlorierungsmittel hindeuten. In einer
ersten synthetischen Anwendung des Verfahrens gelang die Entwicklung einer alternativen

Darstellung des Naturstoffs Rosenoxid aus Citronellol in einer Eintopfreaktion.
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1 Einleitung

1.1 Bedeutung von Organohalogenverbindungen

Organohalogenverbindungen zdhlen zu den wichtigsten Substanzklassen in der
organischen Chemie. Obgleich ihr groBfldchiger Einsatz in den letzten Jahrzehnten aufgrund der
Persistenz und der Toxizitdt einiger Vertreter nicht unumstritten ist, besitzen Organohalogene
herausragende Bedeutung als chemische Reagenzien und Intermediate,!') aber auch als vielfiltig

(213] Farbstoffen,[4][5] Flammschutzmitteln,[6][7]

einsetzbare aktive Komponenten von Werkstoffen,
Agrochemikalien"*™ und Pharmazeutika.””! Vor allem bromierte und chlorierte Derivate stellen
dabei den Hauptanteil der bekannten Verbindungen. Wurden diese Stoffe bis vor 50 Jahren noch
als fast ausschlieflich anthropogenen Ursprungs angesehen, so fithrten Untersuchungen der
chemischen Zusammensetzung verschiedenster Organismen mit modernen Analyse- und
Trennverfahren zu der Erkenntnis, dass auch die Natur diese Verbindungen in hohem Malle
herstellt und nutzt."”"!! Bis heute wurden so iiber 4700 verschiedene, natiirlich vorkommende
Organohalogenverbindungen identifiziert und jedes Jahr kommen zwischen 100 und 200
Neuentdeckungen hinzu.!'"? Da Brom und Chlor aufgrund ihrer hohen Reaktivitit in der Natur
iblicherweise nicht in elementarer Form vorliegen, miissen die entsprechenden Halogenierungs-
dquivalente auf Oxidationen von Bromiden und Chloriden zuriickgehen. Zusammen mit einer
Reihe bekannter Abbaumechanismen ergibt sich damit ein natiirlicher Halogenkreislauf

zwischen Hydrosphire, Atmosphire und Lithosphire (Schema 1.1).[MHB3I14]

Halogenierungsaquivalent

[X]

Aktivierung _
Oxidation Halogenierung

Wirkstoff
Salz X~ R-X Intermediat

Q ? Transport

Mineralisierung
Metabolismus

Schema 1.1 Kreislauf natiirlicher Halogenidreserven, reaktiver Halogenierungsreagenzien und

generierter Organohalogene (X = CL, Br, I; [X] = HOX, X», X;, X).
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Vor dem Hintergrund der groBen Halogenidmengen, welche in unseren Ozeanen in
geloster und damit bioverfiigbarer Form enthalten sind, ist nachvollziehbar, dass viele der
bislang bekannten, halogenierten Verbindungen aus Meereslebewesen stammen. So tragen etwa
15-20 % der in den Jahren 1998 bis 2005 beschriebenen marinen Naturstoffe einen oder mehrere
Halogen-Substituenten.' Interessanterweise hilt sich dabei die Anzahl chlorierter und
bromierter Verbindungen in etwa die Waage, obwohl die Chloridkonzentration in den Ozeanen
rund 650-mal hoher ist als diejenige von Bromiden.!"™ Dieser offensichtliche Widerspruch wird

jedoch bei Betrachtung des Standardreduktionspotentials (vs. NHE) beider Anionen leicht

verstindlich, welches fiir CI” mit 1.36 V deutlich héher liegt als fir Br mit 1.09 V."® Dieser
Unterschied legt nahe, dass Bromid unter den gegebenen Bedingungen deutlich leichter oxidiert

und somit bevorzugt in organische Strukturen eingebaut wird.

Eine Substanzklasse, welche besonders hdufig in halogenierter Form aus marinen
Organismen isoliert wird, sind funktionalisierte O-Heterocyclen verschiedener RinggrofBen,
wobei hier Strukturmotive mit Tetrahydrofuran- und Tetrahydropyrangeriisten iiberwiegen.!'”
Die zum Teil mehrfach bromierten und/oder chlorierten Verbindungen zeigen héaufig
ausgeprigte biologische Aktivititen und sind darum als Wirkstoffe und Leitstrukturen in der
pharmakologischen Forschung von groBem Interesse. Vor allem der Entwicklung von
Therapiemoglichkeiten fiir die stetig wachsende Anzahl bekannter Krebsarten kommt hier eine
herausragende Bedeutung zu. Einige ausgewéhlte marine Naturstoffe mit halogeniertem
O-heterocyclischem Grundgeriist und vielversprechenden cytotoxischen Eigenschaften sind in
Abbildung 1.1 dargestellt. Das kiirzlich aus Aplysia dactylomela isolierte Aplysqualenol A ist
strukturell mit Thyrsiferol verwandt und zeigt ebenfalls eine bemerkenswerte cytotoxische
Aktivitit gegen bestimmte Hirntumor- und Brustkrebszelllinien."® Caespitol, welches neben
Laurencia obtusa auch in mehreren anderen marinen Organismen identifiziert werden konnte, ist
wirksam gegen Adenokarzinom- und Epidermoidkarzinomzellen."” Als Teil der biologisch sehr
aktiven Substanzklasse der Kalihinole, welche aus verschiedenen Meeresschwidmmen extrahiert
wurden, zeigt Isokalihinol B sowohl antimykotische Eigenschaften als auch eine Aktivitdt gegen
Leukamiezellen.”” Das gegen Gebarmutterhalskrebszellen wirksame (+)-Aurilol wurde aus dem

Seehasen Dolabella auricularia isoliert.*!?%!
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aoa

Br

Aplysqualenol A
Aplysia dactylomela

H

Br “"OH

Caespitol
Laurencia obtusa

Isokalihinol B
Acanthella klethra

(+)-Aurilol
Dolabella auricularia

Abbildung 1.1  Strukturen ausgewdahlter mariner Naturstoffe auf Basis [-halogenierter

O-Heterocyclen!*®2?! mit Fotografien zugehoriger Organismen. !

Da die Konzentrationen genannter Naturstoffe in den jeweiligen Organismen duf3erst
gering und die natirlichen Ressourcen in der Regel begrenzt sind, ist es erforderlich neue
Synthesestrategien zu entwickeln, um das pharmakologische Potential dieser Verbindungen und
abgeleiteter Derivate weiter erforschen und nutzen zu kdnnen. Formal kénnen die gezeigten
B-halogenierten Ringetherstrukturen durch Brom- und Chlorcyclisierungsreaktionen eines
entsprechenden Alkenolsubstrats | nach Durchlaufen einer Haloniumion-Zwischenstufe 11 unter
Halogenwasserstoffabspaltung dargestellt werden (Schema 1.2, oben). Ein solcher Mechanismus
wird ebenfalls bei der Biosynthese vieler Verbindungen mit B-halogenierter O-heterocyclischer
Grundstruktur zugrunde gelegt, wobei die Reihenfolge von Ringbildung und Substituenten- bzw.
Seitenkettenmodifikation variabel ist. Belege hierfur liefern umfassende Untersuchungen der
Metaboliten entsprechender Organismen, wie beispielsweise die des Seegrases Laurencia
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microcladia, bei welcher unter anderem der Naturstoff Rogioldiol D zusammen mit dem
entsprechenden Tetrahydropyranprodukt 1 einer 6-endo-Bromcyclisierung identifiziert werden

konnte (Schema 1.2, unten).!!

l (X2l
R R 5-exo- + 6-endo- R
@)4 X Cyclisierung A/\)](}R\ Cyclisierung Loj:R'
—HX HO R’ —HX X
N
]l I v
H
6-endo o Br
Br = N A ——> Br = N |
OH HOBr
OH —H0 OH
Rogioldiol D 1

Schema 1.2 Mechanismus der Halogencyclisierung zum Aufbau cyclischer p-halogenierter
Ether (oben) und postulierte in vivo-Derivatisierung von Rogioldiol D in
Laurencia microcladia (unten).?”! (X = CI, Br, I; [X,] = elementares Halogen

oder elektrophiles Halogenierungsreagenz)

1.2 Quellen nattirlicher Organohalogenverbindungen

Die Suche nach dem Ursprung notwendiger Halogenierungséquivalente zur Synthese von
Organohalogenverbindungen in lebenden Organismen flhrte zunachst zur Entdeckung der
Haloperoxidasen, einer Klasse von Enzymen, welche in der Lage sind Halogenide mit
Wasserstoffperoxid zu oxidieren und somit in elektrophile Reagenzien zu tiberfiihren.?®%®! Die
systematische Benennung dieser Enzyme erfolgt dabei nach demjenigen Halogen mit der
hochsten Elektronegativitat, dessen Oxidation das Enzym zu katalysieren vermag. So handelt es
sich bei der ersten, im Jahre 1959 aus Caldariomyces fumago isolierten,’?”? Haloperoxidase im
Speziellen um eine Chloroperoxidase, welche folglich die Oxidation von Chlorid, Bromid und
lodid zu Kkatalysieren vermag. Dieses Enzym ist an der Biosynthese des chlorierten
Antibiotikums Caldariomycin beteiligt und bildet bei Abwesenheit von Chloridionen und unter
Zusatz von Bromid auch den analogen Naturstoff in bromierter Form.?® Haloperoxidasen lassen
sich weiterhin nach dem Aufbau ihrer aktiven Zentren in drei Gruppen unterteilen.” So tragt
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die oben genannte Chloroperoxidase den eisenhaltigen Ham-Komplex als prosthetische Gruppe.
Die nicht Ham-abhidngigen Haloperoxidasen konnen wiederum in Vanadat-abhingige
Haloperoxidasen (VxPOs)® und in solche ohne metallische Co-Faktoren unterteilt werden. Als
erste Vanadat-abhingige Haloperoxidase tiberhaupt wurde im Jahre 1983 die Bromoperoxidase |
aus der Braunalge Ascophyllum nodosum [VgPO(Anl)] isoliert.*") Auf Entdeckung und
Isolierung des Enzyms folgten zahlreiche Studien, welche unter anderem zur Aufklidrung der
Enzymstruktur, des Katalysemechanismus sowie der Reaktivitit beziiglich unterschiedlicher
Reaktionsbedingungen und Substrate fithrten.**>% Vg PO(4nI) zeichnet sich vor allem durch
seine auBlergewohnlich hohe Stabilitit gegeniiber erhohten Temperaturen und organischen
Losungsmitteln unter turnover-Bedingungen aus. Diese Eigenschaften machen das Enzym

interessant fiir biokatalytische Anwendungen.”"I**)

Die Mitte der 90er Jahre entdeckten Halogenasen katalysieren ebenfalls den Einbau von
Halogeniden in organische Molekiile, jedoch unter Verwendung von Disauerstoff als
Priméroxidans. Im Gegensatz zu den Haloperoxidasen erfolgt der oxidative Halogenideinbau bei
diesen Enzymen iiberwiegend substratspezifisch und regioselektiv, da die Halogenierung hier
iiber einen Enzym-Substrat-Komplex verlduft, wohingegen bei Haloperoxidasen lediglich die
Halogenidoxidation am aktiven Zentrum stattfindet und die eigentliche Halogenierung in einem
zweiten Schritt mit rdumlichem Abstand zum aktiven Zentrum vollzogen wird.?”! Halogenasen
sind demnach leichter spezifischen Halogenierungsreaktionen in Lebewesen zuzuordnen als
Haloperoxidasen, fiir die eine Rolle bei der Biosynthese halogenierter Sekundirmetabolite
oftmals nur postuliert werden kann. Des Weiteren konnten in den letzten Jahren weitere Enzyme
identifiziert werden, welche in der Lage sind neben ihren Primérfunktionen als Esterasen,

Phosphatasen oder Methyltransferasen auch Halogenidoxidationen zu katalysieren.[**1?"!

Mit der erstmaligen Entdeckung der Haloperoxidasen wurde zunichst angenommen, dass
nur einige, sehr spezialisierte Lebensformen iiberhaupt in der Lage sind Organohalogen-
verbindungen zu generieren. Die rapide steigende Anzahl von Neuentdeckungen halogenierter
Molekiile und zugehoriger Enzymkomplexe in unterschiedlichsten Organismen rechtfertigt
jedoch mittlerweile die Annahme, dass die Féhigkeit zur oxidativen Aktivierung von
Halogeniden in der Natur eher die Regel als eine Ausnahme darstellt."" Eine Antwort auf die
Frage nach dem evolutiondren Nutzen der biologischen Halogenierungsmechanismen liefert
moglicherweise ein Blick auf die chemischen Eigenschaften der generierten Verbindungen.
Neben ihrer Bedeutung in Zwischenstufen von Biosyntheserouten koénnen Halogen-
Substituenten sowohl die physikalischen als auch die physiologischen Wirkungen von

organischen Verbindungen entscheidend veridndern oder verstirken, weswegen der Einbau von
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Halogeniden fiir entsprechende Organismen ein Mittel zur gezielten Modifikation biologischer
Aktivititen ihrer Sekundérmetabolite zu sein scheint.!*”! So nutzen sehr viele marine Organismen
halogenierte Verbindungen als Abwehrstoffe zur Verteidigung gegen Fressfeinde und
Schidlinge oder gegen Bewuchs und Uberwucherung durch Mikroorganismen oder
konkurrierende Lebensformen.!'”!"' Eine weitere vieldiskutierte Funktion von Haloperoxidasen
ist der Abbau von oxidativem Stress in Form von Wasserstoffperoxid und die Freisetzung von

hypohalogeniger Siure in Stoffwechsel- und Entziindungsprozessen.!*14%!

Neben den anthropogenen und auf natiirliche Weise von anderen Organismen
produzierten Organohalogenen werden solche Verbindungen in der Umwelt auch auf
abiotischem Wege freigesetzt. In Erginzung zu schon ldnger bekannten Quellen, wie
geothermischen Ereignissen, Vulkanausbriichen und Waldbranden wurden in jilingster
Vergangenheit weitere Mechanismen entdeckt, wonach in feuchten Boden und verrottendem
Pflanzenmaterial iiber Fenton-analoge Reaktionen ebenfalls erhebliche Mengen an

Organohalogenverbindungen erzeugt werden.*

1.3 Entwicklung funktionaler Haloperoxidase-Modelle

Mit der Aufkldrung der Enzymstruktur einiger Haloperoxidasen und zugehoriger
Reaktionsmechanismen begann auch die Erforschung vereinfachter Modellsysteme zur
synthetischen Anwendung von Halogenidoxidationen im Labormafstab. Die Oxidation von
Halogeniden durch Aktivierung von Wasserstoffperoxid in stark saurer Umgebung ist eine seit
langem bekannte Reaktion.**! Das strukturell einfachste Haloperoxidase-Modell, neben dem
Proton, ist das Vanadat-lon, welches Bromid in wéssriger Umgebung mit Hilfe von
Wasserstoffperoxid oxidieren kann und in der Bromierung aktivierter Aromaten eingesetzt
werden kann.[*! Wihrend der Oxidationsreaktion werden neben Halogenidionen auch Protonen
in dquivalenten Mengen verbraucht. Im Gegensatz zu nativen Haloperoxidasen, welche durch
den Aufbau ihres aktiven Zentrums in der Lage sind in pH-neutralen Medien zu operieren, ist bei
vereinfachten Haloperoxidase-Modellen immer eine Zugabe von Protonendquivalenten
erforderlich. Im Falle des Vanadats fiihrt die damit verbundene pH-Absenkung in Abhéngigkeit
von der Konzentration auch zur Bildung von Polyoxovanadaten mit der Konsequenz, grof3ere
Mengen des Katalysators einsetzen zu miissen. Auch Molybdat- und Wolframat-lonen zeigen

cine #hnliche Reaktivitit.[*®

Die von Metallaten katalysierten Halogenidoxidationen mit
Peroxiden sind zudem aufgrund der schlechten Ldslichkeit in organischen Solventien fast

ausschlieflich  fir wiéssrige Systeme untersucht. Fiir die Halogenierung vieler
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Kohlenwasserstoffe sind wéssrige Bedingungen jedoch ungeeignet, da die Substrate nicht
ausreichend solvatisiert sind oder Halogenierungen in Gegenwart von Wasser zu
Nebenprodukten fiihren, was insbesondere bei Additionsreaktionen an C,C-Doppelbindungen
hdufig der Fall ist. Zur Losung der beschriebenen Probleme wurden in der Folge organische
Liganden eingesetzt, welche eine Stabilisierung der katalytisch aktiven Vanadium-Einheit,
bessere Loslichkeit in organischen Medien und eine mildere Reaktionsfiihrung bewirken sollten.
Neben einfachen, kommerziell erhiltlichen Verbindungen, beispielsweise VO(acac),, bewihrten
sich in der Oxidationskatalyse vor allem Vanadium(V)-Schiffbase-Komplexe mit tridentaten
O,N,0-Donor-Liganden (Schema 1.3).% Im Allgemeinen scheint eine Kombination aus
Sauerstoff- und Stickstoff-Donoratomen in Vanadium(V)-Chelatkomplexen sowohl im Hinblick
auf Komplexstabilitit als auch beziiglich ihrer Féhigkeit zur Aktivierung von
Alkylhydroperoxiden von Vorteil zu sein.*”’ Mit Hilfe solcher Reaktionssysteme und unter
Zugabe von Pyridiniumhydrobromid (py-HBr) als kombinierte Protonen- und Bromidquelle

gelang die Kopplung von Bromidoxidation und Bromcyclisierungsreaktion zur Darstellung

funktionalisierter cyclischer Ether (Schema 1.3).°0151
‘BuOOH
O
A - I
B L"V(0'Bu) t
=Ny BuOH
oder
andere HBr-Quelle (”)
oH* L7V(OO!Bu)
2B~ ~HO
OH R"
R / Rlll Br2

H2L1=
Rl R“ 1] wm
m R R
Br
Br R on

Schema 1.3 Reaktionsmodell ~zur Beschreibung Vanadium(V)-Schiffbase-katalysierter
Bromidoxidationen mit gekoppelter Bromcyclisierungsreaktion (R = Alkyl,

Aryl).1S0I51]

Die in situ-Halogenerzeugung hat gegeniiber der Verwendung von elementarem Chlor

bzw. Brom, neben der Verwendung deutlich ungefdhrlicherer Reagenzien und besserer



10 1 EINLEITUNG

Handhabbarkeit, den entscheidenden Vorteil, dass die bei der Ringschlussreaktion anfallenden
Halogenwasserstoff-Aquivalente durch erneute Oxidation wieder in den Prozess zuriickgefiihrt
werden konnen und nicht nach Neutralisation mit Basen entsorgt werden miissen. Die
katalytische Variante ist damit aus Okologischer und Okonomischer Sicht anderen
Halogenierungsreagenzien, wie N-Halogensuccinimiden oder Ammoniumtrihalogenid-Salzen,
iberlegen und gewihrleistet zudem eine kontinuierliche Versorgung mit niedrig konzentrierten
Halogenierungsdquivalenten, wodurch die Selektivitit fiir Halogencyclisierungen gesteigert

wird.

Die vorliegende Studie beschéftigt sich mit der methodischen Weiterentwicklung von
Haloperoxidase-Modellsystemen im Hinblick auf die Durchfiihrung von Brom- und
Chlorcyclisierungen unter anndhernd pH-neutralen Bedingungen sowie mit deren Anwendung in
komplexen Naturstoffsynthesen zur Darstellung halogenierter Tetrahydrofurane und Tetrahydro-

pyrane.
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2  Kenntnisstand und Aufgabenstellung

2.1 Funktionale Bromoperoxidase-Modelle in der organischen Synthese

Die Kopplung von Peroxid-basierter Bromidoxidation und nachfolgender Brom-
cyclisierungsreaktion wurde erstmals in einem Teilschritt der Totalsynthese des Naturstoffs

’l Die Aplysiapyranoide sind eine Gruppe selten vor-

Aplysiapyranoid A angewendet.!'!
kommender, bromierter und chlorierter mariner Naturstoffe mit 2,2,6,6-substituiertem

Tetrahydropyrangeriist (Abb. 2.1).°1%

Cl Cl
P Pz
/ClI ~ClI
HW H/ Ok HZ/ 27 HZ/ 2 7n
Br H Br H Br Cl Br Cl

Aplysiapyranoid A Aplysiapyranoid B Aplysiapyranoid C Aplysiapyranoid D

Abbildung 2.1  Strukturen der aus Aplysia kurodai isolierten Aplysiapyranoide A—D.PI!

Die vier bislang bekannten, als Aplysiapyranoid A-D bezeichneten Vertreter wurden
erstmalig 1987 aus dem Verdauungstrakt des Seehasen Aplysia kurodai isoliert und zeigten in
ersten Testverfahren biologische Aktivititen gegeniiber den Standardkrebszelllinien Vero,
MDCK und Bjs (ICso = 19-96 pg/mL) und humanen Darmkrebszellen (Moser, ICsy =
14 pg/mL)."*! Um groBere Mengen dieser Substanzen zur Untersuchung von Struktur-
Wirkungsbeziehungen zur Verfiigung zu stellen, wandten sich synthetisch interessierte
Arbeitsgruppen in vergangenen Jahren wiederholt der Aufgabe zu, effektive Syntheserouten fiir
die Aplysiapyranoide zu entwickeln. So befasste sich die Gruppe um Jung als erste mit der

I Der jeweilige Schliisselschritt dieser

Darstellung der Aplysiapyranoide A, C und D.”
Synthesen bestand in der Bromcyclisierung eines 4-Pentenols, bei dem die in der
Tetrahydropyranstruktur enthaltenen Substituenten entweder bereits komplett oder zu groB3en
Teilen eingefiihrt worden waren. Die Umsetzungen lieferten die gewiinschten Naturstoffe in
Ausbeuten von 48-58 % zusammen mit je etwa der Hélfte an entsprechenden isomeren
Tetrahydrofuranverbindungen. Ein &hnliches Bild zeigt sich bei Darstellungen von Venustatriol-
und Thyrsiferol-Derivaten, in denen Cyclisierungen von sterisch aufwendigen Alkenolvorstufen

ebenfalls nur zu niedrigen Ausbeuten 2,2,6,6-substituierter Tetrahydropyrane fithren, wihrend

Fiinfringe als Hauptprodukte gebildet werden (Schema 2.1). %!
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HO

= 3

TBCO \ CH,Cl,

o . H @)
Br
Br
4 5

9% 83 %

Br Thyrsiferol

22 %

Schema 2.1 Selektivititen der Bromcyclisierungsreaktionen zum Aufbau der 2,2,6,6-
substituierter Tetrahydropyranstrukturen am Beispiel von Thyrsiferol (links) und

einer Modellverbindung 4 (rechts). 11!

Der Grund fiir die beobachteten Selektivititen scheint somit eine sterische Uberladung
des entsprechenden Ubergangszustands der 6-endo-Bromcyclisierung zu sein, auf welche das
System durch Ausweichen auf die 5-exo-Reaktion antwortet. Im Falle von Aplysiapyranoid A
konnte in einer alternativen Synthese von Greb eral. die Selektivitit einer #hnlichen
Bromcyclisierung durch FEinfiigen eines Phenyl-Substituenten in 5-Position des Alkenols
zugunsten des Sechsrings verbessert werden, jedoch blieb die Gesamtausbeute der Reaktion
unbefriedigend.'”” Die Bromierungsiquivalente wurden in dieser Synthese durch ein funktionales
Modell einer Vanadat-abhingigen Bromoperoxidase in situ generiert, wofiir sich eine Reagenz-
mischung aus Pyridiniumhydrobromid und tert-Butylhydroperoxid (TBHP), aktiviert durch
einen Vanadium(V)-Schiffbase-Komplex, eignete (vgl. Schema 1.3, S. 9). Trotz der Ausnutzung
katalytischer Prozesse unter Vermeidung stochiometrischer Bromierungsreagenzien ist ein
genereller Nachteil bei diesem und weiteren Bromoperoxidase-Modellsystemen die
unzureichende Nachhaltigkeit der Verfahren, was vor allem durch die Verwendung von
Losungsmitteln wie Acetonitril, Dichlormethan, Chloroform sowie weiterer leichtfliichtiger

chlorierter Kohlenwasserstoffe verursacht wird.

Neben mangelnder Nachhaltigkeit und unzureichender Regioselektivitit der
Bromcyclisierung wurden in dem beschriebenen Verfahren zur in situ-Bromidoxidation weitere

Schwachstellen identifiziert. So fiel in Kontrollexperimenten eine Untergrundreaktion auf,
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welche auch in Abwesenheit des Vanadium(V)-Katalysators zur Freisetzung von Bromierungs-
dquivalenten fithrt."! Die beobachtete Reaktivitit basiert auf Protonen-vermittelter Aktivierung
von Peroxiden, welche durch die hohe Aciditit des Pyridinium-Wasserstoffs in organischen
Medien hervorgerufen wird.!""! Zudem bewirken die sauren Reaktionsbedingungen offenbar
weitere Nebenreaktionen, welche die Gesamtausbeute an bromierten O-Heterocyclen schmilern,
und scheinen inkompatibel mit einer Reihe funktioneller Gruppen und Schutzgruppen zu sein.
Ein ebenfalls kritischer Faktor bei der Reaktionskaskade aus Halogenerzeugung und
Halogencyclisierung ist der Wassergehalt der Reaktionsmischung. Zum einen greifen
Wassermolekiile in die Ringschlussreaktion ein, indem sie als konkurrierende Nukleophile zur
Bildung von Halohydrinen fiihren und zusdtzlich den intramolekularen Angriff des
Hydroxylsauerstoffs auf das Halonium-Intermediat durch polare Wechselwirkungen behindern.
Zum anderen kann in Gegenwart von Wasser eine Hydrolyse des Vanadium(V)-Komplexes oder
des Ligandengeriistes auftreten. Obgleich Kombinationen von fert-Butylhydroperoxid und

Vanadium-Schiffbase-Komplexen ausgezeichnete Reaktivitit und Selektivitit zeigen,!' 2]

sorgt
die inhdrente Hydrolyselabilitdit der Imin-Funktion der Liganden fiir eine deutliche
Einschrinkung ihrer Nutzbarkeit in Peroxid-basierten Halogenidoxidationen, bei welchen in
jedem Katalyseumlauf zusétzlich ein Wassermolekiil erzeugt wird. Durch Liganden mit
gesdttigten oder aromatischen Stickstoff-Funktionen konnen prinzipiell Vanadium(V)-Komplexe
mit héherer Stabilitit in wissrigen Medien erhalten werden.!'*! In Oxygenierungsstudien von 4-
Pentenolen mit tert-Butylhydroperoxid fielen Vanadium(V)-Komplexe mit tridentaten
Bishydroxymethyl-Piperidin-Liganden auf, welche sich durch eine mit Schiffbase-Systemen

vergleichbare Reaktivitit bei hoher Hydrolysestabilitit auszeichneten.!'”!

2.2 Funktionale Chloroperoxidase-Modellsysteme

Im Gegensatz zur Vielzahl von Untersuchungen iiber Bromoperoxidase-Modelle sind
Chloroperoxidase-Modelle in der Literatur kaum beschrieben. Obwohl dieser Aspekt immer
wieder in das Blickfeld der Chemiker riickte, konnte bis heute kein ausgereiftes Verfahren
prasentiert werden, welches in der Lage ist, eine Lewis-Sdure-aktivierte Chloridoxidation mit
Peroxiden durch Verkniipfung mit der Chlorierung organischer Substrate synthetisch nutzbar zu
machen. Dies mag zum einen mit dem deutlich hdheren Standardreduktionspotential von Chlor
gegenilber Brom und zum anderen mit der hohen Reaktivitit der erzeugten
Chlorierungsreagenzien zusammenhdngen. Wie bei der Oxidation von Bromid eriibrigt sich auch
in Chloridoxidationen bei ausreichend niedrigen pH-Werten, aufgrund Saure-katalysierter

16]

Peroxidaktivierung, die Notwendigkeit eines zusitzlichen Katalysators.'® So kann die
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Umsetzung von aktivierten Aromaten mit wéssriger Wasserstoffperoxidlosung und einem
Uberschuss an konzentrierter Salzsiure zwar zur Darstellung von chlorierten Derivaten genutzt
werden, jedoch sind die drastischen Reaktionsbedingungen nur fiir chemisch robuste Substrate
vertriglich."”™ Die wenigen Versuche einer synthetischen Anwendung Ubergangsmetall-
katalysierter Chloridoxidationen decken ebenfalls lediglich die Umsetzung mit aktivierten
Aromaten ab, bei welchen die Reaktionskanile {iiberschaubar und die Reaktivitidt leicht
beherrschbar bleibt.!**?*! Verfahren zur in situ-Oxidation von Chlorid mit anschlieBender
Chlorierung von Alken- oder Alkenoldoppelbindungen unter milder und wasserfreier
Reaktionsfithrung sind folglich kaum vorhanden. Das bedeutet, dass fiir die Umsetzung solcher
Substrate ausschlieBlich spezielle Chlorierungsreagenzien, wie N-Chlorsuccinimid, Tetra-
ethylammoniumtrichlorid und Sulfurylchlorid, verwendet werden oder aber auf elementares
Chlor aus Druckgasflaschen zuriickgegriffen werden muss. Analog zu den ausgearbeiteten
Bromoperoxidase-Modellreaktionen, welche die Synthese [-bromierter Naturstoff-analoger
Tetrahydrofuran- und Tetrahydropyranstrukturen ermdglichen, wére die Entwicklung eines
ergidnzenden Verfahrens zur Darstellung entsprechender Chlorverbindungen ein lohnenswertes

Ziel.

Aus den Vorbemerkungen ergeben sich fiir die vorliegende Arbeit folgende Aufgabenstellungen:

o Entwicklung effektiver Vanadium(V)-basierter Bromoperoxidase-Modellsysteme fiir die
Synthese bromierter cyclischer Ether aus substituierten 4-Pentenolen unter moglichst

milden pH-neutralen Reaktionsbedingungen.

e Herausarbeitung von Parametern zur Steigerung von Ausbeuten und Selektivitdten des 6-
endo-Ringschlusses in Synthesen bromierter 2,2,6,6-substituierter Tetrahydropyrane am

Beispiel der Totalsynthese von Aplysiapyranoid A und verwandter Strukturen.

e Entwicklung eines ersten funktionalen Chloroperoxidase-Modellsystems zur Durch-

fiihrung von Chlorcyclisierungen substituierter 4-Pentenole.
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3  Vanadium(V)-katalysierte oxidative Bromierung Siure-labiler

Alkenole und Alkene in Alkylcarbonaten

3.1 Zusammenfassung

Die Reagenzkombination aus [-Bromcarbonsduren, katalytischen Mengen Natrium-
bromid und fert-Butylhydroperoxid, aktiviert durch einen Oxovanadium(V)-Komplex auf Basis
eines tridentaten Piperidin-Liganden, ist ein wirkungsvolles System fiir Bromidoxidationen in
Alkylcarbonaten unter anndhernd pH-neutralen Bedingungen in Anlehnung an die Chemie
Vanadat(V)-abhiangiger Bromoperoxidasen. Die eigens dafiir konzipierten 3-Bromcarbonsduren
dienen als schwach saure Protonen- und Bromidquelle, welche unter Zugabe katalytischer
Bromidmengen bei 30 °C in Kohlendioxid, ein Alken sowie in ein formales Aquivalent
Bromwasserstoffsdure zerfallen. Die entwickelte Prozedur eignet sich zur Bromierung von C,C-
Doppelbindungen und zeigt hohe Kompatibilitdt mit sdurelabilen funktionellen Gruppen. Die
Reaktionskaskade aus B-Bromcarbonsdure-Zerfall, Vanadium(V)-katalysierter Bromidoxidation
und anschlieBender Bromierungsreaktion bewéhrte sich vor allem fiir den effektiven Aufbau
mehrfach funktionalisierter Bromcyclisierungsprodukte aus 0,e-ungeséttigten Alkoholen in
Ausbeuten bis zu 82 %. Das Verfahren besitzt dabei das Potential die Darstellung wertvoller und
seltener mariner Naturstoffe auf eine sehr viel nachhaltigere Basis zu stellen, als dies bisher

moglich war.

3.2  Wissenschaftlicher Hintergrund, Zielsetzung und Strategie

Vanadat-abhingige Bromoperoxidasen sowie funktionale Bromoperoxidase-Modelle
brauchen neben Peroxid- und Bromididquivalenten auch Protonen, um Bromidoxidationen
durchfithren zu kénnen.!'! Dabei wird pro Katalyseumlauf formal je ein Proton bendtigt um
hypobromige Sdure (HOBr) zu generieren und ein weiteres zur Erzeugung eines Brommolekiils

(Schema 3.1).1
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I
L"V(OOR)
ROH Br=/ H*
Br /H*
ROOH 0] HOBr Br,
I - H,O
L"V(OR)

Schema 3.1 Modell zur Verwendung Vanadat-abhingiger Bromoperoxidasen oder
funktionaler Modelle als Katalysatoren in der Bromidoxidation (R = H, fert-Butyl,

L" = organischer Ligand oder Enzym-Koordinationssphire)."*!

Waihrend marine Bromoperoxidasen in der Lage sind Oxidationsreaktionen auch unter
den schwach alkalischen Bedingungen des Meerwassers zu Kkatalysieren, konnten
Bromoperoxidase-Modellreaktionen in organischen Solventien bisher nur unter Zusatz
stochiometrischer Mengen meist starker Brensted-Sduren durchgefiihrt werden.™) In Verbindung
mit Vanadium(V)-Schiffbase-Katalysatoren wurde in fritheren Arbeiten Pyridiniumhydrobromid
als kombinierte Quelle fiir Bromidionen und Protonen eingesetzt.!” Das Reagenz ist giinstig
verfligbar, in organischen Solventien gut 16slich und besitzt mit einem pK,-Wert von 3.4 (in
DMSO)!"! ausreichende Aciditit fiir den Einsatz in Bromidoxidationen. Das Verfahren eignet
sich zur Umsetzung substituierter 4-Pentenole in Bromcyclisierungsreaktionen fiir die
Darstellung p-bromierter, naturstoffanaloger Tetrahydrofuran- und Tetrahydropyranstruk-
turen.™ In Kontrollexperimenten zu diesem Modellsystem konnte jedoch eine Protonen-
katalysierte Bromidoxidation als Untergrundreaktion festgestellt werden, welche ohne Kontrolle
durch Vanadium(V)-Komplexe fiir etwa ein Drittel des Gesamtumsatzes verantwortlich war (bei
25 °C).”) Zur Unterdriickung dieser und weiterer Siure-induzierter Nebenreaktionen bestand
somit die Notwendigkeit, das verwendete Pyridiniumhydrobromid durch ein Reagenz zu
ersetzen, welches der Bromidoxidation schon im schwach sauren Bereich ausreichend Protonen
zur Verfligung stellt. Eine Literaturrecherche zur Verfiigbarkeit von HBr-Aquivalenten aus
weniger aciden Molekiilen als Pyridiniumhydrobromid fiihrte zu einer, erstmals von Fittig et al.
gegen Ende des 19. Jahrhunderts beschriebenen, Zerfallsreaktion von B-Bromcarbonsduren,
welche unter schwach basischen Bedingungen oder geringer Energiezufuhr neben Kohlendioxid

und einem Alken je ein formales Aquivalent HBr liefert (Schema 3.2).['"
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Schema 3.2 Zerfall von B-Bromcarbonsdurederivaten in Kohlendioxid, ein Alken und ein

formales Aquivalent Bromwasserstoffsiure (R / R* = Alkyl, Aryl).

Die Zerfallsrate dieser B-Bromcarbonsduren sollte sich unter anderem als Funktion der
Bindungsstérke fiir die Heterolyse von O,H- und C,Br-Bindungen, der Aktivierungsenergie und
der Stabilitdit des resultierenden Alkens beschreiben lassen und somit abhingig von den
Substituenten in a- und B-Position sein. Die Hauptaufgabe in der vorliegenden Arbeit bestand
darin, zu untersuchen, inwieweit sich Vertreter dieser Verbindungsklasse dazu eignen als
schwach saure Puffer zur Versorgung einer Bromoperoxidase-Modellreaktion mit Protonen- und
Bromidiquivalenten zu fungieren und ob die Geschwindigkeit und Selektivititen
nachgeschalteter Bromierungsreaktionen synthetisch nutzbar sind. Hierbei sollte der Fokus auf
die Bromierung von Alkenen und auf Bromcyclisierungen von 4-Pentenolen gelegt werden. Da
als weitere Schwachstelle in dem bislang verwendeten Verfahren die fehlende
Hydrolysestabilitit des eingesetzten Vanadium(V)-Schiffbase-Katalysators identifiziert werden
konnte, war der Einsatz alternativer Vanadium(V)-Verbindungen mit verbesserter Integritét
unter Katalysebedingungen ein weiterer Aspekt zur Steigerung der Effizienz des

Bromoperoxidase-Modellsystems.

Unter Beriicksichtigung der Vorarbeiten zur Bromidoxidation stellten sich fiir die
Entwicklung einer verbesserten Vanadium-katalysierten Methode zur oxidativen Bromierung

unter pH-neutralen Bedingungen folgende Aufgaben:

e Identifizierung und Darstellung geeigneter PB-Brompropionsdurederivate und Unter-
suchung ihrer Zerfallsreaktionen zur Versorgung oxidativer Bromierungsreaktionen mit

Protonen und Bromidéquivalenten.

e Optimierung der Vanadium(V)-katalysierten oxidativen Bromierung unter Variation von

Losungsmitteln, Katalysatoren und weiteren relevanten Reaktionsparametern.

e Ubertragung des neuen Reaktionsprotokolls auf Alkene, siurelabile Substrate und auf

Bromcyclisierungen substituierter 4-Pentenole.
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3.3 Ergebnisse und Diskussion

3.3.1 Synthese und Eigenschaften von B-Bromcarbonsiuren

Neben kommerziell erhéltlicher 3-Brompropionsdure (6a) wurden fiir die Studie zwei
Derivate synthetisiert, welche eine gesteigerte Triebkraft zur HBr-Freisetzung aufweisen sollten
(Abb. 3.1). So besitzt Brompropionsdure 6b zwei Methylgruppen in 2-Position, um eine
mogliche B-Eliminierung zugunsten der erwiinschten o-Eliminierung zu unterdriicken und
zusitzlich die Stabilitit des resultierenden Alkens zu erhéhen.''! Das Zimtsiure-Derivat 6¢
wurde ausgewdhlt, um den positiven mesomeren Effekt der Phenylgruppe auszunutzen, der die

(2] Weiterhin erlaubte die Bildung von

geplante Zerfallsreaktion ebenfalls begiinstigen sollte.
Styrol aus 6¢ eine kinetische Verfolgung der HBr-Eliminierung mittels gaschromatographischer

Analyse der Reaktionsmischung.

O Br O Br O Br
HOJ\G)B How HOJ\)\©
6a 6b 6¢c

Abbildung 3.1 Strukturformeln untersuchter f-Bromcarbonsiuren (6a—c).

Erste orientierende Versuche zeigten, dass die Fragmentierungsreaktion der
Brompropionsdurederivate 6a—c in Dimethylcarbonat (DMC) bereits bei 30 °C unter Zusatz
katalytischer Mengen an Bromid abliuft und die dabei freigesetzten HBr-Aquivalente sich in
Gegenwart von tert-Butylhydroperoxid und einem Vanadium(V)-Komplex zur oxidativen
Bromierung eines Alkensubstrates nutzen lassen. Kinetische Verfolgung der Zerfallsreaktionen
unter Katalysebedingungen fiihrten zu relativen Geschwindigkeitsraten, welche entlang der

Reihe 6a (k' = 1.0) < 6b (k' = 1.3) < 6¢ (K = 1.9) anwachsen.

3.3.2 Methodenentwicklung und Bromierung von Alkenen

Zur Entwicklung und Evaluierung der neuen Bromierungsmethodik diente 4-tert-
Butylcyclohexen (7a) als Reportersubstrat. Das Alken 7a sowie das daraus resultierende
Dibromid 8a eignen sich fiir die Ausbeutenbestimmung sowohl in priparativem als auch in
analytischem Mafstab. Zudem erlaubt die beobachtete relative Konfiguration des gebildeten
Dibromids 8a Riickschliisse auf die Natur des vorliegenden Bromierungsreagenzes. Die

Reaktion mit 4-tert-Butylcyclohexen (7a) war am effektivsten unter Verwendung der Dimethyl-



24 3 VANADIUM(V)-KATALYSIERTE OXIDATIVE BROMIERUNG IN ALKYLCARBONATEN

substituierten -Bromcarbonsiure 6b in den Losungsmitteln Propylencarbonat (PC), Dimethyl-
carbonat und Ethylacetat (Tabelle 3.1, Eintrdge 1, 3 und 4). Die Abnahme von Geschwindigkeit
und Selektivitit im Verlauf der Umsetzung und das Auftreten weiterer Oxidationsprodukte
deuteten auf radikalische Nebenreaktionen hin, welche durch die Zugabe von Radikalfangern
unterdriickt werden sollten. Dabei zeigte sich, dass bei Zugabe unterstochiometrischer Mengen
an Cyclohexa-1,4-dien (CHD) die Ausbeute an Dibromid 8a um 10 % steigt und sich die
Reaktionszeit deutlich verkiirzt. Der genaue Grund fiir diesen positiven Einfluss konnte jedoch
im Rahmen dieser Arbeit nicht mehr geklidrt werden. Neben dem etablierten Vanadium-
Schiffbase-System VO(L')(OEt)""*! und den kommerziell erhiltlichen Verbindungen VO(acac),
und VO(SO4)-H,O wurden auBerdem zwei weitere Vanadium(V)-Komplexe VO(L?)(OEt)!'¥
und VO(L*)(OEt)!"™ mit O,N,0-Donormotiv synthetisiert und untersucht (Schema 3.3).

VO(OEt); + Hol" ———— = VO(L")(OEt) (85-95 %)
EtOH

HoL H2L2 H,L3

Schema 3.3 Darstellung der Oxovanadium(V)-Komplexe VO(L'7)(OEt) durch Metathese-
reaktion von VO(OEt); mit tridentaten Auxiliaren H,L' mit O,N,O-Donor-

motiv. [13-15]

Eine Variation aller genannten Reaktionsparameter ergab, dass die effektivste Prozedur
zur Umsetzung von 4-tert-Butylcyclohexen (7a) aus Reaktion mit 3-Brom-2,2-dimethyl-
propionséure (6b), ter-Butylhydroperoxid und Vanadium-Katalysator VO(L*)(OE) (1 mol%) in
Propylencarbonat unter Zusatz katalytischer Mengen an Bromid und Cyclohexa-1,4-dien besteht
und 1,2-Dibrom-4-tert-butylcyclohexan (8a) in einer priparativen Ausbeute von 84 % liefert

(Tabelle 3.1, Eintrag 1).
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Tabelle 3.1 Vanadium(V)-katalysierte oxidative Bromierung von 4-tert-Butylcyclohexen (7a)

in Gegenwart von 3-Brompropionsduren 6a—c und fert-Butylhydroperoxid.

VO(L?)(OEt)kear,

Bu {BUOOH® /6 Br
= Additiv / MBryz; tBuw%Br
72 LM/ 30 °C (482
Eintrag 6 LM Additiv ¢ MBr ¢ 8a/%

1 6b PC CHD NBuyBr 84
2 6a PC CHD NaBr 32
3 6b DMC CHD NBuyBr 74
4 6b EtOAc CHD NBuwsBr 83
5 6b PC CHD NaBr 82
6 6b PC - NaBr 72
7 6¢ PC — NaBr 79

“ 1 mol%. ” Wasserfreie 3 M Lsg. in Toluol. ¢ PC = Propylencarbonat; DMC =
Dimethylcarbonat. ¢ CHD = Cyclohexa-1,4-dien; 40 mol%. ¢ 10 mol%.

Das erzielte Ergebnis liegt damit im Bereich eigener Kontrollexperimente in Losungen
von Dichlormethan unter Einsatz von molekularem Brom (96 %) oder N-Bromsuccinimid (NBS)
in Verbindung mit Tetrabutylammoniumbromid (92 %). Der pH-Wert von hydrolysierten Proben
des Reaktionsgemisches wurde mittels Universal-Indikatorpapier liberpriift und bewegte sich im
Bereich von 5-6. Kontrollreaktionen ohne Zugabe einer Vanadium-Verbindung fiihrten zu
keiner Bildung von Dibromid 8a nach einem Zeitraum von 48 h. Mit Ausnahme von VO(acac),,
welches mit einer Ausbeute von 76 % eine giinstige, kommerziell erhiltliche Alternative zum
Oxovanadium(V)-Piperidin-Komplex VO(L?)(OEt) darstellt, zeigten die Reaktionen mit den
iibrigen Vanadium-Katalysatoren VO(L")(OEt), VO(L*)(OEt) und VO(SO4)-H,O nur Ausbeuten
zwischen 42 und 52 %. Die Verwendung des nachhaltigen Ldsungsmittels Propylencarbonat
lieferte die besten Ausbeuten der Studie und vereinfachte die Isolierung der meist unpolaren,
bromierten Produkte. Diese lassen sich dabei durch einfache Extraktion mit Cyclohexan in
relativ reiner Form gewinnen, wobei polare Reagenzien und Nebenprodukte in der
Propylencarbonat-Phase zuriickgehalten werden. Trotz der geringen Katalysatormenge von
1 mol% war die riickstindige Propylencarbonat-Losung noch katalytisch aktiv und konnte nach

erneuter Zugabe von [-Bromcarbonsidure 6b, TBHP und Alkensubstrat 7a in einer weiteren
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Bromierungsreaktion verwendet werden, nach welcher erneut 69 % des gewliinschten Produkts
8a isoliert werden konnten. Zusitzliche Untersuchungen zu der katalytischen Restaktivitdt und
Optimierung der Zweitreaktion in zuriickgewonnenen Propylencarbonatmischungen wurden im

Rahmen dieser Arbeit aus Zeitgriinden nicht durchgefiihrt.

Die Reaktion mit dem sédurelabilen Substrat 3-Dioxolanylcyclohexen (7b) lieferte das
entsprechende Dibromid 8b in 80 % Ausbeute (Tabelle 3.2, Eintrag 1). Die Methode mit
Pyridiniumhydrobromid lieferte das gleiche Produkt in einer geringeren Ausbeute von 64 %,
wahrend in der Kontrollreaktion mit 2 Aquivalenten wissriger HBr und H,O, nur 20 % des

Dibromids 8b isoliert werden konnten (Tabelle 3.2, Eintrdge 3 und 4).

Tabelle 3.2 Oxidative Bromierung des sdurelabilen Substrats 3-Dioxolanylcyclohexen (7b).

[V-Kat] @
0 ROOH ? / [HBI] (-OYEB‘;
1o — Additiv / MBr; O dr
)7b LM/ 30 °C ()-8

Eintrag  [V-Kat]“ [HBr] R” LM¢  AdditivY MBr®  8b/%
1 VOL)OEt)  6b Bu  EtOAc CHD  NBu4Br 80

2 VO(L?)(OEt)  6b Bu PC CHD NaBr 77
3 VO(L')OEt) py-HBr Bu MeCN - - 64
4 - HBr/ H PC - - 20

“ 1 mol%. ” Wasserfreie 3 M Lsg. in Toluol (R = fBu) oder 30% (w/w) wissrige Lsg.
(R = H). ¢ PC = Propylencarbonat. ¢ CHD = Cyclohexa-1,4-dien; 40 mol%. ¢ 10 mol%.
1 48% (w/w) wissrige Lsg.
Diese Ergebnisse veranschaulichen, dass der Einsatz von 3-Bromcarbonsdurederivaten
6a—c als schwach saure HBr-Donoren zu einer deutlichen Reduktion der Aciditit der
Reaktionslosung fiihrt, welche sich durch das Ausbleiben von Protonen-vermittelter

Bromidoxidation sowie weiterer Sdure-induzierter Nebenreaktionen positiv bemerkbar macht.

Bromierungsansédtze mit weiteren, terminalen, di- und trisubstituierten Alkensubstraten
lieferten die entsprechenden Dibromide 8c—g in Ausbeuten von 59-73 % als diastereomerenreine

Produkte (Abb. 3.2).
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Br Br Br Br
B \M
Br Br (@]

8c:71%@(R=nPr)  8e:59%? 8f: 73 %@ 8g: 69 % °
8d: 63 % ?(R = Ph)

Abbildung 3.2 Produkte der oxidativen Bromierung terminaler, di- und trisubstituierter
Alkene in Gegenwart von TBHP, 6b, VO(L?)(OEt) (1 mol%), NaBr (10 mol%)
und CHD (40 mol%) in PC “ oder EtOAc” bei 30 °C.

Bemerkenswerterweise bewirkt hier der FEinsatz von Cyclohexa-1,4-dien nur eine
Verbesserung der Bromierung interner Alkene, wohingegen der Effekt bei Bromierungen
terminaler Doppelbindungen bislang nicht beobachtet werden konnte. Untersuchungen zur
Klarung der Ursache dieses interessanten Verhaltens konnten ebenfalls im Rahmen dieser Arbeit

aus Zeitgriinden nicht mehr durchgefiihrt werden.

3.3.3 Bromcyclisierungsreaktionen substituierter 4-Pentenole

Der zuvor formulierte Hauptanwendungszweck der neu entwickelten, pH-neutralen
Bromierungsmethodik war die Synthese bromierter Tetrahydrofurane und Tetrahydropyrane mit
Bezug zur Naturstoffchemie. Zur Bewertung der Effizienz der Prozedur in diesem
Zusammenhang wurden die unterschiedlich substituierten 4-Pentenole 9a-d den zuvor

optimierten Bedingungen der oxidativen Bromierung unterworfen (Tabelle 3.3).
Tabelle 3.3 Ergebnisse der Bromcyclisierung substituierter 4-Pentenol-Substrate 9a—d.

VO(L?)(OEt)at

3 b 3 R4 R" R®
| m fBUOOH/6b /NaBra” 5 R R e 0L
RR2 R* PC®/CHDY/ 30 °C R? Br B

9 10 11
. 1 2 3 4 10/ % 11/ %

Eintrag ? R R R R (cis:trans) (cis:trans)

1 9a H H H Ph <5°¢ 71 (<2:98)

2 9b Ph H H CH; 48 (34:66) 21 (<2:98)

3 9¢ CH; C,H3 CH; CH; 37 (62:38) 42 (64:36)

4 9d Ph H CH; CH; 14 (41:59) 68 (4:96)

“1 mol%. ” 10 mol%. © PC = Propylencarbonat. ¢ CHD = Cyclohexa-1,4-dien; 40 mol%. ¢ Spuren.
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Die Umsetzungen der Alkenole 9a—d lieferten, nach chromatographischer Aufreinigung,
Bromcyclisierungsprodukte in Gesamtausbeuten von 69-82 % (Tabelle 3.3). Das Ergebnis der
Umsetzung von Substrat 9a erlaubt eine weitergehende Interpretation des Reaktionsverlaufs der
Bromcyclisierung. Die Bildung des 2,3-trans-konfigurierten Tetrahydropyrans 11a korrespon-
diert mit einem zweistufigen Mechanismus unter intermedidrer Bildung eines Bromoniumions
mit anschlieBender, regioselektiver und stereospezifischer Offnung durch Riickseitenangriff des
Hydroxylsauerstoffs in der ladungsstabilisierten benzylischen Position. Kontrollexperimente zur
Bromcyclisierung unter Verwendung einer wéassrigen Losung von H,O, und HBr (Alkenol 9a)
oder von NBS in Dichlormethan (Alkenol 9¢) lieferten die entsprechenden O-Heterocyclen nur
in Gesamtausbeuten von 47 % und 60 %. Zur Uberpriifung der Anwendbarkeit der entwickelten
Prozedur in groferem Mafstab wurde am Beispiel der Umsetzung von Linalool 9¢ der
Reaktionsansatz um den Faktor 10 vergrofert. Die Bromierung lieferte die bromierten cyclischen
Ether 10c¢ und 11c¢ nach Extraktion mit Cyclohexan in befriedigender Reinheit und einer
kombinierten Ausbeute von 63 %, wobei das Rohprodukt optional durch Destillation weiter

aufgereinigt werden konnte.

3.4 Ausblick

Die vorliegende Studie ist ein erster Schritt zur Anwendung von Bromoperoxidase-
Modellreaktionen in organischen Losungsmitteln unter annidhernd neutralen Bedingungen. Da
das langwidhrende Problem zu saurer Reaktionsbedingungen in oxidativen Bromierungs-
reaktionen durch das entwickelte Konzept mit B-Brompropionsduren prinzipiell geldst wurde,
steht einer breiteren Anwendung in Synthesen mit sdurelabilen Intermediaten und Produkten
nichts mehr im Wege. Erginzende Arbeiten zu diesem Thema konnten Experimente mit
alternativen [-Bromcarbonsdurederivaten beinhalten oder auf die Entwicklung &hnlicher
Systeme zur HBr-Freisetzung unter neutralen Bedingungen abzielen, welche sich idealerweise
zwecks Vermeidung von Abfallprodukten, beispielsweise mit konzentrierter, wéssriger HBr,
regenerieren und wiederverwenden lassen. Zu diesem Zweck wire es von Vorteil die
entsprechenden Molekiile auf einem Trigermaterial zu fixieren, was dhnlich einem
Ionentauscher nach der Reaktion abgetrennt und regeneriert werden konnte. Um die
Nachhaltigkeit des Prozesses noch weiter zu erhohen, wiren ebenfalls Experimente beziiglich
katalytischer Restaktivitdit und Wiederverwertung der Propylencarbonat-Mischung nach der
Produktabtrennung von Interesse. Hier bestiinde auch die Moglichkeit, die Reaktion gekoppelt

mit einem Fliissig-Fliissig-Extraktionsverfahren kontinuierlich durchzufiihren. Zur Klirung der
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Ursache des positiven Effekts von Cyclohexa-1,4-dien sollten mechanistische Untersuchungen
durchgefiihrt werden. Dariliber hinaus wire hier eine weitere Anwendung in Vanadium-
katalysierten Oxygenierungsreaktionen zur Steigerung von Selektivitit und Geschwindigkeit
denkbar. Eine zusitzliche Moglichkeit zur Ausdehnung der Studie wéren Untersuchungen zur
Durchfiihrung analoger Chloridoxidationen unter Verwendung entsprechender B-Chlorcarbon-
sduren. Da jedoch Chloroperoxidase-Modellsysteme im Allgemeinen bislang kaum beschrieben
sind, ware hier zunédchst die Entwicklung geeigneter Katalysatoren eine Voraussetzung, um sich
anschlieBend dem Problem der Versorgung mit den notwendigen HCI-Aquivalenten widmen zu

konnen.
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o.Suppmr'ng Information

ABSTRACT: Molecular bromine is formed from bromide and
tert-butyl hydroperoxide under mild and neutral conditions.
The oxidation is catalyzed by vanadium(V)-complexes and
requires bromide- and proton- aliquots that are slowly released
from a 3-bromopropionic acid-bromide buffer in solutions of
alkyl carbonates. In such an environment, bromocyclization of
acid labile alkenols occurs without hydrolytically cleaving acetal-
or ester-protecting groups. 4-Pentenols having methyl- and/or

0
e ¥

1BuOOH
VO(LYOEY),,

Lo
R (o ’Xt-ﬂr R_\/\t +COy+ >T
H PC / NaBr,,, Br

30°C bp -7 °C

H,L = cis-2,6-bis-(1,1-diphenyl- 1-hydroxymethyl)-piperidine
PC = propylene carbonate
R, R', R" = alkyl, phenyl

phenyl-groups attached to the terminal carbon atom of the alkenol double bond undergo 6-endo-selective ring closures if subjected
to oxidative bromination and provide bromotetrahydropyrans in synthetically useful yields. Application of the new procedure
affords a hexasubstituted tetrahydropyran-building block en route to synthesis of the marine natural product aplysiapyranoid A.

KEYWORDS: alkyl carbonate, alkyl hydroperoxide, bromocyclization, bromoperoxidase model, oxidation catalysis, vanadium(V)

complex

B INTRODUCTION

The growing demand for organobrommes we use in our society
as intermediates,’ > materials,** ﬂame retardants, emulsifiers,’
agrochemicals, or pharmaceutlcals, is covered by hydrocarbon
functionalization that mechanistically proceed via nucleophilic
substitution, free radical chain reaction, or electrophilic-bromi-
nation. The largest proportion of technically produced organo-
bromines thereby originates from reactlons between molecular
bromine” " and carbon nucleophiles.'*

Molecular bromine is not only a low-cost chemoselective oxidant
but also a volatile, toxic, and corrosive chemical. Transport, storage,
and application of molecular bromine therefore require safety
standards that are met by most protocols based on in situ-
generation of bromine from bromide and environmentally bemgn
oxidants, such as dioxygen (O;), which is economically favored or
a peroxide, which is the more chemoselective route.’

The rates of bromide oxidation by tert-butyl hydroperoxide
and hydrogen peroxide are surprisingly slow at neutral pH. To
accelerate bromide oxidation by hydrogen peroxide, nature uses
vanadate(V)-dependent bromoperoxidases, whereas industry
uses synthetic Lewis- or Bronsted-acids.'>'® The strategy to activate
peroxides by Brensted-acids is limited to oxidative transforma-
tions of acid-resistant substrates, which, however, are rare in
organic chemistry. Bromoperoxidases catalyze the oxidation of
bromide under physiological conditions, but require water as
solvent.”'*'® Water behaves in many organic transformations as
a nucleophile and thus changes selectivity to some extend from
dibromination or bromocyclization to vicinal bromohydrin forma-
tion. To circumvent this problem, hydrogen peroxide-based oxida-
tions are often conducted in biphasic solvent mixtures, where the

VACS Publications « 2011 American Chemical Society

organic substrate is brominated in the lipophilic layer and a
functional bromoperoxidase mimic is added as catalyst.'” Other
approaches for bromocyclization of alkenols start from fert-butyl
hydroperoxide as oxidant. This reagent dissolves in lipophilic
solvents and allows to oxidize substrates in the absence of water.

To effectively mediate oxygen atom transfer to bromide, the
alkyl hydroperoxide has to bind rapidly and selectively to a Lewis
acid, such as a vanadium(V) complex (Scheme 1).'®'? The rate
of hydroperoxide binding to vanadium(V) compounds thereby
gradually increases as the proton concentration rises. Oxidative
bromination therefore is performed in most mstances in an acidic
environment, to obtain reasonable time-yield factors.” In strongly
acidic aqueous solutions, many functional groups, such as the
acetal or the ester group, hydrolyze whereas others, for example
nucleophilic carbon—carbon double bonds, add water.”

To overcome acid- and water-mediated side reactions in a
project dealmg with synthesis of brominated marine natural
products® from acid labile alkenols, we developed a method
for in situ-generation of bromine from buffered hydrogen
bromide-equivalents and fert-butyl hydroperoxide (Scheme 1).
In the course of this study we found that 3-bromopropionic acids
liberate proton- and bromide-aliquots, which are oxidized by
tert-butyl hydroperoxide in a vanadium(V)-catalyzed process.
The reaction furnishes molecular bromine under mild and neutral
conditions, to conduct bromocyclization of acid labile alkenols in
alkyl carbonates or ethyl acetate. This new method was used to
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Published: September 07, 2011
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Scheme 1. Concept for Proton- and Bromide- Release

from in Situ-Hydrogen Bromide Source (HXBr; section 1),
and Mechanistic Proposal for Bromide Oxidation by Hydro-
peroxides, Catalyzed by a Vanadium Compound, That Is,
V**(OR) (section 2; e.g., R = H; Bu; e.g., R’ = CH;, Ph)

ROOH ROH

N

V' (00R) V(0R)
~H,0 OH
Br o siow Jast LA‘\/ R’ oK
2 X 2H*/2Br [Br,; ]
H =2X ~HBr Br

prepare a hexasubstituted tetrahydropyran-building block required
for synthesis of the marine natural product aplysiapyranoid A.

l RESULTS AND DISCUSSION

1. Hydrogen Bromide Sources. From a structure—reactivity
survey we concluded that 3-bromopropionic acid (1a) and
substituted derivatives 1b—c (Scheme 2) quantitatively liberate
proton- and bromide-aliquots, if treated at 30 °C with catalytic
amounts of bromide in solutions of dimethyl carbonate (DMC),
propylene carbonate (PC), or ethyl acetate (EtOAc).** For reasons
of solubility, we used sodium bromide as catalyst for reactions
conducted in propylene carbonate, and tetrabutylammonium
bromide for transformations performed in dimethyl carbonate or
ethyl acetate. The experimental evidence for bromide and proton
liberation from la—c comes from the mass balance of dibro-
mides and vicinal bromohydrin ethers, formed after adding tert-
butyl hydroperoxide and a vanadium catalyst (see sections 2—3).

2, Vanadium Compounds. As catalysts to activate peroxides,
we used neutral complexes of the general formula O=V(L)-
(OEt), having one dibasic tridentate ONO-donor ligand, that is
L>", and one labile ethanolato ligand bound to oxovanadium(V).
The auxiliaries H,L' > we used to prepare vanadium compounds
0=V(L' ?)(OEt) from triethyl vanadate (Scheme 3),> *°
differ in terms of binding affinity toward vanadium(V), thus
modifying chemical properties of derived complexes. Piperidine-
derived oxovanadium(V) complex VO(L')(OEt), for example, is
the most reactive catalyst prepared and tested so far in our project
on catalytic hydroperoxide-activation, whereas VO(L?)(OEt) is
significantly most stable. The properties of VO(L?)(OEt) in
terms of stability and reactivity are midway between the former
two reagents. We also included vanadyl sulfate (VOSO,+4H,0)
and oxovanadyl(IV) bis(acetylacetonate) as reagent for peroxide
activation into the study, to compare reactivity and selectivity of
more readily available vanadium compounds to more specialized
catalysts, which we favor for reasons of selectivity (see section 3.1).

Vanadium complexes VO(L')(OEt) are pregared by mix-
ing aliquots of VO(OEt); and a chelate ligand H,L 3 in ethanol
at ambient temperature. The complexes separate from solutions
of ethanol as pale yellow [VO(L')(OEt) and VO(L*)(OEt)] to
brown [VO(L?)(OEt)] air stable crystalline solids.

3. Bromofunctionalization of Alkenes. 3.1. Dibromination
of Cyclohexenes. To determine parameters for bromofunctiona-
lization of alkenes in vanadium-catalyzed oxidations, we chose
conformationally fixed cycloalkene 2a,”® *” and, for testing the

Scheme 2. Structure Formulas of 3-Bromopropionic Acids
la—c Relevant for the Study

0] Br) R
H\’(‘)* g T H* + CO, + R>=\R‘+ Br~
R R
O Br O Br O Br
HO/[u HO)% HOJ\/J\O
la 1b le

Scheme 3. Synthesis of Vanadium Compounds
VO(L")(OEt)” from Auxiliaries H,L" ”

VO(OED); + H,L" VO(L")(OEt)
EtOH /25 °C
! 85-95%
—
Ph Ph ™ N / R |
Ph N Ph N
HHH R
HO OH OH OH OH HO
H,L' H,L’ H,L}

85% for n = 1, 95% for n = 2, 87% for n = 3. " Acidic protons that are
removed in the course of complex formation are printed in bold;
VO(L?)(OEt) crystallizes as EtOH adduct®” from a solution of ethanol;
R= CH(CH])Z

significance of acid-mediated hydrolysis of acetal groups in
oxidative brominations, protected unsaturated aldehyde 2b
(Tables 1—3). The relative configuration of dibromides formed
from the two alkenes allows to model trajectories for 77-bond
bromination, to identify the underlying mechanism and thus the
chemical nature of intermediates involved in brominations. From a
systematic variation of reaction conditions, solvents, vanadium
compounds, and additives (Tables 1—2), we concluded that the
most effective procedure to prepare dibromide 3a (84%) from
the chosen reagents requires treatment of 4-tert-butyl cyclohex-
ene (2a) with 3-bromo-2,2-dimethylpropionic acid (1b), tert-
butyl hydroperoxide, catalytic amounts of sodium bromide and
piperidine-derived vanadium complex VO(L')(OEt) in a solution
of propylene carbonate containing low concentrations of cyclo-
hexa-1,4-diene (CHD) (Table 1, entry 1).

In the course of method development we noted aspects dealing
with (i) reactivity of bromopropionic acids la—c, (ii) reactivity
of vanadium catalysts, (iii) the effect of terminal oxidants, (iv) the
effect of cyclohexa-1-4-diene on rate and chemoselectivity of
alkene functionalization, (v) solvent effects, and (vi) product
selectivity in alkene functionalization that deserve a comment.

(i) The relative rate of bromopropionic acid fragmentation in

dimethyl carbonate increases along the series of com-
pounds 1a (K = 1.0) < 1b (K = 1.3) < 1c (k' = 1.9)
(Scheme 2, Figure 1; all values for 30 °C). The rates of
bromopropionic acid fragmentation correlate with the
rates dibromide 3a forms. The proton concentration in
such solutions remains approximately constant during
turnover of 1, as probed via hydrolysis of small reaction

1449 dx.doi.org/10.1021/cs200349¢ |ACS Catal. 2011, 1, 1448-1454
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Table 1. Oxidative Bromination of 4-fert-Butyl Cyclohexene
(2a) in Vanadium-Catalyzed Reactions

ROOH /1
I a
Bu Vo XOEy .'Bu”vjni
additive / MBr“
solvent /30 °C Br
(£)-2a (£)-3a
entry 1 R" solvent additive” MBr* 3a/%
1 1b tBu PC CHD NBu,Br 84
2 la tBu PC CHD NaBr 32
3 1b tBu DMC CHD NBu,Br 74
4 1b tBu EtOAc CHD NBu,Br 83
6 1b tBu PC none NaBr 72
7 lc {Bu PC none NaBr 79
8 Ib H CH,Cl, none NBu,Br 18/
9 1b H PC none NBu,Br 194

“1mol % of VO(L')(OEt). * Anhydrous 3 M solution in toluene for R =
tBu; 30% (w/w) aqueous solution for R = H. “PC = propylene
carbonate, DMC = dimethyl carbonate. ¢ CHD = cyclohexa-1,4-diene.
€10 mol % of MBr./ 429 conversion. £ 62% conversion; in the absence of
VO(L")(OEt), 18% of 3a was obtained

Table 2. Catalyst Variation in Oxidative Bromination of
4-tert-Butyl Cyclohexene (2a)

ROOH / [HBr] / [V]

(£)-2a (+)-3a

additive / MBr,,,

solvent / 30 °C
entry [v)* [HBr] R" solvent’ additive’ MBr‘ 3a/%
1 VO(L'](OEt) 1b tBu PC CHD  NaBr 82
1 VO(L’)(OEt) 1b  Bu PC CHD NaBr 44
2 VO(L'!)(OEt) 1b tBu PC CHD  NaBr 352
3 VO(acac)/ 1b tBu PC CHD NaBr 76
4  VO0SO,-4H,0 1b  (Bu PC CHD NaBr 42
5  none HBrf H CH,Cl, none h 84
6 nonc HBr* H DMC none h 86

“ 1 mol %. Anhydrons 3 M solution in toluene for R = Bu; 30% (w/w)
aqueous solution for R = H. ‘PC = propylene carbonate.  CHD =
cyclohexa-1,4-diene. “ 10 ma] %. {Hacac = pentane-1,3-dione. £48%
(w/w) aqueous solution. " No further bromide added.

volumes in intervals and pH measurement showing values
of pH 5—6. In none of the reactions we noticed chemical
changes at the acetal group, such as hydrolysis to the free
aldehyde, starting from compounds 2b and 3b.

Fragmentation of 1 provides ethene (from 1a), 2-methyl-
propene (from 1b), or styrene (from 1c), which we expected
to form dibromides, similar to 2a. Our experiments
showed that 1,2-dibromoethane was not formed in reac-
tions starting from 1a, whereas small (<10%) amounts of
1,2-dibromo-2-methylpropane formed from 1b. The lat-
ter dibromide was removed by distillation, as the reaction
mixtures were concentrated for isolation and purification
of target compound 3a. In reactions starting from bro-
mocinnamate 1c, styrene (~25%) and (1,2-dibromoethyl)-
benzene (~28%) formed as byproduct and thus required

Table 3. Formation of Dibromide 3b from 3-Dioxolanyl
Cyclohexene 2b

C)\ ~ ROOH / [HBr]/ [V]a t
additive / MBr,, m m B
(£)2b solvent / 30 °C (2)3b ()4

entry v [HBr] R’ solvent’ additive’ MBr" 3b/% 4/%

1 VO(L')(OEt) 1b  tBu EtOAc CHD NBuBr 80 f
2 VO(L')(OEt) 1b tBu PC CHD  NaBr 77 f
3  none HBr/ H PC none g 20 2

“ 1 mol %. ® anhydrous 3 M solution in toluene for R = tBu; 30% (w/w)
aqueous solution for R = H. ‘PC = propylene carbonate. “ CHD =
cyclohexa-1,4-diene. € 10 mol %. /48% (w/w) aqueous solution. ¢ No
further bromide added.

In((1)11]p)
O.GIJt o1a e lc

-02}
04}
06}
08}

-1.0 . - - .
0 6 12 18 24

time/h

Figure 1. Time dependence of bromopropionic acid-fragmentation in
solutions of alkene 2a (¢ = 0.05 M), tert-butyl hydroperoxide (co =
0.063 M in toluene) in dlmethy] carbonate conta:mng NaOAc (0.02 M),
NBu,Br (0.125 M), and VO(L')(OEt) (5 x 10~*M) ("HNMR, 30°C,
' = 0.125 M).

separation by chromatography. We therefore chose 3-bromo-
2,2-dimethylpropionic acid (1b) as standard hydrogen
bromide donor for all succeeding experiments.

(ii) Reactivity of vanadium catalysts. The reactivity of vana-
dium compounds to serve as catalyst for bromide oxida-
tion in fert-butyl cyclohexene dibromination decreases
along the series VO(L')(OEt) > VO(acac), > VO(L?)-
(OEt) > VO(L?)(OEt) > VOSO,-4 H,0, from 84% to
42% (Table 2). The amount of 1 mol % of catalyst
originates from our own specification, to achieve quanti-
tative conversion of alkene 2a within 24 h. In the absence
of vanadium compounds no dibromination of 2a occurs
(48 h reaction time, GC-analysis). From this information
we concluded that bromopropionic acids 1a—c are not
able to activate fert-butyl hydroperoxide for bromide
oxidation.

(iii) The effect of terminal oxidants. tert-Butyl hydroperoxide
was superior to hydrogen peroxide for synthesis of
acetal-protected dibromide 3b (Table 3). Since struc-
tures like these are of interest in our natural product
project, we restricted ourselves to the use of tert-butyl
hydroperoxide for the succeeding experiments,

(iv) The effect of cyclohexa-1-4-diene on rate and chemo-
selectivity of alkene functionalization. A gradual decrease

in product selectivity and turnover rates in combination
with appearance of new products, such as ~9% of 5-tert-
butylcyclohex-2-en-1-one 5 after 24 h, caused us to test

1450 dx.doi.org/10.1021/cs200349¢ |ACS Catal. 2011, 1, 1448-1454
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Scheme 4. Preparation of Authentic Bromohydrins § and iso-
5 for Tracing Side Product Formation in Oxidative Bromi-
nations of 4-tert-Butyl Cyclohexene (2a) (See Also Text)

NBS / H,0 OH Br
(+)-2a ? rBu"v% + .'Bu"\‘-/-l}
THF /20 °C
44% Br OH
0
(£)-5 iso-(£)-5
60 3 40

typical H-atom donors to prevent radical-based side
reactions to occur. From a series of H-atom donors,
that also included ionol and 2,6-di-(tert-butyl)phenol,
cyclohexa-1,4-diene was the most effective agent to
entirely prevent such side reactions of 2a.*' About
2—9% of the cyclohexa-1,4-diene thereby were con-
verted into a derived dibromide, which did not compli-
cate target product isolation and purification.

Addition of cyclohexa-1,4-diene not only improved the
yield of dibromide, for example from 72% to 84% for 3a,
but also shortened the reaction time to a third (Table 1,
entries 2 and 6). The efficiency of dibromide formation
in the vanadium-catalyzed reaction thus compares
to yields of alkene dibromination by stoichiometric amounts
N-bromosuccinimide in combination with tetrabutylam-
monium bromide (92%) or molecular bromine (96%) in
solutions of dichloromethane (Supporting Information).

(v) Solvent effects. Dimethyl carbonate (bp. 90 °C), propy-
lene carbonate (bp. 240 °C), and ethyl acetate (bp. 70 °C)
are biodegradable non toxic solvents. The use of such
Lewis-basic solvents in oxidations catalyzed by Lewis-
acidic vanadium complexes is new and poses an interest-
ing alternative to conventional procedures performed, for
example, in chlorinated alkanes or acetonitrile. Since pro-
pylene carbonate and alkanes are poorly miscible, pro-
ducts 3a—b were on a routine basis extracted from reaction
mixtures by cyclohexane. This workup procedure is
attractive particular for larger scale applications, because
product separation is feasible by extraction and distilla-
tion. Propylene carbonate solutions of VO(L')(OEt),
which were left from extractions could be charged with
further alkene 2a, bromopropionic acid 1b, and fert-
butyl hydroperoxide to provide 69% of dibromide 3a in
a second run.

(vi) Product selectivity in alkene functionalization. To check,
whether oxygenation of 2a or bromohydrin formation
from water that forms from tert-butyl hydroperoxide and
bromide (see Scheme 1) interferes with dibromination of
2a, we independently prepared 4-tert-butyl cyclohexene-
1,2-oxide and f-bromohydrins 5 and iso-5 (Scheme 4).
None of the two products was detected in the reaction
mixtures (GC-MS).

The chemical nature and the configuration of products 3a—b
formed in vanadium-catalyzed oxidations point to a bromonium
ion pathway, and thus to molecular bromine as key intermediate
(Scheme 5). Nucleophilic opening of bromonium ion anti-6 via
bromide attack at C4 provides dibromide 3a having both bromo-
substituents attached axially and the tert-butyl group equatorially.
Formation of the all equatorially substituted stereoisomer of 3a
in this mechanistic picture would occur upon nucleophilic attack
of bromide at C3 leading to a boat-like conformer, which is higher

Scheme S. Stereochemical Model for Synthesis of Trans-
Diaxially Substituted Dibromide (+)-3a (for a Description of
Ring-Opening of syn-6 See Text)

[v]m'.'. +

1/¢BuOOH
(+)-2a

Br-
anti-6
C4-approach / \ C3-approach
Br Br
tBu H tBu H
Br Br
(+)-3a
Jfavored disfavored

Table 4. Formation of Vicinal Dibromoalkanes via Oxidative
Bromination of Terminal and Internal Alkenes®

VO(L')(OEY),
R 2
, 1b//BuOOH /NaBr, R Br
RI)%/R RIKrR
PC / CHD /30 °C
Br
2 3

entry 2/3 R R* R 3/%
1 c CsH,» H H 71
2 d (CH,);Ph H H 63
3 e Ph H CH, 59
4 f CiHy H C,4H, 73
5 g CH; CH; (CH,),CO,Et 69

“For reagent abbreviations, concentrations, and equivalents refer to
footnotes of Table 1.

in energy and therefore disfavored.*”** For the same reason we
propose that bromonium ion opening of syn-6 (not shown in
Scheme $S) occurs via attack at C3 to afford the trans-diaxially
substituted dibromide 3a, whereas substitution at C4 would
furnish the all equatorially substituted product, which we did not
observe.

3.2. Dibromination of Terminal, Di-, and Trisubstituted Alkenes.
For a survey on reactivity and chemoselectivity in oxidative alkene
bromination (Table 4), we selected substrates 2c—g bearing sub-
stituents at the carbon—carbon double bond that reflect patterns
occurring in natural products. Under conditions referred to as
standard (Table 1, entry 1), alkenes 2c—g gave dibromides 3c—g
in yields ranging between 59% [(f-methyl styrene 2e)] and 73%
[(E)-S-decene 2f]. The products were in all instances formed
diastereomerically pure. Addition of the cyclohexa-1,4-diene im-
proved the yield of dibromides from internal alkenes (2e—g) by
about 8—12%, but not for bromination of substrates having a
terminal double bond (2c—d).

3.3. Bromocyclization of 4-Pentenols. The results obtained
from dibromination of alkenes allowed us to step toward the
main objective of this project dealing with development of a
catalytic method for oxidative bromocyclization of acid labile
alkenols. To explore technical details of this reaction, we chose
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Table 5. Summary of Results from Parameter Variation for
Synthesis of Brominated Tetrahydropyran 8a from 5-Phenyl-
4-pentenol 7a

[(Viear, Br
ROOH / [HBr] O Ph CY/{
HO™ >~y o (j\ ' o
additive / MBr,,,,. Br
7a PC (+)-8a ()-9a

entry v [HBr] R" T/°C additive® MBr’ 8a/% 9a/%

1 VO(L')(OEt) 1b fBu 30 CHD NaBr 71 <5

> VO(L')(OEY) 1b H 30 none NBuBr 19/ ¢

3  none HBr® H 20 none h 47 ¢
“1 mol %. ” Anhydrous 3 M solution in toluene for R = tBu; 30% (1/w)
aqueous solution for R = H. “ CHD = cyclohexa-1,4-diene. 410 mol %.
“Not detected. /17% yield in the absence of VOL'(OEt) under
otherwise identical conditions. £48% (w/w) aqueous solution. "No

bromide added.

S-phenyl-4-pentenol (7a) as substrate. Styrene-type alkenol 7a
bears structural elements relevant for the natural product project.
This substrate has a nucleophilic 77-bond that is prone to undergo
side reactions in the presence of protons and external nucleo-
philes, such as water. The stereochemical information associated
with the 77-bond in 7a furthermore allows to extract mechanistic
information of carbon—bromine- and carbon—oxygen-bond for-
mation on the basis of relative configuration of substituents in
derived bromocyclization products.

The results from a screening of parameters for bromocycli-
zation showed that phenylpentenol 7a is most effectively
transformed in a solution of propylene carbonate containing
bromopropionic acid 1b, tert-butyl hydroperoxide, and 1 mol
% of VO(L")(OEt). The reaction provides 71% of stereo-
chemically pure 2,3-trans-substituted tetrahydropyran 8a, be-
sides a minor fraction of bromobenzyltetrahydrofuran 9a
(Table 5, entry 1). Addition of 40 mol % of cyclohexa-1,4-diene
improved the yield of product 8a and shortened the time for
quantitative conversion of 7a. From the yields of 8a we con-
cluded that tert-butyl hydroperoxide is superior to hydrogen
peroxide for oxidative bromocyclization of 7a (Table 5, entry 2).
We also checked, whether an aqueous solution of hydrogen
peroxide containing hydrogen bromide®* would provide a simpler
alternative for synthesis of tetrahydropyran 8a compared to the
new method, which however was not the case (Table S, entry 3).

The chemical nature of products formed from oxidative bro-
mination of 7a is consistent with a two step mechanism proceeding
via cyclic bromonium ion formation and opening of this inter-
mediate by backside attack of the hydroxyl oxygen in a Sy2-
manner (Scheme 6). Carbon—oxygen bond formation from the
proposed intermediate 10 occurs in a late transition state. Since
charge effects become important in late transition states, the
incoming oxygen nucleophile favors attack of the bromonium
ion at the benzylic carbon.**** Stereoelectronic prerequisites
associated with the backside attack guide stereospecificity of
bromonium ion opening and copies the (E)-configuration of
substrate 7a into the 2,3-trans-configuration of product 8a.

To investigate selectivity in bromocyclization of substrates
having terpenol-type 77-bonds, we subjected S-methyl-1-phenyl-
4-hexenol 7b and linalool 7¢ to conditions developed in the
preceding sections. From these reactions we isolated bromocy-
clization products 8b—c and 9b—c in combined yields of about

Scheme 6. Mechanistic Model for Synthesis of Cyclic Ethers
from 5-Phenyl-4-pentenol (7a) in Oxidative Bromination

[Viear +
H Br Br~
1/BuO0OH = Ph
7 —
a 7 ~.on
H
chair-(£)-10
fi-endo S-exo
~HBr / \ ~HBr
Ph o
BP0 C) e
trans-(£)-8a (£)-9a
major minor

Table 6. Bromocyclization of Alkenols in Vanadium(V)-
Catalyzed Oxidations

VO(L')(OE),,, |
R Br
M 1b /TBHP /NaBre., tho/\\'L %%
RI + R
R PC/CHD /30 °C Br
7 8 9
entry 7-9 R R* 8/% (cis:trans)  9/% (cis:trans)
1 b Ph H 68 (4:96) 14 (41:59)
2 c CH, CH=CH, 42 (64:36) 37 (62:38)

Scheme 7. Synthesis of Building Block 8d for the Synthesis of
Aplysiapyranoid A*’

VO(L')(OEt) .
Ph
1c/ TBHP /NaBr,,, 0
HO Z P 3 sl
) I PC/CHD/30°C  E0,C ‘Br
a (+)-8d (47%)

3.5-cis:3,5-trans = 80:20

80% (Table 6). We scaled up the process for bromocyclization of
linalool 7¢ by a factor of 10 and successfully used a simplified
work up-procedure via extraction and distillation to obtain pure
linalool bromides 8¢ and 9¢ (Supporting Information). We think
that this procedure is quite generally applicable for products
having similar polarity to cyclic ethers 8c and 9c.

As final step in method development and a first step toward
application in synthesis, we chose to prepare the heterocyclic
core of the aplysiapyranoids,™ using the vanadium-catalyzed
method. Aplysiapyranoids are functionalized tetrahydropyrans
having a total of four substituents attached to carbons 2 and 6,
and two additional functional groups at carbons 3 and 5 of the
heterocyclic core. The strain imposed by axial positioning of
substituents at carbon atoms 2 and 6 generally renders bromo-
cyclization of d,&-unsaturated alcohols inefficient for construct-
ing 2,2,6,6-substituted tetrahydropyrans.®®

We thus subjected tertiary alkenol 7d to standard conditions
using bromocinnamic acid 1c as hydrogen bromide donor, and
isolated 2,2,3,5,6,6,-substituted tetrahydropyran 8d in 47% yield
as only low molecular weight product (Scheme 7). This yield is
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higher than the value of 20% obtained for bromocyclization of
the O-methyl derivative of 7d by 2,4,4,6-tetrabromocyclohexa-
2,5-dienone and 43% for an oxidative bromination using
pyridinium hydrobromide and fert-butyl hydroperoxide in
acetonitrile.”” An UV-active spot located at Re= 0 on tlc-sheets using
a 50/50-mixture of diethyl ether and pentane as eluent shows that
additional products form from substrate 7d. These products, un-
fortunately, could not be characterized with our analytical methods.

B CONCLUDING REMARKS

The oxidation of bromide by tert-butyl hydroperoxide in
solutions of alkyl carbonates is an effective and synthetically
useful method to prepare vicinal dibromoalkanes from alkenes
and products of bromocyclization from alkenols. The funda-
mentals of this bromination chemistry derive from nature, where
vanadate(V)-dependent bromoperoxidases catalyze the oxida-
tion of bromide from ocean water by hydrogen peroxide at
ambient temperature and pH 6.

Over the years, substantial effort was spent to mimic the
chemistry of the marine bromoperoxidases for conducting organ-
obromine synthesis under approximately neutral conditions.”**”
The discovery that the combination of bromide and 3-bromo-
propionic acids act as buffered, slow release hydrogen bromide
progenitor in this sense solves a long-standing problem and has
the potential to further develop this field of bioinspired organic
synthesis.

We are well aware of the fact that other methods for oxidative
bromination exist. A number of attractive procedures are based
on aerobic oxidation,* while others transform bromide by hydrogen
peroxide under strongly acidic conditions into bromoelectro-
philes, which are suitable for arene bromination or vicinal dibromi-
nation of acid stable alkenes.'” In strongly acidic media, however,
peroxides and alkenes are consumed not only by bromination,
but also by unspecific acid-induced background reactions.*’ In
the new method for oxidative bromination, no background
reactivity exists thus explaining efficiency and selectivity for
turning over substrates into products. The task to activate tert-
butyl hydroperoxide is entirely taken over by vanadium(V)-
compounds that structurally range from more specialized cata-
lysts, as in our ongoing projects, to commercially available
reagents, such as vanadyl(IV)-bis(acetylacetonate).

The vanadium-catalyzed method for oxidative bromination
effectively operates in alkyl carbonates and ethyl acetate, which
are nontoxic solvents and therefore pose interesting alternatives
to aromatic hydrocarbons, acetonitrile, or chlorinated alkanes,
which are customarily used as reaction media for peroxide
activation by vanadium compounds. In view of the efficiency of
this modification we believe that alkyl carbonate solvents will
have the potential to provide a stimulus to the field of oxidation
catalysis in a broader sense.

B EXPERIMENTAL SECTION

1. General Information. For general laboratory practice and
instrumentation see ref 10 and the Supporting Information.

2. Oxidative Bromination of 4-tert-Butyl Cyclohexene (2a).
To a solution of 4-tert-butyl cyclohexene (2a) (138 mg, 1.0 mmol)
in propylene carbonate (20 mL) was added 3-bromo-2,2-di-
methylpropionic acid (1b) (452 mg, 2.5 mmol), NaBr (10.3 mg,
0.1 mmol), vanadium catalyst VO(L')(OEt) (5.6 mg, 0.01
mmol), and tert-butyl hydroperoxide (TBHP) (3.5 M in toluene,

455 uL, 1.6 mmol). 1,4-Cyclohexa-1,4-diene (32.1 mg, 0.4 mmol)
dissolved in propylene carbonate (3 mL) was added via syringe
pump (0.003 mL/min). The reaction mixture was stirred at
30 °C in a water bath for 24 h. The yellowish solution was
extracted with cyclohexane (4 x 15 mL), combined organic
extracts were washed with H,0 (1 x 20 mL) and sat. aqueous
NaCl (1 x 20 mL), dried (MgSO,), and concentrated under
reduced pressure to leave a residue, which was purified by
column chromatography (SiO,, CH,Cl,). Quant. conversion
(NMR). Yield: 244 mg (82%) rel-(1R,35,4S)-3,4-dibromo-1-tert-
butyl cyclohexane (3a) from 139 mg (1 mmol) of 2a, colorless
oil, R¢0.77. "H NMR (600 MHz, CDCls, 25 °C): 8 = 0.89 (s, 9 H,
CH,), 1.55—1.70 (m, 3 H, 1-H, 6-H), 1.97 (t, ] 14.4 Hz, 2 H, 2-H,
5-H),2.17 (ddd, ] 14.6,11.9, 3.1 Hz, 1 H, 2-H), 2.44 (ddt, J,; 15.3,
12.1, ], 3.6 Hz,1 H, 5-H), 4.67 (br s, 1 H, 4-H), 4.77 (br s, 1 H,
3-H) ppm. *C NMR (150 MHz, CDCls, 25 °C): 6 =21.2 (C6),
27.3 (CHjy), 289 (Cs), 29.4 (C2), 32.1 (Cy), 41.2 (C1), 53.8
(C4), 54.9 (C3) ppm. Anal. Calc. for C,oH,3Br,: C, 40.30; H,
6.09; Found: C, 40.54; H, 6.05.

3. 2-[rel-(1'R,3'S,4'S)-3',4'-Dibromocyclohexyl]-1,3-dioxo-
lane (3b). 2-(Cyclohex-3'-enyl)-1,3-dioxolane (2b) (155 mg,
1.0 mmol) was converted as described in section 2 for 2a. Conver-
sion: 96% (NMR). Yield: 251 mg (80%) colorless oil, R¢ 0.58. 'H
NMR (600 MHz, CDCl;, 25 °C): 0 = 1.66—1.77 (m, 2 H, 6 -H),
195—2.05 (m, 2 H, 2"-H, §-H), 2.19 (tq, J; 11.7, ], 40 Hz, 1 H, -
1-H), 2.28—2.36 (m, 1 H, 2/-H), 2.46 (dddd, ] 15.2, 122, 46, 3.3
Hz, 1 H, 5'-H), 3.82—3.98 (m, 4 H, 3-H, 4-H), 461—4.67 (m, 1 H,
4-H), 467—4.74 (m, 2 H, 2-H, 3’-H) ppm. *C NMR (150 MHz,
CDCly,25°C): 0 =21.0(C6'),27.8 (C2'),29.1 (CS'), 35.7 (C1"),
52.9(C3'),53.1 (C4'),65.0,65.0 (C4,C5), 106.3 (C2) ppm. Anal.
Calcd. for CoH,4Br,O, (314.01): C, 34.42; H, 4.49; Found: C,
34.69; H 4.45.

4. Bromocyclization of (E)-5-phenylpent-4-en-1-ol (7a).
To a solution of (E)-5-phenylpent-4-en-1-ol (7a) (162 mg, 1.0
mmol) in propylene carbonate (20 mL) was added 3-bromo-2,2-
dimethylpropionic acid (1b) (226 mg, 1.25 mmol), NaBr (10.3
mg, 0.1 mmol), vanadium catalyst VO(L')(OEt) (5.6 mg, 0.01
mmol), and TBHP (3.5 M in toluene, 455 uL, 1.6 mmol). 1,4-
Cyclohexa-1,4-diene (32.1 mg, 0.4 mmol) dissolved in propylene
carbonate (3 mL) was added via syringe pump (0.003 mL/min).
The reaction mixture was stirred at 30 °C in a water bath for 24 h.
The yellowish solution was extracted with cyclohexane (4 x
15 mL), combined organic extracts were washed with H,0 (1 x
20 mL) and sat. aqueous NaCl (1 x 20 mL), dried (MgSO,), and
concentrated under reduced pressure to leave a residue, which
was purified by column chromatography (SiO,, CH,Cl,). Quant.
conversion (NMR). Yield: 173 mg (71%) of a >95/5-mixture of
tetrahydropyran 8a and tetrahydrofuran 9a, colorless oil. R¢0.63.
Anal. Cale. for C,;H,3BrO: C, 54.79; H, 5.43; Found: C, 54.73;
H, 5.30. rel-(2R,3S)-3-Bromo-2-phenyltetrahydropyran (8a). 'H
NMR (400 MHz, CDCls, 25 °C): 0 = 1.76 (d, ] 13.7 Hz, 1 H,
4-H), 1.88—2.03 (m, 1 H, 4-H), 2.13 (qd, J, 12.6, ;4.1 Hz, 1 H,
3-H),2.60(dd,]9.0,3.9Hz, 1 H, 3-H),3.65 (td, ], 11.9,],2.0 Hz,
1 H,5-H),4.06(td, ], 11.0, J;43 Hz, 1 H, 2-H), 4.14 (dd, ] 11.3,
4.7 Hz, 1 H, 5-H), 4.32 (d,] 9.8 Hz, 1 H, 1-H), 7.29—7.43 (m, §
H) ppm. *C NMR (100 MHz, CDCl,, 25 °C): 6 = 28.3 (C4),
36.2 (C3),52.3 (C2),68.7 (CS), 85.5 (C1), 127.5, 128.2, 128.5,
139.5 ppm. 2-(1-Bromo-1-phenylmethyl)-tetrahydrofuran (9a).
'H NMR (400 MHz, CDCls, 25 °C): 6 = 1.90—1.98 (m, 2 H,
CH,), 223-2.35 (m, 2 H, CH,), 3.78—3.98 (m, 2 H, CH,),
443—4.53 (m, 1 H, 2-H), 4.89 (d, ] 7.8 Hz, 1 H, CHBr),
7.30—7.48 (m, 5 H) ppm. *C NMR (100 MHz, CDCl;, 25 °C):
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0 =26.0(CH,),31.0 (CH,), 57.3 or 60.4, 69.3, 85.5 (C2), 128.2,
128.4, 128.6, 139.6 ppm.
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4 Untersuchungen zur Kontrolle von 6-endo-Selektivititen in
oxidativen Bromcyclisierungen zur Darstellung bromierter

2,2,6,6-substituierter Tetrahydropyrane

4.1 Zusammenfassung

Naturstoffanaloge 2,2,6,6-substituierte Tetrahydropyrane lassen sich als Hauptprodukte
von Bromcyclisierungen 0,e-ungesdttigter Alkohole darstellen, welche in terminaler Position der
Alken-Teilstruktur einen aromatischen Substituenten tragen. Durch die Modifikation gelingt es,
die aus Wechselwirkung axial-stindiger Methyl-Substituenten im Ubergangszustand der
Ringschlussreaktion resultierenden Spannungsterme durch polare Effekte zu kompensieren.
Fehlt eine dipolare Kompensation, so entstehen isomere Tetrahydrofurane als Hauptprodukte.
Die Erkenntnisse dieser Studie fanden Eingang in die Synthese des hochsubstituierten marinen
Naturstoffs Aplysiapyranoid A, dessen 2,2,3,5,6,6-substituiertes Tetrahydropyran-Grundgeriist
sich durch 6-endo-selektive Bromcyclisierung in einer Ausbeute von 73 % darstellen lie3. Zur
Erzeugung bendtigter Bromdquivalente bewédhrte sich ein Verfahren, in dem Bromid mit fert-
Butylhydroperoxid unter katalytischer Aktivierung durch Oxovanadium(V)-Komplexe oxidiert
wurde. Die vorgestellte Totalsynthese fiir Aplysiapyranoide besitzt aufgrund ihrer breiten
Variabilitidt deutliche Vorteile gegeniiber anderen Verfahren und konnte somit fiir Struktur-

Wirkungsbeziehungen von weiterfiilhrendem Interesse sein.

4.2  Wissenschaftlicher Hintergrund, Zielsetzung und Strategie

Die Tetrahydropyran-Grundstrukturen der Aplysiapyranoide A-D (vgl. Abb. 2.1, S. 14)
lassen sich durch Elektrophil-induzierte Cyclisierungen tertidrer Alkohole an terminal zweifach
substituierten Doppelbindungen darstellen. Alle existierenden Verfahren zum Aufbau
entsprechend hochsubstituierter Verbindungen haben jedoch gemeinsam, dass die Selektivitit fiir
den 6-endo-Ringschluss und somit die Ausbeuten der Zielmolekiile niedrig sind."* Im Falle der
Synthese von Aplysiapyranoid A nach Jung et al. liefert die finale Bromcyclisierung unter
Verwendung von 2,4,4,6-Tetrabromo-2,5-cyclohexadienon in Nitromethan den gewiinschten
Naturstoff in einer Ausbeute von 58 % bei gleichzeitiger Bildung von 30 % des Tetrahydrofuran-
Isomers (Schema 4.1, unten)."* In einer alternativen Synthese des Naturstoffs, welche durch

Greb et al. entwickelt werden konnte, wurde eine dhnliche Cyclisierungsreaktion durch in situ-



40 4 KONTROLLE VON 6-ENDO-SELEKTIVITATEN IN OXIDATIVEN BROMCYCLISIERUNGEN

Generierung von Bromierungsidquivalenten unter Verwendung des Vanadium(V)-

Schiffbasekomplexes VO(L')(OEt) mit tert-Butylhydroperoxid realisiert (Schema 4.1, oben).”!

VO(L")(OEt)kat,
Pz pyHBr, tBuOOH O
Grebetal. HO - O7&r
CH3CN, 25 °C O
0”0 43 % | H H
(¥)-9e (¥)-11e
7 Stufen
insgesamt
6 %
HO
TBCD =
Jung et al. WCI - H O/ Br Cl
Br CH3NO,, 25 °C
58 % Br H
Aplysiapyranoid A

Schema 4.1 Bromcyclisierungsschritte der Totalsynthesen von Aplysiapyranoid A nach Greb

(oben) und nach Jung (unten).!*!

Bei der Bromcyclisierung des substituierten 4-Pentenols (£)-9e gelang, unter Ausnutzung
der polaren Effekte eines in 5-Position eingefiihrten Phenylrestes, zwar eine deutliche Reduktion
der Fiinfring-Bildung auf 15 %, jedoch blieb die Ausbeute des gewiinschten Tetrahydropyrans
(¥)-11e mit 43 % unter den Erwartungen. Trotz der vergleichsweise niedrigen Massenbilanz
gelang es nicht, weitere Nebenprodukte der Cyclisierung zu identifizieren, obwohl die Bildung
offenkettiger Dibromide und Bromhydrine in analogen Reaktionen bereits beobachtet worden

ar.’l Das erhaltene 6-endo-Cyclisierungsprodukt wurde im Rahmen der Totalsynthese von
Aplysiapyranoid A anschlieBend durch einen Carboxyl-Brom-Austausch nach Barton-
Hunsdiecker und Umwandlung des Phenylrestes in eine Formylgruppe mit abschlieBendem
Einbau der Chlorvinylgruppe durch die Takai-Reaktion in die Zielverbindung iiberfiihrt (Schema
4.1)."”) Inwieweit sich Spannungsenergien und polare Effekte im Detail auf Selektivititen der
Tetrahydrofuran- und Tetrahydropyran-Bildung in Bromcyclisierungsreaktionen derart hoch-
substituierter Systeme auswirken, wurde jedoch im Rahmen der Totalsynthese von Aplysia-
pyranoid A nicht gekldrt. Obgleich der generelle Bedarf zur Darstellung von Naturstoffen mit
mehrfach substituierten Tetrahydropyrangeriisten in vergangenen Jahren weiter gestiegen ist,
blieb die Frage nach der Systematik, welche dem 6-endo-selektiven Ringschluss tertidrer

4-Pentenole zugrunde liegt, weiterhin unbeantwortet.
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Autbauend auf den im letzten Kapitel vorgestellten Fortschritten im Bereich der
oxidativen Bromierung!® sollte die vorliegende Studie das inhirente Problem der Synthese
2,2,6,6-substituierter Tetrahydropyrane durch oxidative Alkenolcyclisierung, insbesondere in
Bezug auf die Regioselektivitit des Ringschlusses, erneut aufgreifen. Die Untersuchung zielte
darauf ab, das Grundstrukturmotiv von 4-Pentenol (£)-9e, welches in der Arbeit von Greb et al.
zur Darstellung des Aplysiapyranoids verwendet wurde,” durch Substituentenvariation an
geeigneten Positionen abzuwandeln um strukturelle Faktoren und Reaktionsparameter
abzuleiten, welche den 6-endo-selektiven Ringschluss begiinstigen wiirden. Zur Optimierung der
Reaktionskaskade aus Vanadium(V)-katalysierter Bromidoxidation mit tert-Butylhydroperoxid
und nachfolgender Bromcyclisierungen sollten neben den Originalbedingungen der
Aplysiapyranoid-Arbeit, unter Verwendung von Pyridiniumhydrobromid in Acetonitril, auch die
neu entwickelte Methode mit B-Bromcarbonsduren in Alkylcarbonat-Losungen zum Einsatz
kommen."™™ Dariiber hinaus war von Interesse, inwieweit sich Spannungseffekte an Positionen
2 und 6 von axial zueinander orientierten Substituenten auf die Thermochemie der 5-exo- und 6-
endo-Cyclisierung auswirken wiirden. Dieser Fragestellung sollte in einer theoretischen Studie in
Kooperation mit Jens Hartung durch Untersuchung des Einflusses der relativen Anordnung von
Methyl-Substituenten auf die freien Enthalpien von Tetrahydropyrangeriisten nachgegangen

werden.

Zur Untersuchung und Optimierung der Selektivititen fiir 6-endo-Bromcyclisierungen

von hochsubstituierten 4-Pentenolen ergaben sich konkret folgende Aufgabenstellungen:

e Ausarbeitung effektiver Synthesen zur Darstellung eines Satzes von 4-Pentenolen mit

unterschiedlichen Substituenten an den Positionen 1, 4 und 5.

e Untersuchung des Substituenteneinflusses in Alkenolen auf das 5-exo-/6-endo-Verhiltnis

in oxidativen Bromcyclisierungsreaktionen.

e Identifizierung kritischer Reaktionsparameter sowie Nebenprodukte bei der Synthese

einer Tetrahydropyran-Vorstufe von Aplysiapyranoid A.

e Diskussion der erhaltenen Daten zur theoretischen Betrachtung von Substituenteneffekten
auf die relativen Aktivierungsenergien von 6-endo-Bromcyclisierungen und Vergleich

mit den Resultaten der experimentellen Selektivitdtsstudien.
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4.3 Ergebnisse und Diskussion
4.3.1 Systematik und Synthese d,e-ungesittigter Alkohole

Die fiir den priparativen Teil der Studie ausgewéhlten d,e-ungesittigten Alkohole kénnen
in zwei Gruppen unterteilt werden, welche im Folgenden als Prenyl-Typ und Styryl-Typ
bezeichnet werden. Im Fall des Prenyl-Typs (Alkenole 9fh) sollte eine strukturelle Analogie zu
Terpenen mit vergleichbarem Strukturmotiv hergestellt werden, wahrend bei den Alkenolen des
Styryl-Typs (Alkenole 9i-k) die Bedeutung der aromatisch konjugierten Doppelbindung fiir die

Reaktivitdt des Molekiils in Bromcyclisierungen herausgestellt werden sollte (Tabelle 4.1).

Tabelle 4.1 Substitutionsmuster ausgewéhlter Alkenolsubstrate 9f-k fiir die Brom-

cyclisierungsstudie.
Prenyl-Typ R Styryl-Typ H
R OH @) R3
Ar
EtO,C N EtO,C N
R4
9 R1 R2 9 R3 R4 Ar
f CH; CH; i CH; H Ph
g CH3 H j H CH3 p-MeOCeH4
h H H k H CH; Ph

Die Darstellung der racemischen Alkenole 9f—k folgte einer allgemeinen Route, welche
im Rahmen des Projekts ausgearbeitet wurde, und lieferte die gewiinschten Zielverbindungen in
Gesamtausbeuten von 19-67 %. Die neu entwickelte Synthese des fiir die Aplysiapyranoid-
Darstellung notwendigen Alkenols 9k 16ste das Problem der (£/Z)-Isomerisierung der fritheren
Methode!” und lieferte das stereochemisch reine (E)-konfigurierte Produkt zudem in einer um

28 % hoheren Ausbeute (Schema 4.2).

1. PhMgBr Br 1. NaCN CO,H 1. EtOH/ CHCI; HO CO,Et
Z _ B0 _ Dbmso P-TsOHat.
0% 2. HZSO4 2. KOH | 2. LDA/ THF |
ag. Glykol Ph Aceton Ph
9k
93 % 88 % (2 Stufen) 82 % (2 Stufen)

Schema 4.2 Syntheseroute des racemischen, (£)-konfigurierten Alkenolsubstrats 9k.
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4.3.2 Selektivititsstudien und Parametervariation in Bromcyclisierungen

Im Rahmen der Bromcyclisierung des tertidren Prenyl-Typ-Alkenols 9f wurden die
vormals beschriebenen Bedingungen zur in situ-Oxidation von Bromid, ausgehend von
Pyridiniumhydrobromid, tert-Butylhydroperoxid und katalytischer Mengen des Vanadium-
Schiffbase-Komplexes VO(L')(OEt) in Acetonitril, weiterentwickelt und optimiert. Es zeigte
sich, dass die Reaktionen unter Verwendung getrockneter Reagenzien und Losungsmittel zu

deutlich hoheren Ausbeuten an isolierbaren Bromierungsprodukten fiihren (Tabelle 4.2).

Tabelle 4.2 Bromcyclisierung der Prenyl-Typ-Alkenole 9f~h nach Vanadium(V)-katalysierter

Oxidation von Bromid.

[V-Kat]

—_— 2 5 + - +
EtO,C X LM/ T £10,C EtO,C EtO,C g
9 (2)-10 (#)-11 12
Eintrag 9 MBr/HX® [V-Kat]® LMYT[°C] (i.)jm/%d (i.)jll/%d 12/0?
(cis:trans)® (cis:trans) (dr)
1 f pyHBr - CH;CN /25 16(67:33) 8(71:29) 5 (58:42)
2 f pyHBr VO(L')OEt) CH;CN/25 50(69:31) 25(79:21) 12 (59:41)
3 f pyHBr VO(L?)(OEt) CH;CN/25 43(69:31) 19(83:17) 27 (60:40)
4 f NaBr/6ec VO(L?)OEt) PC/30  40(70:30) 17 (83:17) —f
5 g NaBr/6c VO(L)(OEt) PC/30 15 (=%) 42 (-%) —
6 h NaBr/6c VO(L’)OEt) PC/30  5(50:50) 47 (68:32) —f

“ 6¢ = 3-Brom-3-phenylpropionsidure. ” 5 mol%. ¢ LM = Losungsmittel. ¢ 3,5-cis:3,5-trans (‘"H NMR).
¢ Stereoisomere nicht zugeordnet.” Nicht gefunden. ¢ Stereoisomere nicht zugeordnet.

Als Nebenprodukt der durchgefiihrten Bromcyclisierungen konnten dibromierte
Alkenolsubstrate identifiziert werden. Die Entstehung des Dibromids 12f lieB3 sich jedoch nach
Verminderung der Bromidkonzentration durch Erhohung der Losungsmittelmenge und
langsamer Zugabe des Pyridiniumhydrobromids deutlich zuriickdrdngen. Diese Variationen
fiihrten zu einer Steigerung der Ausbeute an bromierten O-Heterocyclen von 53 % auf 75 % bei
gleichzeitiger Absenkung der Dibromidbildung von 25 % auf 12 %. In Verbindung mit den
vorgenommenen Parametermodifikationen deutet die verbesserte Massenbilanz von 87 % darauf

hin, dass die Minderung des Wassergehaltes eine wesentliche Komponente zur Steigerung von
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Reaktivitdit und Selektivitit der Umsetzungen ist. Der Einsatz des Piperidin-abgeleiteten
Vanadium(V)-Komplexes VO(L?)(OEt) brachte keine Verbesserung der Ausbeuten. Die
bekannte Sdure-katalysierte Untergrundreaktion ohne Vanadium-Katalysator lieferte nach 24 h
einen Umsatz von 30 %. Bei Anwendung der neuen Methode mit B-Bromcarbonsduren erwies
sich die Verwendung der Zimtsdure-abgeleiteten 3-Brom-3-phenylpropionsiure (6¢) als in situ-
HBr-Donor in Propylencarbonat als vorteilhaft. Die Reaktion mit Alkenol 9f lieferte in dieser
Variante jedoch nur eine kombinierte Tetrahydropyran- und Tetrahydrofuran-Ausbeute von
57 %, wobei Dibromide hier nicht quantifiziert werden konnten, da polare Nebenprodukte bei
dieser Methode nach der Extraktion mit Cyclohexan in der Propylencarbonat-Phase
zuriickbleiben. Kontrollreaktionen des Alkenols mit elementarem Brom oder NBS in
Dichlormethan lieferten lediglich 28 % bzw. 37 % an bromierten O-Heterocyclen und waren
damit deutlich weniger effektiv als die beiden oxidativen Bromierungsverfahren. Die hochste
kombinierte Ausbeute bromierter Tetrahydrofuran- und Tetrahydropyranverbindungen (10f und
11f) konnte durch langsames Zutropfen einer verdiinnten Bromldsung zu einer Mischung von
Alkenolsubstrat 9f und Natriumhydrogencarbonat in Acetonitril erzielt werden und betrug hier

91 %.

Bei den Bromcyclisierungen von Alkenolen des Prenyl-Typs (9f-h) ldsst sich mit
sinkendem Substitutionsgrad in 1-Position eine klare Tendenz zur Tetrahydropyranbildung
erkennen. Dieser Anstieg der 6-endo-Selektivitét bei der Cyclisierung von tertidren zu priméren
Alkenolen kann mit sinkender sterischer Belastung des postulierten sesselartigen Ubergangs-

zustands durch Vermeidung 1,3-diaxialer Wechselwirkungen gedeutet werden (Schema 4.3,

oben).
Minimierung von 0
Ringspannung Br

. 10f

z.B. EtO ’

@]
] —H+ Ph

z.B. Br P

. i 11k
7 dipolare EtO
1,3-diaxiale Wechselwirkung 0)

Wechselwirkung

Schema 4.3 Modell zur Erklirung der Regioselektivitit der intramolekularen Offnung von
v-Hydroxypropyl-Bromoniumionen bei iiberwiegender Steuerung durch sterische
(oben) oder polare Effekte (unten). (R = H oder CHj3; R’ = H, CHj3 oder Ph; R’ =
H oder CH3).
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Beziiglich der Stereoselektivitidt werden in den Bromcyclisierungen von 9f und 9h jeweils
die thermodynamisch stabileren 3,5-cis-konfigurierten O-Heterocyclen cis-10 und cis-11
erhalten. Dieser Befund deutet auf eine thermodynamische Kontrolle des Reaktionsverlaufs hin,
welcher allein durch das Substitutionsmuster des Substrats bestimmt wird. Da die Bromierung
von Alkenol 9g ein Gemisch von acht verschiedenen Isomeren lieferte, welche sdulen-
chromatographisch nicht zu trennen waren, wurde hier lediglich das Verhiltnis von Fiinfring- zu

Sechsring-Isomeren mittels NMR-Analyse bestimmt.

Die oxidativen Bromierungen tertidrer, Styrol-abgeleiteter Alkenole (9i-k) lieferten in
Abhingigkeit der Positionierung einer Methylgruppe in der Alken-Teilstruktur entweder nur
stereoisomere Tetrahydrofurane oder Tetrahydropyrane, zeigten jedoch insgesamt niedrigere

Ausbeuten als Umsetzungen mit Substraten des Prenyl-Typs (Tabelle 4.3).

Tabelle 4.3 Bromcyclisierung von Styryl-Typ-Alkenolen (9i-k) nach Vanadium(V)-

katalysierter Oxidation von Bromid.

H [V-Kat]
O ., MBr / HX o ROBr R3
R tBUOOH N OJ Ar
A > +
EtO,C N LM/ T /R X _Br
R4 EtOQC Et02C é4
9 (£)-10 (#)-11

. a b . (®)-10/% ()-11/%
Eintrag 9 MBr/HX [V-Kat] LM®/ T [°C]

(cis:trans)d (cis:trans)d
1 i NaBr/6c VO(L?)(OEt)  PC/30 57 (93:7) ¢
2 j NaBr/6c VO(L’)(OEt) PC/30 —° 47 (53:47)
3 k NaBr/6c VO(L’)(OEt)  PC/30 e 47 (77:23)
4 k pyHBr  VO(L)(OEt) CH;CN/25 —° 73 (76:24)

“ 6¢ = 3-Brom-3-phenylpropionsiure. * 5 mol%. ¢ LM = Losungsmittel. ¢ 3,5-cis:3,5-trans (‘H
NMR); 5,6-trans-Konfiguration fiir 11j und 11f. Nicht gefunden (GC).

Die mit Abstand hochste Ausbeute von 73 % des fiir die Aplysiapyranoid-Synthese
benotigten Heterocyclus 11k konnte ebenfalls mit dem modifizierten Verfahren erzielt werden,
in dem Pyridiniumhydrobromid und tert-Butylhydroperoxid unter trockenen Bedingungen in
Gegenwart katalytischer Mengen des Schiffbase-Komplexes VO(L')(OEt) umgesetzt wurden
(Tabelle 4.3, Eintrag 4).
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Die erhaltenen Ergebnisse weisen auf molekulares Brom als selektivitidtsbestimmendes
Reagenz und das Vorliegen eines Bromoniumion-Intermediats hin, welches durch Riickseiten-
angriff des Hydroxylsauerstoffs gedffnet wird. Demnach wird fiir diese Substrate ausschlie8lich
das jeweils hoher substituierte C-Atom der Aryl-stabilisierten Dreiringzwischenstufe ange-
griffen. Trotz vergleichbarer sterischer Voraussetzungen wie bei Cyclisierung des Prenyl-Typ-
Alkenols 9f fithren die Umsetzungen der terminal Aryl-substituierten Alkenole 9j und 9k hier
selektiv zu Tetrahydropyran-Produkten. Die Anderung der Selektivitit kann dabei auf einen
polaren Effekt des aromatischen Substituenten zuriickgefiihrt werden, welcher die positive
Ladung des Bromoniumions in benzylischer Position stabilisiert und so den Angriff des
Hydroxyl-Sauerstoffs in diese Position dirigiert (Schema 4.3, unten). Die selektive Bildung des
Fiinfring-Derivates 10i deutet darauf hin, dass hier der polare Effekt des Phenyl-Substituenten in
der sekunddren 5-Position nicht ausreicht um einen Angriff auf das tertiire Zentrum des

Bromoniumions zu verhindern.

Ein weiteres wichtiges Indiz fiir den postulierten Bromoniumion-Mechanismus liefert die
relative Stellung von Substituenten in 5- und 6-Position der Tetrahydropyran-Produkte 11j und
11k. Die hier beobachtete frans-Konfiguration entsteht durch eine anti-Addition von Brom und
dem intramolekularen Sauerstoff-Nukleophil an die (E)-konfigurierte Doppelbindung der
eingesetzten Alkenole 9j und 9k. Die iliberwiegende Bildung 3,5-cis-konfigurierter O-Hetero-
cyclen, welche auch in den Umsetzungen von Substraten des Prenyl-Typs beobachtet werden
konnte, deutet wiederum auf thermodynamische Kontrolle im selektivititsbestimmenden

Reaktionsschritt hin.

Die Ergebnisse der experimentellen Studie zeigen, dass die aus priparativer Sicht
interessantesten Selektivititen fiir Bromcyclisierungen mit Alkenolen des Styryl-Typs zu
erreichen waren, wohingegen Umsetzungen der Alkenole des Prenyl-Typs nur isomere
Mischungen substituierter Tetrahydrofurane und Tetrahydropyrane lieferten. Die erhaltenen
Resultate lassen somit den Schluss zu, dass polare Effekte in der intermedidren Bromoniumion-
Teilstruktur und sterische Effekte an den Reaktionszentren die wesentlichen Faktoren zur

Beschreibung von Selektivititen in Bromcyclisierungen substituierter 4-Pentenole sind.
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4.3.3 Theoretische Betrachtung von Ringspannungseffekten in Dimethyl-substituierten

Tetrahydropyranderivaten

Die in den experimentellen Selektivitdtsstudien erhaltenen Daten weisen darauf hin, dass
die Tendenz zur Bildung eines Tetrahydropyranprodukts in Bromcyclisierungen mit steigender
sterischer Beanspruchung des sesselartigen Ubergangszustands sinkt. Zum Vergleich dieser
Ergebnisse mit theoretischen Modellstudien, wurden in Kooperation mit Jens Hartung
Energieberechnungen unterschiedlich Methyl-substituierter O-Heterocyclen durchgefiihrt um
den Einfluss sterischer Wechselwirkungen auf die Thermochemie zu untersuchen. Die
Berechnung der Reaktionsenergien und der freien Reaktionsenthalpien fiir die Isomerisierung
des hochsubstituierten 4-Pentenols V in das entsprechende Tetrahydrofuran VI und das

Tetrahydropyran VII weisen auf eine deutliche energetische Bevorzugung der Fiinfring-Bildung

hin (Schema 4.4).
>(i7/<

-32.2/-25.6
X
v 0
0.0/0.0 >
vl
-24.2/-11.5

Schema 4.4 Berechnete Reaktionsenergien (Zahlen in Kursivschrift) und freie Reaktions-
enthalpien (AGaos 15, Zahlen in Fettdruck) fiir die Isomerisierung des Prenyl-Typ-
Alkenols V zu Tetrahydrofuran VI und Tetrahydropyran VII (Methode:
B3LYP/6-31+G**; Angaben in kJ mol™").['¥

Zur genaueren Untersuchung sterischer Substituenteneffekte auf 6-endo-Alkenol-
cyclisierungen wurden die relativen freien Enthalpien eines Satzes von Tetrahydropyranen mit je
zwei in unterschiedlichen Positionen und Konfigurationen angeordneten Methyl-Substituenten
berechnet und miteinander verglichen. Da Ubergangszustinde der nukleophilen Offnung von
Bromoniumionen spdt auf der Reaktionskoordinate liegen, spiegeln die so ermittelten
Spannungsenergien die Aktivierungsbarrieren der Ubergangszustinde von 6-endo-Brom-
cyclisierungen in relativer Weise wider. Die Auswertung der fiir den kompletten Satz Dimethyl-

substituierter Tetrahydropyrane berechneten freien Enthalpien ergab den niedrigsten Gaog 15-Wert
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fiir das Isomer mit 2,6-cis-didquatorial-positionierten Methylgruppen VIIIa (Abb. 4.1, links).
Zur besseren Vergleichbarkeit wurden die berechneten Gaogs-Werte aller Dimethyl-
substituierten Tetrahydropyrane in Relation zur freien Enthalpie dieses Isomers VIIIa

angegeben.

o T Sxo S~y

VIIIa (=0.0)  IXa(10.7) Xa (22.5)

X
%O \WO m e) A
- IXb (22.2) -
by —h, %O i

VIIb (15.1)  IXc(25.6) Xb (30.3)

t\;ko \tbo F@ e 0 1I0 2I0 3IO 40 5IO

VIlc (34.9)  IXd (42.5) Xc (44.5) AG 915/ kJ mol™

Abbildung 4.1 Auswahl Dimethyl-substituierter Tetrahydropyrane VIII-X und berechnete
(B3LYP/6-31+G**) relative Gaog.15-Werte in kJ mol ™! (links) und Korrelations-
diagramm der Summe von Torsionswinkeldnderungen in Dimethyl-
substituierten Tetrahydropyranen VIII-X gegeniiber Tetrahydropyran (thp)
[Z(Awy) = Z(|o;™]) — Z(jo;" |)] und relativer, freier Gibbs-Energien (rechts).!'”!

Im Vergleich zur 2,6-konfigurierten Verbindung VIIla war die geminale Anordnung der
Methylgruppen in 2-Position (nicht gezeigt) in dem gewihlten Modell um 19 kJ mol
ungiinstiger. Der allgemeine Trend der freien Enthalpien folgt der relativen Anordnung der
beiden Methyl-Substituenten in der Reihe didquatorial < geminal < &quatorial/axial < diaxial,
wobei innerhalb jeder Kategorie die Enthalpien mit sinkendem Abstand der Methyl-
Kohlenstoffatome ansteigen. Weiterhin kann ein deutliches Ansteigen der Gagss-Werte
beobachtet werden, je weiter die Substituenten vom endocyclischen Sauerstoffatom entfernt
liegen. Zur Korrelation berechneter geometrischer Parameter mit freien Enthalpien wurde zudem
eine Auftragung der Summe der endocyclischen Torsionswinkeldnderungen (im Vergleich zu
unsubstituiertem Tetrahydropyran) gegen die ermittelten AGjog s-Werte durchgefiihrt, welche

fiir die drei Séatze von Strukturen mit relativer 1,3-Methyl-Substitution in erster Ndherung jeweils
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lineare Abhéngigkeit zeigte (Abb. 4.1, rechts). Aus dem Abszissenabschnitt der Korrelations-
geraden lassen sich relative Spannungsterme entnehmen, die wiederum als eine sterische
Grundlast des vorliegenden Substitutionsmusters gedeutet werden kdnnen. Diese steigt in der
Reihe der Dimethyl-substituierten Tetrahydropyrane mit relativer 1,3-Anordnung, ebenfalls mit

wachsendem Abstand zum Ringsauerstoff, entlang der Positionskombinationen 2,6 <2,4 < 3.5.

Zusammenfassend zeigen die erhaltenen Ergebnisse der Modellstudie, dass vor allem
axiale Substituenten in relativer 1,3-Anordnung die Bildung von Tetrahydropyranstrukturen
negativ beeinflussen und die Cyclisierung aufgrund auftretender Ringspannungsterme in
Richtung Fiinfring-Bildung dirigieren. Zur Kompensation der energetischen Benachteiligung
derart hochsubstituierter Tetrahydropyrane ist darum eine zusétzliche Triebkraft, beispielsweise
in Form von polaren Effekten an der Bromoniumion-Teilstruktur, notwendig um synthetisch

verwertbare Selektivititen in Bromcyclisierungen zu erzielen.

4.4 Ausblick

Die vorliegende Arbeit lieferte wichtige Erkenntnisse iiber die Abhédngigkeit der
Selektivitdit in oxidativen Bromcyclisierungsreaktionen von Anzahl und Stellung der
Substituenten eingesetzter 4-Pentenolsubstrate. Die erhaltenen Resultate sind fiir die Planung
zukiinftiger Naturstoffsynthesen mit O-heterocyclischen Fiinf- oder Sechsring-Strukturen von
grofBem Nutzen und tragen zum tieferen Verstdndnis der Problematik bei. Ein iiberraschendes
Ergebnis der Studie war die selektive Bildung des Tetrahydrofuranderivats 10i aus dem Styryl-
Typ-Alkenol 9i, welches durch den intramolekularen Angriff des Hydroxylsauerstoffs am
Methyl-substituierten, tertidaren Kohlenstoff der Bromoniumion-Zwischenstufe zustande kommit.
Unter Beriicksichtigung dieses Befunds wiren erginzende Untersuchungen zu den
Auswirkungen einer Substituentenvariation in Position 4 des Alkenols auf das 5-exo-/6-endo-
Verhiltnis der Cyclisierung ein vielversprechendes Projekt. Durch die Einfithrung elektro-
negativer Substituenten, welche sich nachteilig auf eine Offnung des intermediiren
Bromoniumions an dieser Stelle auswirken sollte, konnte so beispielsweise die Priaferenz fiir die
Bildung von Tetrahydropyranringen weiter gesteigert werden, vorausgesetzt, die Alkenol-
doppelbindung ist noch ausreichend reaktiv fiir die elektrophile Addition von Brom. Eine weitere
Variation von Substituenten in 5-Position des Alkenols konnte kldren, ob neben untersuchten
Aryl-Substituenten auch andere Gruppierungen mit +I- und/oder +M-Effekt [zum
Beispiel: —OSi(CHj3)3, —SCH3, —OCHj3 oder —N(CH3)3] zu einer noch stirkeren Steuerung der
6-endo-Selektivitit befahigt sind, welche beispielsweise die Synthese von Tetrahydropyran-
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derivaten aus Alkenolen des Typs 9i gestatten wiirden. Zusitzlich wire hierbei noch interessant
zu kldren, inwiefern sich ein moglicherweise durch den Substituenten hervorgerufener anomerer
Effekt auf die Produktselektivititen auswirkt. Zur Steuerung von cis/trans-Selektivititen in
Bromcyclisierungsreaktionen konnten ebenfalls anomere Effekte im Ubergangszustand der
6-endo-Cyclisierung dienen, welche durch die Einfiihrung geeigneter Substituenten in 1-Position
der 4-Pentenole induziert werden konnten. Ein anderes, sehr ambitioniertes Innovationsgebiet ist
die Realisierung von stereoselektiven Bromcyclisierungsreaktionen substituierter 4-Pentenole.
Da die Bromierung der Doppelbindung selbst nicht durch die zur Bromidoxidation verwendeten
Vanadium(V)-Komplexe gesteuert wird, ist der Einsatz von chiralen Metallkatalysatoren auf
dieser Stufe nicht zielfithrend. Eine Moglichkeit in diesem System dennoch Stereoselektivititen
zu induzieren, wére der Einsatz chiraler Auxiliare im Rahmen einer Organokatalyse. Dieser
Ansatz fiihrte bereits in verschiedenen Arbeiten zu enantioselektiven Halolactonisierungs-
reaktionen substituierter 4-Pentencarbonséduren zum Erfolg, welche als Grundlage fiir eine

=141 Da die Probleme mit

Ubertragung des Prinzips auf 4-Pentenolsubstrate dienen konnten.|
mangelnden Selektivitdten und Reaktivititen bei Bromcyclisierungsreaktionen zur Darstellung
2,2,6,6-substituierter Tetrahydropyranderivate durch die vorgestellten Methoden beherrschbar
geworden sind, scheint das Verfahren nun geeignet fiir eine breitere Anwendung in der Synthese
vergleichbarer Naturstoffe zu sein. Die Entwicklung einer dhnlich ausgereiften Prozedur zur
katalytischen Chloridoxidation wire in diesem Zusammenhang ein weiterer Meilenstein, da mit
Hilfe eines solchen Verfahrens, aufbauend auf der hier beschriebenen und weiter modifizierten

Totalsynthese von Aplysiapyranoid A, die chlorierten Derivate Aplysiapyranoid C und D (vgl.
Abb. 2.1, S. 14) in einfacher Weise dargestellt werden konnten.
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A cascade, composed of (i) oxovanadium(V)-catalyzed oxidation of bromide by tert-butyl hydroperoxide
and (ii) stereoselective 6-endo-bromocyclization, affords 3-bromo-2-aryl-2,6,6-trimethyltetrahydropyrans
from styrene-type tertiary alkenols in synthetically useful yields. (E)-Alkenols add the bromo- and the
alkoxy substituent anti-selectively across the double bond, indicating a bromonium ion-mechanism for the
ring closure. 6-endo-control of the alkenol cyclization thereby arises from the polar effect of the aryl
substituent. Two methyl substituents bound to the alkene terminus are not similarly able to favor 6-endo-
cyclization, because strain arising from methyl group repulsion, as the bromonium-activated m-bond and
the hydroxyl oxygen approach, directs bromocyclization of tertiary prenyl-type substrates toward tetra-
hydrofuran formation. A hexasubstituted bromotetrahydropyran prepared from the oxidation/bromocyc-
lization cascade served as starting material for synthesis of racemic aplysiapyranoid A, in a sequence of free
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1. Introduction

Aplysiapyranoids are rare tetrahydropyran-derived natural
products, which were isolated from the midgut gland of the sea
hare Aplysia kurodai."” The structure of the aplysiapyranoids shows
a remarkable accumulation of carbon- and halogen-substituents
(cf. Scheme 1).> Nothing so far is known about the physiological
role of the aplysiapyranoids and little about their medicinal
chemical properties.'

Takai-reaction Sharpless-degradation
Barton- Cl 1
bromination \_(- g ) 9.\, . Ph
\_F}I D b r:uh;lu.f:/.rnun ~-OR
"LHP B;{; = ﬁ{","
l RO,C l RO,C
aplysiapyranoid A bromotetrafiydropyran tert-alkenol

Scheme 1. Retrosynthetic scheme and named reactions for synthesis of the marine
natural product aplysiapyranoid A.

* Corresponding author. Tel.: +49 631 205 2431; fax: +49 631 205 3921; e-mail
address: hartung@chemie.uni-kl.de (J. Hartung).

0040-4020/S — see front matter © 2012 Elsevier Ltd. All rights reserved.
doi:10.1016fj.tet.2012,05.013

radical and polar functional group interconversion.

© 2012 Elsevier Ltd. All rights reserved.

The challenge to prepare larger quantity of the aplysiapyranoids
for testing biological properties was taken on by comparatively few
groups. All reported strategies thereby relied on 6-endo-bromo-
cyclization of appropriately substituted alkenols, for constructing
the highly functionalized tetrahydropyran core. Jung and co-
workers, for example, prepared accordingly aplysiapyranoid A,
and derivatives named C and D, having a chlorine instead of
a bromine atom attached next to the chlorovinyl group (for aply-
siapyranoid A see Scheme 1).* ¢ The yield of 6-endo-bromocyclized
products remained in all instances low. We therefore developed an
alternative approach, trying to improve the yield of tetrahy-
dropyran formation by increasing dipolar attraction between the
reacting entities.” None of the strategies, however, satisfactorily
provided a solution to the problem of the inherent low 6-endo-
selectivity in synthesis of 2,2,6,6-substituted tetrahydropyrans
from tert-alkenols, an objective researchers had pursued from the
days of the first venustatriol-synthesis.® 1!

In a more recent project we had developed an efficient new
approach for synthesis of bromotetrahydropyrans from acid labile
alkenols via oxidative bromocyclization.'>”'¥ The convincing che-
moselectivity of this method prompted us to address the question
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of 6-endo-control in bromocyclization of tertiary §,e-unsaturated
alcohols again. We wanted to understand why the strategy to
bromocyclize tertiary alkenols bearing two methyl substituents at
the terminal alkene carbon (prenyl-type alkenol, vide infra)
fails® #1518 tg direct ring closures of tertiary alkenols exclusively
toward the 6-endo-mode of cyclization, and what functional group
would be needed to do so.

The major finding from the present study shows that an aryl
group in combination with a methyl substituent at the terminal
alkene carbon (styrene-type alkenol, vide infra) directs bromo-
cyclization of tertiary alkenols almost 6-endo-specifically. Two
methyl substituents are not able to similarly control regiose-
lectivity, because strain arising from methyl group repulsion, as the
reacting entities approach for intramolecular carbon—oxygen bond
formation, changes selectivity in tertiary alkenol cyclization toward
tetrahydrofuran formation (Section 2.4). A hexasubstituted bro-
motetrahydropyran prepared from the oxidation/bromocyclization
cascade served as starting material for synthesis of racemic aply-
siapyranoid A, in a sequence of free radical and polar functional
group interconversion (Section 2.5).

2. Results and interpretation
2.1. Vanadium(V)-complexes

In our group, we use catalysis by transition metal complexes to
convert alkenols via oxidation/cyclization cascades into bromo-
ethers'>'7-2% (Scheme 2). The preferred oxidant for oxidative bromi-
nation in polar aprotic solvents is tert-butyl hydroperoxide. tert-Butyl
hydroperoxide readily dissolves in dialkyl carbonates or acetonitrile
and binds at ambient temperature to oxovanadium(V) complexes, for
converting the nucleophilic peroxide into a strongly electrophilic re-
agent that is able to oxidize bromide into molecular bromine.'?
Turnover of bromide and tert-butyl hydroperoxide for bromine gen-
eration consumes one proton per catalytic cycle, For practical reasons
we used pyridinium hydrobromide (pyHBr)*"?? or f-bromocinnamic
acid (BCA)'??324 35 combined proton and bromide sources (Scheme
2).2% B-Bromocinnamic acid decomposes into styrene, carbon di-
oxide, bromide, and a proton, if treated at 30 °C with a catalytic
amount of bromide in propylene carbonate (PC). The rate of BCA-
fragmentation under such conditions is close to the rate of bromide

* catalytic oxidation of bromide 5 Ph \|/“’\[// [0)
o C Br 0‘}
L"V—OOR o B
ROH 2Br /2H*
(0]
ROOH L"\HJ—OR Bry + H,0

* bromocyclization

OH 0]
Ar i, _
A + Bry — + H + Br
R'O,C XM R'O,C Br

tert-alkenol bromotetrahydropyran

Scheme 2. Catalytic cycle for vanadium(V)-catalyzed bromide oxidation by tert-butyl
hydroperoxide for bromine formation (top; R='Bu, n=1-2, cf. Scheme 3),'” and its use
in synthesis of bromotetrahydropyrans (bottom; R'=alkyl, Ar=e.g., Ph, p-MeOCgH.).

oxidation, which prevents reaction mixtures from becoming notably
acidic. Pyridinium hydrobromide, on the other hand, considerably
acidifies reaction mixtures.'?

For peroxide activation, we use neutral oxovanadium(V) com-
plexes of the general formula V(O)L(OEt), where L2~ denotes a di-
basic tridentate auxiliary with two anionic oxygen donor atoms
and one neutral nitrogen-donor atom (Scheme 3).'? From a struc-
ture reactivity survey, we selected Schiff-base derived iminodiol?®
HoL! and 2,6-substituted piperidine®” HyL? as ligands to prepare
oxidation catalysts suitable for the present study. Both oxovana-
dium complexes were prepared by transesterifying triethyl vana-
date by diols H,L! or H,L? in a solution of boiling ethanol.'222:28
The synthesis affords dark brown Schiff-base complex V(O)
L'(OEt) in 95% yield, and pale yellow piperidine-derived complex
V(0)L?(OEt) in 85% yield. The Schiff-base complex is the thermo-
chemically more stable reagent and the piperidine complex the
more reactive and selective catalyst for tert-butyl hydroperoxide
activation.

VO(OEt); + H,L" V(O)L"(OEt)
EtOH /25 °C 85-95%
Sy Ph Ph
Ph N Ph
H H H
OH OH HO OH
H,L' H,L?

Scheme 3. Synthesis of oxovanadium compounds V(O)L"(OEt) (95% for n=1, 85% for
n=2) from auxiliaries H,L" and H,L? [acidic protons that are substituted by VO(OEt)**
in the course of complex formation are printed in bold; V(O)L'(OEt) crystallizes as
EtOH-adduct from ethanolic solution).'22%

2.2. d,e-Unsaturated alcohols

To identify factors that control 6-endo-selectivity in oxidative
bromocyclization of alkenols, we prepared substrates that accord-
ing to our systematic were subdivided into prenyl-type alkenols
(1a—c), due to structural analogy to the terpenes,” and styrene-
type alkenols (1d—f), having the alkenol carbon—carbon double
bond substituted by an aryl group (Fig. 1).

prenyl-type styrene-type

1 R R 1 P R Ar
a CH; CH; d CH; H Ph
b CHy H e H CH; Ph
¢ H H f H  CH; p-McOCgH,

Fig. 1. Indexing of prenyl- and styrene-type d,e-unsaturated alcohols to explore sys-
tematics of 6-endo-selectivity in bromocyclization.

Synthesis of racemic alkenols 1a—f followed a route, that is, ex-
emplified for styrene derivative 1e in Scheme 4. The procedure
solved the inherent problem of (E)/(Z)-isomerization’ of alkenols 1e
and 1f, and affords stereochemically homogeneous products with
respect to mw-bond configuration. We furthermore observed
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1. PhMgBr Br | NaCN COH
i CELO _ DMSO_
7 2 H,80, 2. KOH
aq. glycol

93%

_,\x _CO,Et
HU

2. LDA / THF |
acetone

1. EtOH / CHC

1.
[V s P

P 'T-"Ocht.

Ph
le
82% (2 steps)

Scheme 4. Preparation of styrene-type alkenol 1e as starting material for synthesis of
aplysiapyranoid A (cf. Sections 2.3 and 2.5).

isomerization at the carbon—carbon double bond, if esterification in
synthesis of anisole derivative 1f is performed with ethanol and p-
toluenesulfonic acid, instead of ethanol in combination with
dicyclohexylcarbodiimide.

2.3. Oxidation catalysis

2.3.1. Prenyl-type alkenols. Foroxidative bromocyclization of tertiary
prenyl-type alkenols by pyridinium hydrobromide and tert-butyl
hydroperoxide, we modified conditions described?? for synthesis of
cyclic bromoethers from primary and secondary 4-pentenols pre-
viously. The modifications relate to exclusion of moisture by drying
V(0)L'(OEt), pyridinium hydrobromide, tert-butyl hydroperoxide, and
the solvent acetonitrile. We furthermore performed the oxidation/
bromocyclization cascade in an atmosphere of dry nitrogen instead of
air and lowered the reactant concentration. Finally, we added smaller
portions of pyridinium hydrobromide over a longer period of time.
These adaptions improved yields of bromoethers 2a and 3a, and
lowered the fraction of unwanted dibromoalcohol 4a. The total yield
of organobromines increased from 78% to 87% (entry 2, Table 2). In
controls we noticed that pyridinium hydrobromide is able to activate

0. Briicher et al. / Tetrahedron 68 (2012) 6968—6980

tert-butyl hydroperoxide for oxidative alkenol bromination, however,
at a considerably lower rate than V(O)L'(OEt) (Table 1, entry 1).22 A
change of vanadium catalyst from Schiff-base complex V(O)L'(OEt) to
piperidine derivative V(O)L?(OEt) caused the yields of products 2—4 to
become smaller, but also allowed to use non-toxic propylene car-
bonate as solvent (Table 1, entries 3—4). In solutions of propylene
carbonate, the preferred in situ hydrogen bromide source is a buffer
composed of sodium bromide and B-bromocinnamic acid. In such
solutions, no bromide oxidation by tert-butyl hydroperoxide occurs,
unless a Lewis-acid, such as V(O)L?(OEt), is added.'” For work-up,
products 2a and 3a, styrene (~10%), and styrene-derived bromides
were extracted from the reaction mixture by cyclohexane, which was
followed by chromatographic purification.

As control, to compare efficiency of alkenol bromination from
vanadium-catalyzed oxidations to other methods, we treated
alkenol 1a with more traditional reagents, such as N-bromosucci-
nimide or molecular bromine. The highest yields (91%) of bro-
moethers 2a and 3a thereby were obtained by treating alkenol 1a
with a mixture composed of molecular bromine and sodium hy-
drogen carbonate in acetonitrile. The poorest yields (37—38%) of 2a
and 3a taken together were gained from reactions between sub-
strate 1a and either N-bromosuccinimide or bromine in dichloro-
methane (Supplementary data). By taking toxicological aspects into
account, we decided to use sodium bromide, B-bromocinnamic
acid, and tert-butyl hydroperoxide in propylene carbonate as
standard combination for supplementing the systematic on regio-
control in alkenol bromocyclization.

Treatment of secondary prenyl-type alkenol 1b and primary
derivative 1c under conditions defined as standard in the previous
section provided a ratio of tetrahydropyran 2b and tetrahydrofuran
3b of 74:26 (entry 5 in Table 1) from secondary substrate 1b, and
a 90/10-mixture of tetrahydropyran 2c versus tetrahydrofuran 3¢
from primary alkenol 1c (entry 6 in Table 1).

Analysis of the bromocyclization products by GC—MS and NMR
showed that eight products are formed from secondary prenyl-type
alkenol 1b and four from 1c. Structural identification of bro-
moethers 2¢ and 3c was feasible on the basis of one and two-
dimensional NMR-spectroscopy, including NOESY-spectroscopy. As-
signment of constitution and configuration of products 2b and 3c was
complicated by the existence of an additional stereocenter. In the
course of data analysis, we found that resonances of methyl protonsin

Table 1
Bromocyclization of prenyl-type alkenols 1a—c in vanadium-catalyzed oxidations®
TBHP
MBr/HX
R' OH . Br R! g
RIS V(O)L(OEU) 4, f: :f Rzg/ Br
+
solvent (7)
El()gc = El() Br EIO-)C ET.O:C /L)V
Br
1 2 3 4
Entry 1-4 MBr/HX V(O)L"(OEt) Solvent”/°C 2/% (cis/trans)® 3/% (cis/trans)® 4% (dr)?
1 a pyHBr None CH4CN/25 8(71:29) 16 (67:33) 5(58:42)
2 a pyHBr V(O)L'(OEt) CH3CNJ25 25(79:21) 50 (69:31) 12 (59:41)
3 a pyHBr V(O)L*(OEt) CH3CNJ25 19 (83:17) 43 (69:31) 27 (60:40)
4 a NaBr/BCA® V(O)L*(OEt) PC/30 17 (83:17) 40 (70:30) -
5 b NaBr/BCA® V(0)L*(OEt) PC/30 42 (—*%) 15 (—%) —f
6 c NaBr/BCA® V(O)L*(OEt) PC/30 47 (68:32) 5 (50:50) —f
* V(O)L"(OEt) (5 mol %); for structure formulas of ligands H,L' and H,L? refer to Scheme 3; quantitative conversion of 1, except of entry 1 (70% conversion).
b

PC=propylene carbonate.

€ 3 5-cis/3,5-trans ("H NMR).

4 Diastereomeric ratio; stereoisomers not further assigned.
¢ BCA=[-bromocinnamic acid.

' Not detected.

£ Stereoisomers not assigned (see text).
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positions 2 and 6 of bromotetrahydropyrans 2a(1.32—1.43 ppm) and
2c¢(1.36—1.39 ppm) are distinctively shifted from those of exocyclic
methyl groups in bromotetrahydrofurans 3a (1.69—1.74 ppm) and 3c
(1.70—1.76 ppm; shift data referring to CDCl3 as solvent). We there-
fore assigned methyl resonances between 1.68 and 1.77 ppm to the
four sterecisomers of bromotetrahydrofuran 3b. The major bromo-
cyclization product of alkenol 1b, which was separated by chroma-
tography, shows a characteristic doublet at 1.13 ppm, and two
similarly diagnostic singlets at 1.36 and 1.42 ppm for the methyl
protons. The protons attached to C4 were sufficiently shift-dispersed
inasolution of CgDg to show a baseline-separated quartet (J=13 Hz) at
2.36 ppm for one of the protons and a double doublet for H-5 (J=13
and 4 Hz). From this information we derived that the major product
obtained from bromocyclization of secondary alkenol 1b is a tetra-
hydropyran, having the bromo-, methyl-, and ethoxycarbonyl sub-
stituent positioned equatorially, that is, rel-(2R,3R,55)-5-bromo-
3-ethoxycarbonyl-2,6,6-trimethyl-tetrahydropyran  rel-(2R,3R,55)-
(2b).

Regarding stereoselectivity, the oxidation/bromocyclization
cascade affords 3,5-cis-isomers of bromotetrahydropyrans 2a—c
and bromotetrahydrofurans 3a—c as major isomers. For both
classes of cyclic ethers, the 3,5-cis-arrangement of substituents is
favored on the basis of strain and thus steric effects. We there-
fore concluded that stereoselectivity of the alkenol ring closures
described above is governed by thermodynamic effects (vide
infra).

2.3.2. Styrene-type alkenols. Oxidation/bromocyclization cascades
of styrene-type alkenols provide tetrahydrofuran 3d from p-
methylstyrene derivative 1d, and tetrahydropyrans 2e—f from a-
methyl styrene derivatives 1e—f (entries 1—4 in Table 2). If judged
by efficiency alone, the most convincing result for synthesis of
bromotetrahydropyran 2e (73%), a compound needed in Section 2.5
for synthesis of aplysiapyranoids, was obtained from oxidative
bromination of 1e using pyridinium hydrobromide, tert-butyl hy-
droperoxide, catalytic amounts of Schiff-base complex V(O)L!(OEt)
(entry 4 in Table 2) and the conditions advanced in this study for
bromocyclization of 1a.

associated with the ethoxycarbonyl- and the bromosubstituent
compares to the selectivity found in bromocyclization of prenyl-
type alkenols, and points to thermodynamic control in the selec-
tivity determining step.

From NMR-spectroscopic analysis of the product obtained from
bromocyclization of styrene-type alkenol 1d, ambiguity remained,
whether tetrahydropyran 2d or tetrahydrofuran 3d had been
formed as 93/7-mixture of stereoisomers. We therefore subjected
the latter product to a bromine/hydrogen-exchange using tribu-
tylstannane and 10 mol % of azobisisobutyronitrile (AIBN) in boiling
benzene (Scheme 5). The reaction afforded product 5 in 92% yield,
again, as a 93/7-mixture of stereoisomers. The proton-NMR of 5
shows doublets at 2.94 ppm and 2.91 ppm that are not present in
the bromocyclization product, and a singlet at 5.00 ppm (CDCl3) for
the latter, that is, not found in the spectrum of 5. All other reso-
nances experience an upfield shift without changing fine struc-
tures, comparing the spectra of the starting alkyl bromide and 5.
From these experimental details we concluded that the product of
bromocyclization of B-methylstyrene-type alkenol 1d is tetrahy-
drofuran 3d.

Bu;SnH
3 3
ph CeHg/80°C Ph
EtO:C 926, EtO:C
3d 5

cis:trans = 93:7 cis:trans = 93:7

Scheme 5. Bromine/hydrogen exchange for synthesis of tetrahydrofuran 5 from bro-
mocyclization product 3d.

The major isomer of 3d crystallizes from a solution of CDCl; and
was investigated by X-ray diffraction to determine relative config-
uration of stereocenters at C5 and C1’ (Fig. 2). The crystal structure
shows relative 5R,1’S-configuration, which is in line with anti-
selective addition of the bromo- and the alkoxy substituent
across the (E)-double bond in 1d. Further structural details relevant
for discussing strain effects associated with close contacts between

Table 2
Bromocyclization of styrene-type alkenols 1d—f in vanadium-catalyzed oxidations
TBHP
MBr/HX Ar 3
V(O)L"(OE),,, 0 p 0 3 R Br
" D 3 5L_R3 + 3 RY
solvent Ar
(£)-2 3
Entry 1-3 MBr/HX V(O)L"(OEt)* Solvent®["C (+)-2/% (cis[trans)* 3/% (cis/trans)*
1 d NaBr/BCA? V(O)L?(OEL) PC/30 —* 57 (93:7)
2 e NaBr/BCA? V(O)L?(OEL) PC/30 47 (77:23) I
3 e pyHBr V(O)L'(OEL) CH4CN/25 73 (76:24) !
4 f NaBr/BCA? V(0)L?(OEt) PC/30 47 (53:47) —f

* V(0)L"(OEt) (5 mol %); for structure formulas of auxiliaries HoL'—H;L? refer to Scheme 3.

b pC=propylene carbonate.

€ 3,5-¢is/3,5-trans ('H NMR); 5,6-trans-configuration for 2e and 2f.
4 BCA=p-bromocinnamic acid.

¢ Not detected (NMR).

! Not detected (GC).

Stereochemical analysis shows that an (E)-configuration in 1e
and 1f is copied into trans-configuration of substituents at carbons
5 and 6 in tetrahydropyrans 2e and 2f. The mechanism that ster-
eochemically explains this selectivity is the anti-addition of bro-
mine and the alkoxy substituent across the (E)-double bond,
according to a bromonium ion pathway. The cis-configuration

carbon substituents in proximal positions to the endocyclic oxygen
(Section 2.4) are depicted in Fig. 2 (red rectangle).

2.3.3. On the regioselectivity of oxidation/bromocyclization casca-
des. The experiments summarized in the previous sections show
that bromocyclization of u«-styrene-type tertiary alkenols 1e—f
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3.87(1) A
cis-3d
Fig. 2. Ellipsoid graphic (50% probability) of tetrahydrofuran cis-3d in the solid state
showing the 5T twist-conformation of the heterocyclic core [150 K; H-atoms are

drawn as circles of an arbitrary radius; E=CO,Et; the (3R,5R,1'S)-isomer of 3d was
arbitrarily selected from the racemate in the unit cell].

afford tetrahydropyrans, prenyl-type alkenols 1a—c¢ mixtures of
tetrahydrofurans and tetrahydropyrans, and p-styrene-type alkenol
1d a mixture of stereoisomeric tetrahydrofurans. From stereo-
chemical analysis and information gained from previous studies,'?
we reasoned that the selectivity determining reagent for bromo-
cyclization formed from bromide oxidation by tert-butyl hydro-
peroxide is molecular bromine. Bromine adds to a carbon—carbon
double bond of an alkene in a kinetically controlled reaction, to
furnish a y-hydroxypropyl bromonium ion (Scheme 6).3%3' The
succeeding step, the anti-selective opening of the bromonium ion
by intramolecular attack of the hydroxyl oxygen, is much slower
and therefore controlled by thermochemical parameters, such as
strain and dipolar attraction.

minimization

of stramn m
"B Br E

3a

P
Br %
dipolar E '
2e

strain

attraction

Scheme 6. Model for explaining regioselectivity in intramolecular y-hydroxypropyl
bromonium ion-opening directed by strain- (top) and charge effects (bottom;
E=COEt; R=H or CHs, R'=H, CH5, or phenyl; R"=H, CH3).

The experimental data summarized in this study show that
6-endo-regioselectivity in oxidative bromocyclization of prenyl-
type alkenols gradually improves, as steric encroachment in
proximity to the hydroxyl oxygen becomes smaller. We therefore
hypothesized that steric repulsion between methyl groups at
the bromonium-activated carbon—carbon double bond and
the hydroxyl oxygen disfavor tetrahydropyran formation from
1a, and supported this interpretation by a modeling study (Sec-
tion 2.4).

In cyclization of styrene-type alkenols, the higher substituted
carbon of the bromonium-activated m-bond is preferentially
approached by the incoming oxygen nucleophile. In «-styrene-type

alkenols (such as 1e), the aryl group stabilizes positive charge at the
benzylic carbon and favors this position for an incoming nucleo-
phile by dipolar attraction. The attractive component is expected to
balance strain imposed by close contacts between substituents in
proximity of the hydroxyl oxygen, as the tetrahydropyran ring
closes (vide infra and Scheme 6). In B-styrene-type alkenol 1d, it is
the tertiary carbon atom of the bromonium ion, that is, selectively
attacked by the approaching oxygen nucleophile, due to dipolar
attraction and smaller steric repulsion between methyl groups, as
the tetrahydrofuran ring closes.

2.4. On methyl substituent effects in 6-endo alkenol ring
closures

The selectivity data summarized in the previous section
imply that the tetrahydropyran fraction of bromocyclization
products gradually decreases, as steric encroachment at oxygen in
prenyl-type alkenols rises. We therefore concluded that steric
repulsion between methyl substituents in the selectivity de-
termining step changes an inherent G6-endo-selectivity of
electrophile-induced ring closures of prenyl-type 4-pentenols
toward tetrahydrofuran formation. The selectivity determining
step, nucleophilic opening of a (tri)substituted hydroxyalkyl bro-
monium ion by the hydroxyl oxygen, is slow and therefore
should occur via a late and therefore product-like transition
state. To obtain information on strain imposed by methyl sub-
stitution in such late transition states, we computed Gibbs free
energies of 2,6- and 2,2-dimethyltetrahydropyrans as models
for the proposed intermediates, and compared the data to
Gibbs free energies of other 1,3- and geminally substituted tet-
rahydropyrans (Section 2.4.1). We also computed thermochem-
istry associated with 6-endo- and 5-exo-cyclization from a tertiary
prenyl-type alkenol (Section 2.4.2), to exemplify the role of strain
on selectivity in a thermodynamically controlled ring closure.

2.4.1. Strain in dimethyltetrahydropyrans. For computing a consis-
tent set of relative Gibbs free energies of dimethyltetrahydropyrans
I-VI, we used Becke's 3 parameter hybrid functional?*** in com-
bination with the 6-31+G** basis set.>*3% The chosen computa-
tional method reproduces A-values of alkyl substituted
tetrahydropyrans within a precision, that is, close to the experi-
mental error. 3% The A-value reflects the degree of steric in-
teraction between a substituent and the (hetero)cyclic core, the
substituent is attached to. The A-value therefore is a benchmark for
method assessment in conformational analysis‘39

In the computational study, dimethyltetrahydropyran minimum
structures were obtained from gradient searches and verified as
such by computing second derivatives of associated wave functions,
by diagonalizing underlying Hessian matrices. Minimum structures
lacked in negative eigenvalues or imaginary frequencies. Approxi-
mate Gibbs free energies (Gyog15) were computed from thermo-
chemical analysis at 298.15 K, using unscaled frequency
calculations, including zero-point vibrational energy corrections,
thermal corrections, and entropy.

The lowest in energy isomer from the computed set of
compounds (Fig. 3), and from all possible dimethyltetrahydropyrans
(Supplementary data), is the stereoisomer of 2,6-dimethyltet-
rahydropyran Ia having both methyl groups attached equatorially.
Theory predicts for the other stereoisomers of I an increase of AGagg s
as the number of axial methyl groups grows (Ib and Ic), and the dis-
tance between methyl carbons becomes smaller (Fig. 4). Both obser-
vations are consistent with the fundamentals of conformational
anaiysis.‘w The computed value of +34.9 k] mol~! for Ic is larger than
twice the computed A-value for the methyl group in 2-
methyltetrahydropyran (14.9 kj mol~! for 298.15 K; experimental:*®
12.040.8 k] mol~! at 188—173 K) on the same level of theory,
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Fig. 3. Structure formulas, indices, and calculated (B3LYP/6-31+G"*//B3LYP/6-31+G"")
AGags.15-values in k] mol ' (numbers in brackets) of dimethyltetrahydropyrans I-VI.
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5.50
4.80
4.30

dgc/A
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Fig. 4. Correlation between methyl carbon distances (dc¢) and calculated AGaggs-
values (cf. Fig. 3) of la—c [ @; dcc=—0.04(G295,5) A mol k| ~'+4.84 A; R2=0.978], la—d
(O dee=-0.05(AGzas15) A mol k| '+575 A; R2-0978], and Ma-c (<
de.c=~0.08(Gss5) A mol k] '+6.85 A; R2-0.997).

thus pointing to steric interaction between axial methyl groups at C2
and C6 in cis-2,6-dimethyltetrahydropyran Ic. In the equilibrium
structure, axial methyl carbons of Ic are only 3.332 A apart, which is
less than the sum of 3.40 A for two carbon van der Waals-radii.*!
The carbon—carbon distance of substituents in diaxial isomers of cis-
2,4- and cis-3,5-dimethyltetrahydropyran is slightly larger (3.499 A for
1Id, and 3.453 A for Ilic) but still expected to induce strain, because the
van der Waals radius of a methyl group is by the distance of the
carbon—hydrogen bond larger than the corresponding radius of
a carbon atom. Since close contacts between methyl groups cause
steric repulsion, and the structural response to repulsion is strain, we
refer to the computed AGsog;5-values as strain energy. Strain, partic-
ularly in compounds I-III is evident from a flattening of tetrahy-
dropyran puckering (Fig. 5), and an offset of methyl substituents from
idealized axial positions to the periphery (see depictions of the mol-
ecules in the Supplementary data).

To quantify the effect of 1,3-dimethyl substitution on puckering,
we subtracted the sum of absolute values of the six endocyclic tor-
sion angles =(|wj}|) for compounds I-III from the respective value
Z(!m.“"l) of the parent heterocycle tetrahydropyran (thp) (Fig. 5 and
Supplementary data). A plot of the puckering parameter versus
computed relative Gibbs free energies is linear for I-IIl, showing
that the effect of axial methyl substitution on flattening of the het-
erocyclic core is additive. The effect of substituents in positions 2,6
thereby is smaller than in positions 2,4 and largest in positions 3,5.

Geminal dimethyl substitution also imposes strain on the tet-
rahydropyran nucleus (see IV-VI, Fig. 3). If the alkenol used for

oh [5) Q Y
] 5t O\
-10 . n

;)

-15}
S
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Fig. 5. Correlation of a parameter describing puckering changes in dimethyltetrahy-
dropyrans la—c, referenced toward tetrahydropyran (thp) on the basis of endocyclic
dihedral angles [E(Awy)=2(joff[)~2(|w} ™)] and AGugsis-values (Fig. 3), whereby
3(|wf?|)~=(jesl ™)) denotes summation of absolute values of endocyclic torsion angles
between atoms i and j in tetrahydropyran (thp) minus £(Jwli ™)) for compounds 1-111
[for la—c (®@): Auyj=—0.80(AGzag,:5) deg mol k] 140.47°; R2=0.986; for Ha—c (O ):
Awyi=—061(AGz9515) deg mol kJ 146.82°, R2-0983; for for WMa-c (o)
Aey=0.36({AGzag,15) deg mol K] ! -8.19°; R2-0.904].

constructing the tetrahydropyran nucleus bears two methyl groups
in position 1, backside strain is less relevant for describing regio-
selectivity as long as no new geminally disubstituted endocyclic
carbon atom is formed in the course of the ring closure. If carbons 2
and 6 in tetrahydropyran both bear two methyl substituents, the
situation changes, since steric repulsion by the geminal methyl
groups at one carbon intensifies repulsive interactions between the
two axial substituents at C2 and C6 (cf. Section 2.4.2).4

2.4.2. On the thermochemistry of alkenol cyclization. To find out
whether methyl substitution has the potential to guide regiose-
lectivity in cyclization of tertiary prenyl type alkenols, we calculated
thermochemistry for the isomerization of prenyl-type alkenol VII
into 2,2-dimethyl-5-isopropyl tetrahydrofuran (VIII) and 2,2,6,6-
tetramethyltetrahydropyran (IX) (Scheme 7].43 Equilibrium struc-
tures of alkenol VII and tetrahydrofuran VIII (Supplementary data)
thereby were obtained from usage directed conformational searches
(force field) leading to minima, which served as input for density
functional theory calculations. The heterocyclic core of the mini-
mum structure of tetrahydrofuran VIII adopts a sT* twist confor-
mation, similar to the heterocyclic core found in the solid state
structure of cis-3d. The isopropyl substituent and one of the methyl
groups in this conformation are bound pseudoequatorially, and the
second methyl group pseudoaxially. The distances between the
secondary isopropyl carbon and the two methyl carbons at C2 are
larger than the distances between methyl carbons at positions 2 and
6 in tetrahydropyran IX. In a reversible reaction, B3LYP-theory thus
favors tetrahydrofuran formation from alkenol VII. MP2-theory
leads to the same result, although the driving force for tetrahydro-
furan formation is less pronounced (Supplementary data).

To sum up, the results from the modeling study show that
substituents in axial positions 2 and 6 thermochemically disfavor
tetrahydropyran formation from tertiary prenyl-type alkenols on
the basis of strain effects, and direct alkenol cyclization toward
tetrahydrofuran formation.

2.5. Functional group interconversion for synthesis of
aplysiapyranoid A

According to the strategy described in the introductory part, we
started from ethyl (5-bromo-2,2,6-trimethyl-6-phenyltetrahydro-
pyran)-3-carboxylate (2e) to prepare aplysiapyranoid A, and an epi-
mer with inverted configuration at C5 of the heterocyclic core. To
achieve this goal, the ethoxycarbonyl group at C5 had to be converted
into an axial bromosubstituent for aplysiapyranoid A, and an
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Scheme 7. Calculated reaction energies (zero-point vibrational energy-corrected; numbers in italics) and free energy differences (bold arabic figures, AGyog in k] mol~'; B3LYP/6-
31+G"*//B3LYP[6-31+G"") for isomerization of prenyl-type alkenol VII into tetrahydrofuran VIII and tetrahydropyran IX (left; see also the Supplementary data), and distances
between carbon atoms of substituents located next to the endocyclic oxygen atom in equilibrium structures of VIII and IX (right).

equatorial bromosubstituent for the 5-epimer. The carboxyl-bromine
exchange thereby was achieved by the Barton—Hunsdiecker free
radical bromination.***> The more challenging part of the synthesis
related to transformations in the sterically encroached part of the
molecule. In our approach, oxidative degradation afforded a carboxyl
from the phenyl group.*® The carboxyl entity then was transformed in
a three step sequence, including a Takai-reaction,*” into a chlorovinyl
group. The synthesis described in the following sections focuses on
method development and expands information communicated pre-
viously” to full detail.

2.5.1. Decarboxylative bromination of 2,2,6,6-substituted tetrahy-
dropyrans. For synthesis of a Barton-type carbon radical precursor,
carboxylic acid ester 2e (76/24-mixture of 3,5-cis/3,5-trans-ste-
reoisomers) was saponified in aqueous dimethoxyethane (DME)
using lithium hydroxide as base, to afford carboxylic acid 6. For
analytical purposes, we recrystallized carboxylic acid 6 from
aqueous acetone, which furnished the pure 3,5-cis-isomer.*® For
synthetic purposes we directly used 76/24-mixture of stereoiso-
mers to prepare mixed anhydride 7 via condensation of crude acid
6 and N-hydroxypyridine-2(1H)-thione (PTOH) by diisopropyl
carbodiimide (DIC, Scheme 8).4°

Ph Ph
ior‘ LiOH ior“
ki 5 P —— i 5
E:och Br  DME/H,0 H02CH B
=]
(£)-2e @ 20°C (£)-6 (80%) ¢
PTOH / DIC
CH,Cl, /20 °C
Ph Ph
O BrcCly hv s 0—yON
5 7 -
Br > CgHg /20 °C <
B 66
H f 7 N-0 H Br
(+)-8 —
(52 % from 6) (+)-7°

cis:trans = 50:50 ©
Scheme 8. Synthesis of dibromide 8 from ester 2e, *3,5-cis|3,5-trans=76:24. "Ratio of 3,5
cis/3,5-trans isomer [PTOH=N-hydroxypyridine-2(1H)-thione; DIC=diisopropylcarbodi

imide; the atom numbering changes in going from 7 to 8 for reasons of functional group
hierarchy).

N-Acyloxypyridinethione 7 is a yellow photolabile compound
that decomposes, if photoexcited with tungsten light in a solution
of benzene and bromotrichloromethane, to afford 3,5-dibromo-
substituted tetrahydropyran 8 in 52% yield (from 6), as 50/50-

mixture of cis/trans-isomers (Scheme 8). The new carbon-
—bromine bond in 8 is formed via homolytic substitution from
tetrahydropyranyl radical 9 and bromotrichloromethane. The latter
step provides dibromide 8 and a trichloromethyl radical, which
adds to the thiocarbonyl group of 7, leading to carbon dioxide, 2-
methylsulfanylpyridine (pySCCl;), and the next carbon radical 9
for propagating the chain reaction. In a stereochemical model, both
diastereotopic faces are similarly shielded by vicinal methyl groups
at C6, thus explaining the 50/50-stereoselectivity for dibromide
formation from reactive intermediate 9 (Scheme 9).

H
«CCl;  Ph_|_O

CH;
()7 —— B H
-pysccl; Pt 1y
- CO, ‘ch i C]'_[H
(£)-9
BrCCljl conformational equilibration
50%
Ph H o.(@,CHs
()-8 5 MH BrCCly
— r
‘ CCly HC CH,
50/50-mixture 50%

(£)-9

of stereoisomers

Scheme 9. Mechanistic and stereochemical model for dibromide formation from
mixed anhydride 7 (pySCCls=2-trichloromethylsulfanylpyridine).

The stereoisomers of 8 were separated by chromatography and
identified via NMR-spectroscopy. Double doublets for the protons
attached to C3 and C5 show cis-diaxial orientation of respective
hydrogens in cis-8. Vicinal coupling constants of 11-12 Hz and 5 Hz
point to axial orientation of 3-H and 5-H and thus equatorial ar-
rangement of the bromo- and the ester substituent. The same
protons in trans-8 resonate as double doublets composed of 7 Hz-
and 5 Hz-couplings, with the 7 Hz-coupling pointing to a con-
formationally flexible structure, as expected for a 3,5-trans-tetra-
hydropyran. The distances between carbon substituents at C2 and
C6 in crystal structures of cis-8 and trans-8 correlate with pre-
dictions made from theory in the gas phase (Fig. 6 and Scheme 7).
This information allows to estimate the strain imposed by 2,2,6,6-
substitution in 8, leading to a value of about 73 k] mol ™', based
on 35 k] mol ! for the 2,6-diaxial substitution and 38 k] mol~' from
two geminal substitutions (cf. Figs. 3 and 4). These numbers imply
that both isomers of 8 are considerably strained.

2.5.2. Synthesis of aplysiapyranoid A and its 5-epimer. For building
the chlorovinyl group of the aplysiapyranoids, we oxidatively
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Fig. 6. Ellipsoid graphics (50% probability) of hexasubstituted tetrahydropyrans cis-8
and trans-8 in the solid state (top; 300 K: H-atoms were drawn as circles of an arbitrary
radius), and distances between carbon atoms of substituents attached in positions 2
and 6 (bottom).

degraded the phenyl into a carboxyl group at C2, by adding RuCl;
and NalO4 to a mixture composed of tetrachloromethane, aceto-
nitrile, water,*® and one of the dibromides cis-8 and trans-8. For
unknown reasons, the reaction stopped at 80% conversion, re-
gardless of the quantity of RuCl; and NalO4 added in attempts to
achieve quantitative conversion. Since no other products apart
from the desired acid and starting material 8 were detected (TLC),
we treated this mixture with methanol and DIC to prepare O-
methyl carboxylates cis-10 and trans-10 (Table 3). From the work-
up, we recovered unspent cis-8 and trans-8. Alternative methods
for esterification, such as the p-toluenesulfonic acid-catalyzed
reaction with methanol or dimethoxypropane failed to provide
methyl ester 10.

Table 3
Preparation of methyl tetrahydropyranyl 2-carboxylates cis-10 and trans-10

1. RuCl; / NalOy4 CO,CH;

o FPh
I 2. DIC / CH;0H
B —
Rl 3 RV :
Br 3 Br

2

R” R
()-8 (£)-10
Entry (+)-8 Conv.[% R' R? (+)-10/% (two steps)
1 cis-8* 80 H Br cis-10": 36
2 trans-8" 80 Br H trans-10": 34

* Stereodescriptor refers to relative configuration of substituents at carbons 3 and 5.

The proton-NMR-spectrum of cis-10 shows double doublets at
3.98 and 4.56 ppm (J=12—13 Hz and 5 Hz) being in line with axial
positioning of 3-H and 5-H. The same protons have triplet fine
structure for 3-H (J=4 Hz) and a double doublet for 5-H (J=13 and
4 Hz), pointing to equatorial arrangement of the former and axial of
the latter in CDCls-solution of trans-10. Steric crowding in prox-
imity of the endocyclic oxygen in cis-10 and trans-10 is again evi-
dent from the crystal structures of the two methyl esters (Fig. 7).
The distances between carbon atoms attached to C2 and C6 are

close to the values observed for dibromides cis-8 and trans-8. On
the basis of the information available from the modeling study and
the structural discussion on dibromides cis-8 and trans-8, we think
that steric crowding is the major reason for the difficulties expe-
rienced in chemical transformations of substituents in position 2 of
2,2,6,6-substituted tetrahydropyrans via an addition—elimination
sequence.

H;CO.__O

2.45(1)/&’," <.304DA
: “‘n‘_r
461(1NA "=
313D A
trans-10 cis-10

Fig. 7. Ellipsoid graphics (50% probability) of hexasubstituted tetrahydropyrans cis-10
trans-10 in the solid state (top; 300 K; H-atoms were drawn as circles of an arbitrary
radius) and distances between carbon atoms of substituents in positions 2 and 6
(bottom).

In the final steps, O-methyl carboxylate trans-10 was reduced by
DIBAH to furnish the derived aldehyde, which was treated with CrCl»
and CHCIs¥ for building the chlorovinyl group of aplysiapyranoid A
(entry 1inTable 4). The NMR-spectroscopic data of the target molecule
are consistent with the values reported for the natural product.' By the
same reduction-chlorovinylation sequence, we prepared the 5-epimer
of the natural product from ester cis-10 (entry 2 in Table 4).

Table 4
Preparation of aplysiapyranoid A and 5-epi-A

1. DIBAH
CO,CH
0.2 2 CrCly/ CHCly
e ———
R"y
2 Br 2
R R ()
(£)-10 aplysiapyranoid
Entry 10 R! R? Aplysiapyranoid/% (two steps)
1 trans-10 Br H A 32
2 cis-10 H Br 5-epi-A: 21

3. Concluding remarks

A proper set of substituents to control 6-endo selectivity for
synthesis of 2,2,6,6-substituted tetrahydropyrans via alkenol bro-
mocyclization is the combination of an aryl and a methyl group. The
aryl group adds a polar component to the ring closure, which is not
available from methyl substitution. Methyl substitution moreover
induces strain, as the bromonium-activated m-bond and the hy-
droxyl oxygen of a tertiary prenyl-type alkenol approach for
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intramolecular carbon—oxygen bond formation, thus favoring tet-
rahydrofuran formation from the 5-exo-reaction.

The concept used in this study to prepare organobromines from
bromide, tert-butyl hydroperoxide, and an unsaturated hydrocarbon
generally is referred to as oxidative bromination. Oxidative bromi-
nation is mechanistically related to bromide oxidation by hydrogen
peroxide, catalyzed by marine bromoperoxidases in nature.*® Vana-
dium complexes V(O)L"(OEt) therefore can be regarded as functional
bromoperoxidase mimics, and tert-butyl hydroperoxide the bio-
mimetic electron acceptor. The results summarized in this work
show, that functional bromoperoxidase chemistry has reached a no-
table degree of maturity. Modern oxidative bromination, for example,
uses a buffer composed of sodium bromide and p-bromocinnamic
acid to liberate protons and bromide under pH-neutral conditions,
and is feasible in solutions of propylene carbonate as nontoxic
solvent.

The synthetic potential of oxidative bromination for synthesis of
natural products is evident from the third part of the project dealing
with synthesis of the marine natural product aplysiapyranoid A. The
strategy to interconvert functional groups in a sequence of homolytic
and polar reactions, adds a component to synthesis of the aplysia-
pyranoids which is, not available from other concepts developed so
far. The strength of the homolytic substitution in this approach arises
from the efficiency of carbon—bromine bond formation at a sterically
shielded secondary neopentyl-type carbon at tetrahydropyran. The
yields associated with chlorovinyl group formation from the phenyl
group, on the other hand, remained below expectation. With the
wisdom of hindsight we relate the reluctance of reagents to add to
substituents at C2 to strain that additionally builds up as the con-
figuration of the attacked carbon changes from planar to tetrahedral.
The increase in steric demand occurs in a severely encroached region
of the 2,2,6,6-substituted tetrahydropyran and therefore is expected
to require notable activation energy in order to effectively occur.

To continue the project, we consider the aplysiapyranoids C and
D! as attractive targets. The latter compounds have a chlorosub-
stituent bound next to the vinyl group and synthesis of the prod-
ucts according to the outlined strategy requires development of an
efficient oxidation/chlorocyclization cascade for constructing tet-
rahydropyran rings. A survey of the literature shows that chlor-
ocyclization is just beginning to evolve.?"%2 To develop a practical
method for in situ chlorine generation from transition metal-
catalyzed oxidation, therefore is a rewarding objective to pursue.

4. Experimental
4.1. General

For general laboratory practice and instrumentation see Ref. 12
and the Supplementary data.

4.2. Oxovanadium-catalyzed oxidation of bromide

4.2.1. General method. To a solution of vanadium(V)-catalyst V(QO)
L"(OEt) (5.7 mg, 0.01 mmol; for structure formula refer to Section 2.2)
and NaBr(10.3 mg, 0.10 mmol) in propylene carbonate (10 mL)at 30°C
was added a solution of 3-bromo-3-phenylpropionic acid (286 mg,
1.25 mmol), alkenol 1 (1.00 mmol),and TBHP [4.1 M in toluene, 390 uL,
1.25 mmol] in propylene carbonate (3 mL) via syringe pump
(0.005 mL/min). The reaction mixture was stirred at 30 °C for 24 h. The
yellowish solution was extracted with cyclohexane (4x<20 mL).
Combined organic extracts were washed with brine (2 x40 mL), dried
(MgS04), and concentrated under reduced pressure to leave a residue,
which was purified by column chromatography (SiO3).

4.2.2. Bromocyclization of ethyl 2-(2'-hydroxyprop-2'-yl)-5-methyl-
4-hexenoate (1a). Starting material: 215 mg (1.0 mmol) of ethyl [2-

(2'-hydroxyprop-2’'-yl)-5-methyl]-4-hexenoate (1a). Eluent used for
chromatographic purification: petroleum ether/tert-butyl methyl
ether=10:1 (v/v). Ethyl rel-(3R,55)-(5-bromo-2,2,6,6-tetramethylte-
trahydropyran)-3-carboxylate cis-(2a). Yield: 42 mg (14%), colorless
oil. R=0.63 in petroleum ether/tert-butyl methyl ether=10:1 (v/v).
Anal. Calcd for Cy3H2103Br(293.20): C,49.16; H, 7.22; found: C,49.31;
H, 7.13. 64 (600 MHz; CDCl3) 1.26 (3H, t, ] 7.1 Hz, CO,CH,CH3), 1.26 (3H,
s.CH3).1.32(6H, s, CH3),1.43 (3H,s, CH3).2.25 (1H.dt, J4 13.3,), 3.8 Hz,
4-H),2.54(1H, q,J 13.3 Hz, 4-H), 2.63 (1H, dd, ] 13.3, 3.8 Hz, 3-H), 3.89
(1H, dd, J 13.3, 3.8 Hz, 5-H), 413 (2H, 2x dq, Ja 108, J, 7.1 Hz,
CO2CH,CH3). ¢ (150 MHz; CDCl3) 14.1 (CO2CH2CH3), 23.0 (CH3), 24.1
(CH3), 31.0 (CH3 or C4), 31.1 (CH; or C4), 32.0 (CHs), 54.1 (C3), 56.3
(C5), 60.7 (CO2CH2CH3), 73.6 (C2), 75.5 (C6), 171.3 (COCH,CH3).
NOESY (cross signals) 3-H« 5-H, 3-H<«(2-CH3),/5-H < (6-CH3),.
Ethyl  rel-(3R,5R)-(5-bromo-2,2,6,6-tetramethyltetrahydropyran)-3-
carboxylate (+)-trans-(2a) and ethyl [5-(2'-bromoprop-2'-yl)-2,2-
dimethyltetrahydrofuran]-3-carboxylate (3a). Yield: 8 mg (3%) rel-
(3R,5R)-2a in same column fraction with 118 mg (40%), 70/30-
mixture of cis/trans-isomers of 3a, colorless oil. R=0.57 in petro-
leum ether/tert-butyl methyl ether=10:1 (v/v). Anal. Calcd for
Ci2H2103Br (293.20): C, 49.16; H, 7.22; found: C, 49.45; H, 7.19. rel-
(3R,5R)-2a [(+)-trans-2a]. dy (600 MHz; CDCl3) 1.22 (3H, s, CH3), 1.27
(3H, t,J 7.0 Hz, CO2CH,CH3), 1.35 (3H, s, CH3), 1.42 (6H, s, CH3), 2.23
(1H,ddd,J 15.1,5.5,4.2 Hz,4-H), 2.53—2.61 (1H, m,4-H), 3.01 (1H, dd,J
10.2, 4.1 Hz, 3-H), 4.10—4.22 (2H, m, CO,CH2CH3), 4.43 (1H, dd, | 5.6,
3.3 Hz, 5-H). é¢ (150 MHz:; CDCl3) 14.2 (CO,CH,CH3), 26.1 (CH3), 27.8
(CH3), 29.3 (CH3 or C4), 29.6 (CH3 or C4), 31.4 (CH3), 46.9 (C3), 58.1
(C5), 60.6 (CO,CH2CH3), 72.9 (C2 or C6), 73.7 (C2 or C6), 172.9
(CO,CH2CH3). rel-(3R,5R)-3a [(+)-cis-3a]. éy (600 MHz; CDCl3) 1.14
(3H,s,CH3),1.27 (3H,t,] 7.1 Hz, CO2CH2CH3),1.44 (3H, s, CH3), 1.74 (3H,
s,3H),1.75(3H, s,CH3),2.16 (1H, ddd, ] 12.5, 7.0, 5.1 Hz, 4-H), 2.33 (1H,
ddd, J 12.5,] 11.9, 11.0 Hz, 4-H), 2.93 (1H, dd, ] 11.9, 7.0 Hz, 3-H), 3.97
(1H, dd, J 11.0, 5.1 Hz, 5-H), 4.12—4.18 (2H, m, CO,CH2CH3). dc
(150 MHz; CDCl3) 14.2 (CO5CH,CH3), 25.2 (CH3), 29.5 (CH3), 29.3
(CH3), 31.0 (CH3), 31.9 (C4), 54.1 (C3), 60.7 (CO2CH2CH3), 66.4 (C2'),
82.4 (C2), 85.0 (C5), 171.5 (CO,CH,CH3). NOESY (cross signals) 3-
H+«5-H. rel-(3R,55)-3a [(+)-trans-3a). 6y (600 MHz; CDCl3) 1.12
(3H,s,CH3),1.26 (3H,t,] 7.1 Hz, CO,CH2CH3),1.47 (3H, s, CH3), 1.69 (3H,
s,CH3),1.70(3H,s,CH3),2.17 (1H,ddd, ] 13.7,9.4,4.8 Hz,4-H),2.57 (1H,
ddd, J 13.7,9.4, 8.8 Hz, 4-H), 2.88 (1H, t, ] 9.4 Hz, 3-H), 3.94 (1H, dd, ]
8.8,4.8 Hz, 5-H), 4.12—4.18 (2H, m, CO,CH,CH3). ic (150 MHz; CDCl3)
14.2 (CO2CH2CH3), 22.8 (CH3), 28.2 (CH3), 29.3 (CH3), 31.0 (CH3), 31.7
(C4),53.1(C3),60.6 (CO;CH,CH3), 68.9(C2'),83.1(C2),83.7(C5),171.8
(CO2CH2CH3). NOESY (cross signals) 3-H « (2-CH3)a/5-H < (2-CH3)p.

4.2.3. Bromocyclization of ethyl 2-(1'-hydroxyeth-1'-yl)-5-methyl-4-
hexenoate (1b). Starting material: 200 mg (1.0 mmol) of ethyl 2-(1'-
hydroxyeth-1’'-yl)-5-methyl-4-hexenoate (1b). Eluent used for
chromatographic purification: CHCly. Yield: 156 mg (0.56 mmol/
56%) colorless liquid. R=0.51-0.35 (CHCl;) for a 73/27-mixture of
2b/3b, as determined on the basis of 'H NMR-integral ratios of
methyl substituents (For analytical data of the mixture of 2b and 3b,
see the Supplementary data). From this mixture, rel-(2R,3R,55)-5-
bromo-3-ethoxycarbonyl-2,6,6-trimethyltetrahydropyran rel-
(2R,3R,55)-(2b) was separated via chromatography [10/1-diethyl
ether/pentane (v/v) as eluent]. Colorless oil, R=0.28 for diethyl
ether/pentane=10:1. Anal. Calcd for Cy2H2,03Br (279.17): C, 47.33;
H, 6.86; found: C, 47.34; H, 6.73. éy (600 MHz; CDCl3) 1.13 (3H, d, J
6.1 Hz, CH3), 1.26 (3H, t, ] 7.2 Hz, CO,CH,CH3), 1.36 (3H, s, CH3), 1.42
(3H, s, CH3), 2.33—2.38 (3H, m, 3-H, 4-H), 3.86—3.94 (2H, m, 2-H, 5-
H), 4.14 (2H, q, ] 7.2 Hz, CO2CH2CH3). b¢ (150 MHz; CDCl3) 14.2
(CO2CH2CH3),18.0 (CH3), 20.2 (CH3), 29.2 (CH3), 34.5 (C4), 51.7 (C3),
54,9(C5),60.7 (CO2CH2CH3), 67.1 (C2), 75.5 (€6), 171.9 (CO.CH2CH3).

4.2.4. Bromocyclization of ethyl 2-hydroxymethyl-5-methyl-4-
hexenoate (1c). Starting material: 190 mg (1.0 mmol) of ethyl
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2-hydroxymethyl-5-methyl-4-hexenoate (1c). Eluent used for chro-
matographic purification: diethyl ether/pentane 1:5 (v/v). Ethyl
rel-(3R,55)-(5-bromo-6,6-dimethyltetrahydropyran)-3-carboxylate
()-cis-(2c). Yield: 98 mg (37%), colorless liquid. R=0.36 for diethyl
ether/pentane 1:5 (v/v). Anal. Caled for CyoHy7BrOs (265.14): C,
4530; H, 6.46; found: C,45.17; H, 6.32. iy (600 MHz; CDCl3) 1.25 (3H,
t,J 7.2 Hz, CO>CH,CH3), 1.37 (3H, s, CH3), 1.39 (3H, 5, CH3), 2.26 (1H, q,
113.0 Hz, 4-H), 2.44—-2.51 (1H, m, 4-H), 2.76 (1H, tt, ] 12.1, 4.7 Hz, 3-
H),3.72 (1H, t, ] 11.8 Hz, 2-H), 3.86—3.94 (2H, m, 2-H, 4-H), 4.13 (2H,
q, ] 7.2 Hz, CO2CH2CH3). d¢c (150 MHz; CDCl3) 14.1 (CO2CH2CH3), 17.2
(CHs3), 28.9 (CH3z), 33.7 (C4), 44.2 (C3), 55.0 (C5), 60.9 (CO2CH2CH3),
618 (C2), 75.2 (C6), 171.0 (CO,CH,CH3). NOESY (cross signals) 3-
H«5-H. Ethyl rel-(3R,5R)-(5-bromo-6,6-dimethyltetrahydropyran)-
3-carboxylate (+)-trans-(2c) and ethyl 5-(2'-bromoprop-2'-yl)-tetra-
hydrofuran]-3-carboxylate (3c). Yield: 47 mg (18%) of rel-(3R,5R)-2c
and 16 mg (6%) 50/50-mixture of cis/trans-isomers of 3c, colorless
oil. Re=0.29 for diethyl ether/pentane 1:5 (v/v). Anal. Calcd for
CygH17BrOs (265.14): C, 45.30; H, 6.46; found: C, 45.17; H, 6.32. rel-
(3R,5R)-2c [(+)-trans-2c]. éy (400 MHz; CDCl3) 1.27 (3H, t, ] 7.2 Hz,
CO,CH5CH3), 1.36 (3H, s, CH3), 1.38 (3H, s, CH3), 2.26 (1H, ddd, J 14.0,
9.3, 4.9 Hz, 4-H), 2.60 (1H, dt, J4 14.2, J; 4.8 Hz, 4-H), 2.74—2.82 (1H,
m, 3-H), 3.88—3.95 (1H, m, 2-H), 3.99-4.05 (1H, m, 2-H), 4.14—4.22
(2H, m, CO2CHoCH3), 4.22—4.28 (1H, m, 5-H). éc (100 MHz; CDCl3)
14.2 (CO2CH2CH3), 22.0 (CH3), 26.5 (CH3), 31.9 (C4), 40.7 (C3), 55.3
(C5), 61.0 (CO2CH2CH3), 61.8 (C2), 74.7 (C6), 172.5 (CO2CH2CH3). rel-
(3R,5R)-3c [(+)-cis-3c): dy (400 MHz; CDCl3) 1.27 (3H, t, ] 6.9 Hz,
CO,CH2CH3), 1.73 (3H, s, CH3), 1.76 (3H, s, CH3), 2.18—2.27 (1H, m, 4-
H), 2.29-2.38 (1H, m, 4-H), 3.13—3.23 (1H, m, 3-H), 3.88—3.95 (1H,
m, 5-H), 3.98—4.13 (2H, m, 2-H), 417 (2H, q, ] 6.9 Hz, CO2CH>CH3). i¢
(100 MHz; CDCl3) 14.0 (CO2CH2CH3), 29.4 (CH3), 30.8 (CH3), 32.5
(C4), 44.5 (C3), 61.0 (COCH»CH3), 66.9 (C6), 70.6 (C2), 87.2 (C2'),
172.5 (CO,CH2CH3). NOESY (cross signals) 3-H < 5-H. rel-(3R,55)-3c
[(+)-trans-3c]: 6y (400 MHz; CDCl3) 1.27 (3H, t, ] 7.3 Hz, CO,CH,CHs),
1.70 (3H, s, CH3), 1.76 (3H, s, CH3), 2.14 (1H, ddd, ] 13.1, 9.0, 7.8 Hz, 4-
H), 2.38 (1H, ddd, J 12.9, 7.6, 4.8 Hz, 4-H), 3.12—3.22 (1H, m, 3-H),
3.87 (1H, t,] 7.5 Hz, 5-H), 3.98 (1H, dd, ] 8.7, 6.0 Hz, 2-H), 417 (2H, q, ]
7.2 Hz, CO,CH4CH3), 4.17—4.23 (1H, m, 2-H). ¢ (100 MHz; CDCl3) 14.2
(CO2CH2CH3), 30.2 (CH3), 30.8 (CH3), 32.30 (C4), 44.3 (C3), 61.0
(CO2CH,CH3), 68.2 (CB), 71.1 (C2), 86.4 (C2'), 173.4 (CO,CH,CH3).
NQESY (cross signals) 3-H « (4-H),/5-H < (4-H)p.

4.2.5. Bromocyclization of ethyl (E)-2-(2'-hydroxyprop-2'-yl)-4-
methyl-5-phenyl-4-pentenoate (1d). Starting material: 307 mg
(1.0 mmol) of ethyl (E)-2-(2-hydroxyprop-2-yl)-4-methyl-5-phenyl-
4-pentenoate (1d). Eluent used for chromatographic purification:
diethyl ether/pentane=1/5 (v/v). Ethyl [5-(1'-bromo-1'-phenyl-
methyl)-2,2,5-trimethyltetrahydrofuran)-3-carboxylate (3d). Yield:
204 mg (0.574 mmol[57%), colorless liquid, 93/7-mixture of cis/trans
isomers. R=0.34 for diethyl ether/pentane=1/5 (v/v). Anal. Calcd for
Ci7H23Br0; (355.27): C, 57.47; H, 6.53; found: C, 57.31; H, 6.27. rel-
(3R,5R,1'S)-3d [(+)-cis-3d]. Colorless solid, mp=65 °C. dy (600 MHz;
CDCl3) 1.13 (3H, s, CH3), 1.21-1.26 (3H, m, CO2CH2CH3), 1.49 (3H, s,
CH3),1.50(3H, s,CH3),2.43—-2.49(1H, m,4-H), 2.59-2.72 (2H, m, 3-H,
4-H),4.06—4.14 (2H, m, CO,CH>CH;), 4.85 (1H, 5, 1-H), 7.24—7.33 (3H,
m), 7.45—7.52 (2H, m). 6¢ (150 MHz; CDCl3) 14.2 (CO;CH,CH3), 24.8
(CH3), 28.0 (CH3), 28.6 (CH3), 38.6 (C4), 53.8 (C3), 60.7 (CO,CH,CH3),
630 (C1"), 83.2 (C2), 84.0 (C5), 128.3, 129.7, 129.8, 1383, 171.1
(COoCH2CH3).  X-ray  crystallography:  Cy7H23BrOs;  (355.26),
T=150(2) K, 1=0.71073 A, monoclinic, P2;/n, a=14.8542(4) A,
b=7.2765(2) A, c=15.6643(4) A, f=103.562(3)°, Z=4, u=2.505 mm ",
completeness 99.8%, (20=60.00°), goodness-of-fit on F>=0.842, final
R indices [I>26(])]: R1=0.0293, wR2=0.0484. rel-(3R,55,1’R)-3d
[(+)-trans-3d]. dy (600 MHz; CDCl3) 1.20(3H, 5, CH3), 1.23 (3H, s, CH3),
1.28 (3H, t,] 7.2 Hz, COCH3CH3), 1.43 (3H, s, CH3), 2.11 (1H, dd, J 12.8,
6.9Hz, 4-H), 2.83 (1H, t,] 12.7 Hz, 4-H), 3.06 (1H, dd, ] 12.5, 6.9 Hz, 3-
H), 4.14—4.24 (2H, m, CO,CH,CHs), 5.00 (1H, s, 1/-H), 7.25—7.32 (3H,

m), 743 (2H, d, ] 7.2 Hz). 6c (150 MHz; CDCl3) 14.2 (CO,CH2CHs), 24.4
(CH3), 25.2 (CH3), 30.5 (CHz), 39.0 (C4), 53.5 (C3), 60.7 (CO,CH,CH3),
63.4 (C1’), 83.0 (C2), 84.0 (C5), 1279, 1281, 129.5, 138.6, 171.2
(CO2CH2CH3). NOESY (cross signals) 3-H « 5-CHs.

4.2.6. Bromocyclization of ethyl (E)-2-(2'-hydroxyprop-2'-yl)-5-
phenyl-4-hexenoate (1e). Starting material: 276 mg (1.0 mmol) of
ethyl (E)-2-(2'-hydroxyprop-2'-yl}-5-phenyl-4-hexenoate (1e). Elu-
ent used for chromatographic purification: ethyl acetate/
pentane=1:10 (v/v). Ethyl (5-bromo-2,2,6-trimethyl-6-phenyl-
tetrahydropyran)-3-carboxylate (2e). Yield: 167 mg(47%), colorless oil,
76/24-mixture of cisftrans isomers. R—=0.37 for ethyl acetate/
pentane=1:10 (v/v). Anal. Calcd for Cy7H23BrOs (355.27): C, 57.47; H,
6.53; found: C, 57.37; H, 6.44. rel-(3R,55,6R)-2e [(+)-cis-2e]. iy
(400 MHz; CDCl3) 1.29 (3H, t, J 7.2 Hz, CO;CH,CH3), 1.41 (3H, s, CH3),
1.49(3H, s, CH3),1.89 (3H, s, CH3), 2.39 (1H, dt, ] 13.5, 3.6 Hz,4-H), 2.71
(1H, q, J 13.1 Hz, 4-H), 2.80—-2.88 (1H, m, 3-H), 4.04 (1H, dd, | 12.8,
3.9 Hz, 5-H), 413—-4.23 (2H, m, CO2CH,CH3), 7.21-7.40 (3H, m), 7.60
(2H, d, ] 7.8 Hz). ¢ (100 MHz; CDCl3) 14.2 (CO2CH,CHs), 20.7 (CH3),
247 (CHs), 316 (C4), 321 (CH3), 54.0 (C3), 572 (C5), 60.8
(CO3CHaCH3), 743 (C2), 785 (C6), 126.1, 127.5, 127.9, 145.6, 171.1
(CO,CHoCH3). NOESY (cross signals) 3-H<«5-H. rel-(35,55,6R)-2e
[()-trans-2e]. 6y (400 MHz; CDCl3) 0.74 (3H, s, CHz3), 1.24 (3H, t, |
7.2 Hz, CO2CH,CH3),1.50 (3H, s, CH3), 1.63 (3H, s, CH3), 2.33 (1H, m, 4-
H),2.59(1H, ddd,J 15.0,10.7,3.1 Hz,4-H), 3.18 (1H,dd,/ 10.6,4.1 Hz, 3-
H), 4.07—4.23 (2H, m, CO,CH>CH3), 5.27 (1H, dd, J 5.4, 3.1 Hz, 5-H),
7.21-7.38 (3H, m), 7.51 (2H, d, J 7.5 Hz). oc (100 MHz; CDCl3) 14.1
(CO3CH,CH3), 25.6 (CH3), 30.0 (C4), 31.5 (CH3), 34.0 (CH3), 47.2 (C3),
56.8 (C5), 60.6 (CO,CH,CH3), 74.5 (C2), 76.4 (C6), 126.3,127.2,128.0,
144.8,172.7 (CO2CH,CH3).

4.2.7. Bromocyclization of ethyl (E)-2-(2'-hydroxyprop-2'-yl)-5-(p-
methoxyphenyl)-4-hexenoate (1f). Starting material: 307 mg of
1.0 mmol ethyl (E)-2-(2'-hydroxyprop-2'-yl}-5-(p-methoxyphenyl }-
4-hexenoate (1f). Eluent used for chromatographic purification:
dichloromethane/pentane=4/1 (v/v). Ethyl (5-bromo-2,2 6-trimethyl-
6-(p-methoxyphenyl)tetrahydropyran)-3-carboxylate (2f). Yield:
182 mg (47%), yellowish liquid, 46/54-mixture of isomers cis/trans-
isomers. R=0.18 for dichloromethane/pentane=4/1 (v/v). Anal.
Calcd for CigH25Br0Oy4 (385.29): C, 56.11; H, 6.54; found: C, 55.95; H,
6.35. rel-(3R,55,6R)-2f [(+)-cis-2f]. 6y (600 MHz; CDCls) 1.29 (3H, t,J
7.2 Hz, COzCH2CH3), 1.39 (3H, s, CH3), 1.47 (3H, s, CH3), 1.86 (3H, s,
CHs), 2.38 (1H, dt, J4 13.8,J; 3.7 Hz, 4-H), 2.69 (1H, q,J 13.1, 4-H), 2.83
(1H, dd, J 13.1, 3.3 Hz, 3-H), 3.80 (3H, s, CH3), 4.03 (1H, dd, J 12.9,
4.0 Hz, 5-H), 4.06—4.22 (2H, m, CO,CH2CH3), 6.86 (2H, d, ] 8.7 Hz),
7.51(2H,d,] 8.7 Hz). ¢ (150 MHz; CDCl3) 14.2 (CO2CH,CH3), 20.7 (CH3),
24.7 (CH3), 31.6 (C4), 32.1 (CH3), 54.1 (C3), 55.2 (CHs), 57.6 (C5), 60.8
(CO,CH,CH3), 74.3 (C2), 78.3 (C6), 113.2, 127.3, 1379, 158.8, 171.2
(CO2CHyCH3). NOESY (cross signals) 3-H«<5-H. rel-(35,55,6R)-2f
[(+£)-trans-2f]. 6;; (600 MHz; CDCl3) 0.76 (3H, s, CH3),1.24(3H,t,/ 7.2 Hz,
CO,CH,CH3),1.48(3H, s,CH3),1.61 (3H, s, CH3), 2.32 (1H, ddd, ] 14.9, 5.6,
43 Hz,4-H), 2.58 (1H, ddd, ] 14.8,10.2, 3.1 Hz, 4-H), 3.14 (1H, dd, ] 10.2,
3.8Hz,3-H),3.80(3H,s,CH3),4.06—4.23 (2H, m, CO,CH,CH3),5.23 (1H,
dd, ] 5.8, 3.2 Hz, 5-H), 6.84 (2H, d, ] 8.7 Hz), 741 (2H, d, ] 9.0 Hz). i¢
(150 MHz; CDCl3) 14.1 (CO2CH2CH3), 25.7 (CH3), 30.1 (C4), 31.4 (CH3),
33.5(CHs),47.3(C3), 55.2 (CH3), 57.0(C5), 60.6 (COCH,CH3), 74.3 (C2),
76.2 (C6),113.1,127.5,136.9, 158.6, 172.8 (CO2CH,CH3).

4.3. 5-Bromo-2,2,6-trimethyl-6-phenyltetrahydropyran-3-
carboxylic acid (*)-(6)

To a solution of ethyl (5-bromo-2,2,6-trimethyl-6-phenyltet-
rahydropyran)-3-carboxylate (2e) [3.00 g, 8.79 mmol, 76/24-
mixture of rel-(3R,55,6R)/rel-(35,55,6R) isomers] in dimethoxy-
ethane (120 mL) was added a solution of LiOHxH;0 (5.94 g,
142 mmol) in H,0 (180 mL). The reaction mixture was stirred for
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48—72 h at 20 °C until the starting material was completely con-
sumed (TLC). The solution was acidified (pH 2) with aqueous HCl
[37%, (w/w)] and extracted with CH,Cl, (640 mL, 3x500 mL).
Combined organic extractions were dried (MgSO4) and concen-
trated under reduced pressure. The residue was dried at 20 °C/
5x10~2 mbar to provide carboxylic acid (+)-(6). Yield: 2.67 g (93%),
tan solid, 76/24-mixture of rel-(3R,55,6R)/rel-(35,55,6R) isomers. »
(NaCl) 3463 cm™ 1 3046, 2912, 2361, 1689, 1299. Recrystallization of
the sample from H,0/acetone furnishes (+)-cis-6. Colorless crystals,
mp 147—148 °C (dec). rel-(3R,55,6R)-6 [(+)-cis-6]. iy (250 MHz;
CDCl3) 1.46 (3H, s, CH3), 1.53 (3H, 5, CH3), 1.89 (3H, 5, CH3), 2.44 (1H,
dt, Jq 13.1,J; 3.8 Hz, 4-H), 2.70 (1H, q, J 13.1 Hz, 4-H), 2.89 (1H, dd, J
13.1,3.8 Hz, 3-H),4.04 (1H, dd, J 13.1, 3.8 Hz, 5-H), 7.26—-7.36 (3H, m),
7.59-7.62 (2H, m). é¢c (63 MHz; CDCl3) 20.7 (CH3), 24.6 (CH3), 31.4
(C4),32.0(CH3),53.7(C3),56.7(C5),74.2(C2),78.5(C6),125.1,127.6,
128.0, 145.5, 176.6 (CO>H). The spectroscopic properties were con-
sistent with those specified above. Anal. Calcd for CisH9BrOs
(327.22): C, 55.06; H, 5.85; found: C, 54.95; H, 5.90. rel-(35,55,6R)-6
|(£)-trans-6). 64 (250 MHz; CDCl3) 1.11 (3H, 5, CH3), 1.48 (3H, s, CH3),
1.62 (3H, s, CH3), 2.29-2.36 (1H, m, 4-H), 2.41-2.48 (1H, m, 4-H),
2.81(1H, t,] 6.3 Hz, 3-H), 4.02 (1H, dd, J 7.1, 3.8 Hz, 5-H), 7.26-7.36
(m, 3H), 7.64-7.67 (m, 2H). éc (63 MHz; CDCl3) 27.3 (CH3), 28.2
(CH3), 28.3 (C4), 28.6 (CH3), 47.4 (C3), 56.7 (C5), 73.7 (C2), 77.2 (C6),
126.0,126.9, 127.9, 144.7,175.8 (COzH).

4.4. 3,5-Dibromo-2,6,6-trimethyl-2-phenyltetrahydropyran
(£)-(8)

An amber colored flask was charged with a solution of 5-bromo-
2,2 6-trimethyl-6-phenyltetrahydropyran-3-carboxylic acid (+)-(6)
[1.82 g, 5.56 mmol, 76/24-mixture of rel-(3R,5S,6R)[rel-(35,55,6R)
isomers] and N-hydroxypyridine-2(1H)-thione (PTOH, 742 mg,
5.82 mmol) in dry CH2Clz (30 mL) and treated at 0 °C in a dropwise
manner over a period of 30 min with a solution of diisopropyl car-
bodiimide (DIC, 735 mg, 5.82 mmol) in dry CH>Cly (25 mL). Stirring
was continued for 2 h at 0 °C and 20 h at 20 °C. The solvent was re-
moved under reduced pressure. The residue was taken up in Et;0. The
solids were removed by filtration and successively washed with small
portions of Et;0. Combined filtrate and washings were concentrated
under reduced pressure. The remaining yellow oil [2.61 g, composed
predominantly ("H HMR) of an 76/24-mixture of (+)-cis/(+)-trans-8;
Supplementary data] was dissolved in dry CgHg (45 mL). BrCCl3
(3.96 g, 20.0 mmol) was added and the solution purged with a gentle
stream of argon (15 min). The yellow solution was photolyzed under
an atmosphere of argon using tungsten light (250 W bulb) until de-
colorization had occurred (1-5 min). The solution was concentrated
under reduced pressure to leave an oil that was purified by chro-
matography [petroleum ether/Et;0=10:1 (v/v)]. Yield: 1.05 g [52%
from acid (+)-6], colorless oil, 50/50-mixture of rel-(2R,35,55)/rel-
(2R,3S5,5R) isomers. Anal. Caled for Ci4H1gBr20 (362.10): C, 46.44; H,
5.01; found: C, 46.89; H 5.08. rel-(2R,35,5R)-8 |(=)-cis-8]. Colorless
solid, mp 81-82 °C (Et;0/CH,Clz). R=0.62 for petroleum ether/
Et;0=10:1 (v/v). 6y (600 MHz; CDCl3) 1.46 (3H, s, CH3), 1.58 (3H, s,
CH3),1.89 (3H, 5, CH3), 2.73 (1H, dt, J4=13.3, Ji=4.2, 4-H), 2.82 (1H, dt,
J4=13.3,J=12.7,4-H),4.08 (1H, dd,] 12.1,4.9 Hz, 3-H or 5-H), 4.08 ( 1H,
dd, J 11.0, 4.5 Hz, 3-H or 5-H), 7.26—7.30 (m, 1H), 7.33—7.36 (m, 2H),
7.58—=7.60 (m, 2H). dc (151 MHz; CDCl3) 20.9 (CH3), 23.9 (CH3),
30.8 (CH3), 39.3 (C4), 54.5 (C5), 55.9 (€3), 76.9 (C6), 79.1 (C2), 125.9,
127.7, 128.0, 145.1. X-ray crystallography: Cj4HisBr,0 (362.10),
T=300(2) K, 2=0.71073 A, triclinic, P1, a=8.686(1) A, b=9.311(1) A,
c=10.428(1) A, a=106.95(1), B=11032(1)°, y=9817(1)F, Z=2,
1=5.550 mm~, completeness 97.8%, (20=52.76°), goodness-of-fit on
F?=0.741, final R indices [I>2a(I)]: R1=0.0329, wR2=0.0610. rel-
(2R,35,55)-8 [(+)-trans-8]. Colorless oil. R—=0.73 for petroleum ether/
diethyl ether=10:1 (v/v). 1 (250 MHz; CDCl3) 1.07 (3H, s, CHs), 1.50
(3H, s, CH3), 1.70 (3H, s, CH3), 2.72—2.79 (2H, m, 4-H), 4.54 (1H, dd,

7.0, 4.9 Hz, 5-H), 5.03 (1H, dd, ] 6.7, 4.6 Hz, 3-H), 7.24-7.38 (m, 3H),
7.52—7.57 (m, 2H). éc (63 MHz; CDCl3) 27.8 (CH3), 29.2 (CH3), 30.5
(CH3), 38.0 (C4), 56.4 (C5), 56.8 (C3), 76.2 (C6), 77.2 (C2), 126.3,127.5,
128.0, 144.6. X-ray crystallography: crystals suitable for X-ray dif-
fraction separated from a solution of CDCl; on standing at 20 °C;
C1aH1Br20 (362.10), T=299(2) K, 1=0.71073 A, monoclinic, C2/c,
a=24.042(5) A, b=7519(1) A, c=15.951(3) A, $=93.01(2), Z=8,
u=5.613 mm~ 1 completeness 99.9%, (26=51.92°), goodness-of-fit on
F=0.997, final R indices [I>20(I)]: R1=0.0432, wR2=0.1074.

4.5. Methyl tetrahydropyrancarboxylates from
phenyltetrahydropyrans

4.5.1. General method. Diasterically pure 3,5-dibromo-2,6,6-
trimethyl-2-phenyltetrahydropyran (+)-(7) (362 mg, 1.0 mmol;
Section 4.4) was added to a two-phase system composed of CCly
(4 mL), CH3CN (4 mL) and H20 (6 mL). NalO4 (3.41 g,15.0 mmol) and
RuCl;-H,0 (6 mg, 3 mol %) were added to afford a dark suspension
that was well agitated at 20 °C. Additional NalO4 (213 mg, 1.0 mmol)
and RuCly=xH;0 (0.5 mg) were added in two portions in 24 h in-
tervals. After a total reaction time of 72 h, CH»Cl (5 mL), and H,0
(2 mL) were added. The colorless precipitate formed was filtered off
using a small pad of cotton. The solids were washed with CH,Cl,
(10 mL). Combined filtrate and washings were poured into separa-
tion funnel. The organic phase was separated. The aqueous phase
was extracted with CH;Cl, (3x6 mL). The organic phase and com-
bined organic washings were dried (MgS04) and concentrated un-
der reduced pressure to furnish 302 mg of a dark oil that
predominantly consisted of the corresponding 3,5-dibromo-
2,6,6-trimethyltetrahydropyran-2-carboxylic (Supplementary data).
This product was dissolved in dry CHCly (2 mL) and MeOH
(25.7 mg, 0.80 mmol) and treated in a dropwise manner at 0 °C over
a period of 20 min with a solution of diisopropyl carbodiimide
(101 mg, 0.80 mmol) in dry CH3Cl; (2 mL). The reaction mixture was
stirred for 30 min at 0 °Cand 24 h at 20 °C. The solvent was removed
under reduced pressure to leave an oil that was purified by chro-
matography [petroleum ether/tert-butyl methyl ether=10:1 (v/v)].

4.5.2. Methyl rel-(2R,35,55)-3,5-dibromo-2,6,6-trimethyltetra-
hydropyran-2-carboxylate trans-(10). Yield: 117 mg [34% from
rel-(2R,35,55)-3,5-dibromo-2,6,6-trimethyl-2-
phenyltetrahydropyran trans-(8)], colorless solid, mp 103 °C
(CH2Cl2/Et20). Rp=0.44 for petroleum ether/tert-butyl methyl
ether=10:1 (v/v). 6y (600 MHz; CDCls) 1.28 (3H, s, CH3), 1.43 (3H,
s, CH3), 1.50 (3H, s, CH3), 2.55 (1H, dt, Jg 149, J; 3.5 Hz, 4-H),
2.83 (1H, ddd, J 14.9, 12.7, 3.5 Hz, 4-H), 3.76 (3H, s, CO,CH3), 4.50
(1H, dd, J 12.7, 3.5 Hz, 5-H), 4.85 (1H, t, J 3.5 Hz, 3-H). 6c
(151 MHz; CDCl3) 20.1 (CH3), 29.5 (CH3), 29.6 (CH3), 38.0 (C4),
52.0 (C3), 52.5 (CO2CH3), 56.1 (C5), 76.4 (C2), 77.9 (C6), 173.2
(CO5CH3). IR (KBr) » 3015 cm ™!, 3001, 2950, 1740, 1289, 1227, 1108.
Anal. Calcd for CygHyBr20; (344.05): C, 34.91; H, 4.69; found: C,
34.94; H, 4.64. X-ray crystallography: CyoH;6Br202, T=300(2) K,
4=0.71073 A, monoclinic, P2,/c, a=6.6095(7) A, b=22.789(2) A,
c=8.6366(8) A, =104.145(9)°, Z=4, u=6.413 mm™', completeness
99.7%, (20=52.76°), goodness-of-fit on F>=0. 756, final R indices
[I>20(1)]: R1=0.0283, wR2=0.0512.

4.5.3. Methyl rel-(2R,35,5R)-3,5-dibromo-2,6,6-trimethyltetr-
ahydropyran-2-carboxylate cis-(10). Yield: 127 mg [36% from rel-
(2R,35,5R)-3,5-dibromo-2,6,6-trimethyl-2-phenyltetrahydropyran
cis-(8)], colorless solid, mp 72 °C (CHzClz/Et20). R=0.42 from pe-
troleum ether/tert-butyl methyl ether=10:1 (v/v). éy (250 MHz;
CDCl3) 1.35(3H, s, CH3), 1.48 (3H, s, CH3), 1.70 (3H, 5, CH3), 2.64 (1H,
ddd, J13.4,12.5 Hz,12.3 Hz, 4-H), 2.68 (1H, dt, J4 13.4, J; 4.6 Hz, 4-H),
3.77(3H, s, CO,CH3), 3.98 (1H, dd, ] 12.3, 4.6 Hz, 5-H), 4.56 (1H, dd, J
12.5, 4.7 Hz, 3-H). é¢ (151 MHz; CDCl3) 19.8 (CH3), 23.5 (CH3), 30.1



64 4 KONTROLLE VON 6-ENDO-SELEKTIVITATEN IN OXIDATIVEN BROMCYCLISIERUNGEN

0. Briicher et al. / Tetrahedron 68 (2012) 6968—6980 6979

(CH3), 37.6 (C4), 47.8 (C3), 53.0 (CO2CH3), 53.5 (C5), 77.5 (C6), 80.0
(€2), 170.7 (CO2CH3). IR (KBr) » 3015 cm™", 3001, 2950, 1740, 1289,
1227, 1108. Anal. Calcd for CioH16Br20> (344.05): C, 34.91; H, 4.69;
found: C, 35.32; H, 4.48. X-ray crystallography: CioHgBr203,
T=296(2) K, 1=0.71069 A, monoclinic, P2/c, a=10.805(2) A,
b=9.008(2) A, c=13.198(3) A, $=100.02(2)°, Z=4, u=6.395 mm ",
completeness 100.0%, (26=52.74°), goodness-of-fit on F>=0. 916,
final R indices [I=2a(I)]: R1=0.0407, wR2=0.0912.

4.6. Aplysiapyranoids

4.6.1. General method. A solution of methyl 3,5-dibromo-2,6,6-
trimethyltetrahydropyran-2-carboxylate (10) (91 mg, 0.27 mmol)
in CH3Cl5 (1.5 mL) was cooled to —78 °C in an atmosphere of argon. A
solution of diisobutylaluminumhydride (DIBAH; 290 pL, 1 M in
CHyCly, 0.29 mmol) was added at that temperature in a dropwise
manner. The reaction mixture was stirred at —78 °C for 3 h and then
treated with satd. aqueous NH4Cl (0.5 mL) at —70 °C and sub-
sequently with aqueous HCI [0.5 mL, 4% (w/w)]. The reaction mix-
ture was allowed to warm to 0 °C (ice bath) and then to 20 °C.
Dichloromethane (0.5 mL) and H0 (0.5 mL) were added. The or-
ganic phase was separated and the aqueous phase extracted with
CHyCl; (3% 1.5 mL). Combined organic layer and extracts were dried
(MgS04) and concentrated under reduced pressure, to furnish 79 mg
(0.15 mmol) of crude 3,5-dibromo-2,6,6-trimethyltetrahydropyran-
2-carbaldehyde (Supplementary data). A solution of this material in
dry THF (0.5 mL) was added at 20 °C to a purple slurry obtained from
anhydrous CrCl; (110 mg, 0.90 mmol) and CHCl3 (29 pL, 0.33 mmol)
in dry THF (1.5 mL) at 65 °C (oil bath). The reaction mixture was
heated under reflux for 5 h. Diethyl ether (7 mL) and H,0 (5 mL)
were added at 20 °C and the phases separated. The aqueous phase
was extracted with Et;0 (3 x4 mL). The combined organic phase and
extracts were dried (MgSO4) and concentrated under reduced
pressure to leave a residue that was purified by chromatography
[SiOs, petroleum ether/diethyl ether=15:1 (v/v)].

4.6.2. Aplysiapyranoid A. From methyl rel-(2R,35,55)-3,5-dibromo-
2,6,6-trimethyltetrahydropyran-2-carboxylate trans-(10) (68 mg,
0.20 mmol), DIBAH (220 pL, 1 M in CHaCl, 0.22 mmol) in CHaCl,
(1.5 mL) according to the general method provided 46 mg (ap-
proximately 0.13 mmol) of crude carbaldehyde that was treated
with CrCls (93 mg, 0.76 mmol) and CHCl; (25 uL, 0.28 mmol) in dry
THF (2 mL) as described in Section 4.6.1. Yield: 23 mg (33%), yel-
lowish oil. R=0.71 for petroleum ether/diethyl ether=15:1 (v/v). éy
(400 MHz; CDCl3) 1.38 (3H, s, CH3), 1.43 (6H, s, CH3), 2.61—2.68 (2H,
m,4-H),4.39(1H, dd,] 7.8, 5.0 Hz, 5-H), 4.47 (1H, dd, ] 6.2, 4.0 Hz, 3-
H), 6.14 (1-H, d, J 13.8 Hz, CHy=CHCl), 6.18 (1H, d, J 13.8 Hz, CHy=
CHCI). é¢ (101 MHz; CDCl3) 27.3 (CH3), 28.7 (CH3), 29.0 (CH3), 37.3
(C4), 54.6 (C3 or C5), 55.1 (C3 or C5), 75.8 (C6), 76.0 (C2), 118.4
(CHo=CHCI), 138.4 (CH,=CHCI).

4.6.3. 5-epi-Aplysiapyranoid A. From methyl rel-(2R,35,5R)-3,5-
dibromo-2,6,6-trimethyltetrahydropyran-2-carboxylate cis-(9)
(91 mg, 0.27 mmol). Yield: 21 mg (22%), yellow oil. R=0.80 for
petroleum ether/diethyl ether=15:1 (v/v). éy (400 MHz; CDCl3)
1.36 (3H, s, CH3), 1.47 (3H, s, CH3), 1.53 (3H, s, CH3), 2.59-2.70 (2H,
m, 4-H), 3.84-3.91 (2H, m, 3-H, 5-H), 6.09 (1H, d, J 13.1 Hz, CHy=
CHCI), 6.29 (1H, d, ] 13.1 Hz, CH>=CHCl). é¢c (101 MHz; CDCl3) 22.1
(CH3), 23.3 (CH3), 30.4 (CH3), 38.3 (C4), 52.8 (C3 or C5), 53.9 (C3 or
C5), 76.8 (C2), 771 (C6), 119.9 (CHy=CHCI), 137.8 (CH>=CHCI).
HRMS: [M*—Cl] calcd 308.9489, found 308.9484.

Crystallographic data (excluding structure factors) for the
structures in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication [CCDC
859064 (cis-3d), CCDC 753370 (cis-8), CCDC 753369 (trans-8), CCDC
753371 (cis-10), CCDC 753373 (trans-10)]. Copies of the data can be

obtained, free of charge, on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK, (fax: +44-(0)1223-336033 or e-mail:
deposit@ccdc.cam.ac.uk).
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5  Entwicklung und Anwendung von Methoden zur oxidativen

Chlorcyclisierung substituierter 4-Pentenole

5.1 Zusammenfassung

Mit der vorliegenden Studie konnte gezeigt werden, dass die katalytische Oxidation von
Chlorid in wasserfreien, organischen Medien unter milden und nachhaltigen Bedingungen
moglich ist. Die erzeugten elektrophilen Chlorierungsdquivalente lieBen sich zur Chlor-
cyclisierung substituierter 4-Pentenole in Ausbeuten von bis zu 80 % nutzen, wobei die erhaltenen
Selektivititen auf einen Chloroniumionen-Mechanismus hinweisen. Die entwickelte Prozedur
nutzt Molybdan(VI)- und Titan(IV)-Komplexe zur Aktivierung von fert-Butylhydroperoxid in
Losungen von Dimethylcarbonat bei Temperaturen von 20-40 °C. Dabei dient Pyridinium-
hydrochlorid (py-HCI) als Quelle fiir Chloridionen und fiir Protonen. Die Ubergangsmetall-
katalysierte Methode zur Chloridoxidation wurde zusétzlich durch ein stochiometrisches
Verfahren ergédnzt, welches Kaliumhydrogenperoxomonosulfat als Oxidans und Sdurequelle nutzt,
um Kaliumchlorid in Dimethylcarbonat zu oxidieren. Die entwickelten Methoden eignen sich
ferner zur Chlorierung von Alkanen, aktivierten Aromaten sowie allylischer C,H-Bindungen und
fanden Anwendung in einer modifizierten Synthese des Naturstoffs (£)-Rosenoxid aus Citronellol.
In allen Umsetzungen beobachtete Selektivititen deuten gemeinsam auf molekulares Chlor als

aktives Chlorierungsreagenz hin.

5.2 Wissenschaftlicher Hintergrund, Zielsetzung und Strategie

Chlorcyclisierungsreaktionen substituierter 4-Pentenole sind in der Literatur weitgehend
unbekannt. Die wenigen existierenden Beispiele beschreiben Umsetzungen Methyl-substituierter
4-Pentenolsubstrate mit stochiometrischen Reagenzien, wie fert-Butyl- oder para-Nitrobenzol-
sulfonylhypochlorit, welche die chlorierten O-Heterocyclen meist nur in niedrigen Ausbeuten
liefern.!™®! Fiir kiinftige Anwendungen oxidativer Chlorcyclisierungen in der Synthese B-
chlorierter O-Heterocyclen sollte in der vorliegenden Arbeit ein Chloroperoxidase-analoges
Verfahren zur in situ-Generierung elektrophiler Chlorierungsreagenzien entwickelt werden,
welches unter milden Bedingungen in wasserfreien Medien operiert. Die derzeit vorhandenen
Chloroperoxidase-Modellsysteme zur oxidativen Chlorierung organischer Substrate nutzen
Ubergangsmetall-Komplexe mit Molybdén-, Eisen- oder Vanadium-Zentren in organisch-
wissrigen Medien unter stark sauren Bedingungen und/oder hohen Temperaturen.”® Dabei

werden lediglich Chlorierungen elektronenreicher Aromaten beschrieben, wohingegen
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Umsetzungen mit anspruchsvolleren Substraten, wie etwa C,C-Doppelbindungen, bis dato
weitgehend unberiicksichtigt blieben. Aufbauend auf den in Kapitel 3 und 4 vorgestellten
Vanadium(V)-katalysierten Verfahren zur oxidativen Bromierungm[g] sollten daher praktikable
Methoden zur Durchfiihrung von oxidativen Chlorcyclisierungen substituierter 4-Pentenole unter
dhnlich milden Bedingungen ausgearbeitet werden. Bei der Wahl der Reagenzien und
Reaktionsparameter fiir die moglichst universell einsetzbaren Chloroperoxidase-Modellsysteme
sollten die in Bromidoxidationsverfahren gesammelten Erfahrungen beriicksichtigt werden.
Erkenntnisse einer friiheren Studie® und orientierende Vorexperimente deuteten jedoch darauf
hin, dass die in der oxidativen Bromierung verwendeten Vanadium(V)-Katalysatoren
VO(L')(OEt) eine Oxidation von Chlorid unter diesen Reaktionsbedingungen nicht mit
ausreichender Geschwindigkeit katalysieren konnen und somit auf alternative Metallzentren

zurlickgegriffen werden miisste.

Parallel zu der Untersuchung Ubergangsmetall-katalysierter Chloridoxidationen sollte
ferner eine Methode evaluiert werden, welche das Tripelsalz 2KHSOs-KHSO4:K,SO4 (Oxone®)
und Kaliumchlorid zur Erzeugung elektrophiler Chlorierungsreagenzien nutzt. Das beschriebene
Verfahren wurde bereits zur Chlorierung elektronenreicher Aromaten in einer wasserfreien

Loésung von Acetonitril eingesetzt,!'”

weshalb es sich prinzipiell auch fiir die Durchfiihrung von
Chlorcyclisierungen eignen konnte. Die Resultate oxidativer Chlorierungsexperimente mit
ausgewdhlten Substraten sollten dariiber hinaus wichtige Hinweise auf die Natur des

selektivitdtsbestimmenden Chlorierungsreagenzes liefern.

Aus dem Stand der Forschung zur oxidativen Chlorierung ergaben sich damit fiir das

vorliegende Projekt folgende Aufgaben und Zielsetzungen:

e Entwicklung eines wirkungsvollen Protokolls zur Ubergangsmetall-katalysierten
oxidativen Chlorcyclisierung von 4-Pentenolen in wasserfreien organischen Medien fiir

die Darstellung -chlorierter O-Heterocyclen mit Bezug zur Naturstoffchemie.

e Evaluierung und Weiterentwicklung der Chloridoxidation mit Kaliumhydrogen-

peroxomonosulfat (Salz-Methode) zur Chlorcyclisierung substituierter 4-Pentenole.

e  Untersuchung der Reaktivitét generierter Chlorierungsreagenzien bei der Umsetzung von
Alkanen, Alkenen und Aromaten zur Ermittlung der Anwendungsbreite der Methode und
Identifikation des selektivitdtsbestimmenden Chlorierungsreagenzes anhand mecha-

nistischer Untersuchungen.
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5.3 Ergebnisse und Diskussion

5.3.1 Methodenevaluierung und Chlorcyclisierung substituierter 4-Pentenole

Fiir die Ermittlung einer geeigneten Kombination aus Ubergangsmetall-Katalysator,
Losungsmittel, Protonenquelle und Chloridquelle zur Verwendung mit fert-Butylhydroperoxid
als Primiroxidans wurden zahlreiche Vorexperimente mit entsprechenden Reagenzien durch-
gefiihrt. Dabei zeigten die kommerziell erhéltliche Molybdan(VI)-Verbindung MoOs(acac);
sowie drei weitere unabhingig synthetisierte Molybdin-Komplexe MoO(L"%#) hohe
katalytische Aktivititen bei Verwendung von Pyridintumhydrochlorid (py-HCl) und fert-
Butylhydroperoxid in einer Losung von Acetonitril. Die Synthese der bekannten Verbindung
MoO,(L)" und der neuen Molybdian(VI)-Komplexe MoO,(L* ) wurde in methanolischer
Losung bei Raumtemperatur durchgefiihrt und lieferte die Koordinationsverbindungen als

farblose bis gelbe Feststoffe in Ausbeuten von 68-96 % (Abb. 5.1).

MeOH / 20 °C
MoOy(acac), +  HoL" >  MoO,(L") (68-96 %)
— 2 Hacac
Ph Ph
N
@ANQ Ph—y A N"E-Ph PR
OH HO HO OH 6H | HO
H,L? H,L? H,L*

Abbildung 5.1 Synthese der Molybdian(VI)-Komplexe MoO»(L"%%) wund Strukturen

524 mit O,N,O—Donormotiv.[m[m

verwendeter Liganden H,L

Weiterhin fiel in den Screenings ein Titan(IV)-Komplex [TiL’(OEt),] auf, welcher die

Chloridoxidation schon bei 20 °C mit effektiver Geschwindigkeit katalysierte, wihrend die

Reaktionen mit Molybdan(VI)-Verbindungen erwartungsgemil3 erst ab 35-40 °C verwertbare
Umsatzraten zeigten (Abb. 5.2).
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EtOH/25°C

Ti(O'Pr), + TiL3(OEt), (97 %)

H,L?
Abbildung 5.2 Synthese des Titan(IV)-Komplexes TiL*(OEt), und Struktur von H,L* '

Die in den ersten Experimenten gefundenen Reaktivititen konnten durch den Einsatz von
Dimethylcarbonat als Solvens und durch wasserfreie Reaktionsfithrung unter Inertgas noch
weiter fiir Chlorcyclisierungen von 4-Pentenolen optimiert werden (Tabelle 5.1). Dabei wurde
hier in Abwesenheit des Ubergangsmetall-Komplexes, im Gegensatz zu Bromidoxidationen mit

Pyridiniumhydrobromid," keine oxidative Halogenierung beobachtet.

Tabelle 5.1 Oxidative Chlorcyclisierung 1-Phenyl-substituierter 4-Pentenole 91 und 9m

ﬂ " Pﬁ@j + ﬁ&
N DMC /T Cl
9 13 15

Fintrag 9 R MC1/ [O] [Kat]'  T/°C (cgt/r ;/;S) 15/%°
1 1 H  py-HCl/BuOOH - 40 - -
2 1 H pyHClI/BuOOH MoOs(acac), 40 74 (40:60) 13
3 1 H pyHCI/BuOOH MoOy L") 40 69 (42:58) 15
4 1 H pyHCI/BuOOH MoOyL%) 40  62(42:58) 29
5 1 H pyHCI/BuOOH MoOy L") 40  45(45:55) 18
6 1 H pyHClI/BuOOH TiL)(OEt), 20  62(41:59) 21
7 1 H KCl/KHSOs ¢ - 30 72(41:59) =
8 m CH; py-HCl/BuOOH  MoO,(L% 40 80 (38:62) 17
9 m CH; pyHCI//BuOOH TIL*(OEt), 20  67(35:65) 19
10 m CH;  KCI/KHSOs“ - 30 78 (41:59) 8

“ 5 mol%. ° 50/50-Mischung von Stereoisomeren. “ Nicht detektiert. 4 )KHSO5-KHSO,-K,SO,
(Oxone®).
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Die Ubergangsmetall-katalysierten oxidativen Chlorierungen 1-Phenyl-substituierter 4-
Pentenole 91 und 9m lieferten die PB-chlorierten Tetrahydrofurane 131 und 13m als cis/trans-
Gemische in Ausbeuten von 45-80 % zusammen mit 13—19 % der entsprechenden dichlorierten
Alkenole 151 und 15m. Die Umsetzungen unter Einsatz der alternativen Chloridoxidations-
methode mit Kaliumhydrogenperoxomonosulfat (Salz-Methode) zeigten unter Verwendung von
Dimethylcarbonat als Solvens dhnliche Ausbeuten von 72 % (fiir 131) und 78 % (fiir 13m) wie
das katalytische Verfahren. Die Salz-Methode zeichnete sich bei diesen beiden Substraten vor
allem dadurch aus, dass die Bildung von unerwiinschten acyclischen Dichloriden entweder ganz
unterdriickt oder deutlich vermindert wurde, was moglicherweise mit einer geringeren
Loslichkeit von KCl1 gegeniiber Pyridiniumhydrochlorid in Dimethylcarbonat zusammenhéngen
konnte. Bei den Umsetzungen der 5-Phenyl-substituierten Alkenole 9a und 9i, welche bereits in
Bromcyclisierungsreaktionen als Substrate dienten (vgl. Tabelle 3.3, S. 27 und Tabelle 4.3,
S. 45), wurden je nach Methode Gesamtausbeuten von 53—74 % erzielt, wobei keine Dichloride

gefunden wurden (Tabelle 5.2).

Tabelle 5.2 Chlorcyclisierung 5-Phenyl-substituierter 4-Pentenole 9a und 9i.

R! H MCI/[O]

Rl o R® 11.0_ _Ph
R1j/\o/Ri/ [Kat] g R1>QQ(CI * R
- 3 3 5
xPh Ph 2 cl
R2 DMC/T R? R i
9 13 14
13/ % 14/ %

. 1 2 3 a
Eintrag 9 R R R MCI/[O]/ [Kat]"/ T (cis:trans)  (cis:trans)

py-HCl / BuOOH

b .
1 a H H H MoOL(L / 40 °C _ 65 (< 2:98)
5 py-HCl/ tBuOOH b 1(<2:
a Ho O H o H TiL}(OEt), / 20 °C - 74 (< 2:98)
KCl/KHSOs © ) |
3 a H H H 430 0 _ 58 (< 2:98)
4 i Py HEL/BuOOH ) 5010y 7 (> 9822
1 CH; CO;Et CHjs MOOQ(L4)/4O oC ( : ) 7( : )
i CH; COEt CH py HCI/ BUOOH 4(90:10) 5 (>98:2
> i 3 COEt  CHs TiL(OEt), /20°c >+ 00100 5(>98:2)
KCl/KHSOs ©
6 i CH, CO.Et CHs T4 30 0 64 (93:7) 2 (>98:2)

“5 mol%. ”Nicht detektiert. ¢ 2KHSOs-KHSO,4-K,SO, (Oxone®). ¢ Ohne weiteren Katalysatorzusatz.
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Anhand der beobachteten Regio- und Stereoselektivititen des gesamten Satzes an
4-Pentenolen lassen sich Aussagen zum Reaktionsmechanismus der Chlorcyclisierung ableiten.
Der intramolekulare Angriff des Hydroxylsauerstoffs verlduft in allen Fillen an der hoéher
substituierten Position der Alkenoldoppelbindung. So fiihrt die Umsetzung von Substraten mit
terminaler Doppelbindung (91 und 9m) zu Tetrahydrofuranen und die oxidative Chlorierung der
5-Phenyl-substituierten Substrate 9a und 9i selektiv zur Bildung von Tetrahydropyran 14a und
Tetrahydrofuran 13i. Damit verlaufen die Chlorcyclisierungen analog zu den in Kapitel 4 (vgl. S.
42-46) herausgearbeiteten Faktoren zur Beschreibung von Regioselektivititen in Alkenol-
cyclisierungen, was fiir das Vorliegen eines polaren Mechanismus mit einer Chloroniumion-

Zwischenstufe spricht (Schema 5.1).

+
J~on e S :
' ' TR VY,
H H
9a trans-14a

Schema 5.1 Mechanistisches Modell zur Erklidrung von Regio- und Stereoselektivitit der

Chlorcyclisierung von Alkenol 9a.

Die selektive Bildung des trans-konfigurierten Tetrahydropyrans trans-14a kommt dabei
durch einen SN2-Typ Riickseitenangriff des Hydroxylsauerstoffs auf die geladene Dreiring-
Zwischenstufe zustande, bei dem die (£)-Konfiguration des Alkenolsubstrats 9a in die frans-
Konfiguration des Cyclisierungsproduktes iibertragen wird. Die vorherrschende 3,5-cis-
Konfiguration des Tetrahydrofuranprodukts 13i deutet ferner auf thermodynamische Kontrolle

des Reaktionsverlaufs hin, da es sich hierbei um das energieérmste Stereoisomer handelt.

Da die Natur des generierten Chlorierungsmittels aus den Experimenten zur
Chlorcyclisierung nicht genauer bestimmt werden konnte, wurden hierzu weitere Experimente
durchgefiihrt. Dabei lieferte die Umsetzung von Dimedon mit der Molybdén-katalysierten
Variante und der Salzmethode zur oxidativen Chlorierung 2,2-Dichlordimedon in Ausbeuten von
72 bzw. 64 %, was belegt, dass in beiden Verfahren eingesetzte Chloridionen zunichst in
elektrophile Reagenzien umgewandelt werden. Als mdgliche Chlorierungsmittel wurden dabei
hypochlorige Saure (HOCI), molekulares Chlor sowie andere mdglicherweise in situ generierte
Reagenzien wie fert-Butylhypochlorit in Betracht gezogen. Zur weiteren Eingrenzung wurden
daher Struktur-Reaktivitits-Studien mit ausgewéhlten Substraten durchgefiihrt (vgl. Kap. 5.3.2,
5.3.4und 5.3.5).
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5.3.2 Aromatenchlorierung

Zum Vergleich der neu entwickelten Methoden mit den wenigen bereits
literaturbekannten Verfahren zur Chloridoxidation wurden Umsetzungen Methoxy-substituierter
Aromaten untersucht. Anisol 16a lieferte dabei ortho- und para-Chlormethoxybenzol (17) in
Ausbeuten von 61 % fiir die Molybdén-katalysierte und 83 % fiir die Titan-katalysierte Reaktion
(nach 24 h), wobei die Umsétze in beiden Fillen der Stoffmenge an monochlorierten Produkten

17 entsprachen (Tabelle 5.3, Eintrdge 2 und 3).

Tabelle 5.3 Oxidative Chlorierung Methoxy-substituierter Benzolderivate 16a—c.

R! R2 MC[:(;[t]O] R! T R? R T R?
DMC/T ] ' Cl
OCH3 OCHj3 OCH3
16 17 18
Eintrag R R> 16 MC1/[0]/ [Kat]*/T 17/% 18/ %
1 H H a py-HC1/ BuOOH / — / 40 °C _b _b
2 H H a py-HC1/BuOOH /MoO,(L%)/40°C 61 (88:12)° - b
3 H H a  pyHCl/BuOOH/TiL*(OEt),/20 °C 83 (94:6)° —"
4 H H a KCl/KHSOs¢/—/30°C 32 (96:4)¢  -*
5 OCH; H b py-HCl/BuOOH/MoOy(L*)/40 °C 79 21
6 OCH; H b  py-HCl/BuOOH/TiL*(OEt),/20 °C 89 11
7 OCH; H b KCl/KHSOs¢/—/30°C 53 _
8 OCH; OCH; ¢  py-HCI/BuOOH/MoOy(L")/40 °C 78 21
9 OCH; OCH; ¢  py-HCI/BuOOH/TiL*(OEt),/20 °C 82 18
10 OCH; OCH; ¢ KCl/KHSOs¢/—/30°C 67 11

“5 mol%. " Nicht detektiert. © para/ortho-Verhiltnis. ‘2KHSOs-KHSO,4-K,SO, (Oxone®).

Die erfolgreiche Umsetzung des Substrats 16a deutet darauf hin, dass hypochlorige Saure
als selektivitdtsbestimmendes Chlorierungsreagenz hier keine zentrale Rolle spielt, da HOCI
unter neutralen Bedingungen nicht in der Lage ist Methoxybenzol (16a) am aromatischen Kern

[SI6] Die  Ubergangsmetall-katalysierten oxidativen Chlorierungen von 1,3-

zu chlorieren.
Dimethoxybenzol (16b) und 1,3,5-Trimethoxybenzol (16c¢) lieferten die einfach chlorierten
Verbindungen 17b und 17¢ in nahezu quantitativer Ausbeute, zusammen mit den entsprechend

zweifach chlorierten Produkten. (Tabelle 5.3, Eintrdge 5, 6, 8 und 9). Demgegeniiber verliefen
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die Chlorierungen mit der Salzmethode fiir alle aromatischen Substrate mit deutlich verminderter
Effizienz. Das elektronenreiche System 1,3,5-Trimethoxybenzol (16¢) wurde bereits in anderen
Arbeiten zur Bewertung von oxidativen Chlorierungen herangezogen und zeigte hier Ausbeuten
von 20-93 % in Umsetzungen mit Molybdéan(VI)-, Kupfer(Il)- oder Vanadium(V)-katalysierten

Chloridoxidationen.™ !

SI7) Die beschriebenen Methoden bendtigen dabei entweder erhdhte
Temperaturen (= 60 °C), starke Sduren und/oder grofe Reagenziiberschiisse um die
Chloridoxidation mit brauchbarer Geschwindigkeit ablaufen zu lassen. Die neu entwickelten
Molybdin- und Titan-katalysierten Verfahren erreichen demnach in dieser Reaktion bessere
Ausbeuten bei milderen Temperaturen und verwenden zudem weniger Chlorid- und

Protonenéquivalente.

5.3.3 Konkurrenzstudien von Chlorcyclisierung versus Aromatenchlorierung

In Ergidnzung zu Untersuchungen von Chlorcyclisierung und Aromatenchlorierung
bestand darliber hinaus das Interesse, die relative Reaktivitit der beiden Reaktionspfade zu
bestimmen, um den Verlauf der Chlorcyclisierungsreaktionen von Alkenolen mit elektronen-
reichen aromatischen Substituenten besser vorhersagen zu koénnen (vgl. Kap. 4.3.2). Als
Testsystem wurde die oxidative Chlorierung von 1-Phenyl-4-pentenol (91) in Gegenwart von
Methoxybenzol (16a), 1,3-Dimethoxybenzol (16b) oder 1,3,5-Trimethoxybenzol (16¢) gewihlt,
wobei das ausgearbeitete Verfahren zur Ubergangsmetall-katalysierten Chloridoxidation mit den
Komplexen MoOx(acac),, MoO,(L*) und TiL*(OEt), zur Anwendung kommen sollte. Die
Substrate wurden dabei in 10-fachem Uberschuss zur theoretisch vorhandenen Menge
generierter Chlorierungsreagenzien eingesetzt um sicherzustellen, dass die Konkurrenz-
reaktionen unter Bedingungen pseudo-erster Ordnung verliefen. Die Reaktion des Alkenols 91 in
Gegenwart von 1,3-Dimethoxybenzol (16b) oder 1,3,5-Trimethoxybenzol (16c¢) fiihrte, auch bei
Anwendung eines 10- oder 50-fachen Uberschusses an Alkenolsubstrat zu einer kompletten
Umsetzung aktivierter Aromaten, jedoch zu keiner Bildung des chlorierten Tetrahydrofurans 101.
Die Verwendung von Anisol 16a bewirkte eine Inversion der Chemoselektivitit, so dass bei
dquimolarem Einsatz von Alkenol und Aromat lediglich die Chlorcyclisierungsprodukte
gefunden wurden. Durch Erhohung der Anisolkonzentration auf das 10-, 50- und 100-fache
gelang es jedoch, analytisch aussagekriftige Mengen beider Chlorierungsprodukte zu erhalten.
Die Produktverhéltnisse wurden nach Gleichung 1 mit denjenigen eingesetzter Substrate linear
korreliert und die relative Geschwindigkeitskonstante K= k' 12 des Konkurrenzsystems aus der

Geradensteigung abgeleitet (Schema 5.2).
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9l ph_ O
i ) o _non |
[7a] 4
MCI/[O] 101
DMC |
k
16a HsCO |
17a
101 1l
[1on = k—L (Gleichung 1)
[17a] K2 [16a] [o1]

[16a]

Schema 5.2 Konkurrenzstudie zur Bestimmung relativer Reaktivitdten der Chlorcyclisierung

von Alkenol 91 und der Chlorierung von Anisol 16a.

Die fiir die verschiedenen Katalysatoren resultierenden Werte fiir & variierten in einem
Bereich zwischen 500 und 600, was belegt, dass die Tendenz zur Chlorierung eines schwach
aktivierten Aromaten in Gegenwart eines 4-Pentenol-Substrates duBerst gering ist und somit

nicht mit der Chlorcyclisierung interagieren sollte.

5.3.4 Radikalische Alkanchlorierung

Die radikalische Chlorierung von 2,3-Dimethylbutan (19) ist ein hiufig durchgefiihrtes
Experiment zur Bewertung der chemischen Natur eines Chlorierungsreagenzes anhand der

(18211 Bej der Reaktion werden aliphatische Wasserstoffatome in

entstehenden Produktverteilung.
homolytischer Substitution gegen Chloratome ausgetauscht, wobei tertidre Wasserstoft-
Kohlenstoff-Bindungen reaktiver als primire sind. Unter Einbezug der statistisch verfiigbaren
Reaktionspositionen leitet sich aus dem Verhiltnis der gebildeten Produkte 20a und 20b der
partielle Geschwindigkeitsfaktor der homolytischen Substitution f' = f ‘" / 7™ ab, welcher
sowohl von der Temperatur als auch vom Lsungsmittel abhingig ist.*?! Da die untersuchten
Molybdin-Komplexe MoO,(L"**) und der Titan-Komplex TiL’(OEt), in 2,3-Dimethylbutan
(19) kaum loslich waren, wurde dem Reaktionsgemisch Dimethylcarbonat oder Acetonitril
zugesetzt. Die Bestrahlung einer homogenen Losung aus Pyridiniumhydrochlorid, tert-
Butylhydroperoxid und dem Ephedrin-abgeleiteten Molybdin-Komplex MoO,(L*) in 2,3-
Dimethylbutan (19) und Dimethylcarbonat mit einer Wolfram-Lampe bei einer Temperatur von

40 °C lieferte 2-Chlor-2,3-dimethylbutan (20a) und 2-Chlormethyl-3-methylbutan (20b) in einer

Gesamtausbeute von 52% (Tabelle 5.4, Eintrag 1). Aus dem experimentell bestimmten
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Isomerenverhéltnis von 27:73 ergab sich ein partieller Geschwindigkeitsfaktor von f'= 2.2, was
bedeutet, dass die Substitution fiir tertiire C,H-Bindungen in 2,3-Dimethylbutan (19) unter den
gewdhlten Bedingungen 2.2-mal rascher erfolgte als fiir primédre. Bei einem Wechsel des
Losungsmittels von Dimethylcarbonat zu Acetonitril, unter ansonsten unveranderten Reaktions-
bedingungen, betrug der Faktor /= 2.8 (Tabelle 5.4, Eintrag 2). Das Salzverfahren lieferte fiir die
Reaktion in Dimethylcarbonat einen &hnlichen Wert von f = 2.3 (Tabelle 5.4, Eintrag 4). Die
genannten Reaktionen liefen ebenfalls unter dem Ausschluss von Licht ab, wobei zwar die
gefundenen Gesamtausbeuten von 20a und 20b geringfiigig variierten, jedoch die
Isomerenverhdltnisse und damit die relativen Reaktivititen praktisch unverdndert blieben

(Tabelle 5.4, Eintrag 3 und 4).

Tabelle 5.4 Selektivititen der radikalischen Chlorierung von 2,3-Dimethylbutan (19).

[Cl] cl cl

e L X
40 °C

19 20a 20b

Eintrag [CI] 20/%“ 20a/20b [l primt
1 py-HCl/ BuOOH / MoO,(L*) /DMC / hv 52 (26)  27/73 2.2
2 py-HCI/BuOOH /MoOy(L*) /CH;CN/hv 77(39) 31/69 2.8
3 py-HCl/ BuOOH / MoO»(L¥)/DMC ~ 72(36)  32/68 2.7
4 KCl/KHSOs ¢/ DMC 69 (34) 28/72 2.3

“ Ausbeute bzgl. 19 (Ausbeute bzgl. Chlorid). ’ Partielle Geschwindigkeitsfaktoren fiir die
Chlorierung von tertidren gegeniiber primaren C,H-Bindungen in 19. © 2KHSOs-KHSO4-K,SO,
(Oxone®).

Die gemessenen Werte fiir die partiellen Geschwindigkeitsfaktoren sind vergleichbar mit
dem Referenzwert fiir die Chlorierung von 2,3-Dimethylbutan mit molekularem Chlor unter
Bedingungen einer Radikalkettenreaktion, welcher in fliissiger Phase bei 40 °C ohne Zusatz

t.2% Als denkbare Alternative zu molekularem Chlor kénnte in

weiterer Losungsmittel 3.9 betrig
einer vorgelagerten Reaktion aus tert-Butanol und dem primér generierten Chlorierungsmittel
tert-Butylhypochlorit gebildet werden, welches jedoch mit einem Selektivititsfaktor von f'= 44
(fiir 40 °C) einen deutlich hoheren Referenzwert als die hier beobachteten Reaktionen
aufweist.'”?! Da hypochlorige Séure als priméres Chlorierungsreagenz bereits in Kapitel 5.3.2
ausgeschlossen werden konnte und die ermittelten Werte von f fiir beide Verfahren im Bereich

des Referenzwerts flir homolytisch erzeugte Chlorradikale liegen, sind die in bisherigen
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Umsetzungen beobachteten Selektivititen mit hoher Wahrscheinlichkeit auf molekulares Chlor

zuriickzufiihren.

5.3.5 Allylische Chlorierung ungesittigter Naturstoffe

Neben 1,2-Additionen iiber einen Chloroniumionen-Mechanismus reagieren vor allem
Alkyl-substituierte C,C-Doppelbindungen mit Chlorierungsmitteln unter Wasserstoff-Chlor-
Austausch in Allylstellung.**?% Diese Reaktion ist besonders interessant, da sie Parallelen mit
der bekannten Schenck-En-Reaktion aufweist. Im Verlauf dieser konzertierten Reaktion greift
ein Singulett-Sauerstoff-Molekiil das Kohlenstoffatom einer C,C-Doppelbindung an, wobei
gleichzeitig ein allylischer Wasserstoff abstrahiert wird und es zu einer 1,2-Verschiebung der

t.2721 Zur Untersuchung

Doppelbindung unter Ausbildung eines Allylhydroperoxids komm
dieser Reaktivitit wurden die ungesittigten Naturstoffe Nerol und Citronellol als Substrate
ausgewdhlt und in einer Molybdén-katalysierten oxidativen Chlorierung mit MoOy(L?)
umgesetzt. Die Chlorierung von Nerol lieferte in der Hauptreaktion die Produkte einer einfachen
(21) und einer zweifachen (22a/b) allylischen Chlorierung (Tabelle 5.5).°”) Des Weiteren konnte
nach sdulenchromatographischer Aufarbeitung auch das Produkt 23 einer 8-endo-trig
Chlorcyclisierung identifiziert werden, welches bereits als Bromderivat nach einer
biomimetischen Bromierungsreaktion von Nerol durch Butler ef al. isoliert werden konnte.*!!
Ahnliche B-halogenierte Oxocin-Strukturen sind auch in verschiedenen marinen Naturstoffen zu

ﬁnden.m]m

) In einem Folgeexperiment gelang es die Ausbeute dieses Tetrahydro-2H-oxocin-
Derivats 23 durch langsame Zugabe von Pyridintumhydrochlorid und fert-Butylhydroperoxid

von 1 % auf 16 % zu steigern (Tabelle 5.5, Eintrag 2).
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Tabelle 5.5 Produkte der oxidativen Chlorierung von Nerol.®”

MoOy(L)kat.
M py-HCI/ tBuOOH M + MCI
DMC /40 °C
OH ¢! OH c OH
Nerol 21 22a
0]
Cl OH Cl
22b 23
Eintrag Methode 21/% 22/% (22a/22b) 23/ %
1 py-HCl1/tBuOOH / MoOz(L4) /40 °C 66 21 (78:22) 1
2 py-HCl1/ tBuOOH / MoOz(L4) /40°C* 50 4 (>98:2) 16

“ Langsame Zugabe einer Losung von py-HCI und tBuOOH in MeCN.

Die Chlorierung von Citronellol mit TiL*(OEt)2 als Katalysator lieferte ebenfalls das
Produkt einer allylischen Monosubstitution in einer Ausbeute von 70 %.°* Die Verbindung 24
ist das Zwischenprodukt einer literaturbekannten Synthese von (+)-Rosenoxid, in welcher der
Naturstoff nach HCI-Eliminierung und anschlieBender Saure-katalysierter Cyclisierung erhalten
wird (Schema 5.3).°" In Anlehnung an diese Darstellung wurde die nach der oxidativen
Chlorierung gewonnene Reaktionsmischung konzentriert, mit einer Losung von Kalium-fert-
butanolat in Ethanol erhitzt und nach Abkiihlung und Zugabe von 2M H,SO,4 geriihrt. Auf diese
Weise konnte (+)-Rosenoxid in einer Eintopfsynthese mit einem cis/frans-Verhéltnis von 84:16

in einer Gesamtausbeute von 43 % erhalten werden.

TiL*(OEb) kat, 1. KOtBu / EtOH
OH  py-HCI/ tBUOOH OH 120 °C 43 %
- > Cl > (3 Schritte)
| DMC / 40 °C 2. H,S0, (2Mm) | O"  cis:itrans 84:16
y 20 °C
Citronellol 24 (+)-Rosenoxid

Schema 5.3 Eintopfsynthese von (#)-Rosenoxid aus Citronellol durch eine Sequenz aus

allylischer Chlorierung, HCI-Eliminierung und Séure-katalysierter Umlagerung.
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5.4 Ausblick

In der vorliegenden Arbeit konnten Verfahren prisentiert werden, in welchen sich in situ
dargestellte Chlorierungsdquivalente zur Chlorcyclisierung substituierter 4-Pentenole sowie zur
Chlorierung aktivierter Aromaten, Alkane und weiterer Alkensubstrate nutzen liefen. Die hohe
Praktikabilitdt der neu entwickelten Methoden hat das Potential, Anwendungsbereiche fiir die
Synthese von Organochlorverbindungen zu erschlieBen, die bislang der Chemie von
molekularem Chlor oder anderer gefdhrlicher Chlorierungsreagenzien vorbehalten waren. Eine
erste synthetische Anwendung fiir oxidative Chlorcyclisierungen nach dem neuen Verfahren
wiren Synthesen von Naturstoffen oder Naturstoffderivaten mit B-chloriertem Tetrahydrofuran-
oder Tetrahydropyrangeriist, beispielsweise Aplysiapyranoid C und D.”® Ahnlich wie bei den
vorangegangenen Arbeiten zur Realisierung von Bromidoxidationen unter annidhernd neutralen
Bedingungen,”! wire auch hier der Einsatz einer alternativen, weniger sauren Protonenquelle
erstrebenswert, jedoch deuten die Resultate dieser Studie darauf hin, dass zur Durchfiihrung von
Chloridoxidationen generell ein niedrigerer pH-Wert nétig ist als fiir Bromidoxidationen. GroB3es
Innovationspotential ldsst sich dariiber hinaus auf der Stufe der verwendeten Ubergangsmetall-
Katalysatoren vermuten, wo beispielsweise die Entwicklung alternativer Titan(IV)-Katalysatoren
mit erhohter Hydrolysestabilitdt und Reaktivitit eine Moglichkeit zur Steigerung der Effizienz
des Verfahrens wire. Zur Realisierung von stereoselektiven Chlorcyclisierungsreaktionen wére
der Einsatz chiraler Organokatalysatoren ein denkbarer Ansatz fiir zukiinftige Forschungs-
vorhaben. Neben einigen Arbeiten zur enantioselektiven Halolactonisierung ungeséttigter

37490 konnte dieses Konzept in jiingster Zeit auch in enantioselektiven Halogen-

41742

Carbonséuren
cyclisierungen von 4-Pentenolen erfolgreich angewendet werden,! I wobei die bendtigten
Halogenierungsédquivalente bei diesen Verfahren nicht in sifu generiert wurden. Die Ergebnisse
im Bereich der allylischen Chlorierung bieten weitere Ankniipfungspunkte fiir mechanistische
Arbeiten, beispielsweise stereochemische Studien an chiralen Alkensubstraten, zur Uberpriifung

von Analogien zur Schenck—En—Reaktion_[24726]
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5.6 Forschungsartikel

A Practical Approach to Catalytic and Non-Catalytic Oxidative Chlorocyclization of
Alkenols

Oliver Briicher, Jens Hartung, 2012, zur Begutachtung eingereicht.
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A Practical Approach to Catalytic and Non-Catalytic

Oxidative Chlorocyclization of Alkenols
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Erwin-Schrodinger-Strafle, D-67663 Kaiserslautern, Germany
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Abstract: Chloro-functionalized tetrahydropyrans and tetrahydrofurans were prepared from
dihomoallylic alcohols in a cascade composed of chloride oxidation by zers-butyl hydroperoxide,
or potassium monoperoxysulfate, and electrophilic chlorocyclization. In the ring closure,
stereochemical information associated with the alkenol n-bond of styrene-type substrates copies
with chloronium ion-type selectivity into relative configuration of substituents of chlorinated
tetrahydropyrans (6-endo-cyclization) or tetrahydrofurans (5-exo-cyclization). Prenyl-type
alkenols furnish allylic chlorides with ene-type regioselectivity, as exemplified by synthesis of
the fragrance component rose oxide from citronellol. Chloride oxidation by potassium
monoperoxysulfate occurs instantaneously by dissolving oxone® (2KHSOs-KHSO4 K,S04) and
potassium chloride at 30 °C in dimethyl carbonate. ter-Butyl hydroperoxide has to be activated
by newly developed titanium(IV)- or molybdenum(VI) inner complexes, prepared from dibasic
tridentate ONO-chelate ligands, for attaining chloride oxidation in the temperature range

between 20 to 40 °C.

Keywords: Alkyl carbonate; Allylic chlorination; Arene chlorination, C,H-activation; Chlorine;
Chlorocyclization; Chloroperoxidase mimic; Competition kinetics; Fragrance; Oxidation

catalysis; Molybdenum(VI); Stereoselective synthesis; Titanium(VI).
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Introduction

Chlorinated hydrocarbons share a number of attractive chemical and physical properties,
arising from characteristics of the carbon-chlorine bond, such as strength and dipole moment and
orbital effects associated with three non-bonding electron-pairs.') Organochlorines with strong
and polarizable bonds are used in large quantity, for example, as solvents and cooling
liquids.”'*1¥] Neighbor group effects and the dipolar character of the carbon-chlorine bond open
in aliphatic chlorinated hydrocarbons, pathways for selective carbon skeleton rearrangement and
functional group interconversion, which are both at the heart of organic synthesis.”™ The electron
withdrawing ability of chlorine lowers the ionization potential of aryl substituents!® thus
reducing rate of oxidative derivatization, for example, by cytochromes in arene metabolism.
Non-bonding electron pairs at chlorine affect in vivo mobility of chlorinated hydrocarbons, by
raising lipophilicity and the propensity for binding to acidic sites. Both effects contribute to
strength and biological response of receptor binding by chlorinated hydrocarbons.”? The changes
imposed on molecular properties of hydrocarbons by substituting chlorine for hydrogen, many
instances are not attainable by any other functional groups, which provides strong arguments for
nature, but also for industry, to use organochlorines in many fields of applications, in seemingly

unlimited quantity and structural diversity."*I”

Standard approaches in synthesis of organochlorines are substitution and addition,
proceeding via nucleophilic, homolytic, and electrophilic mechanisms. Chloride is a poor
nucleophile!"” but in polar aprotic solvents a strong base.!'"! Nucleophilic displacement therefore
requires specialized leaving groups for achieving useful selectivity in carbon-chlorine bond
formation.!'*! The driving force for organochlorine synthesis by free radical reactions generally is
higher, but methods for homolytic chlorination in fine chemical synthesis so far are limited in
scope. ] Pathways for synthetically more demanding chlorinations often proceed via
electrophilic mechanisms, starting from predominantly N-chloro compounds or molecular

chlorine (Figure 1).t4-1el
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electrophilic substitution
Cl

Cl
U B
"l IR

electrophilic addition

Z=e.g.CHyorO

homolytic substitution (hetero)allyl chlorination

Figure 1. Synopsis of mechanisms and products of hydrocarbon functionalization by chlorine.

Chlorine is a highly reactive chemical,l'y which is technically produced by electrolysis of
brines.!'”! In fine chemical synthesis, dioxygen, hydrogen peroxide, peracids, and persalts are
standard oxidants for in situ-converting from aqueous solutions, or two phase systems composed
of a brine and an inert lipophilic organic solvent into chloroelectrophiles (Scheme 1).'® The rate
of chloride oxidation by peroxides strongly depends on proton concentration and to become
insignificantly slow in pH neutral solutions."” For chloride oxidation by hydrogen peroxide in

[20][21

living cells, nature has developed enzymes, the chloroperoxidases. I Organic synthesis by

chloroperoxidases, however, generally furnishes rather complex product patterns from alkenes,

(22123] probably the most

because water not only serves as solvent but also acts as nucleophile.
selective substitute for hydrogen peroxide for oxidative transformations in non-aqueous solutions
is tert-butyl hydroperoxide (TBHP). Like other peroxides, TBHP is a nucleophile and has to be
activated by an acidic catalyst, for transferring an oxygen atom to a nucleophilic acceptor, such
as chloride.>**]

26127 \we encountered

In a project dealing with synthesis of chlorinated natural products,!
the challenge to prepare chloro-functionalized cyclic ethers from acid-labile dihomoallylic
alcohols (4-pentenols, e.g. 1). Since no method for this transform-step existed in the chemical
literature,'”® we explored oxidative alkenol chlorocyclization and report in this article the two
most attractive approaches (Scheme 1). The first approach uses transition metal catalysis by a
titanium(IV) or a molybdenum(VI) catalysts for selective chloride oxidation by tert-butyl
hydroperoxide in the temperature range between 20 to 40 °C. In the second approach,
chlorocyclization is brought about by dissolving the alkenol, potassium monoperoxysulfate and
potassium chloride in dimethyl carbonate at 30 °C. This solvent not only is an environmentally

attractive aspect of the reaction but also improves rates and selectivity for chlorocyclization

compared to reactions performed in acetonitrile, chloroform, or toluene. The stereochemical
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information from the alkenol n-bond of styrene-type substrates copies in chlorocyclizations via
chloronium ion-type selectivity into relative configuration of substituents of chlorinated
tetrahydropyrans (6-endo-cyclization) or tetrahydrofurans (5-exo-cyclization). Prenyl-type
alkenols furnish allylic chlorides with ene-type regioselectivity, as exemplified by synthesis of

the fragrance component rose oxide from citronellol

R— +Cl~ ——— f( + R
\/\/R" ~H,0 R R" \/\ECI
1 2 3 R

)

Scheme 1. Concept for oxidative chlorocyclization of substituted dihomoallylic alcohols (e.g. 1;

R = hydrogen, alkyl, ester; R’ = hydrogen, methyl; R’’ = hydrogen, phenyl).

Results and Discussion

1 Basic considerations

Chloride oxidation by tert-butyl hydroperoxide (TBHP) furnishes tert-butanol and

8191 The oxygen atom transferred to chloride accounts for 18%-weight

hypochlorous acid.
percent of TBHP. In polar solutions containing acid and chloride, hypochlorous acid undergoes
transformations to furnish secondary products, such as chlorine dioxide, molecular chlorine, and

trichloride.!*’!

The reaction between chloride and peroxides, such as TBHP, is exothermic but kinetically
hindered and limited in proton concentration (Scheme 1).5% From a set of Brensted-acids we
selected pyridinium hydrochloride™® as combined proton- and chloride source, to overcome

kinetic limitation in acid equivalents (see section 3).1**!

Since the pyridinium hydrogen ion only supplies a proton without activating TBHP for
peroxidative chloride oxidation in the temperature range between 20 and 40 °C, we screened
Lewis-acidic transition metal compounds, having formally d’-electron count at the metal, for
achieving peroxide activation as close as possible to room temperature. Compounds showing the

desired reactivity/selectivity-profile were found in the series of cis-dioxomolybdenum(VI)
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compounds, composed of the general formula MoO,L (e.g. 4a—c, vide infra). The abbreviation
L* thereby stands for amino- and iminodiol-derived ligands, binding via two negatively charged
oxygen donor atoms and one nitrogen atom to molybdenum. We also screened for reactivity of
L* -derived complexes in the titanium series and found that a complex of the general formula
Ti(OR),L (cf. compound S) activates TBHP for chloride oxidation even at room temperature (see

section 2).

As non-transition metal-catalyzed alternative for oxidative chlorination, we explored the
chemistry of persalts in combination with solid acids, for example clays or hydrogensalts of di-
and tribasic acids. By this approach, we found that the triple salt 2KHSOs-KHSO4-K,SO4, which
is commercialized as oxone® is a sufficiently strong proton source and oxidant to achieve
chloride oxidation in anhydrous solutions of dimethyl carbonate (section 3).**! Protons and
peroxidic oxygens consumed in the course of chloride oxidation account for 5.5 weight% per

aliquot of the triple salt 2KHSOs-KHSO4-K;SO4.

2 Preparation of transition metal compounds

Molybdenum complexes of the general formula MoO,(L") (4a—c) were prepared by
metathesis between cis-dioxomolybdenum(VI)-bis[acetylacetonato(—1)] [MoO,(acac),] and
ephedrine-derived aminodiol H,L’ (68% of 4a), piperidine derivative™ H,L? (96% of 4b), and
iminodiol® H,L? (88% of 4¢), in solutions of methanol (Scheme 2). The complexes precipitated
directly from reaction mixtures as colorless solids (4a and 4b) or orange crystals (4¢)%, and

were characterized by NMR- and IR-spectroscopy, in combination with combustion analysis.

cis-Dioxomolybdenum(VI)-binding of aminodiols H,L’ and H,L’ shifts resonances of
carbons bound to donor oxygens downfield by Ad = 12-16, and those to nitrogen by Ao = 2—6
for 4a and 4b. Resonances of hydrogens from the nitrogen-bound methylene group in ephedrine-
derived complex 4a experience an upfield-shift by —0.39 ppm, whereas the methine proton of the
ephedrine fragment in o-position to nitrogen of 4a, and also of the aminoalcohol subunit of
piperidine-derivative 4b, are downfield-shifted by molybdenum(VI) binding of ligands H,L'~.
This shift dispersion possibly arises from magnetic anisotropic due to m-bonding of the oxo

ligands, or d-orbital population by backbonding from chelate donor atoms.
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MeOH / 25 °C
MoO,(acac), + H,L" > MoO,(L")
-2 Hacac
n=1-3 da—c (68-96%)
: Ph Ph
Ph N
%N«\ﬁ B @AN@
oH | H OH OH HO
H,L! (for 4a) H,L2(for 4b) H,L3 (for 4c)

Scheme 2. Formation of cis-dioxomolybdenum complexes [hydrogens substituted by the
MoO,*"-fragment in the course of complex formation are printed in bold; Hacac =

pentane-1,3-dione (acetylacetone)].

From X-ray diffraction analysis performed at —123 °C, we received information on the
solid state structure of ephedrine-derived complex 4a, particularly the spatial arrangement of the
chelate ligand with respect to the oxo groups. The data show, that the chelate binds meridionally
to the cis-dioxomolybdenum fragment, directing the amino nitrogen into frans-position of the
equatorial oxo ligand. The frans-position of the apical oxo ligand remains vacant and is possibly
the site where fert-butyl hydroperoxide coordinates as part of the activation process. The four
oxygens and the nitrogen bound to molybdenum(VI) in 4a neither form a regular trigonal
bipyramid, nor a square pyramid. In a structural model based on a gradual geometric transition
between the two bodies, the coordination sphere in 4a is a hybride composed by 61% square
pyramidal character and 39% of trigonal bipyramidal, as expressed by the structural parameter t

=0.61.5"

Figure 2. Ellipsoid graphic (50 % probability) of ephedrine-derived molybdenum complex 4a
in the solid state (150 K; molybdenum is depicted in orange, oxygens in red, nitrogen

in blue, and carbons in black; hydrogens are drawn as circles of an arbitrary radius;
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ap = apical; eq = equatorial).

Titanium(IV) complex 5 was prepared from aliquots of Ti(OiPr); and pyridine-derived
diol® H,L? in a solution of dry EtOH. The major fraction of titanium compound 5 crystallizes
directly, whereas a second crop of colorless, block-shaped crystals separates as the concentrated
filtrate is allowed to rest at —28 °C. Combustion analytical data for both precipitates agree with
the constitution formula TiL’(OEt), (5). One of the block-shaped crystals was analyzed by X-ray
diffraction, showing pentacoordinated titanium(IV), being surrounded by four oxygen donor
atoms and one pyridine nitrogen in a sphere that closure resembles a trigonal bipyramid than a

square pyramid, as evident from structural parameter”®” t = 0.31.

X
- EtOH/25°C
Ti(GiPr), + N » TIiL%OEt),
; — 4iProH
OH HO 5 (97 %)
HoL*

Scheme 2. Preparation of 2,6-bis(neomenthyl)pyridine-derived titanium(I'V) complex 5.

Carbon-13 resonances recorded for 5 in perdeuteromethanol show a downfield-shift by
18.6 ppm for oxygen-bound carbons and by 12.6 ppm for nitrogen-bound carbons, referenced
versus shifts of the free ligand H,L’ in deuterochloroform. The resonances of ethanolato carbons

agreed with values reported for ethanol dissolved in a solution of deuterochloroform.

Figure 3. Ellipsoid graphic (50 % probability) of TiL*(OEt), (5) in the solid state (150 K;
titanium is depicted in orange, oxygens in red, nitrogen in blue, and carbons in black;

hydrogens are drawn as circles of an arbitrary radius).
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3. Oxidative Chlorination of 4-Pentenols

From systematic parameter variation, we found that I-phenyl-4-penten-1-ol (1a) is
quantitatively consumed, if stirred for twenty-four hours in a solution of dimethyl carbonate,
containing pyridinium hydrochloride, TBHP, and one of the transition metal catalysts
MoO(acac),, 4a—c¢, or 5. From such solutions we isolated 5-chloromethyl-2-
phenyltetrahydrofuran (2a) as 40/60 cis/trans-mixture of stereoisomers as major product and
dichloride 6a as minor component, supplementing the mass balance for organochlorine
formation to 63-91% (Table 1, entries 2—6). The yields of product 2a gradually decreased along
the series of applied catalysts MoOs(acac), (74% of 1a) > MoO»(L') (69%) > MoO1(L?) (62%) ~
TiL*(OEt), (62%) > MoO(L’) (45%).

We used catalyst/substrate-ratios of 5-107 for oxidative chlorinations, which enabled to
quantitatively turn over the alkenol within twenty-four hours at the lowest possible reaction
temperature. Smaller catalyst/substrate-ratios retarded alkenol conversion, similarly to a change
of the solvent from dimethyl carbonate to acetonitrile, chloroform, or toluene, or the presence of
moisture. The measures taken to keep water concentration as low as necessary for attaining a
reasonable reactivity/selectivity profile, refer to drying of the solvent and the reagents, and

replacing laboratory atmosphere (30-80% relative humidity) by dry nitrogen.

In controls, no chlorocyclization occurred, if substrate 1a was treated with py-HCI and
TBHP in the absence of metal compounds 4-5 (Table 1, entry 1), or in the presence of 10 mol%
of oxovanadium(V)-catalysts prepared from auxiliaries H,L? or H,L’ (Supplementary Data).
Furthermore we found that N-chlorosuccinimide™ is not able to convert alkenol 1a in a solution

of dichloromethane into chloromethyltetrahydrofuran 2a.

Oxidative chlorocyclization of 2-phenyl-5-hexen-2-o0l (1b), a tertiary derivative of alkenol
1a, provided 80% of chlorinated trisubstituted tetrahydrofuran 2b as 38/62-mixture of cis/trans-
isomers and 17% of vicinal dichloride 6b at 40 °C (Table 1, entry 9). The titanium-catalyzed
reaction provided similar yields at 20 °C (Table 1, entries 8—10). From the results obtained in
this part of the study, we decided to use molybdenum complex 4a and titanium reagent 5 as

standard catalysts for the succeeding oxidations.
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Table 1.  Products of oxidative chlorination of phenyl-pentenols 1a and 1b.

Ph\R\ECi\ N::Sta/u;[/sct)] Pi>®JCI . Phiioii/
X DMC/T Cl
la—b 2a-b 6a-b

entry R 1,2,6 MCI1/[O] catalyst T/°C 2/% (cis:trans) 6/%“
1 H a  py-HCl//BuOOH - 40 _b ~b
2 H a py-HC1/tBuOOH MoO;(acac), 40 74 (40:60) 13
3 H a py-HCl/tBuOOH 4a 40 69 (42:58) 15
4 H a py-HCl/ tBuOOH 4b 40 62 (42:58) 29
5 H a py-HCl / tBuOOH 4c 40 45 (45:55) 18
6 H a py-HCl/ tBuOOH 5 20 62 (41:59) 21
7 H a KCl/KHSO:s ¢ - 30 72 (41:59) =0
8 CHs; b py-HC1/BuOOH MoOs(acac), 40 72 (35:65) —d
9 CH; b py-HCl / tBuOOH 4a 40 80 (38:62) 17
10 CHs b py-HCl1/ BuOOH 5 20 67 (35:65) 19
11 CHs b KC1/KHSO:s ¢ — 30 78 (41:59) 8

“ 50/50-mixture of stereoisomers. * Not detected. ¢ 2KHSOs KHSO, K>SO, (oxone®). 4 Not determined.

In the second approach to oxidative chlorination, which we refer to as salt-method,
substrate conversion starts instantaneously by dissolving the alkenol and aliquots of potassium
chloride and oxone® (2KHSOs-KHSO4K,SO;) at 30 °C in dimethyl carbonate. By considering
the steps outlined above for keeping moisture level in the reaction mixtures low, we prepared
accordingly 2-(chloromethyl)tetrahydrofurans 2a and 2b in yields between 72-78% (Table 1,
entries 7 and 10), vicinal dichloride 6b (8%) but surprisingly no 6a.

As pilot study for a future project on synthesis of aplysiapyranoids C and D from styrene-

27][40]

type alkenols,! we explored oxidative chlorocyclization of (E)-phenylpentenols 1c¢ and 1d

using catalytic methods for chloride oxidation and the salt-method (Tables 3 and 4).
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Table 2.  Oxidative chlorocyclization of (£)-5-phenylpent-4-en-1-ol (1c).

MCI/[ O]
(Oi\/ catalyst O/Ph
—_—n
x-Ph  bmc/T ey
1c 3c
cis:trans < 2:98
entry MCl1/[O] catalyst T/°C 3¢/ %
1 py-HCI / tBuOOH 4a 40 65
2 py-HCl1/ tBuOOH 5 20 74
3 KCIl/KHSOs “ - 30 58

“2KHSOs-KHSO, K,SO, (oxone™)

Table 3.  Synthesis of cyclic B-chlorohydrinethers from styrene-type alkenol 1d.

MCI/[O] Y
OH catalyst 05 iy Cl © 2 Ph
~-Ph bpmc/T S Lol
EtO,C EtO,C EtO,C B
1d 2d (*)-3d
entry MC1/[O] catalyst T/°C 2d/% (cis:trans) “ 3d/ % (cis:trans) *
| pyHCI/BuOOH  4a 40 46 (90:10) 7 (>98:2)
2 pyHCI/BuOOH 5 20 54 (90:10) 5 (>98:2)
3 KCl/ KHSO:; © - 30 64 (93:7) 2 (>98:2)

“ Refers to configuration of substituents in pos. 3 and 5. > 2KHSOs-KHSO4 K,SO, (oxone™).

Oxidations starting from (£)-5-phenylpent-4-en-1-ol (1¢) provided the trans-isomer of 2-
phenyl-3-chlorotetrahydropyran (3¢) as exclusive product in yields between 58—74% (Table 2),
whereas B-methylstyrene-type alkenol 1d afforded a mixture of chlorocyclized products 2d and
3d, being in favor for the 3,5-cis-isomer of tetrahydrofuran 2d. We assigned rel-(3R,5R,1°S)-
configuration to the major isomer of tetrahydrofuran 2d, in extension to proton- and carbon-13
NMR-shift values, and fine structure of resonances of the bromoderivative, which is

characterized by X-ray diffraction data.”*"’

Regio- and stereoselectivity of products obtained from oxidative chlorination point to a

polar reaction for the alkenol ring closure, proceeding via anti-specific addition of electrophilic
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chlorine and nucleophilic oxygen across the (£)-double bond in 1¢ and 1d. The mechanism that
explains this selectivity is the chloronium ion pathway,*!! starting from a lowest in energy and
thus most significantly populated conformer of alkenol 1 in solution (Scheme 3). Ring opening
of the proposed intermediate, y-(hydroxypropyl)chloronium ion 7, is expected to proceed in a
Sn2-reaction and thus stereospecific manner, to copy stereochemical information of the attacked
carbon-carbon double bond into relative configuration of substituents in tetrahydropyran 3 or
tetrahydrofuran 2 (Scheme 3). Since conformational preferences of the alkenol chain and
substituents attached to the flexible part of the molecule are the only stereoinductors, chloronium

ion-based ring closures provide products of conformational and thus thermochemical control.[*”

Ph 0]
—»
5 R [ C|+] 5 o' ': R™ OEt
= OoH 6 OH 2d
R i R —H+
R H R" H
R R e.g. Ph
1 7 T a4 P
3c

Scheme 3. Model for explaining regio- and stereoselectivity in oxidative 4-pentenol
chlorocyclization (R = H, CH; or Ph; R’ and R’’’ = H or CHj3; R’ = H or CO,Et;
R =H or Ph).

Regioselectivity of the alkenol ring closure in oxidative chlorinations is guided by
substituents attached to positively changed carbons of the proposed chloronium ion 7. Based on
structural analogy between chloronium ions and activated epoxides, the preferred site of attack
by the hydroxyl oxygen is the higher substituted carbon. If both carbons of the chloronium ion
bear the same number of substituents, the oxygen nucleophile adds to the carbon bearing the

more pronounced cation stabilizing group(s) (Scheme 3).

4 Selectivity in oxidative chlorination of aliphatic and aromatic hydrocarbons

The chemical nature of the chlorination reagent attacking the 4-pentenol in the selectivity-
determining step did not become apparent from structure-reactivity studies alone. To distinguish
whether hypochlorous acid, chlorine, or possibly other reagents formed in situ, such as tert-butyl

[4214] determine selectivity in oxidative alkenol

hypochlorite from tert-butanol and chlorine,
chlorocyclization, we subjected diagnostic standards to benchmark reactions for electrophilic
substitution (section 4.1), homolytic displacement (section 4.2), and allylic chlorination (section

43).



5 METHODEN ZUR OXIDATIVEN CHLORCYCLISIERUNG SUBSTITUIERTER 4-PENTENOLE 93

4.1 Electrophilic chlorination of activated n-bonds

The dimedone test. Chlorination of dimedone 8 or 2-chlorodimedone is an assay in
biochemistry for tracing chloroelectrophiles generated from hydrogen peroxide and chloride in
chloroperoxidase-catalyzed oxidations [monochlorodimedone (MCD)-assay].””! To verify that
alkenol cyclization in oxidative chlorination is initiated by attack of a chloroelectrophile, we
subjected 1,3-diketone 8 to the methods described in the preceding section. All procedures
thereby furnished dichlorodimedone 9, with the yields ranging from useful (72%) for the
molybdenum-catalyzed reaction to poor for the titanium-catalyzed oxidation (Table 4, entries 1—
3). The origin of unsatisfactory performance of the titanium-method possibly relates to a side
reaction, as judged from a colorless precipitate of unknown composition, which forms in this
reaction but did not appear in the other processes. From the results of the dimedone-assay we
concluded that TBHP and potassium monoperoxysulfate convert chloride into an electrophilic

reagent.
Table 4. Oxidative chlorination of dimedone 8.

mcl/fo] Cl_ ¢l

HO 0] 0]
catalyst
—_—
; DMC/T

8 9
entry MCI1/[O] catalyst T/°C 9/%
1 py-HCI / tBuOOH 4a 40 72
2 py-HCl1/tBuOOH 5 20 11
3 KC1/KHSO:s “ — 30 61

“2KHSOs - KHSO,4K,SO, (oxone™).

Methoxyarene chlorination. Anisole 10a furnishes chloroanisole 11a, with the yield
gradually increasing from the salt method (33%), via molybdenum-catalyzed oxidation (83%) to
the titanium-catalyzed reaction (86%). The para/ortho-selectivity for electrophilic aromatic
chlorination increased from 88:12 for the molybdenum-catalyzed reaction to 96:4 for the
titanium-catalyzed method and the salt method, possibly relating to a temperature effect (Table

5, entries 1-3).

1,3-Dimethoxybenzene (10b) and 1,3,5-trimethoxybenzene (10¢) undergo rapid

transformations, to afford chloroarenes 11b—c¢ along with minor fractions of dichloroarenes 12b—
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¢, if subjected to catalytic and non-catalytic versions of oxidative chlorination (Table 5, entries
5-10). The yields of organochlorines were quantitative for titanium-catalyzed oxidations, 99%
for molybdenum-catalyzed reactions, and 53—78% for the salt method. Unspent arenes 10a—c
were quantified via GC-MS analysis, showing in summary quantitative mass balance for all

examples.

Table 5.  Oxidative chlorination of methoxy-substituted benzenes.

RY rz  MCULOT s L R? RY 1 R?
catalyst N
DMC/T cl
OCHj3 OCHs OCHj4
10 11 12
entry R R*  10-12 MCl/[O] catalyst T/°C  11/%  12/%
1 H H a py-HC1/ tBuOOH - 40 - -
2 H H a  pyHCl//BuOOH 4a 40  63(88:12)" -“
3 H H a  pyHCl/BuOOH 5 20 86(94:6)" -“
4 H H a KCI/KHSOs © - 30 33(96:4)°  -°
5 OCH; H b  py-HCI//BuOOH  4a 40 79 21
6 OCH; H b  py-HCl/BuOOH 5 20 89 11
7 OCH; H b KCl/KHSOs” - 30 53 —a
8 OCH; OCH; c py-HCl1/tBuOOH 4a 40 78 21
9 OCH; OCH; ¢  pyHCI/BuOOH 5 20 82 18
10 OCH; OCH; ¢ KCl/KHSOs ” - 30 67 11

“Not detected. ” paralortho-ratio. “ 2KHSOs-KHSO,4 K>SO, (oxone™).

Regioselectivity of oxidative anisole chlorination is similar to para/ortho-ratios reported

4] and other methods for in situ-

for synthesis of 11a from anisole 10a and molecular chlorine
oxidative chlorination. Reference reactions from the literature, catalyzed by Brensted-acids,** or
vanadium(V)- or molybdenum(VI)-compounds at ambient temperature, generally provide lower
yields of organochlorines 11 and 12!*) than the new methods. The more effective methods for
anisole chlorination from the literature require elevated temperatures and therefore are performed

in, for example, boiling methanol,[46]

a mixture of hot acetic acid and ethylene chloride (60
°C),* or hot acetic acid (100 °C).1**) Hypochlorous acid under neutral conditions is not able to

chlorinate anisole 10a.[*
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Competition kinetics. With the knowledge about performance of the new methods for
oxidative chlorination, we addressed the competition kinetics for determining relative rates of
alkenol chlorocyclization versus arene chlorination. The underlying model considers irreversible
carbon-chlorine- and carbon-oxygen bond formation for chlorocyclization (k') and for carbon-

chlorine bond for chloroanisole formation (4*) (Scheme 4, eq. 1).1*!

Cl
1a Ph@}
—
k1
catalyst 2a
py-HCI / tBUOOH ———— cl
DMC
k2
—
10a
OCH;
11a
[2a] k' [1a]
= — (eq. 1)

[11a] e [10a]

Scheme 4. Competition experiments for determining relative reactivity in chlorination of

1-phenyl-4-penten-1-ol (1a) and anisole 10a (cf. Table 6).

In the general experimental set-up for competition kinetics under pseudo-first order
conditions, oxidative chlorination of mixtures composed of phenylpentenol 1a and anisole 10a
under pseudo-first order conditions provided mixtures of 2-(chloromethyl)tetrahydrofuran 2a and
chloroarene 11a containing less than 5% of dichloride 6a. The product ratio 2a/11a linearly
decreases as the excess of anisole 10a is raised from 10 via 50 to 100 equivalents. From the slope
of a linear correlation derived from product ratios 2a/11a and associated substrate ratios 1a/10a,

we derived according to equation 1 relative rate constants K = k'/k%.
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Table 6. Relative reactivity (k') for chlorocyclization of 1a versus anisole chlorination in

dimethyl carbonate.

entry MCL/[O] catalyst T/°C K =12
1 py-HCl1/ tBuOOH MoO;(acac); 40 600+10
2 py-HCl/tBuOOH 4a 40 540+8
3 py-HCl/ tBuOOH 5 40 510+7
4 py-HCl / tBuOOH 5 20 590+9

The kinetic data show that the rate of phenylpentenol chlorocyclization at 40 °C is by a
factor 540 and 600 faster than anisole chlorination in molybdenum-catalyzed oxidations (Table
6, entries 1-2) and by a factor 510 for the titanium-catalyzed reaction (Table 6, entries 3 and 4).
The reactivity split for chlorocyclization versus arene chlorination in the titanium-catalyzed
oxidation at 20 °C increases marginally to 590. By taking a representative experimental error of
typically + 10% into account, the values for £ from the two reaction series and the two
temperatures are very similar, if not identical. Attempts to measure K from competition
experiments between 1,3-dimethoxybenzene 10b or 1,3,5-trimethoxy derivative 10¢ and alkenol

1a exclusively provided chloroarenes 11b and 11c¢ (Supplementary Data).

In an irreversible reaction between a chloroelectrophile and a nucleophile, such as anisole
10a or propene serving as model for the n-bond in phenylpentenol 1a, the ionization potential of
the unsaturated hydrocarbon should be relevant for explaining relative reactivity. The ionization
potential of anisole (8.21 eV) is smaller than the value for propene (9.73 eV).I5% gti11, alkenol
1a reacts by a factor of 510—600 faster than the aromatic m-system in 10a. This split in reactivity
is expected to express the rate effect of the additional activation energy needed for overcoming
aromatic stabilization for -complex formation from 10a, compared to chloronium ion formation
from 1a. In synthesis, values of & = 510-600 imply that oxidative chlorination of
methoxyphenyl-substituted 4-pentenols selectively occurs at the alkene entity, but at the aryl

nucleus for dimethoxy- or trimethoxyphenyl-substituted derivatives.

To sum up, the results of oxidative methoxyarene chlorination and the competition
experiments show that the chloroelectrophile involved in carbon-chlorine bond formation is
considerably more electrophilic than hypochlorous acid and comes close in chemical reactivity

to molecular chlorine.
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4.2 Chlorination of aliphatic carbon-hydrogen bonds

Molecular chlorine reacts with tert-butanol, the product left from TBHP-mediated chloride
oxidation to furnish tert-butyl hypochlorite.""! We therefore investigated oxidative 2,3-
dimethylbutane chlorination to find out whether selectivity in hydrocarbon chlorination by the
oxidative methods comes closer to molecular chlorine, or possibly tert-butyl hypochlorite for the

catalyzed reactions.

The reagent to distinguish the chemical nature of a chlorination reagent in alkane
chlorination is 2,3-dimethylbutane (13). Chlorination of alkane 13 preferentially occurs at the
tertiary carbon-hydrogen bond. The analytical expression to quantify selectivity in alkane
chlorination is the partial rate factor f, referring to normalized reactivity of a secondary (not
present in 13) and tertiary versus a primary carbon-hydrogen bond."*!°! For 2,3-dimethylbutane
chlorination, the partial rate factor fis 3.9 for chlorine and 44 for fert-butyl hypochlorite (both

BIBUE3T §ince molybdenum complexes 4a—c, MoOs(acac),, and titanium

reactions at 40 °C).!
catalyst 5 are not soluble in 2,3-dimethylbutane (13), we performed alkane chlorination in
solutions of acetonitrile and dimethyl carbonate. This experimental set-up has the potential to
provide triphosgene as by-product.”® We therefore took appropriate safety considerations into

account.

Oxidative chlorination of 2,3-dimethylbutane (13) by the molybdenum-catalyzed reaction
(Table 7, entries 1-3) and the salt method (Table 7, entry 4) provided mixtures of 2-chloro-2,3-
dimethylbutane (14a) and 1-chloro-2,3-dimethylbutane (14b) in yields between 52 and 77%.
From the product ratios and statistics for carbon-chlorine bond formation at the primary and
tertiary carbons (vide supra), we calculated partial rate factors of /= 2.7 for the reaction in
dimethyl carbonate in the dark, 2.2 for the photoreaction in dimethyl carbonate (Table 7, entries
1-2), 2.8 for the photoreaction in acetonitrile, and 2.3 for the salt method (Table 7, entries 3—4).
All partial rate factors are far off from the value reported for 2,3-dimethylbutane chlorination by
tert-butyl hypochlorite, but close to the value reported for molecular chlorine in the neat
hydrocarbon and in polar solvents.”* As guideline for synthesis, we therefore reasoned that
reactivity and selectivity in carbon-chlorine bond formation by the new methods for oxidative

chlorination compares to molecular chlorine.
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Table 7. Selectivity in oxidative 2,3-dimethylbutane-chlorination.

Ao e

13 1l4a 14b
entry [C]] 14/ %° 14a / 14b V&
1 py-HC1/ fBuOOH / 4a / DMC 72 (36) 32/68 2.7
2 py-HCI/ BuOOH / 4a / DMC/ hv 52 (26) 27/73 2.2
3 py-HCl/BuOOH/4a/CH;CN/ hv 77 (39) 31/69 2.8
4 KCl/KHSOs “/ DMC 69 (34) 28/72 2.3

“Yields referenced versus consumption of 2,3-dimethylbutane (13); numbers in brackets refer to yields
referenced versus chloride consumption. * Partial rate factors f for chlorination of tertiary versus
primary C,H-bonds in 13 (see text and the Supporting Information).” 2KHSOs-KHSO, K,SO,
(oxone®).

4.3 Allylic chlorination

In a final test on reactivity of the new oxidative methods for hydrocarbon chlorination, we
treated nerol 15 with TBHP, pyridinium hydrochloride and 5 mol% of ephedrine-derived
molybdenum complex 4a (Scheme 5). From the oxidative conversion of nerol 15, we isolated
allylic chlorides 16a and 16b (66%) as major products and the product of 8-endo-
chlorocyclization, chlorooxocine 17 (1%), as minor component. If pyridinium hydrochloride is
added in small portions within 16 hours, the yield of oxocine 17 increases to 16% and the

fraction of allylic chlorides 16a and 16b drops to 54%.

The experiments showed that prenyl-type alkenol 15 is selectively chlorinated at the
sterically least encroached alkene carbon with a simultaneous shift of the double bond toward the
end of the hydrocarbon chain. This ene-type selectivity correlates with findings from other
chlorination reactions of prenyl-type substrates.'” From this information we concluded that the

scope to oxidative chlorination for alkenol functionalization extends beyond chlorocyclization.
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tBUOOH
py-HCI |
MoO,(LY) (4a)
X N - 7 N t 7 cl
DMC /40 °C cl ol
OH OH OH
15 16a (50%) 16b (4%)
Q
Cl
17 (16%)

Scheme 5. Products of oxidative nerol chlorination.

The propensity to furnish products of allylic chlorination from prenyl-type alkenols
challenged us to prepare the fragrance component rose oxide in a three step sequence starting
from citronellol 18 (Scheme 6). Pyridinium hydrochloride for this purpose was added as single
batch under standard conditions of a titanium-catalyzed oxidation. Oxidative conversion of
alkenol 18 thereby provided allylic chloride 19, which was heated with potassium tert-butoxide
in a solution of ethanol for hydrogen chloride-elimination, to leave a diene, which cyclizes upon
treatment with dilute aqueous sulfuric acid for concluding the rose oxide-synthesis by the

tetrahydropyran ring closure.””

tBuOOH
py-HCI 1. KOtBu
oH TILYOEW, (5) OH EtOH
ey -
DMC/ 20 °C Cl 2. HySOy4 o
H,0 |
=
18 19 rose oxide (43%)

cisitrans = 84:16

Scheme 6. Synthesis of rose oxide from citronellol 18.

Concluding remarks

With the aim to provide a practical solution to alkenol chlorocyclization, a transform-step
of obvious and in our opinion notable synthetic utility, we introduced approaches for oxidative
chlorination in general based on catalytic and non-catalytic oxidation in an unusual solvent for
oxidations — dimethyl carbonate. From the two approaches, we personally favor the catalytic
version since the by-product tert-butanol is neither harmful nor difficult to separate from other

products. From larger scale batches, the tertiary alcohol can be collected and used as resource for
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a succeeding process. The alternative method, based on mixing of potassium chloride and
potassium monoperoxysulfate, on the other hand, has the potential to become the method of
choice for those who wish to start right away without the need to prepare a transition metal

catalyst for peroxide activation.

As guideline for synthesis, we recommend to consider the chlorination reagent involved in
carbon carbon-chlorine bond formation as molecular chlorine. This guideline applies for
chlorocyclization to explaining stereo- and regioselectivity of alkenol ring closure, regio-
selectivity in alkane- and arene chlorination, and ene-type regioselectivity for allylic chlorination

of prenyl-type substrates.

Further attractive features of the new chlorination chemistry relate to the solvent and the
reaction temperature. Dimethyl carbonate has attracted attention for many applications because it
is a biodegradable non-toxic solvent. Still, we were surprised to see how well titanium(IV)- and
molybdenum(VI) catalysts retained their ability to activate tert-butyl hydroperoxide for chloride

oxidation in dimethyl carbonate, being a Lewis-basic solvent, at temperatures of 20—40 °C.

With the information, how to chlorocyclize acid labile alkenols, particularly the styrene-
type substrates, we have the ability to continue our project on synthesis of halogenated, sterically

encroached, tetrahydropyran-derived secondary metabolites, such as the aplysiapyranoids, 274"

kalihinenes,”™ or kalihinols."” However, we expect other researchers to become attracted by the
ease and efficiency for liberating chlorine-like reagent equivalents from readily available and

safe-to-handle chemicals, for pursuing other attractive targets in chlorine chemistry.

Experimental

1.  General
For synthesis of starting materials, purity and drying of reagents, spectroscopic data, and

instrumentation, see the Supporting Information.

2. Transition metal-catalyzed oxidative chlorination of 1-phenylpent-4-en-1-ol (1a)

To a solution of alkenol 1a (81 mg, 0.5 mmol) in dimethyl carbonate (20 mL) in an atmosphere
of argon (99.9%) was added at room temperature pyridinium hydrochloride (87 mg, 0.75 mmol),
tert-butyl hydroperoxide (4.1 M in toluene, 180 uL, 0.75 mmol), and MoO,(L) (4a) (11.5 mg,
0.025 mmol, 5 mol%). The reaction was stirred for 24 h at 40 °C in the dark (flask wrapped with
aluminum foil). The solvent was distilled off under reduced pressure to leave an oily residue,

which was purified by column chromatography (SiO,, CH,Cl,). 5-(1’-Chloromethyl)-2-phenyl-
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tetrahydrofuran (2a). Yield: 68.1 mg (0.346 mmol, 69 %) colorless liquid, 42/58-mixture of
cis/trans isomers. Ry = 0.54 [CH,Cl,]. Anal. calcd. for C;1H3CIO (196.67): C, 67.18; H, 6.66;
Found: C, 66.87; H, 6.57. 4,5-Dichloro-1-phenylpentan-1-ol (6a). Yield: 17.7 mg (0.076 mmol,
15 %) colorless oil, 50/50-mixture of like/unlike isomers. Ry = 0.29 [CH,Cl;]. Anal. calcd. for
C11H14C20 (233.13): C, 56.67; H, 6.05; Found: C, 56.98; H, 6.03.

3.  Oxidative chlorination of ethyl (E)-2-(2-hydroxypropy-2-yl)-4-methyl-5-phenyl-4-
pentenoate (1d) with potassium chloride and oxone”

To a solution of alkenol 1d (138.2 mg, 0.5 mmol) in dimethyl carbonate (10 mL) in an
atmosphere of argon (99.9%) was added at room temperature KCI (56 mg, 0.75 mmol), and
oxone” (307 mg, 0.5 mmol). The reaction mixture was stirred for 24 h in the dark (flask wrapped
with aluminum foil) at a temperature of 30 °C. The solvent was distilled off under reduced
pressure to leave an oily residue, which was purified by column chromatography (SiO,, CH,Cl,).
Ethyl {5-[1’-chloro(phenyl)methyl]-2,2,5-trimethyltetrahydrofuran}-3-carboxylate (2d). Yield:
99.7 mg (0.321 mmol, 64 %) colorless oil, 93/7-mixture of cis/trans isomers, Ry = 0.52 [CH,Cl,].
Anal. calcd. for C;7H»3Cl10; (310.82): C, 65.69; H, 7.46; Found: C, 65.75; H, 7.40. Ethyl rel-
(3R,5S,6R)-(5-chloro-2,2,5-trimethyl-6-phenyltetrahydropyran)-3-carboxylate (£)-cis-(3d).
Yield: 3.1 mg (0.010 mmol, 2 %) colorless oil. R¢=0.63.

CCDC-896274 (for 5) and CCDC-896275 (for 4a) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from The Cambridge

Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Al General remark
The compound numbering in the Supporting Information is consistent with that of the

accompanying publication.

A2 Instrumentation and reagents

Melting points [°C] were determined on a Koffler hot-plate melting point microscope (Reichert).

'H-, °C- and >'V-NMR spectra were recorded with FT-NMR AC 250, DPX 400 and DMX 600
instruments (Bruker). Chemical shifts refer to the d-scale (coupling constants J are given in Hz).
The resonances of residual protons and of the carbon nuclei of CDCls (o 7.26, oc 77.0) and
CDs0OD (o 3.31, oc 46.15) were used as internal standards. Chemical shifts of vanadium nuclei
were referenced to an external standard of VOCI; [90% (v/v)] in C¢Dg (oy= 0).

IR spectra were recorded from pelletized samples in KBr with a FT-IR 1000 spectrometer

(Perkin Elmer).

UV/Vis spectra were recorded in 1 cm-quartz cuvettes with a Cary 100 spectrometer (Varian) at
25 °C using analytical grade solvents. Molar extinction coefficients (lg ¢) are reported in

m® x mol ",
Combustion analyses were performed with an Elemental Analyser 2400 CHN (Perkin Elmer).

Reaction progress was monitored via thin layer chromatography (tlc) on aluminum sheets coated
with silica gel (60 Fis4, Machery-Nagel). Compounds were detected on developed tlc sheets via
UV light absorption (254 nm) or the use of Ekkert’s reagent, prepared from anisaldehyde (1 mL)
in EtOH (100 mL), acetic acid (10 ml), and conc. HSO4 (8 mL).

(E)-Cinnamic acid (98%), 2-methylpropanal (99%), VO(OEt); (95%), cyclohexa-1,4-diene
(97%), NBS (99%), 3-bromopropionic acid (1a) (97%), bromobenzene (99%), montmorillonite
K-10, ethylene glycol (95%), 4-tert-butylcyclohexanol (99%), propylene carbonate (99.5%)
[Acros], f~-methylstyrene (2e) (99%), 1-decene (2¢) (94%), cyclohex-3-enecarbaldehyde (97%),
cyclopropyl methyl ketone (98%), (E)-5-decene (2f) (99%) [Aldrich], dimethyl carbonate (99%),
NaBr (99%), SiO; for column chromatography (230—400 mesh) [Merck], NBusBr (98%) and
(3R)-linalool (7¢) (97%) [Fluka], EtOAc (99%) and cyclohexane (99%) [J.T. Baker] were
commercially available and used as received. Solvents not named above were purified according

to standard procedures.!"!
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(E)-5-Phenylpent-4-en-1-ol (7a),””! 5-methyl-1-phenylhex-4-en-1-ol (7b).”*! ethyl 5-methylhex-4-
encoate (2g),'"! 1-phenylpent-4-ene (2d),”) 4-tert-butylcyclohexene oxide,' dimethyl piperidine-

2,6-dicarb0xylate,[7]

and {6-[(2-oxidophenyl)iminomethyl]-phenolato} (ethanolato)oxidovana-
dium(V) [VO(L?)(OEt)]" were prepared according to published procedures. fert-Butyl hydro-
peroxide (TBHP) in toluene was prepared according to Sharpless ef al. and its concentration

determined as described.”’!

A3 3-Bromopropionic acids

A3.1 3-Bromo-2,2-dimethylpropionic acid (1b)

A3.1.1  3-Hydroxy-2,2-dimethylpropionic acid.'”

2-Methylpropanal (36.1 g, 500 mmol) was dissolved in aq. formaldehyde [37% (w/w), 40.6 g,
500 mmol] and treated with K,COj; (69.0 g, 500 mmol) at 0 °C (ice bath) at such a rate that the
temperature of reaction remained below 20 °C. The solution was stirred for 1 h at 0 °C. The ice-
bath was removed, H,O (75 mL) was added to the reaction mixture and stirring was continued
for further 90 min. The phases of this mixture were separated and the aqueous phase was
extracted with fert-butyl methyl ether (3 x 75 mL). The organic phase and the organic washings
were combined, dried (MgSQO,), and concentrated under reduced pressure (350 mbar / 40 °C) to
leave a colorless oil (51.1 g). This residue, which consisted predominantly of 3-hydroxy-2,2-
dimethylpropanal, was dissolved in of H,O (800 mL). To this solution, K,CO; (42.0 g, 30.3
mmol) was added at 25 °C and, over a period of 2 hours, portions of KMnO, (59.3 g, 375 mmol),
while beeing continously stirred. Stirring of the reaction mixture was continued for 16 hours at
25 °C. The solids were afterwards removed by filtration and the pH of the filtrate adjusted to 12
with NaOH-pellets. The basic solution was washed with fert-butyl methyl ether (2 x 100 mL)
and acidified with concentrated aqueous HCI (50 mL). The acidic solution was extracted with
tert-butyl methyl ether (4 x 100 mL). The organic washings were combined, dried (MgSQO,), and
concentrated under reduced pressure (350 mbar / 40°C) to leave 3-hydroxy-2,2-
dimethylpropionic acid (24.5 g, 207 mmol, 41 % from 2-methylpropanal) as a colorless
crystalline solid; oy (600 MHz; CDCl3) 1.24 (6 H, s, CH3), 3.60 (2 H, s, 3-H). oc (150 MHz;
CDCls) 21.9 (CH3), 44.0 (C2), 69.3 (C3), 183.2 (C1).

A3.1.2  3-Bromo-2,2-dimethylpropionic acid (1b).l'"
Title compound 1b was prepared according to Greene efal. from 3-hydroxy-2,2-

dimethylpropionic acid (30.0 g, 254 mmol)."" Yield: 36.8 g (80 %). og (600 MHz; CDCl3) 1.36
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(6 H, s, CH3), 3.52 (2 H, s, 3-H). & (150 MHz; CDCl3) 24.0 (CHj), 40.5 (C3), 43.9 (C2), 181.1
(C1).

A3.2 3-Bromo-3-phenylpropionic acid (1c).'HH]

To a solution of HBr [30%, (w/w)] in acetic acid (50 mL) was added (E)-cinnamic acid (8.45 g,
57.0 mmol). The mixture was heated to 4550 °C for 8 h and then kept at 25 °C for 16 h while
continously stirred. The formed colorless precipitate was filtered off, washed with ice-water
(4 x50 mL), and dried (25 °C, 0.1 mbar). Yield: 11.3 g (49.3 mmol, 87 %) colorless solid;
CoHyBrO; (229.07). o4 (600 MHz; CDCls) 3.28 (1 H, dd, J 16.8, 6.1 Hz, 2-H), 3.40 (1 H, dd, J
16.8, 9.1 Hz, 2-H), 5.38 (1 H, dd, J 8.9, 6.1 Hz, 3-H), 7.29-7.33 (1 H, m), 7.33-7.39 (2 H, m),
7.39-7.46 (2 H, m). &c (150 MHz; CDCl;) 44.4 (C2), 47.0 (C3), 127.1, 128.9, 128.9, 140.5,
175.1 (C1).

A4 Alkenes and alkenols

A4.1 4-tert-Butylcyclohexene (2a)t'* 10

The compound 2a was prepared from 4-tert-butylcyclohexanol (15.6 g, 100 mmol). Yield:
4.01 g, (29 %), colorless liquid. oy (600 MHz; CDCls) 0.86 (9 H, s, CH3), 1.11-1.19 (1 H, m, 5-
H), 1.25-1.31 (1 H, m, 4-H), 1.74-1.83 (2 H, m, 3-H, 5-H), 1.97-2.05 (2 H, m, 3-H, 6-H), 2.06—
2.13 (1 H, m, 6-H), 5.63-5.72 (2 H, m, 1-H, 2-H). & (150 MHz; CDCls) 23.9 (C5), 26.7, 26.8
(C3, C6), 27.2 (CH3), 32.3 (Cy), 44.1 (C4), 126.9, 127.4 (C1, C2). Anal. calcd. for CioH;s
(138.25): C, 86.88; H, 13.12; Found: C, 86.90; H, 12.80.

A4.2  2-(Cyclohex-3’-enyl)-1,3-dioxolane (2b)"”]

A slurry of cyclohex-3-ene carbaldehyde (2.75 g, 25 mmol), ethylene glycol (1.87 g, 30 mmol)
and montmorillonite K-10 (1.5 g) in cyclohexane (75 mL) was heated under reflux with a Dean-
Stark apparatus for 5 h. The reaction mixture was allowed to cool (25 °C). Solids were filtered
off. The filtrate was concentrated under reduced pressure (180 mbar, 40 °C) and the residue
purified by distillation (bp 59 °C / 0.8 mbar). Yield: 2.17 g (14.1 mmol, 56 %) colorless liquid,
CoH 140, (154.21). oy (600 MHz; CDCls) 1.34-1.43 (1 H, m, 6’-H), 1.79-1.87 (2 H, m, 1’-H, 6’-
H), 1.88-1.96 (1 H, m, 2°-H), 2.01-2.15 (3 H, m, 2’-H, 5’-H), 3.83-3.98 (4 H, m, 4-H, 5-H),
4.70 (1 H, d, J 5.3 Hz, 2-H), 5.64-5.70 (2 H, m, 3’-H, 4’-H). Jc (150 MHz; CDCls) 23.4 (C6’),
24.6 (C5°),26.0 (C2),37.7 (C17), 64.9, 65.0 (C4, C5), 107.2 (C1), 125.8, 127.0 (C3°, C4°).



ANHANG A 111

A4.3 Ethyl (E)-2-(2-hydroxypropy-2-yl)-5-phenyl-4-hexenoate (7d)

A4.3.1 (E)-1-Bromo-4-phenylpent-3-ene'*!l'"]

To a solution of phenyl magnesium bromide in Et;O (75 mL), prepared from magnesium
turnings (2.43 g, 100 mmol) and bromobenzene (16.0 g, 102 mmol), was added cyclopropyl
methyl ketone (8.20 g, 97 mmol) in diethyl ether (30 mL) within 35 min under cooling in a water
bath (25 °C). The mixture was stirred for 1 hour at 25 °C and cooled in an ice bath. At 0 °C, a
mixture of conc. H,SO4 (15 mL) and H,O (30 mL) was added at such a rate that the temperature
of the reaction mixture did not exceed 10 °C. After being stirred for 30 min at 25 °C, the organic
phase was separated and the aqueous phase extracted with zers-butyl methyl ether (3 x 40 mL).
Combined organic washings were dried (MgSO4) and concentrated under reduced pressure to
leave 20.3 g (93 %) of a yellowish liquid. oy (600 MHz; CDCls) 2.07 (3 H, s, CH3), 2.80 (2 H, q,
J 7.3 Hz, 2-H),3.47 (2H,t,J 7.2 Hz, 1-H), 5.77 (1 H, td, J; 7.2, J; 1.2 Hz, 3-H), 7.24-7.28 (1 H,
m), 7.31-7.35 (2 H, m), 7.39-7.42 (2 H, m). &c (150 MHz; CDCls) 16.1 (CHs), 32.2 (C2), 32.3
(C1), 124.4 (C3), 125.7,127.0, 128.2, 137.8 (C4), 143.3.

A4.3.2  (E)-5-Phenyl-hex-4-enenitrile!”

A mixture of (E)-1-bromo-4-phenylpent-3-ene (18.0 g, 80 mmol) and sodium cyanide (5.87 g,
120 mmol) in dimethyl sulfoxide (50 mL) was stirred at 100 °C for 18 h. After cooling to 25 °C,
the reaction mixture was poured into ice water (150 mL) and extracted with tert-butyl methyl
ether (4 x 50 mL). The organic washings were combined and dried (MgSQ,). The resulting clear
solution was concentrated under reduced pressure, to leave 13.44 g (98 %) of a yellow liquid. oy
(400 MHz; CDCl3) 2.08 (3 H, s, CH3), 2.44-2.51 (2 H, m, 2-H), 2.58 (2 H, q, J 7.1 Hz, 3-H),
573 (1 H, td, J; 7.2, J; 1.0 Hz, 4-H), 7.23-7.29 (1 H, m), 7.30-7.36 (2 H, m), 7.36-7.40 (2 H,
m). & (100 MHz; CDCl;) 16.1 (CHj3), 17.4 (C2), 24.8 (C3), 119.3 (CN), 123.3 (C4), 125.8,
127.2, 128.3, 138.6 (C5), 143.0.

A4.3.3 (E)-5-Phenyl-hex-4-enoic acid?"!

To a solution of (E)-5-phenyl-hex-4-enenitrile (12.5 g, 73 mmol) in ethyleneglycol (80 mL) and
H,O (13 mL) was added powdered potassium hydroxide (23.0 g, 410 mmol) and the mixture
stirred at 100 °C for 10 h. After cooling to 25 °C, the reaction mixture was poured onto crushed
ice (100 mL), the pH adjusted to 1-2 with conc. aq. HCI (ca. 30 mL) and extracted with tert-
butyl methyl ether (3 x 70 mL). The organic washings were dried (MgSO,4) and concentrated
under reduced pressure to leave a brown residue, which was recrystallized from terz-butyl methyl

ether/pentane to afford 12.3 g (89 %) of a brownish solid. oy (400 MHz; de-DMSO) 1.98 (3 H, s,
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CHs), 2.31-2.43 (4 H, m, 2-H, 3-H), 5.71-5.78 (1 H, m, 4-H), 7.18-7.24 (1 H, m), 7.27-7.33 (2
H, m), 7.34-7.49 (2 H, m), 12.12 (1 H, br. s., OH). & (100 MHz; d-DMSO) 15.9 (CHs), 24.0
(C3), 33.9 (C2), 55.3 (CH3), 113.5, 124.0 (C4), 126.7, 135.8, 136.0 (C5), 158.6, 179.0 (C1).

A4.3.4 (E)-Ethyl—5-phenyl-hex-4-en0ate[22]

A mixture of (E)-5-phenyl-hex-4-enoic acid (6.71 g, 35 mmol), ethanol (15 mL), and p-
toluenesulfonic acid-monohydrate (190 mg, 1 mmol) in chloroform (135 mL) was heated under
reflux with a Dean-Stark-trap for 26 h. The organic phase was washed with 5% (w/w) aq.
NaHCOs (3 x 40 mL). The combined aqueous washings were extracted with CH,Cl, (2 x 40
mL). The organic washings were combined, dried (MgSO,), and concentrated under reduced
pressure to leave 7.45 g (98 %) of a brown liquid. oy (400 MHz; CDCl3) 1.27 (3 H, t, J 7.2 Hz,
CO,CH,CH3), 2.06 (3 H, s, CH3), 2.41-2.49 (2 H, m, 2-H), 2.50-2.59 (2 H, m, 3-H), 4.15 (2 H,
q, J 7.3 Hz, CO,CH,CHs), 5.70-5.77 (1 H, m, 4-H), 7.20-7.25 (1 H, m), 7.28-7.34 (2 H, m),
7.34-7.39 (2 H, m). 6c (100 MHz; CDCls) 14.2 (CO,CH,CH3), 15.8 (CHa), 24.4 (C3), 34.2 (C2),
60.3 (CO,CH,CH3), 125.7 (C4), 126.1, 126.7, 128.1, 136.2 (C5), 143.7, 173.1 (CO,CH,CH3).

A4.3.5  Ethyl (E)-2-(2-hydroxypropy-2-yl)-5-phenyl-4-hexenoate (7d)*’!

Under an atmosphere of nitrogen, a solution of (E)-ethyl-5-phenyl-hex-4-enoate (3.60 g,
16.5 mmol) in dry tetrahydrofuran (15 mL) was added to a solution of lithium diisopropyl amide
(9.20 mL, 18.4 mmol, 2 M in tetrahydrofuran/hexane/ethylbenzene) in dry tetrahydrofuran
(10 mL) at =78 °C (20 min). After stirring for 1 hour at —78 °C, a solution of acetone (1.10 g,
19.0 mmol) in dry tetrahydrofuran (5 mL) was added (10 min), and the reaction mixture stirred
at —78 °C for further 2 h. After warming to 0 °C, the mixture was hydrolyzed with water (30 mL)
and sat. ag. NH4Cl (50 mL). The pH of this mixture was adjusted to 5—-6 with conc. aq. HCL.
Extraction of the resulting mixture with diethyl ether (3 x 60 mL), and concentration of the
combined organic washings under reduced pressure afforded an orange oil, which was purified
by column chromatography [SiO,, EtOAc/pentane 1/4 (v/v)], to leave 3.85 g (84%) of a
yellowish oil. R¢ 0.27. oy (600 MHz; CDCl3) 1.23 (3 H, t, J 7.2 Hz, CO,CH,CH3;), 1.29 (6 H, 2 x
s, CH3), 2.04 (3 H, s, CH3), 2.48-2.56 (2 H, m, 3-H, 4-H), 2.72 (1 H, ddd, J 15.3, 12.2, 8.5 Hz, 4-
H), 3.01 (1 H, s, OH), 4.15 (2 H, q, J 7.2 Hz, CO,CH,CH3), 5.65-5.72 (1 H, m, 5-H), 7.20-7.25
(1 H, m), 7.27-7.35 (4 H, m). ¢c (150 MHz; CDCls) 14.3 (CO,CH,CHj3), 15.9 (CH3), 26.7
(CH3), 27.0 (C4), 29.2 (CHj3), 55.5 (C3), 60.6 (CO,CH,CH3), 71.0 (C2), 124.9 (CS5), 125.7,
126.7, 128.2, 136.8 (C6), 143.7, 175.8 (CO,CH,CHj3). Anal. calcd. for C7H,405 (276.37): C,
73.88; H, 8.75; Found: C, 73.72; H, 8.76.
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AS Oxidative brominations

AS.1 Dibromoalkanes from alkenes

AS5.1.1 General method

To the solution of an alkene (1 mmol) in propylene carbonate (20 mL) was added 3-bromo-2,2-
dimethylpropionic acid (1b) (452 mg, 2.5 mmol), NaBr (10.3 mg, 0.1 mmol), a vanadium
catalyst (0.01 mmol) and TBHP (3.5 m in toluene, 300 pl, 1.05 mmol). Cyclohexa-1,4-diene
(32.1 mg, 0.4 mmol) dissolved in propylene carbonate (3 mL) was added via syringe pump
(0.003 mL/min). The reaction mixture was stirred at 30 °C in a water bath for the indicated time.
The yellowish solution was extracted with cyclohexane (4 x 15 mL), combined organic extracts
were washed with water (20 mL), and satd. aq. NaCl (20 mL), dried (MgSQy,), and concentrated
under reduced pressure to leave a residue, which was purified by column chromatography (SiO,,

CH,CL).

Brominations of more polar substrates, such as ethyl 5-methylhex-4-enoate (2g), were
preferentially conducted in ethyl acetate using NBuyBr instead of NaBr. Product isolation in this
case was achieved via removal of the solvent under reduced pressure, which was followed by

chromatographic purification of the residue.

AS5.1.2  Conversion of 1-decene (2¢)

Substrate: 141 mg (I mmol) 2¢; conversion: 86 % (NMR) after 40 h. I,2-Dibromodecane
(3¢).2 Yield: 207 mg (69 %) colorless oil, Ry 0.91, CoH,sBr; (298.06). & (400 MHz; CDCls)
0.88 (3 H, t,J 6.8 Hz, CH3), 1.26 (10 H, br. S, CH,), 1.34-1.47 (1 H, m, CH,), 1.50-1.63 (1 H,
m, CHy), 1.78 (1 H, dtd, J; 14.4, 4.8, J,9.7 Hz, CH), 2.08-2.19 (1 H, m, CH>), 3.63 (1 H, t,J 9.9
Hz, 10-H), 3.85 (1 H, dd, J 10.2, 4.4 Hz, 10-H), 4.13-4.22 (1 H, m, 9-H).

AS5.1.3 Conversion of 1-phenylpent-4-ene (2d)

Substrate: 147 mg (I mmol) 2d; conversion: 93 % (NMR) after 48 h. [,2-Dibromo-5-
phenylpentane (3d).*”) Yield: 192 mg (63 %) colorless oil, Rt 0.79. &; (600 MHz; CDCl3) 1.74—
1.81 (1 H, m, 4-H), 1.81-1.88 (1 H, m, 3-H), 1.89-1.98 (1 H, m, 4-H), 2.19 (1 H, dddd, J 13.9,
10.4, 5.1, 3.1 Hz, 3-H), 3.62 (1 H, t, J 10.0 Hz, 1-H), 2.61-2.74 (2 H, m, 5-H), 3.85 (1 H, dd, J
10.2, 4.5 Hz, 1-H), 4.15-4.23 (1 H, m, 2-H), 7.18-7.23 (3 H, m), 7.28-7.32 (2 H, m). &c (150
MHz; CDCl;) 28.5 (C4), 35.0 (C5), 35.6 (C3), 36.2 (C1), 52.7 (C2), 126.0, 128.3, 128.4, 141.5;
Anal. calcd. for C;1H4Br, (306.04): C, 43.17; H, 4.61; Found: C, 43.31; H, 4.63.
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A5.1.4 Conversion of p-methylstyrene (2¢)

Substrate: 120 mg (1 mmol) 2e; conversion: 84 % (NMR) after 24 h. rel-(1R,2S)-Dibromo-1-
phenylpropane (3¢).*" Yield: 156 mg (56 %) colorless oil, Ry 0.76, CoH;oBr, (277.98). &y (400
MHz; CDCl3) 2.05 (3 H, d, J 6.5 Hz, CH3), 4.61 (1 H, dq, J; 10.2, J, 6.5 Hz, 2-H), 5.04 (1 H, d, J
10.2 Hz, 1-H), 7.28-7.43 (5 H, m).

AS5.1.5 Conversion of (E)-5-decene (2f)

Substrate: 141 mg (1 mmol) 2f; conversion: 93 % (NMR) after 24 h. rel-(5R,6S)-Dibromodecane
(31).2% Yield: 220 mg (73 %) colorless oil, Rs 0.89, C,oHa0Br, (300.07). & (400 MHz; CDCl;)
0.93 (6 H, t,J 7.0 Hz, CH3), 1.23-1.48 (6 H, m, CH), 1.53-1.66 (2 H, m, CH,), 1.88-2.01 (2 H,
m, CH,), 2.04-2.17 (2 H, m, CH), 4.12-4.21 (2 H, m, 5-H, 6-H).

A5.1.6  Conversion of ethyl 5-methylhex-4-enoate (2g)

Substrate: 157 mg (1 mmol) 2g; quant. conversion. (NMR) after 40 h. Ethyl 4,5-dibromo-5-
methylhexanoate (3g). Yield: 218 mg (69 %) colorless oil, Ry 0.74. oy (600 MHz; CDCls) 1.28 (3
H, t,J 7.1 Hz, CO,CH,CHj3), 1.84 (3 H, s, CH3), 1.99 (3 H, s, 6-H), 2.07 (1 H, dddd, J 14.6, 11.3,
8.3, 4.8 Hz, 3-H), 2.52 (1 H, dt, J; 16.4, J, 8.0 Hz, 2-H), 2.67-2.73 (1 H, m, 2-H), 2.76-2.82 (1
H, m, 3-H), 4.16 (2 H, q, J 7.1 Hz, CO,CH,CH3), 4.25 (1 H, d, J 11.2 Hz, 4-H). éc (150 MHz;
CDCl) 14.2 (CO,CH,CHj3) 28.6 (C6), 31.2 (C3), 33.0 (C2), 35.1 (CH3), 60.6 (CO,CH,CH3),
65.6 (C4), 67.7 (C5), 172.6 (C1). Anal. calcd. for CoH;cBr,O; (316.03): C, 34.20; H, 5.10;
Found: C, 34.80; H, 5.17.

AS.2 Bromocyclizations

AS.2.1 General method

To the solution of an alkenol (1 mmol) in propylene carbonate (20 mL) was added 3-bromo-2,2-
dimethylpropionic acid (1b) (226 mg, 1.25 mmol), NaBr (10.3 mg, 0.1 mmol), a vanadium
catalyst (0.01 mmol) and TBHP (3.5 m in toluene, 455 pL, 1.6 mmol). 1,4-Cyclohexadiene (32.1
mg, 0.4 mmol) dissolved in propylene carbonate (3 mL) was added via syringe pump (0.003
mL/min). The reaction mixture was stirred at 30 °C in a water bath for 48 h. The yellowish
solution was extracted with cyclohexane (4 x 15 mL), combined organic extracts were washed
with H,O (1 % 20 mL) and sat. aqueous NaCl (1 x 20 mL), dried (MgSQ,), and concentrated
under reduced pressure to leave a residue, which was purified by column chromatography (SiO,,

CH,CL).
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AS5.2.2  Bromocyclization of 5-methyl-1-phenylhex-4-en-1-ol (7b)

From 191 mg (1 mmol) of 7b. 3-Bromo-2,2-dimethyl-6-phenyltetrahydropyran (8b).*® Yield:
184 mg (68 %), 4/96-mixture of cis/trans-isomers, colorless oil. Ry 0.69. C;3H7BrO (269.18).
cis-8b. oy (400 MHz; CDCl3) 1.43 (3 H, s, CH3), 1.49 (3 H, s, CH3), 1.62-1.69 (1 H, m, 5-H),
2.13-2.21 (2 H, m, 4-H), 4.25 (1 H, t, J 3.1 Hz, 3-H), 4.68 (1 H, dd, J 11.7, 3.1 Hz, 6-H), 7.31-
7.43 (5 H, m). trans-8b. &y (400 MHz; CDCls) 1.44 (3 H, s, CH3), 1.48 (3 H, s, CH3), 1.61-1.72
(1 H, m, 5-H), 1.81-1.89 (1 H, m, 5-H), 2.23-2.33 (2 H, m, 4-H), 4.02 (1 H, dd, J 8.7, 8.4 Hz, 3-
H), 4.65 (1 H, dd, J 11.7, 2.4 Hz, 6-H), 7.20-7.32 (m, 5 H). 2-(1-Bromo-1’-methylethyl)-5-
phenyltetrahydrofuran (9b).%°" Yield: 38 mg (14 %) 41/59-mixture of cis/trans-isomers,
colorless oil. Ry 0.69. Ci3H7BrO (269.18). cis-9b. oy (400 MHz; CDCls) 1.79 (3 H, s, CH3),
1.81 (3 H, s, CH3), 2.05-2.19 (2 H, m, 3-H), 2.21-2.28 (2 H, m, 4-H), 3.93 (1 H, dd, J 7.8, 6.2
Hz, 2-H), 4.87 (1 H, dd, J 9.4, 5.8 Hz, 5-H), 7.22-7.35 (5§ H, m). trans-9b. oy (400 MHz; CDCls)
1.76 (3 H, s, CH3), 1.82 (3 H, s, CH3), 1.87-1.94 (1 H, m, 3-H), 2.04-2.14 (1 H, m, 4-H), 2.17-
2.24 (1 H, m, 3-H), 2.37-2.2.44 (1 H, m, 4-H), 4.10 (1 H, dd, J 8.2, 6.6 Hz, 2-H), 5.10 (1 H, dd,
J9.0,5.9 Hz, 5-H), 7.23-7.35 (5§ H, m).

AS5.2.3 Bromocyclization of (3R)-linalool (7¢)

From 155 mg (I mmol) of 7e. (5R)-2-(1’-Bromo-1’-methylethyl)-5-methyl-5-
vinyltetrahydrofuran (9¢). Yield: 87 mg (37 %), 62/38-mixture of cis/trans-isomers, colorless
oil, R¢ 0.71, C;oH;7BrO (233.15). (25,5R)-9¢ (cis-9¢). ou (600 MHz; CDCls) 1.30 (3 H, s, CH3),
1.72 (3 H, s, CHs), 1.75 (3 H, s, CH3), 1.76-2.30 (4 H, m, CH,), 4.01 (1 H, t, J 6.9 Hz, 2-H),
4.98-5.02 (1 H, m, -HC=CH>), 5.23 (1 H, dd, J 17.3, 1.3 Hz, -HC=CH), 5.99 (1 H, dd, J 17.3,
10.4 Hz, —-HC=CH,) ppm. NOESY (cross peaks) 2-H <> 5-CHs. (2R,5R)-9c¢ (trans-9c¢): oy (600
MHz; CDCl;) 1.34 (3 H, s, CH3), 1.72 (3 H, s, CH3), 1.75 (3 H, s, CH3), 1.76-2.30 (4 H, m,
CH,), 3.92 (1 H, dd, J 7.4, 6.2 Hz, 2-H), 4.93-4.98 (1 H, m, -HC=CH,), 5.19 (1 H, dd, J 17.2,
1.4 Hz, -HC=CH,), 5.84 (1 H, dd, J 17.2, 10.6 Hz, -HC=CH;) ppm. NOESY (cross peaks) 2-H
<> vinyl-H. (6R)-3-Bromo-2,2,6-trimethyl-6-vinyltetrahydropyran (8¢). Yield: 97 mg (42 %),
64/36-mixture of cis/trans-isomers, colorless oil, Ry 0.71. C;oH7BrO (233.15). (3R,6R)-8¢ (cis-
8¢). ou (600 MHz; CDCls) 1.14 (3 H, s, CH3), 1.32 (3 H, s, CH3), 1.37 (3 H, s, CH3), 1.63 (1 H,
tdd, J 13.7, 3.9, 1.1 Hz, 5-H), 1.76-2.30 (3 H, m, CH,), 3.94 (1 H, dd, J 12.6, 4.1 Hz, 3-H), 4.98—
5.02 (2 H, m, -HC=CH,), 5.97 (1 H, ddd, J 17.9, 10.8, 1.1 Hz, -HC=CH;) ppm. NOESY (cross
peaks) 3-H < 5-H. (3S,6R)-8¢ (trans-8c). ou (600 MHz; CDCls) 1.29 (3 H, s, CH3), 1.36 3 H, s,
CHj), 1.39 (3 H, s, CH3), 1.76-2.30 (4 H, m, CH»), 4.09 (1 H, dd, J 7.5, 3.5 Hz, 3-H), 4.95-5.02
(1 H, m, -HC=CH,), 5.06 (1 H, d, J 17.7 Hz, -HC=CH), 591 (1 H, dd, J 17.7, 11.0 Hz, —
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HC=CH,). Mixture of 8¢ and 9c. &c (150 MHz; CDCls) 22.2, 25.5, 26.6, 27.5, 28.5, 28.6, 28.9,
28.9, 29.0, 29.1, 29.2, 29.2, 30.8, 31.2, 31.4, 31.4, 32.0, 35.0, 36.8, 37.5, 58.6, 59.5, 68.4, 68.6,
73.8, 74.2, 74.7, 76.2, 83.9, 84.1, 86.0, 86.1, 110.7, 110.9, 111.5, 111.6, 143.4, 143.8, 145.5,
146.8.

AS5.2.4 Bromocyclization of ethyl (E)-2-(2-hydroxypropy-2-yl)-5-phenyl-4-hexenoate (7d)
From 276 mg (1 mmol) of 7d and 344 mg of (1.5 mmol) 3-bromo-3-phenylpropanoic acid (1c).
Ethyl (5-bromo-2,2,6-trimethyl-6-phenyltetrahydropyran)-3-carboxylate (8d). Yield: 167 mg
(47 %), 76/23-mixture of cis/trans isomers, colourless oil. Ry = 0.63. Anal. calcd. for C;7H,3BrOs
(355.27): C, 57.47; H, 6.53; Found: C, 57.37; H, 6.44. rel-(3R,5S5,6R)-8d [(£)-cis-8d]. ou (400
MHz; CDCls) 1.29 (3 H, t, J 7.2 Hz, CO,CH,CHj5), 1.41 (3 H, s, CH3), 1.49 (3 H, s, CH3), 1.89
(3 H,s, CHs), 2.39 (1 H, dt,J 13.5 Hz, 3.6,4-H), 2.71 (1 H, q, J 13.1 Hz, 4-H), 2.80-2.88 (1 H,
m, 3-H), 4.04 (1 H, dd, J 12.8, 3.9 Hz, 5-H), 4.13-4.23 (2 H, m, CO,CH,CH3), 7.21-7.40 (4 H,
m), 7.60 (2 H, d, J 7.8 Hz). &c (100 MHz; CDCls) 14.2 (CO,CH,CH3), 20.7 (CH3), 24.7 (CHs),
31.6 (C4), 32.1 (CHz3), 54.0 (C3), 57.2 (C5), 60.8 (CO,CH,CHs), 74.3 (C2), 78.5 (C6), 126.1,
127.5, 127.9, 145.6, 171.1 (CO,CH,CH3). NOESY (cross peaks) 3-H < 5-H. rel-(35,5S,6R)-8d
[(£)-trans-8d]. ou (400 MHz; CDCls) 0.74 (3 H, s, CHs), 1.24 (3 H, t, J 7.2 Hz, CO,CH,CH5),
1.50 3 H, s, CH3), 1.63 (3 H, s, CH3), 2.33 (1 H, m, 4-H), 2.59 (1 H, ddd, J 15.0, 10.7, 3.1 Hz, 4-
H), 3.18 (1 H, dd, J 10.6 Hz, 4.1, 3-H), 4.07-4.23 (2 H, m, CO,CH:CHj3), 5.27 (1 H, dd, J 5.4,
3.1 Hz, 5-H), 7.21-7.38 (3 H, m), 7.51 (2 H, d, J 7.5 Hz). &c (100 MHz; CDCl;) 14.1
(CO,CH,CH3), 25.6 (CH3), 30.0 (C4), 31.5 (CHs), 34.0 (CH3), 47.2 (C3), 56.8 (C5), 60.6
(CO,CH,CHs), 74.5 (C2), 76.4 (C6), 126.3, 127.2, 128.0, 144.8, 172.7 (CO,CH,CH3). NOESY
(cross peaks) 3-H <> 5-H (missing).

A5.2.5 Larger scale bromocyclization of (3R)-linalool (7¢)

To a solution of (3R)-linalool (7¢) (10.0 mmol) in propylene carbonate (40 mL) was added 3-
bromo-2,2-dimethylpropionic acid (1b) (2.26 g, 12.5 mmol), NaBr (26 mg, 0.25 mmol),
VO(L')(OEt) (0.025 mmol), and TBHP (3.5M in toluene, 3.00 mL, 10.5 mmol). 1,4-
Cyclohexadiene (320 mg, 4.0 mmol) dissolved in propylene carbonate (5 mL) was added via
syringe pump (0.003 mL/min). The reaction mixture was stirred at 30 °C in a water bath for 48 h.
The yellowish solution was extracted with cyclohexane (4 x 30 mL). The combined organic
extracts were washed with H,O (2 x 60 mL) and sat. aq. NaCl (1 x 60 mL), dried (MgSOs,), and

concentrated under reduced pressure to leave a colorless oil, which contained the practically pure
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products (1.47 g, 6.32 mmol, 63 %). The residue was further purified by distillation (bp 55-57
°C /0.1 mbar) to give the desired products (4.93 mmol, 49 %) in an analytically pure form.

A6 Controls

A6.1 General remarks
The following paragraphs summarize controls. Additional information on work-up procedures,
organobromine purification, and spectroscopic data of products are given in the Experimental

part of the associated article and in the sections above.

A6.2 Aqueous hydrogen peroxide as terminal oxidant

A6.2.1 Conversion of 4-tert-butyl cyclohexene (2a) with aqueous H,O;, / HBr in CH,Cl,
Reagents: 4-tert-butyl cyclohexene (2a) (1 mmol), aq. H,O, [30% (w/w), 2.5 eq.], aq. HBr [48%
(w/w), 2.5 eq.], CH,Cl, (10 mL). Mixing of the reagents and stirring of the reaction mixture for
24 h at 20 °C, solvent evaporation, and column chromatography yielded 81 % of rel-(1R,3S,4S)-
3,4-dibromo-1-tert-butyl cyclohexane (3a).

A6.2.2 Conversion of 4-tert-butyl cyclohexene (2a) with aqueous H,O, / HBr in dimethyl
carbonate

Reagents: 4-tert-butyl cyclohexene (2a) (1 mmol), aq. H,O, [30% (w/w), 2.5 eq.], aq. HBr [48%

(w/w), 2.5 eq.], DMC (10 mL). Mixing of the reagents at 20 °C, stirring of the reaction mixture

for 24 h at the same temperature, solvent evaporation and column chromatography yielded 86 %

of rel-(1R,35,45)-3,4-dibromo-1-tert-butyl cyclohexane (3a).

A6.2.3 Conversion of 2-(cyclohex-3’-enyl)-1,3-dioxolane (2b) with aqueous H,O, / HBr in
propylene carbonate

Reagents: 2-(cyclohex-3’-enyl)-1,3-dioxolane (2b) (1 mmol), aq. H,O, [30% (w/w), 2.5 eq.], aq.
HBr [48% (w/w), 2.5 eq., addition via syringe pump within 14 h], PC (20 mL). Mixing of the
reagents and stirring of the reaction mixture for 24 h at 20 °C, followed by work-up as described
in section A5.2.1 yielded 20 % of 2-[rel-(1’R,3’S,4°S)-3’,4’-dibromocyclohexyl]-1,3-dioxolane
(3b) and 2 % of rel-(1R,3S,4S5)-3.,4-dibromo cyclohexyl carbaldehyde (5)."" Colorless oil, Ry
0.71. 61 (400 MHz; CDCl3) 1.85 (1 H, qd, J4 12.9, J4 3.6 Hz, 6-H), 1.91-2.01 (1 H, m, 5-H or 6-
H), 2.01-2.10 (1 H, m, 5-H or 6-H), 2.16-2.27 (1 H, m, 2-H), 2.41-2.61 (2 H, m, 2-H, 5-H),
2.78-2.93 (1 H, m, 1-H), 4.60-4.66 (1 H, m, 4-H), 4.69—4.75 (1 H, m, 3-H), 9.68 (1 H, s).
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A6.2.4 Conversion of (E)-S5-phenylpent-4-en-1-0l (7a) with aqueous H,O, / HBr in
propylene carbonate

Reagents: (E)-5-phenylpent-4-en-1-ol (7a) (1 mmol), aq. HO; [30% (w/w), 1.25 eq.], aq. HBr

[48% (w/w), 1.25 eq., addition via syringe pump within 14 h], PC (20 mL). Mixing of the

reagents and stirring of the reaction mixture for 24 h at 20 °C, followed by work-up as described

in section A5.2.1 yielded 47 % of rel-(2R,3S5)-3-bromo-2-phenyltetrahydropyran (8a).

A6.2.5 Conversion of (E)-5-phenylpent-4-en-1-o0l (7a) with aqueous H,O, / 3-bromo-2,2
dimethyl-propionic acid (1b) / VO(L')(OE) in propylene carbonate

Reagents: (E)-5-phenylpent-4-en-1-ol (7a) (1 mmol), aq. HO; [30% (w/w), 1.25 eq.], 3-bromo-

2,2 dimethylpropionic acid (1b) (1.25 eq.), NBusBr (0.1 eq.), VO(L")(OEt) (0.01 eq.), PC (20

mL). Mixing of the reagents and stirring of the reaction mixture for 24 h at 30 °C, followed by

work-up as described in section AS5.2.1 yielded 19 % of rel-(2R,3S)-3-bromo-2-

phenyltetrahydropyran (8a).

A6.2.6 Conversion of (E)-5-phenylpent-4-en-1-ol (7a) with H,O, / 3-bromo-2,2 dimethyl-
propionic acid (1b) in propylene carbonate

Reagents: (E)-5-phenylpent-4-en-1-ol (7a) (1 mmol), aq. H>O, [30% (w/w), 1.25 eq.], 3-bromo-

2,2 dimethylpropionic acid (1b) (1.25 eq.), NBusBr (0.1 eq.), PC (20 mL). Mixing of the

reagents and stirring of the reaction mixture for 24 h at 30 °C, followed by work-up as described

in section A5.2.1 yielded 17 % of rel-(2R,3S)-3-bromo-2-phenyltetrahydropyran (8a).

A6.3 Control experiments with N-bromosuccinimide and molecular bromine

A6.3.1 Bromination of (3R)-linalool (7¢) with N-bromosuccinimide

To a solution of NBS (223 mg, 1.25 mmol, recryst. from H,O) in CH,Cl, (20 mL) at 25 °C was
added (3R)-linalool (7¢) (155 mg, 1.0 mmol) and the reaction mixture stirred at the same
temperature for 4 h. After concentration under reduced pressure, the oily residue was subjected
to column chromatography (SiO,, CH,Cl,). Yield: 78 mg (33 %, cis:trans = 64:36), Ry 0.71,
colorless oil. (6R)-3-Bromo-2,2,6-trimethyl-6-vinyltetrahydropyran (8¢). (5R)-2-(1-Bromo-1-
methylethyl)-5-methyl-5-vinyltetrahydrofuran (9¢). Yield: 63 mg (27 %, cis:trans = 64:36), R
0.71, colorless oil. (3R)-6,7-Dibromo-3,7-dimethyloct-1-en-3-0l.*"! Yield: 49 mg (16 %, 50/50-
mixture of like/unlike-isomers). Ry 0.19. oy (600 MHz; CDCl3) 1.32 (3 H, s, CH3), 1.33 (3 H, s,
CH3), 1.35-2.03 (3 H, m, 4-H, 5-H), 1.80 (3 H, s, CH3), 1.81 (3 H, s, CH3), 1.96 (3 H, s, CHs),
1.97 3 H, s, CH3), 2.49-2.56 (1 H, m, 5-H), 4.17-4.23 (1 H, m, 6-H), 5.10 (1 H, ddd, J 10.8,
7.2, 1.0 Hz, -HC=CH,), 5.25 (1 H, d, J 17.2 Hz, -HC=CH>), 5.92 (1 H, ddd, J 17.3, 14.7, 10.9
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Hz, -HC=CH,). & (150 MHz; CDCls) 27.9 (CHs), 28.2 (CHs), 28.2 (CHj), 28.6 (CHj), 30.7
(C5), 30.7 (C5), 35.3 (CHs), 35.3 (CHs), 40.7 (C4), 40.8 (C4), 67.3 (C6), 67.4 (C6), 68.8 (C7),
68.8 (C7), 72.9 (C3), 73.1 (C3), 112.2 (C2), 112.3 (C2), 144.4 (C1), 144.7 (C1).

A6.3.2 Bromination of 4-fert-butyl cyclohexene (2a) with N-bromosuccinimide / NBuyBr
in CH,Cl,

Reagents: 4-tert-butyl cyclohexene (2a) (1 mmol), NBS (1.6 eq.), NBuyBr (1.25 eq.), CH,Cl, (10

mL). Mixing of the reagents at 20 °C, stirring of the reaction mixture for 24 h at the same

temperature, solvent evaporation and column chromatography yielded 92 % of rel-(1R,35.,45)-

3,4-dibromo-1-tert-butyl cyclohexane (3a).

A6.3.3 Bromination of 4-tert-butyl cyclohexene (2a) with Br; in CH,Cl,

Reagents: 4-tert-butyl cyclohexene (2a) (1 mmol), Br, (1.25 eq.), CH,Cl, (10 mL). Mixing of the
reagents at 20 °C, stirring of the reaction mixture for 24 h at the same temperature, solvent
evaporation and column chromatography yielded 96 % of rel-(1R,3S,45)-3,4-dibromo-1-tert-
butyl cyclohexane (3a).

A6.3.4 Hydroxybromination of 4-tert-butyl cyclohexene (2a)

A mixture of 4-tert-butyl cyclohexene (2a) (770 mg, 5.50 mmol) in H,O (30 mL) was treated
with NBS (995 mg, 5.50 mmol) at 25 °C. After stirring for 15 h at the same temperature the
mixture was extracted with CH,Cl, (3 x 15 mL). Combined organic extracts were dried (MgSO.)
and concentrated under reduced pressure to leave a residue, which was purified by column
chromatography (SiO,, CH,Cl,). Yield: 569 mg (2.42 mmol, 44 %) colorless solid, as mixture of
1somers iso-6/6 (40:60), Rr 0.31. Anal. calcd. for C;oH;9BrO (235.16): C, 51.07; H, 8.14; Found:
C, 51.12; H, 7.95. rel-(1R,2R,4R)-4-tert-Butyl-2-bromo cyclohexan-1-ol (is0-6). oy (600 MHz;
CDCls) 0.88 or 0.87 (9 H, s, CH3), 1.37 (1 H, qd, J, 13.3, J; 3.6 Hz, 5-H), 1.54-1.61 (2 H, m, 4-
H, 5-H), 1.69-1.75 (1 H, m, 6-H), 1.78 (1 H, br. s, OH), 1.87-1.98 (2 H, m, 3-H), 2.12-2.19 (1
H, m, 6-H), 4.06-4.09 (1 H, m, 1-H), 4.36-4.39 (1 H, m, 2-H). &c (150 MHz; CDCls) 27.3 or
27.4 (CHs), 27.4 (C6), 29.6 (C3), 32.0 or 32.2 (Cy), 41.2 (C4), 54.8 (C2), 69.6 (C1). rel-
(1R,2R AS)-4-tert-Butyl-1-bromo cyclohexan-2-ol (6). oy (600 MHz; CDCl3) 0.88 or 0.87 (9 H,
s, CH3), 1.42 (1 H, tt, J 12.5, 3.2 Hz, 4-H), 1.50 (1 H, qd, J, 12.5, J; 3.3 Hz, 5-H), 1.54-1.61 (1
H, m, 5-H), 1.69-1.75 (1 H, m, 3-H), 1.78 (1 H, br. s, OH), 1.87-1.98 (2 H, m, 3-H, 6-H), 2.17—
2.24 (1 H, m, 6-H), 4.19-4.22 (1 H, m, 2-H), 4.24-4.27 (1 H, m, 1-H). &c (150 MHz; CDCls)
27.3 or 27.4 (CHz3), 27.9 (C3), 28.9 (C6), 32.0 or 32.2 (Cy), 40.5 (C4), 53.6 (C1), 71.1 (C2).
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A7 Vanadium catalysts

A7.1 Ligand Synthesis

A7.1.1  cis-2,6-Bis-(1-hydroxy-1,1-diphenylmethyl)-piperidine [H,L]"**!

To a solution of PhMgBr in anhydrous Et,O (70 mL) prepared from Mg turnings (3.72 g, 153
mmol) and bromobenzene (24.5 g, 150 mmol) was added dimethyl piperidine-2,6-dicarboxylate
(4.60 g, 22 mmol) in anhydrous THF (80 mL) at —10 °C. The brown slurry was allowed to warm
to 25 °C and stirred for further 18 h. Sat. aq. NH4Cl (60 mL) and H,O (60 mL) were added at
25 °C and the mixture acidified with conc. HCI (10 mL). The formed solids were removed by
filtration, washed with H,O (2 x 20 mL) and suspended in H,O (80 mL). The pH was adjusted to
7 with aq. NaOH (2m, 1.5 mL) and the mixture extracted with tert-butyl methyl ether (3 x 50
mL). Combined extracts were dried (MgSQ4), and concentrated under reduced pressure (350
mbar, 40 °C). The remaining solid was recrystallized from acetone. Yield: 1.25 g (2.77 mmol, 13
%) colorless solid, mp 183 °C. oy (600 MHz; CDCls) 1.22-1.39 (5 H, m, 3-H, 4-H, 5-H), 1.77 (1
H, d, J 5.9 Hz, 4-H), 3.48 (2 H, br. s., OH), 3.66 (2 H, d, J 9.7 Hz, 2-H, 6-H), 7.03-7.08 (2 H,
m), 7.11-7.18 (6 H, m), 7.23-7.28 (4 H, m), 7.40-7.47 (8 H, m). &c (150 MHz; CDCl;) 23.8
(C4), 24.8 (C3, C5), 62.2 (C2, C6), 78.6 (Cy), 125.4, 125.4, 126.5, 126.8, 128.0, 128.4, 143.8,
145.1; Anal. Calcd. for C3;H3NO; (449.58): C, 82.82; H, 6.95; N, 3.12; Found: C, 82.72; H,
7.04; N, 3.11.

A7.1.2  2,6-Bis-[(1S,25,5R)-1-hydroxy-2-isopropyl-5-methylcyclohexyl]-pyridine

[H,L3]"
The compound was prepared from 2,6-dibromopyridine (5.0 g, 21 mmol) with an overall yield of
31 %.1%%) & (600 MHz; CDCls) 0.67 (6 H, d, J 7.0 Hz, CH3), 0.81 (6 H, d, J 6.7 Hz, CH3), 0.90
(6 H, d, J 6.4 Hz, CH3), 0.99-1.12 (2 H, m), 1.13-1.27 (2 H, m), 1.43-1.60 (4 H, m), 1.60-1.69
(4 H, m), 1.69-1.81 (2 H, m), 1.82-1.97 (4 H, m), 4.08 (2 H, br. s, OH), 7.33 (2 H, d, J 7.8 Hz),
7.71 (1 H, t,J 7.8 Hz).

A7.2 Vanadium complexes

A7.2.1  {[cis-2,6-Bis-(1,1-diphenylmethanolato(-1)]-piperid-2,6-diyl}(ethanolato)oxido-
vanadium(V) [VO(L')(OEt)]

To a solution of H,L' (900 mg, 2.00 mmol) in EtOH (40 mL) was added VO(OEt); (404 mg,

2.00 mmol) at 55 °C and the mixture heated to reflux for 1 h. Further stirring at 25 °C for 1 h

was followed by cooling to 0 °C for 6 h. The formed yellow solid was removed by filtration,

washed with cold EtOH (5 mL) and dried (25 °C, 0.1 mbar). Concentration of the filtrate under
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reduced pressure (150 mbar, 40 °C) and cooling to —28 °C resulted in another crop of yellow
solid, which was treated as above. Yield: 950 mg (1.70 mmol, 85 %) yellowish solid, mp 192 °C.
Sv (105 MHz; EtOH/CDCl; 5:1) —592. Vinax (KBr) / cm™ 3421, 3056, 3022, 2953, 2927, 2859,
1596 (N-H), 1490, 1447, 1415, 969 (V=0). Amax (EtOH) / nm (lg & / m” mol ') 249 (1.25), 203
(3.06). Anal. Calcd. for C33H34NO4V (559.57): C, 70.83; H, 6.12; N, 2.50; Found: C, 70.58; H,
6.29; N, 2.42.

A7.2.2  {2,6-Bis-[(15,28,5R)-2-isopropyl-5-methylcyclohexan-1-olato(—1)]-pyrid-2,6-diyl}-
(ethanolato)oxidovanadium(V) [VO(L3 )(OEY)]

To a solution of HoL? (1.06 g, 2.70 mmol) in anhydrous EtOH (27 mL) was added VO(OEt);
(575 mg, 2.70 mmol) at 25 °C. The mixture was heated under reflux for 1 h and after cooling
stored at —28 °C for 16 h. The resulting yellow crystals were filtered, washed with cold EtOH (2
x 10 mL) and dried in vacuo. Concentration of the filtrate under reduced pressure (150 mbar, 40
°C) and cooling to —28 °C resulted in another crop of crystals, which were treated as above.
Yield: 1.17 g (2.35 mmol, 87 %) yellow crystalline solid, mp 184 °C. oy (600 MHz; CD;0D)
0.72 3 H,d,J 7.1 Hz, CH3), 0.78 (3 H, d, J 7.1 Hz, CH3), 0.82 (3 H, d, J 6.9 Hz, CH3), 0.89 (3
H, d, J 6.5 Hz, CH3), 0.97 (3 H, d, J 6.7 Hz, CH3), 1.06-1.21 (3 H, m), 1.10 (3 H, d, J 6.9 Hz,
CHj), 1.18 3 H, t,J 7.1 Hz, OCH,CH53), 1.42 (1 H, t, J 12.5 Hz), 1.47-1.55 (1 H, m), 1.57-1.73
(5 H,m), 1.74-1.93 (6 H, m), 2.12 (1 H, dt, J; 6.8, J; 3.5 Hz), 2.37-2.44 (1 H, m), 3.61 2 H, q, J
7.1 Hz, OCH,CH3), 7.45 (2 H, dd, J 12.1, 7.7 Hz), 8.11 (1 H, t, J 7.7 Hz). &c (150 MHz;
CD;0D) 18.5 (CHs), 19.7 (CHj3), 20.1 (CH3), 22.7 (CHs), 22.8 (CH3), 23.0 (CH>), 23.4 (CH,),
24.0 (CHs3), 24.5 (CH3), 29.7 (CH), 29.8 (CH), 29.8 (CH), 30.1 (CH), 36.2 (CHy), 36.2 (CH,),
47.8 (CHy), 52.0 (CH), 52.2 (CH), 53.9 (CH,), 58.5 (OCH,CHj3), 100.5 (Cy), 101.3 (Cy), 119.7,
120.0, 144.7, 175.9, 176.7. &y (105 MHz; CD30D) —511. Vi (KBr) / cm™ 3436, 2947, 2921,
2865, 1600, 1579, 1464, 1294, 1104, 1052, 973, 949, 712, 593, 527. Amax (EtOH) / nm (Ig & / m’
mol ') 275 (3.05), 203 (3.36). Anal. Calcd. for C,7H44NO4V (497.58): C, 65.17; H, 8.91; N, 2.81;
Found: C, 65.16; H, 9.05; N, 2.75.

Resonances marked in gray correlate with values for uncoordiated EtOH, probably due to ligand

exchange with CD;OD.
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A8 13C-NMR-spectrum of ethyl 4,5-dibromo-5-methylhexanoate (3g)
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Figure Al. "’C-spectrum of ethyl 4,5-dibromo-5-methylhexanoate (3g) in CDCl; (20 °C).
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B1 General Remarks

(1) The compound numbering in the Supporting Information is consistent with that of the
accompanying publication. (i) 'H- and >C-NMR signals of all compounds were assigned using
appropriate 2D spectra including H,H-COSY, HMQC, HMBC and/or NOESY experiments. (iii)
References refer exclusively to the Supplementary Data. (iv) Results from computational

chemistry refer to B3LYP/6-31+G**// B3LYP/6-31+G**-calculations (except for section B11).

B2 Instrumentation

Melting points [°C] were determined on a Koffler hot-plate melting point microscope (Reichert).

'H and °C spectra were recorded with FT-NMR DPX 200, DPX 400 and DPX 600 instruments
(Bruker). Chemical shifts refer to the d-scale. The resonances of residual protons and those of
carbons of used deuterated solvents CDCl; (oy 7.26, oc 77.0) and ds-DMSO (4 2.50, oc 39.5)

were used as internal standards.
HRMS spectra were obtained using a modified Varian Match 7 instrument.

IR spectra were measured either on NaCl plates or from KBr pellets using a Perkin Elmer FT/IR

1600 spectrometer

UV/Vis spectra were recorded in 1-cm quartz cuvettes with a Perkin Elmer UV/Vis 330 and a
Varian Cary 100 UV/Vis spectrophotometer at 25 °C using analytical grade solvents. Molar

2

extinction coefficients (Ig €) are reported in m” x mol .

Reaction progress was monitored via thin layer chromatography (tlc) on aluminium sheets
coated with silica gel (60 Fas4, Merck). Compounds were visualized by UV light (254 nm) or the
use of Ekkert’s reagent.

Combustion analysis was performed with a Carlo Erba 1106 instrument (Universitit Wiirzburg),
a Perkin Elmer Elemental Analyzer 2400 CHN, a Perkin Elmer Elemental Analyzer EA 240, or a

Elementar Vario Micro Cube instrument (Technische Universitit Kaiserslautern).

Petroleum ether refers to the fraction boiling between 40-55 °C. All solvents were purified
according to standard procedures."! Column chromatography was performed on SiO, (0.063-0.2

mm, Merck) as stationary phase.
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B3 Preparation of B-Bromocinnamic Acid (BCA)

To a solution of HBr [30%, (w/w)] in acetic acid (50 mL) was added (£)-cinnamic acid (8.45 g,
57.0 mmol). The mixture was heated to 4550 °C for 8 h and then kept at 25 °C for 16 h while
continously stirred. The formed colorless precipitate was filtered off, washed with ice-water (4 x
50 mL), and dried (25 °C, 0.1 mbar). Yield: 11.3 g (49.3 mmol, 87 %) colorless solid, mp 136
°C. CoHyBrO, (229.07). o (600 MHz; CDCl5) 3.28 (1 H, dd, J 16.8, 6.1 Hz, 2-H), 3.40 (1 H, dd,
J16.8,9.1 Hz, 2-H), 5.38 (1 H, dd, J 8.9, 6.1 Hz, 3-H), 7.29 -7.33 (1 H, m), 7.33-7.39 (2 H, m),
7.39-7.46 (2 H, m). o&c (150 MHz; CDCls) 44.4 (C2), 47.0 (C3), 127.1, 128.9, 128.9, 140.5 (Ph),
175.1 (C1).2¥

B4 Preparation of Alkenol Substrates

B4.1 Ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate (1a)

B4.1.1  Diethyl-1-(3°-methylbut-2¢-en-1°-yl)-malonate

To a solution of diethyl malonate (30.0 g, 187 mmol) in acetone (250 mL) was added solid
K,COs (28.5 g, 206 mmol) and 1-bromo-3-methylbut-2-ene (27.9 g, 187 mmol). The reaction
mixture was heated under reflux for 21 h. After cooling to 25 °C colorless solids were filtered
off, the filtrate dried (MgS0O,), and concentrated under reduced pressure to leave an oil which
was purified by fractional distillation. Yield: 36.4 g (159 mmol, 85%) colorless liquid, bp 80-90
°C /5 x 10" mbar. Ry = 0.63 [diethyl ether/petroleum ether 1/10 (v/v)]. C12H2004 (324.40). &y
(250 MHz; CDCl3) 1.23 (6 H, t, J 7.1 Hz, CO,CH,CH3), 1.60 (3 H, s, CH3), 1.65 (3 H, s, CH3),
2.56 (2 H, dd, J 7.6, 7.4 Hz, 1°*-H), 3.30 (1 H, t, J 7.6 Hz, 1-H), 4.16 (4 H, q, J 7.1 Hz,
CO,CH,CH3), 5.00-5.06 (m, 1 H, 2°-H). ¢c (63 MHz; CDCls) 14.0 (CO,CH,CH3), 17.7 (C17),
25.7 (CHs), 27.5 (CHj), 52.2 (Cl), 61.2 (CO,CH,CH3), 119.7 (C2’), 134.7 (C3’), 169.2
(CO,CH,CH;).P!

B4.1.2  Ethyl 5-methylhex-4-enoate

To a solution of diethyl-1-(3’-methylbut-2’-en-1’-yl)-malonate (36.0 g, 158 mmol) in DMSO
(250 mL) was added H,O (2.84 g, 157 mmol) and LiCl (20.1 g, 473 mmol). The reaction mixture
was heated to 160 °C for 3 h. After cooling to 25 °C the mixture was poured onto crushed ice
(300 g), sat. NaCl (200 mL) was added, and the aqueous mixture extracted with diethyl ether (3
x 300 mL). After concentration under reduced pressure, the obtained residue was taken up with
diethyl ether (300 mL), washed with H,O (2 x 100 mL), and the aqueous washings extracted
with diethyl ether (2 x 100 mL). Combined organics were dried (MgSQOs), concentrated under
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reduced pressure, and the residue further dried in vacuo (5 x 10 mbar). Yield: 15.7 g (100
mmol, 64%) yellow oil. Ry= 0.81 [diethyl ether/petroleum ether 1/10 (v/v)]. CoH 160, (156.22).
ou (250 MHz; CDCl3) 1.24 3 H, t,J 7.2 Hz, CO,CH,CH3), 1.60 (3 H, d, J 0.9 Hz, CH3), 1.67 (3
H, s, CH3), 2.28-2.30 (4 H, m, 2-H, 3-H), 4.11 (2 H, q, J 7.2 Hz, CO,CH>CH3), 5.04-5.10 (1 H,
m, 4-H). &c (63 MHz; CDCls) 14.2 (CO,CH,CH3), 17.6 (C3), 23.6 (CH3), 25.6 (CH3), 34.5 (C2),
60.2 (CO,CH,CHj3), 122.5 (C4), 132.9 (C5), 173.4 (CO,CH,CH3).P!¢!

B4.1.3  Ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate (1a)

Under an atmosphere of nitrogen, a solution of freshly dried ethyl-5-methylhex-4-enoate (5.00 g,
32.0 mmol) in dry THF (40 mL) was added to a solution of LDA (17.6 mL, 35.2 mmol, 2 M in
THEF/hexane/ethylbenzene) in dry THF (40 mL) at —78 °C (20 min). After stirring for 1 h at —78
°C, a solution of acetone (2.05 g, 35.2 mmol) in dry THF (5 mL) was added (10 min) and the
reaction mixture stirred at —78 °C for further 2 h. After warming to 0 °C, the mixture was
hydrolyzed with HO (30 mL) and sat. NH4C1 (50 mL) and pH adjusted to 5—6 with conc. HCI.
Extraction with diethyl ether (3 x 100 mL) and concentration of combined organics under
reduced pressure afforded an orange oil, which was purified by column chromatography [SiO,,
diethyl ether/petroleum ether 1/10 (v/v)]. Yield: 5.90 g (28.0 mmol, 86%) yellow oil. Ry = 0.29
[diethyl ether/petroleum ether 1/10 (v/v)]. Anal. calcd. for C12H2203 (214.20): C, 67.26; H, 10.35;
Found: C, 66.87; H, 10.44. 6y (400 MHz; CDCls) 1.24 (6 H, 2 x s, CH3), 1.25 (3 H, t, J 7.2 Hz,
CO,CH,CH53), 1.59 (3 H, s, CH3), 1.66 (3 H, s, CH3), 2.23-2.33 (1 H, m, 3-H), 2.33-2.42 (1 H,
m, 2-H), 2.42-2.55 (1 H, m, 3-H), 2.97 (1 H, br. s, OH), 4.06-4.24 (2 H, m, CO,CH,CH3), 5.02—
5.08 (I H, m, 4-H). oc (100 MHz; CDCl;) 14.2 (CO,CH,CH3), 17.6 (C3), 25.7 (CH3), 26.3
(CH3), 26.6 (CH3), 29.2 (CH3), 55.8 (C2), 60.4 (CO,CH,CH3), 70.9 (C2’), 121.2 (C4), 133.6
(C5), 175.8 (CO,CH,CH3).

B4.2 (¥)-Ethyl 2-(1’-hydroxyeth-1’-yl)-5-methylhex-4-enoate (1b)

B4.2.1  Ethyl 2-acetyl-5-methylhex-4-enoate

To a solution of ethyl acetoacetate (6.50 g, 50 mmol) in acetone (50 mL) was added solid K,COs
(6.90 g, 50 mmol) and 1-bromo-3-methylbut-2-ene (5.96 g, 40 mmol). The reaction mixture was
heated under reflux for 24 h. After cooling to 0 °C colorless solids were filtered off and the
filtrate concentrated under reduced pressure to leave an oil which was purified by fractional
distillation. Yield: 7.48 g (159 mmol, 94 %) colorless liquid, bp 130-131 °C / 28 mbar. C;;H;30;
(198.27). &u (400 MHz; CDCl3) 1.26 (3 H, t, J 7.3 Hz, CO,CH,CH;), 1.62 (3 H, s, CH3), 1.67 (3
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H, s, CH3), 2.22 (3 H, s, CH3), 2.53 (2 H, t, J 7.1 Hz, 3-H), 3.42 (1 H, t, J 7.5 Hz, 2-H), 4.18 (2
H, g, J 7.0 Hz, CO,CH,CHjs), 5.01 (1 H, t, J 7.3 Hz, 4-H).l"!

B4.2.2  (¥)-Ethyl 2-(1’-hydroxyeth-1’-yl)-5-methylhex-4-enoate (1b)

To a solution of ethyl-2-acetyl-5-methylhex-4-enoate (2.00 g, 10 mmol) in MeOH (15 mL) was
added NaBH, (416 mg, 11 mmol) at 0 °C. After being stirred for 16 h at 25 °C, the reaction
mixture was concentrated under reduced pressure. The residue was dispersed in H;O (15 mL)
and 2 M H,SO4 (3 mL) and extracted with zert-butyl methyl ether (3 x 10 mL). Combined
organics were washed with sat. NaHCO;, dried (MgSO4) and concentrated under reduced
pressure to leave a residue, which was purified by column chromatography [SiO,, ethyl
acetate/pentane 1/4 (v/v)]. Yield: 1.42 g (7.1 mmol, 71 %) colorless liquid, 55/45-mixture of
diastereomers. Ry = 0.27 [ethyl acetate/pentane 1/4 (v/v)]. Anal. caled. for C;1H»003 (200.29): C,
65.97; H, 10.07; Found: C, 65.66; H, 9.89. &y (400 MHz; CDCl3) 1.20 (3 H, d, J 6.5 Hz, CH3),
1.23 3 H, d, J 6.5 Hz, CH3), 1.26 (6 H, 2 x t, J 7.2 Hz, CO,CH,CH3), 1.61 (6 H, 2 x s, CH3),
1.68 (6 H, 2 x s, CH3), 2.25-2.51 (7 H, m, 2-H, 3-H, OH), 2.66 (1 H, d, J 7.5, OH), 3.85-3.95 (1
H, m, 1’-H), 3.96-4.05 (1 H, m, 1’-H), 4.08-4.23 (4 H, m, CO,CH,CH3), 5.03-5.14 (2 H, m, 4-
H). oc (100 MHz; CDCls) 14.3 (2 x CO,CH,CH3), 17.7 (2 x CHs), 20.3 (CHs), 21.6 (CH3), 25.8
(2 x CHj3), 26.1 and 28.1 (C3), 52.4 and 52.5 (C2), 60.46 (2 x CO,CH>CHj3), 67.8 and 68.0
(C17), 120.38 and 121.05 (C4), 133.75 and 134.12 (C5), 174.90 and 175.25 (CO,CH,CHj3).

B4.3 Ethyl 2-hydroxymethyl-5-methylhex-4-enoate (1c)

Under an atmosphere of nitrogen, a solution of freshly dried ethyl-5-methylhex-4-enoate (1.56 g,
10.0 mmol; for preparation, see section B4.1) in dry THF (20 mL) was added to a solution of
LDA (6.5 mL, 13.0 mmol, 2 M in THF/hexane/ethylbenzene) in dry THF (7 mL) at —78 °C (40
min). After stirring for 30 min at —78 °C, a solution of monomeric formaldehyde [freshly
prepared from paraformaldehyde (1.50 g, 50 mmol) in dry THF (50 mL) according to Schlosser
et al. ™

0 °C, the mixture was hydrolyzed by addition of sat. NH4Cl (50 mL) and AcOH (0.50 mL).

was added (20 min) and the reaction mixture stirred at —78 °C for 1 h. After warming to

Phase separation, extraction of the aqueous phase with tert-butyl methyl ether (3 x 20 mL) and
concentration of combined organics under reduced pressure afforded an orange oil, which was
purified by column chromatography [SiO,, tert-butyl methyl ether/pentane 1/2 (v/v)]. Yield: 640
mg (3.4 mmol, 34%) yellow oil. Ry = 0.23 [fert-butyl methyl ether/pentane 1/2 (v/v)]. Anal.
calcd. for CoH ;303 (186.25): C, 64.49; H, 9.74; Found: C, 64.50; H, 9.50. oy (400 MHz; CDCl5)
1.27 3 H, t, J 7.0 Hz, CO,CH,CH3), 1.61 (3 H, s, CH3), 1.69 (3 H, s, CH3), 2.21 (1 H, t, J 6.5
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Hz, OH), 2.24-2.41 (2 H, m, 3-H), 2.53-2.63 (1 H, m, 2-H), 3.68-3.82 (2 H, m, CH,OH), 4.18
(2 H, m, CO,CH,CHs), 5.09 (1 H, t, J 6.8 Hz, 5-H). & (100 MHz; CDCl3) 14.2 (CO,CH,CH;),
17.7 (CHs), 25.8 (CHs), 27.1 (C3), 47.6 (C2), 60.6 (CO,CH,CHs), 62.7 (CH,OH), 120.4 (C4),
134.3 (C5), 175.1 (CO,CH,CH).

B4.4 Ethyl (E)-2-(2’-hydroxypropy-2’-yl)-4-methyl-5-phenylpent-4-enoate (1d)

B4.4.1 (E)-1-Chloro-2-methyl-3-phenylprop-2-ene

To an ice-cooled solution of (E)-2-methyl-3-phenylprop-2-en-1-ol"” (14.3 g, 96 mmol) in DMF
(80 mL) and CCl4 (20 mL) was added PPh; (60.5 g, 230 mmol) in two portions. The reaction
mixture was stirred at 0 °C for 30 min and for 1.5 h at 25 °C. The brown solution was diluted
with pentane (100 mL) and filtered. After phase-separation, the polar DMF-phase was extracted
with pentane (3 x 60 mL), the combined extractions washed with H;O (150 mL) and sat. NaCl
(150 mL), dried (MgSO,) and concentrated under reduced pressure. The residue was taken up in
pentane (30 mL), the turbid solution filtered over a pad of silica gel (1 cm), and the colorless
filtrate concentrated under reduced pressure. The residue was further dried in vacuo (5 x 107
mbar) and sufficiently pure for use in the next step. Yield: 11.8 g (70.5 mmol, 73 %) colorless
liquid. An analytical sample was further purified by column chromatography to yield a colorless
oil. Rf = 0.22 [pentane]. Anal. calcd. for CoH;;CI (166.05): C, 72.07; H, 6.65; Found: C, 71.86;
H, 6.68. oy (600 MHz; CDCl3) 1.97 (3 H, d, J 1.2 Hz, CH3), 4.17 (2 H, s, 1-H), 6.57 (1 H, s, 3-
H), 7.21-7.27 (3 H, m), 7.30-7.34 (2 H, m). &c (150 MHz; CDCls) 15.9 (CH3), 52.9 (C1), 127.0,
128.2, 128.9, 129.7 (C3), 134.1 (C2), 136.8.[""

B4.4.2  Ethyl (E)-2-ethoxycarbonyl-4-methyl-5-phenylpent-4-enoate

To a solution of diethyl malonate (13.2 g, 82 mmol) in acetone (90 mL) was added solid K,COs
(11.3 g, 82 mmol) and (E)-1-chloro-2-methyl-3-phenylprop-2-ene (11.3 g, 68 mmol). The
reaction mixture was heated under reflux for 72 h. After cooling to 0 °C, colorless solids were
filtered off, the filtrate dried (MgSO,), and concentrated under reduced pressure to leave the
desired product as an yellow oil (22.4 g), which was further dried in vacuo (5 x 107 mbar) and
used without further purification in the next reaction step. An analytical sample was purified by
column chromatography to yield a colorless liquid. R¢= 0.31 [CH»Cl;]. Anal. calcd. for C;7H2,04
(290.35): C, 70.32; H, 7.64; Found: C, 70.59; H, 7.59. éu (600 MHz; CDCls) 1.26 (6 H, t, J 7.0
Hz, 2 x CO,CH,CH3), 1.87 (3 H, d, J 1.3 Hz, CH3), 2.78 (2 H, d, J 7.9 Hz, 3-H), 3.66 (1 H, t, J
7.8 Hz, 2-H), 4.17-4.25 (4 H, m, 2 x CO,CH>CH3), 6.33 (1 H, s, 5-H), 7.16-7.23 (3 H, m), 7.27—
7.35 (2 H, m). oc (150 MHz; CDCls) 14.1 (2 x CO,CH,CH3), 17.4 (CH3), 39.5 (C3), 50.8 (C2),
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61.4 (2 x CO,CH,CHs), 126.3, 127.6 (C5), 128.0, 128.8, 134.4 (C4), 137.8, 169.1 (2 x
CO-,CH,CH3).l'!

B4.4.3  Ethyl (E)-4-methyl-5-phenylpent-4-enoate

To a solution of the crude (E)-ethyl-2-ethoxycarbonyl-4-methyl-5-phenylpent-4-enoate (22.4 g)
in DMSO (100 mL) was added H,O (1 mL) and LiCl (7.50 g, 178 mmol) and the mixture heated
under reflux for 5 h. After cooling to 25 °C, the solution was poured onto crushed ice (150 mL),
NaCl (50 g) was added, and the aqueous mixture extracted with fers-butyl methyl ether (4 x 50
mL). Combined organics were dried (MgSQO4) and concentrated under reduced pressure. The
resulting brown liquid was purified by column chromatography [SiO,, ethyl acetate/pentane 1/12
(v/v)]. Yield: 9.40 g (43 mmol, 52 % from (E)-1-chloro-2-methyl-3-phenylprop-2-ene) yellow
liquid. R = 0.36 [ethyl acetate/pentane 1/12 (v/v)]. Anal. calcd. for C4H;30, (218.13): C, 77.03;
H, 8.31; Found: C, 76.96; H, 8.29. o4 (600 MHz; CDCIls) 1.27 (3 H, t, J 7.2 Hz, CO,CH,CH5),
1.87 (3 H, d, J 1.0 Hz, CH3), 2.47-2.57 (4 H, m, 2-H, 3-H), 4.15 (2 H, q,J 7.1 Hz, CO,CH>CH3),
6.30 (1 H, s, 5-H), 7.16-7.24 (3 H, m), 7.28-7.35 (2 H, m). & (150 MHz; CDCl;) 14.3
(CO,CH,CH3), 17.6 (CH3), 33.2 (C3), 35.6 (C2), 60.4 (CO,CH>CH3), 125.6 (C5), 126.1, 128.0,
128.8, 137.1 (C4), 138.2, 173.2 (CO,CH,CH3).['?

B4.4.4  Ethyl (E)-2-(2’-hydroxypropy-2’-yl)-4-methyl-5-phenylpent-4-enoate (1d)
Compound was prepared analogously to ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate
(1a) from ethyl (£)-4-methyl-5-phenylpent-4-enoate in 72 % yield as a yellow liquid. R = 0.41
[tert-butyl methyl ether/pentane 1/1 (v/v)]. Anal. caled. for C;7H2405 (276.37): C, 73.88; H, 8.75;
Found: C, 73.66; H, 8.72. &y (400 MHz; CDCl;) 1.21 (3 H, t,J 7.1 Hz, CO,CH,CHj3), 1.29 (3 H,
s, CH3), 1.30 (3 H, s, CH3), 1.88 (3 H, s, CH3), 2.48 (1 H, dd, J 12.6, 2.4 Hz, 3-H), 2.59-2.73 (2
H, m, 2-H, 3-H), 3.02 (1 H, s, OH), 4.13 (2 H, q, J 7.0 Hz, CO,CH>CH3), 6.30 (1 H, s, 5-H),
7.14-7.23 (3 H, m), 7.27-7.34 (2 H, m). &c (100 MHz; CDCl3) 14.3 (CO,CH,CH3), 17.6 (CH3),
26.7 (CH3), 29.3 (CH3), 38.9 (C3), 54.2 (C2), 60.5 (CO,CH,CH3), 71.0 (C2’), 126.1 (C5), 127.1,
128.0, 128.7, 135.8 (C4), 138.1, 175.6 (CO,CH,CH3).

B4.5 Ethyl (E)-2-(2¢-hydroxyprop-2¢-yl)-5-phenylhex-4-enoate (1e)

B4.5.1 (E)-1-Bromo-4-phenylpent-3-ene

To a solution of PhMgBr in diethyl ether (75 mL), prepared from Mg-turnings (2.43 g, 100
mmol) and bromobenzene (16.0 g, 102 mmol), was added cyclopropylmethylketone (8.20 g, 97
mmol) in diethyl ether (30 mL) within 35 min under cooling in a water bath (25 °C). The mixture
was stirred for 1 h at 25 °C and cooled in an ice bath. At 0 °C, a mixture of conc. H,SO4 (15
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mL) and H,O (30 mL) was added at a rate that the temperature of the reaction mixture did not
exceed 10 °C. After being stirred for 30 min at 25 °C, the organic phase was separated and the
aqueous phase extracted with fers-butyl methyl ether (3 < 40 mL). Combined organics were dried
(MgSO0y), concentrated under reduced pressure, and the residue further dried in vacuo (5 x 10
mbar).*11* Yield: 20.3 g (90.2 mmol, 93 %) yellowish liquid. C;;H;3Br (225.12). &; (600 MHz;
CDCl;) 2.07 (3 H, s, CH3), 2.80 (2 H, q, J 7.3 Hz, 2-H), 3.47 (2 H, t,J 7.2 Hz, 1-H), 5.77 (1 H,
td, J, 7.2, J; 1.2 Hz, 3-H), 7.24-7.28 (1 H, m), 7.31-7.35 (2 H, m), 7.39-7.42 (2 H, m). & (150
MHz; CDCls) 16.1 (CH3), 32.2 (C2), 32.3 (C1), 124.4 (C3), 125.7, 127.0, 128.2, 137.8 (C4),
143.3.1°]

B4.5.2  (E)-5-Phenylhex-4-enenitrile

A mixture of (E)-1-bromo-4-phenylpent-3-ene (18.0 g, 80 mmol) and NaCN (5.87 g, 120 mmol)
in DMSO (50 mL) was stirred at 100 °C for 18 h. After cooling to 25 °C, the reaction mixture
was poured into ice water (150 mL) and extracted with tert-butyl methyl ether (4 x 50 mL).
Combined organics were dried (MgSQOy,), concentrated under reduced pressure, and the residue
further dried in vacuo (5 x 1072 mbar). The compound was used without further purification in
the next reaction step. Yield: 13.44 g (78.5 mmol, 98 %) yellow liquid. C;oHi3N (171.24). o
(400 MHz; CDCls) 2.08 (3 H, s, CH3), 2.44-2.51 (2 H, m, 2-H), 2.58 (2 H, q, J 7.1 Hz, 3-H),
5.73 (1 H, td, J; 7.2, J; 1.0 Hz, 4-H), 7.23-7.29 (1 H, m), 7.30-7.36 (2 H, m), 7.36-7.40 (2 H,
m). oc (100 MHz; CDCl3) 16.1 (CH3), 17.4 (C2), 24.8 (C3), 119.3 (CN), 123.3 (C4), 125.8,
127.2, 128.3, 138.6 (C5), 143.0.1'°]

B4.5.3 (E)-5-Phenylhex-4-enoic acid

To a solution of (E)-5-phenylhex-4-enenitrile (12.5 g, 73 mmol) in ethyleneglycol (80 mL) and
H,0 (13 mL) was added powdered KOH (23.0 g, 410 mmol) and the mixture stirred at 100 °C
for 10 h. After cooling to 25 °C, the reaction mixture was poured onto crushed ice (100 mL), the
pH adjusted to 1-2 with conc. HCI (ca. 30 mL) and extracted with fert-butyl methyl ether (3 x 70
mL). Combined organics were dried (MgSO4) and concentrated under reduced pressure to leave
a brown residue which was recrystallized from tert-butyl methyl ether / pentane. Yield: 12.3 g
(65 mmol, 89 %) tan solid, mp below 25 °C. C;2H40; (190.24). 6y (400 MHz; de-DMSO) 1.98
(3 H, s, CH3), 2.31-2.43 (4 H, m, 2-H, 3-H), 5.71-5.78 (1 H, m, 4-H), 7.18-7.24 (1 H, m), 7.27—
7.33 (2 H, m), 7.34-7.49 (2 H, m), 12.12 (1 H, br. s., OH). oc (100 MHz; de-DMSO) 15.9 (CH3),
24.0 (C3), 33.9 (C2), 55.3 (CH3), 113.5, 124.0 (C4), 126.7, 135.8, 136.0 (CS5), 158.6, 179.0
(CO,H).l"
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B4.5.4 (E)-Ethyl-5-phenylhex-4-enoate

A mixture of (E)-5-phenylhex-4-enoic acid (6.71 g, 35 mmol), EtOH (15 mL), and p-
toluenesulfonic acid-monohydrate (190 mg, 1 mmol) in CHCl; (135 mL) was heated under
reflux with a Dean-Stark trap for 26 h. The organic phase was washed with 5% NaHCO; (3 x 40
mL) and the combined aqueous washings extracted with CH,Cl, (2 x 40 mL). Combined
organics were dried (MgSQO,), concentrated under reduced pressure, and the residue further dried
in vacuo (5 x 10 mbar). The compound was used without further purification in the next
reaction step. Yield: 7.45 g (34.3 mmol, 98 %) brown liquid. Ci4H 30, (218.29). oy (400 MHz;
CDClh) 1.27 (3 H, t,J 7.2 Hz, CO,CH,CH3), 2.06 (3 H, s, CH3), 2.41-2.49 (2 H, m, 2-H), 2.50-
2.59 2 H, m, 3-H), 4.15 (2 H, q, J 7.3 Hz, CO,CH,CH3), 5.70-5.77 (1 H, m, 4-H), 7.20-7.25 (1
H, m), 7.28-7.34 (2 H, m), 7.34-7.39 (2 H, m). &c (100 MHz; CDCl;) 14.2 (CO,CH,CH3), 15.8
(CHs3), 24.4 (C3), 34.2 (C2), 60.3 (CO,CH,CHs), 125.7 (C4), 126.1, 126.7, 128.1, 136.2 (C5),
143.7, 173.1 (CO,CH,CH3).'™

B4.5.5 Ethyl (E)-2-(2°-hydroxyprop-2¢-yl)-5-phenylhex-4-enoate (1e)

Compound was prepared analogously to ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate
(1a) from (E)-ethyl-5-phenylhex-4-enoate in 84 % vyield as a colorless oil. Ry = 0.27 [ethyl
acetate/pentane 1/4 (v/v)]. Anal. caled. for C;7H»405 (276.37): C, 73.88; H, 8.75; Found: C,
73.72; H, 8.76. ou (600 MHz; CDCls) 1.23 (3 H, t, J 7.2 Hz, CO,CH,CH3;), 1.29 (6 H, 2 x s,
CHj3), 2.04 3 H, s, CH3), 2.48-2.56 (2 H, m, 2-H, 3-H), 2.72 (1 H, ddd, J 15.3, 12.2, 8.5 Hz, 3-
H), 3.01 (1 H, s, OH), 4.15 (2 H, q, J 7.2 Hz, CO,CH,CH3), 5.65-5.72 (1 H, m, 4-H), 7.20-7.25
(1 H, m), 7.27-7.35 (4 H, m). 6c (150 MHz; CDCl;) 14.3 (CO,CH,CHj3), 15.9 (CH3), 26.7
(CH3), 27.0 (C3), 29.2 (CHs), 55.5 (C2), 60.6 (CO,CH,CH3), 71.0 (C2’), 124.9 (C4), 125.7,
126.7, 128.2, 136.8 (C5), 143.7, 175.8 (CO,CH,CHy).

B4.6 Ethyl (E)-2-(2¢-hydroxyprop-2¢-yl)-5-(p-methoxyphenyl)-hex-4-enoate (1f)

B4.6.1 (E)-1-Bromo-4-(p-methoxyphenyl)-pent-3-ene

Compound was prepared analogously to (E)-1-bromo-4-phenylpent-3-ene (see section B4.5)
from 1-bromo-4-methoxybenzene in 94 % yield. The compound was used without further
purification in the next reaction step. An analytical sample was further purified by column
chromatography to yield a colorless liquid. R¢= 0.11 [CH,Cly/pentane 1/6 (v/v)]. Anal. calcd. for
C12HsBrO (255.15): C, 56.49; H, 5.93; Found: C, 56.52; H, 5.90. 6y (600 MHz; CDCl;) 2.04 (3
H, s, CH3), 2.78 (2 H, q,J 7.3 Hz, 2-H), 3.45 (2 H, t, J 7.2 Hz, 1-H), 3.81 (3 H, s, CH3), 5.69 (1
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H, td, J, 7.2, J; 1.2 Hz, 4-H), 6.84-6.90 (2 H, m), 7.30-7.37 (2 H, m). & (150 MHz; CDCl;) 16.1
(CHs), 32.3 (C2), 32.5 (C1), 55.3 (CHs), 113.5, 122.8 (C3), 126.7, 135.7, 137.0 (C4), 158.7.

B4.6.2  (E)-5-(p-Methoxyphenyl)-hex-4-enenitrile

Compound was prepared analogously to (E)-5-phenylhex-4-enenitrile (see section B4.5) from
(E)-1-bromo-4-(p-methoxyphenyl)-pent-3-ene in 94 % yield after recrystallization from MeOH
as a colorless solid, mp 48 °C. Anal. calcd. for C;3H;sNO (201.26): C, 77.58; H, 7.51; N, 6.96;
Found: C, 77.47; H, 7.33; N, 6.85. oy (600 MHz; CDCl;) 2.05 (3 H, s, CH3), 2.44-2.48 (2 H, m,
2-H), 2.56 (2 H, q,J 7.3 Hz, 3-H), 3.81 (3 H, s, CH3), 5.67 (1 H, td, J; 7.2, J; 1.3 Hz, 4-H), 6.84—
6.88 (2 H, m), 7.30-7.34 (2 H, m). éc (150 MHz; CDCls) 16.1 (CH3), 17.5 (C2), 24.7 (C3), 55.3
(CHs), 113.6, 119.5 (CN), 121.7 (C4), 126.8, 135.4, 137.7 (C5), 158.9.

B4.6.3 (E)-5-(p-Methoxyphenyl)-hex-4-enoic acid

Compound was prepared analogously to (£)-5-phenylhex-4-enoic acid (see section B4.5) from
(E)-1-bromo-4-(p-methoxyphenyl)-pent-3-ene in 81 % yield after recrystallization from EtOH as
a colorless solid, mp 85 °C. Anal. calcd. for C;3H,603 (220.26): C, 70.89; H, 7.32; Found: C,
70.84; H, 7.29. 6u (600 MHz; CDCls) 2.03 (3 H, s, CH3), 2.47-2.57 (4 H, m, 2-H, 3-H), 3.81 (3
H, m, CH3), 5.63-5.70 (1 H, m, 4-H), 6.81-6.89 (2 H, m), 7.27-7.34 (2 H, m). &c (150 MHz;
CDCl) 15.9 (CHj3), 24.0 (C3), 33.9 (C2), 55.3 (CH3), 113.5, 124.0 (C4), 126.7, 135.8, 136.0
(C5), 158.6, 179.0 (CO,H).!""!

B4.6.4  Ethyl (E)-5-(p-methoxyphenyl)-hex-4-enoate

A mixture of (E)-5-(p-methoxyphenyl)-hex-4-enoic acid (2.21 g, 10 mmol), DMAP (122 mg, 1
mmol), and EtOH (1.85 g, 40 mmol) in 10 mL CH,Cl, was cooled to 0 °C. DCC (2.06 g, 10
mmol) was added in one portion and the mixture stirred at 0 °C for 30 min. After being stirred
for 20 h at 25 °C, AcOH (300 mg, 5 mmol) was added and the mixture stirred for further 2 h.
The reaction mixture was filtered, CH,Cl, evaporated under reduced pressure, the residue taken
up in pentane (25 mL) and filtered again. After being washed with 0.5 M HCI (30 mL) and sat.
NaHCOj; (30 mL), the filtrate was dried (MgSQO4) and concentrated under reduced pressure. The
residue was dried in vacuo (5 x 107* mbar) and used without further purification in the next step.
Yield: 2.16 g (8.70 mmol, 87 %) yellowish liquid. An analytical sample was purified by column
chromatography to yield a colorless oil. Rf = 0.42 [diethyl ether/pentane 1/4 (v/v)]. Anal. calcd.
for C;5H2003 (248.32): C, 72.55; H, 8.12; Found: C, 72.41; H, 8.21. 6y (400 MHz; CDCls) 1.26
(3H,t,J7.1 Hz, CO,CH,CHj3), 2.03 (3 H, s, CH3), 2.40-2.47 (2 H, m, 2-H), 2.51 (2 H, q, J 6.8
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Hz, 3-H), 3.80 3 H, s, CHs), 4.14 (2 H, q, J 7.3 Hz, CO,CH,CH3), 5.60-5.70 (1 H, m, 4-H),
6.81-6.87 (2 H, m), 7.27-7.33 (2 H, m). & (100 MHz; CDCls) 14.3 (CO,CH,CHj), 15.9 (CHs),
24.3 (C3), 34.3 (C2), 55.3 (CH3), 60.3 (CO,CH,CHs), 113.5, 124.5 (C4), 126.7, 135.4, 136.2
(C5), 158.6, 173.3 (CO,CH,CH).

B4.6.5 Ethyl (E)-2-(2’-hydroxyprop-2’-yl)-5-(p-methoxyphenyl)-hex-4-enoate (1f)
Compound was prepared analogously to ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate
(1a) from ethyl (E£)-5-(p-methoxyphenyl)-hex-4-enoate in 76 % yield as a colorless oil. Rf= 0.33
[Si0,, ethyl acetate/pentane 1/3 (v/v)]. Anal. caled. for C;sH»cO4 (306.40): C, 70.56; H, 8.55;
Found: C, 70.52; H, 8.58. oy (400 MHz; CDCl;) 1.22 (3 H, t,J 7.2 Hz, CO,CH,CHj3), 1.29 (6 H,
s, 2 x CH3), 2.00 (3 H, s, CH3), 2.45-2.57 (2 H, m, 2-H, 3-H), 2.63-2.77 (1 H, m, 3-H), 3.02 (1
H, s, OH), 3.80 (3 H, s, CH3), 4.14 (2 H, q, J 7.2 Hz, CO,CH,CH3), 5.57-5.65 (1 H, m, 4-H),
6.81-6.87 (1 H, m), 7.24-7.29 (2 H, m). oc (100 MHz; CDCl;) 14.3 (CO,CH,CHj3), 15.9 (CH3),
26.7 (CH3), 27.0 (C3), 29.2 (CH3), 55.3 (CHs), 55.6 (C2), 60.5 (CO,CH>CHj3), 71.0 (C27), 113.5,
123.3 (C4), 126.7, 136.1, 136.3 (C5), 158.6, 175.8 (CO,CH,CH3).

BS Bromocyclization Reactions and Controls

BS.1 Bromocyclization of Ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate (1a)
with py-HBr in MeCN
Under an atmosphere of nitrogen, a mixture of VO(L')(EtOH) or VO(L?)(EtOH) (0.05 mmol)
and TBHP [4.1 M in toluene, 0.31 mL, 1.25 mmol] in dry MeCN (50 mL) was heated to reflux
and added to a solution of ethyl (E)-2-(2’-hydroxyprop-2’-yl)-5-phenylhex-4-enoate (1a) (215
mg, 1.0 mmol) and py-HBr (80 mg, 0.5 mmol) in dry MeCN (30 mL). The reaction mixture was
stirred at 25 °C for 24 h, during which two further aliquots of py-HBr (80 mg, 0.5 mmol) were
added after 5 h and 9 h respectively. The solvents were removed under reduced pressure and the

residue subjected to column chromatography (SiO,, CH,Cl,).

Analytical and spectroscopic properties of isolated diastereomeric mixtures of (£)-2a and (£)-3a
were in agreement with those indicated in the Experimental Part. In addition to products of
bromocylization, ethyl 4,5-dibromo-2-(2’-hydroxyprop-2’-yl)-5-methylhexanoate [(+)-4a] was
isolated in yields from 5 to 27 % as yellow oil, 60/40-mixture of diastereomers. Ry = 0.08
[CH,Cl;]. Anal. calcd. for C;,H»,Br,O3 (374.11): C, 38.53; H, 5.93; Found: C, 38.21; H, 5.78. &y
(600 MHz; CDCls) major isomer: 1.27 (3 H, s, CH3), 1.30 (3 H, s, CH3), 1.33 (3H, t, J 7.1 Hz,
CO,CH,CH53), 1.83 (3 H, s, CH3), 1.97 (3 H, s, CH3), 2.14 (1 H, ddd, J 13.9, 11.4, 1.4 Hz, 3-H),
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2.77-2.87 (3 H, m, 2-H, 3-H, OH), 4.10 (1 H, d, J 11.2 Hz, 4-H), 426 (2 H, q, J 7.2 Hz,
CO,CH,CHj3). minor isomer: 1.29 (3 H, s, CH3), 1.30 (3 H, s, CH3), 1.32 (3 H, t, J 7.1 Hz,
CO,CH,CH53), 1.82 (3 H, s, CH3), 1.99 (3 H, s, CH3), 2.32 (1 H, ddd, J 15.6, 10.4, 7.8 Hz, 3-H),
2.51 (1 H,dd,J7.7,3.7 Hz, 2-H), 2.66 (1 H, br. s, OH), 3.02 (1 H, ddd, J 15.6, 3.7, 1.5 Hz, 3-H),
4.23 (2 H, q,J 7.3 Hz, CO,CH,CH3), 4.32 (1 H, dd, J 10.3, 1.3 Hz, 4-H). &c (150 MHz; CDCl5)
14.1 (CO,CH,CH3), 14.4 (CO,CH,CHj3), 26.8 (CH3), 27.3 (CH3), 27.6 (CHs), 28.4 (CHs), 28.5
(CH3), 28.9 (CHs), 34.8 (C3), 35.1 (CHj3), 35.2 (C3), 35.4 (CH3), 54.2 (C2), 55.4 (C2), 61.0
(CO,CH:CH3), 61.1 (CO,CH,CH3), 64.5 (C4), 65.2 (C4), 67.5 (C5), 68.8 (C5), 71.1 (C2’), 71.8
(C1’), 174.7 (CO,CH,CH3), 175.4 (CO,CH,CH3).

BS.2 Bromocyclization of Ethyl (FE)-2-(2’-hydroxyprop-2’-yl)-5-phenylhex-4-enoate
(1e) with py-HBr in MeCN (larger scale method)
Under an atmosphere of nitrogen, a mixture of VO(L')(EtOH) (100 mg, 0.25 mmol) and TBHP
[4.1 M in toluene, 1.46 mL, 6.0 mmol] in dry MeCN (30 mL) was heated to reflux and added to a
solution of ethyl (E)-2-(2’-hydroxyprop-2’-yl)-5-phenylhex-4-enoate (1e) (1.39 g, 5.0 mmol) in
dry MeCN (120 mL). A solution of py-HBr (1.2 g, 7.5 mmol) in dry MeCN (20 mL) was added
via syringe pump with a rate of 0.018 mL/min. The reaction mixture was stirred at 25 °C for 48
h. The solvents were removed under reduced pressure and the residue subjected to column
chromatography (SiO,, CH,CH,). Yield: 1.30 g (3.66 mmol, 73 %) 76/24-mixture of cis/trans
isomers of (£)-2e as a yellowish oil. Analytical and spectroscopic properties of isolated
diastereomeric mixture of (£)-2e were in agreement with those indicated in the Experimental

Part.

B5.3 Control Reactions

B5.3.1 Bromocyclization of Ethyl 2-(2’-hydroxyprop-2’-yl)-5-methyl-4-hexenoate (1a)
with Br; in CH,Cl,
To a solution of ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate (215 mg, 1 mmol) (1a) in
CH,CI; (10 mL) was added a solution of Br, (225 mg, 1.25 mmol) in CH,Cl, (10 mL) at 0 °C.
The ice bath was removed and the reaction mixture stirred for 16 h at 25 °C. The mixture was
subsequently washed with sat. Na,;S,;0s3, H,O and sat. NaCl (15 mL each), dried (MgSO,) and
concentrated under reduced pressure to leave a residue which was purified by column
chromatography (SiO,, CH,Cl,). Yields: 45 mg (0.15 mmol, 15%) (£)-2a (cis/trans 38/62), 68
mg (0.23 mmol, 23%) (£)-3a (cis/trans 47/53), and 75 mg (0.20 mmol, 20%) (£)-4a (dr 57/43).
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Analytic and spectroscopic properties of all isolated compounds were in agreement with those

indicated in the Experimental Part and section B5.1.

B5.3.2 Bromocyclization of Ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate (1a)
with Br, / NaHCO; in MeCN
To a mixture of ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate (1a) (108 mg, 0.5 mmol),
NBusBr (16 mg, 0.05 mmol) and solid NaHCOs (120 mg, 1.0 mmol) in MeCN (5 mL) was
added a solution of Br, (113 mg, 0.625 mmol) in MeCN (5 mL) at 0 °C within 20 min. The
reaction mixture was stirred at 0° C for 1 h, the ice-bath was removed and the reaction mixture
was stirred for 2 h at 25 °C. The mixture was diluted with CH,Cl, (20 mL), subsequently washed
with sat. Na,;S;0s3, H,O and sat. NaCl (15 mL each), dried (MgSO,) and concentrated under
reduced pressure to leave a residue which was purified by column chromatography (SiO,,
CH,Cl,). Yields: 38 mg (0.13 mmol, 26%) (%)-2a (cis/trans 82/18), 95 mg (0.32 mmol, 65%)
(®)-3a (cis/trans 71/29), and 15 mg (0.04 mmol, 8%) (¥)-4a (dr 54/46). The analytic and
spectroscopic properties of all isolated compounds were in agreement with those indicated in the

Experimental Part and section B5.1.

B5.3.3 Bromocyclization of Ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate (1a)
with NBS in CH,Cl,
To a solution of NBS (223 mg, 1.25 mmol), which was freshly recrystallized from H>O and
dried, in CH,Cl, (20 mL) was added ethyl 2-(2’-hydroxyprop-2’-yl)-5-methylhex-4-enoate (1a)
(215 mg, 1 mmol) at 25° C. The reaction mixture was stirred at 25° C for 3 h. The solvent was
removed under reduced pressure, the residue treated with pentane (30 mL) and insoluble solids
removed by filtration. The filtrate was concentrated under reduced pressure and the residue
subjected to column chromatography (SiO,, CH,Cl,). Yields: 40 mg (0.14 mmol, 14%) (+)-2a
(cis/trans 47/53) and 84 mg (0.29 mmol, 29%) (¥)-3a (cis/trans 56/44). The analytic and
spectroscopic properties of all isolated compounds were in agreement with those indicated in the

Experimental Part.
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B6 Conversion of 3d to Ethyl [5-(1’-phenylmethyl)-2,2,5-trimethyl-
tetrahydrofuran]-3-carboxylate (5)

Under an atmosphere of nitrogen, 20 mg (0.12 mmol) AIBN and 295 mg (1.0 mmol) Bus;SnH
were added to a solution of 160 mg (0.45 mmol) of 3d in degassed, dry benzene (8 mL) at 25 °C.
The reaction mixture was heated to 90 °C for 3 h after which TLC indicated complete
consumption of the starting material. The mixture was concentrated under reduced pressure and
the residue subjected to column chromatography [Si0,/K,CO3; 10/1 (w/w), diethyl ether/pentane
1/10 (v/v)]. Yield: 115 mg (0.42 mmol, 92 %) colorless solid, 93/7-mixture of cis/trans isomers,
mp 46 °C. Ry = 0.22 [diethyl ether/pentane 1/10 (v/v)]. Anal. calcd. for Ci7H2405 (276.37): C,
73.88; H, 8.75; Found: C, 73.61; H, 8.73. rel-(3R,5R)-5 [(¥)-cis-5] oy (600 MHz; CDCls) 0.93 (3
H, s, CH3), 1.17 (3 H, s, CH3), 1.26 (3 H, t, J 7.2 Hz, CO,CH,CH5), 1.46 (3 H, s, CH3), 1.84 (1
H, dd, J 12.6, 7.0 Hz, 4-H), 2.46 (1 H, t, J 12.6 Hz, 4-H), 2.83-2.92 (2 H, m, 1°-H), 3.03 (1 H,
dd, J 12.6, 7.0 Hz, 3-H), 4.09-4.19 (2 H, m, CO,CH,CHj3), 7.19-7.31 (5 H, m). Jc (150 MHz;
CDCly) 14.2 (CO,CH,CH3), 25.0 (CH3), 27.9 (CH3), 30.4 (CHj3), 38.6 (C4), 48.8 (C1’), 53.3
(C3), 60.5 (CO,CH,CH3), 81.8 (C2 or C5), 81.9 (C2 or C5), 126.2, 127.9, 130.7, 137.9, 171.7
(CO,CH,CHs;). NOESY (cross peaks) 3-H « 5-CH3, 3-H <> 2-(CH3), <> 5-CH3, 5-CH,Ph < 2-
(CHas)p, . rel-(3R,55)-5 [(£)-trans-5] ou (600 MHz; CDCl3) 1.11 (3 H, s, CH3), 1.24 3 H, t,J 7.1
Hz, CO,CH,CHj5), 1.36 (3 H, s, CH3), 1.39 (3 H, s, CH3), 2.18 (1 H, dd, J 12.8, 7.4 Hz, 4-H),
2.32 (1 H,t,J12.6 Hz, 4-H), 2.38-2.43 (1 H, m, 3-H), 2.67-2.76 (2 H, m, 1’-H), 4.10—4.18 (2 H,
m, CO,CH>CHj3), 7.19-7.30 (5 H, m). &c (150 MHz; CDCl;) 14.2 (CO,CH,CHj3), 25.1 (CHa),
29.0 (CHs), 29.6 (CH3), 38.6 (C4), 48.4 (C17), 53.7 (C3), 60.5 (CO,CH-CHj3), 81.8 (C2 or C5),
82.1 (C2 or C5), 126.4, 127.9, 130.7, 137.9, 171.6 (CO,CH,CH3).
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B7 Supplementary Spectroscopic Data of Compounds

B7.1 NMR Spectra from Mixture of Isomers of Bromoethers 2b and 3b
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Figure B1. Methyl region of the 'H-NMR spectrum of the mixture of isomers from 2b and 3b.

Table B1. Ranges of 'H-NMR methyl resonances of cyclic ethers 2a/3a, 2b/3b and 2¢/3c.

0 (THF-CHj3; signals) [ppm] 0 (THP-CHj3; signals) [ppm]

2/3 R' R 2-CH, 1’-CH; 2-CH; 6-CH;
c H H - 1.70-1.76 - 1.36 -1.39
a CH; CHs; 1.12-1.44 1.69 - 1.75 1.22-1.32 1.32-1.43

b CH3 H 1.16 - 1.50 1.68 —1.77 1.12-1.43




140

ANHANG B

4.85
4.68
4.67
4.65
417
4.16
4.15
4.15
413
4.12
4.11
3.89
3.89
3.87
3.67
253
2.35
2.35
2.34
2.34
1.76
1.71

1.42
1.40
1.39
1.37
1.35
1.26
1.25
1.24
1.12

1.11

—7.26

Br
EtO,
Br t0
O 2p 0 3b

mixture of 8 stereocisomers

8.0 7.5 7.0 6.5

l——h-h..hr._L;—h—L..!._g_J.-Jr_.H._L_J l——l—..l._l,.._&..L-—l-.l-.aFT.l_.L.h{'J.rd..-l—-l—-‘

60 55 50 45 40 35 30 25 20 15 10 05 0
Chemical Shift (ppm)
Figure B2. 'H-NMR spectrum of the mixture of isomers of 2b and 3b.
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Figure B4. Excerpt from the >C-NMR spectrum of mixture of isomers of 2b and 3b.
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Figure B5. Excerpt from the >*C-NMR spectrum of the mixture of isomers of 2b and 3b.
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Figure B6. Excerpt from the >*C-NMR spectrum of the mixture of isomers of 2b and 3b.

B7.1.1 'H-and "C-NMR data for 2b and 3b

For mixture of isomers (only major resonances specified): oy (400 MHz; CDCls) 1.12 (d, J 6.0
Hz, CH3), 1.17 (d, J 6.4 Hz, CH3), 1.18 (d, J 6.4 Hz, CH3), 1.19 (d, J 6.2 Hz, CH3), 1.21 (d, J 6.0
Hz, CH3), 1.23-1.30 (m, CO,CH,CH;and CH3), 1.32 (d, J 6.0 Hz, CH3), 1.33 (s, CH3), 1.36 (d,
J 5.7 Hz, CH3), 1.36 (s, CH3), 1.38 (s, CH3), 1.40 (s, CH3), 1.41 (s, CH3), 1.43 (s, CHz3), 1.49 (s,
CHj3), 1.50 (s, CH3), 1.68 (s, CH3), 1.71 (s, CHs3), 1.72 (s, CHs3), 1.73 (s, CH3), 1.76 (s, CH3), 1.77
(3 x s, CH3), 2.09-2.32 (m), 2.32-2.38 (m), 2.40 (dd, J 4.8, 2.0 Hz), 2.43 (dd, J 4.8, 2.0 Hz),
2.46-2.51 (m), 2.52-2.58 (m), 2.59-2.74 (m), 2.79 (ddd, J 12.4, 10.3, 4.0 Hz), 2.90 (ddd, J 11.1,
6.0, 4.8 Hz), 3.12 (ddd, J 8.0, 6.2, 3.6 Hz), 3.17-3.25 (m), 3.29 (td, J 6.9, 2.6 Hz), 3.34-3.38 (m),
3.67-3.74 (m), 3.85-4.25 (m), 4.25-4.43 (m), 4.49 (t, J 6.3 Hz), 4.55 (dd, J 8.3, 7.7 Hz), 4.67
(dd, J 12.7, 4.7 Hz), 4.80—4.90 (m). oc (100 MHz; CDCl;) 14.1, 14.2, 14.3, 17.0, 17.8, 17.9,
18.2, 19.4, 19.6, 20.2, 20.5, 24.8, 28.7, 29.2, 29.3, 29.4, 30.3, 30.7, 30.9, 31.6, 32.4, 33.5, 33.9,
34.5,44.0, 46.7, 47.2, 47.7, 48.8, 51.7, 51.9, 53.9, 54.8, 55.6, 57.5, 60.4, 60.6, 60.7, 60.8, 66.1,
67.1, 67.6, 68.2, 69.9, 70.6, 75.2,75.5, 76.2, 77.3, 78.8, 85.7, 86.6, 88.0, 171.1, 171.9, 172.0.



ANHANG B 143

B7.1.2 'H- and “C-NMR data of rel-(2S,3R,5S5)-2b in C¢Dy

81 (600 MHz; C¢Dg) 0.89 (3 H, t, J 7.0 Hz, CO,CH,CH;), 1.14 (3 H, d, J 5.9 Hz, CH3), 1.26 (3
H, s, CHs), 1.31 (3 H, s, CH3), 2.11-2.17 (2 H, m, 3-H, 4-H), 2.36 (1 H, q, J 13.2 Hz, 4-H), 3.56
(1 H, dd, J 12.8, 4.3 Hz, 5-H), 3.86 (2 H, q, J 7.2 Hz, CO,CH,CH3), 3.93 (1 H, dq, J4 9.9, J; 6.0
Hz, 2-H). & (150 MHz; C¢Dg) 14.1 (CO.CH,CH;), 17.9 (CHz), 20.5 (CH3), 29.4 (CH3), 35.0
(C4), 52.0 (C3), 55.5 (C5), 60.4 (CO,CH,CH3), 67.4 (C2), 75.4 (C6), 171.5 (CO,CH,CH3).
NOESY (cross signals) 2-H <> (6-CHz),, 2-H <> 4-H,, 2-CH; <> 3-H, (6-CHs), <> 4-H,, (6-CH3)s
— 5-H, 3-H & 5-H.

B7.2 Supplementary Spectroscopic Data of Compounds en Route to Aplysiapyranoids
B7.21 “C-NMR of 5-Bromo-2,2-6-trimethyl-6-phenyltetrahydropyran-3-carboxylic acid
(*)-(6)

HO Br |

O (-6

Figure B7. ">C-NMR spectrum of carboxylic acid 6 in CDCl; (20 °C).
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B7.2.2  N-[rel-(3R,5S,6R)-5-Bromo-2,2,6-trimethyl-6-phenyltetrahydropyran-3-
carbonyloxy]-pyridine-2(1H)-thione (%)-cis-(7)

&1 (400 MHz; CDCls) 1.60 (3 H, s, CHs), 1.65 (3 H, s, CHs), 1.92 (3 H, s, CHs), 2.76-2.86 (2 H,
m, 4-H), 3.28 (1 H, dd, J 12.2, 7.6 Hz, 3-H), 4.11 (1 H, dd, J 12.2, 4.7 Hz, 1 H, 5-H), 6.33 (1 H,
dt, J; 6.8, Js 1.6 Hz), 7.24-7.39 (m, 5 H), 7.21 (1 H, ddd, J 8.5, 6.8, 1.4 Hz), 7.54 (1 H, dd, J
6.8, 1.4 Hz), 7.70 (1 H, dd, J 8.5, 1.6 Hz). & (63 MHz; CDCl3) 21.0 (CHs), 24.9 (CH3), 31.7
(C4), 32.3 (CHs), 52.1 (C3), 55.9 (C5), 74.1 (C2), 78.7 (C6), 112.7, 125.1, 126.1, 128.0, 133.5,
137.3, 137.5, 145.2, 166.8, 175.7.

Instability and thus appearance of decomposition products of similar intensity to signals of (£)-
trans-7 within the time necessary for recording NMR spectra prevented to determine reliable 'H-

and *C-NMR shift values for the minor isomer of pyridinethione 7.

B7.2.3  rel-(2R,3S,55)-3,5-dibromo-2,6,6-trimethyltetrahydropyran-2-carboxylic acid

81 (400 MHz; CDCls) 1.40 (3 H, s, CH;), 1.45 (3 H, s, CH3), 1.57 (3 H, s, CH;), 2.52-2.63 (1 H,
m, 4-H), 2.73-2.85 (1 H, m, 4-H), 4.50 (1 H, dd, J 12.1, 5.7 Hz, 5-H), 4.83 (1 H, t, J 3.6 Hz, 3-
H). & (63 MHz; CDCls) 21.1 (CHs), 29.5 (CHs), 29.5 (CH;), 37.9 (C4), 51.8 (C3), 54.7 (C5),
76.5 (C2), 78.4 (C6), 175.4 (CO,H).

B7.2.4  rel-2R,35,5R)-3,5-dibromo-2,6,6-trimethyltetrahydropyran-2-carboxylic acid

i1 (400 MHz; CDCly) 1.41 (3 H, s, CH3), 1.51 (3 H, s, CH3), 1.75 (3 H, s, CHj), 2.60-2.73 (2 H,
m, 4-H), 3.96 (1 H, dd, J 11.8, 4.9 Hz, 5-H), 4.35 (1 H, dd, J 11.5, 4.9 Hz, 3-H). & (63 MHz;
CDCLy) 19.8 (CHs), 23.9 (CHs), 30.1 (CHs), 37.7 (C4), 46.7 (C3), 52.8 (C5), 78.2 (C6), 79.7
(C2), 173.7 (CO,H).

B7.2.5 rel-(2R,3S,55)-3,5-dibromo-2,6,6-trimethyltetrahydropyran-2-carbaldehyde

81 (400 MHz; CDCly) 1.23 3 H, s, CHs), 1.33 (3 H, s, CHs), 1.46 (3 H, s, CHs), 2.50-2.57 (2 H,
m, 4-H), 4.45 (1 H, dd, J 10.0, 6.7 Hz, 5-H), 4.72 (1 H, t, J 3.3 Hz, 3-H), 9.58 (1 H, s, COH). &
(63 MHz; CDCLy) 22.2 (CHs), 24.5 (CHs), 29.5 (CHs), 37.4 (C4), 51.1 (C5), 53.7 (C3), 77.6
(C2), 80.8 (C6), 200.3 (COH).
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B7.2.6 rel-(2R,3S5,5R)-3,5-dibromo-2,6,6-trimethyltetrahydropyran-2-carbaldehyde

81 (400 MHz; CDCl3) 1.37 (3 H, s, CH3), 1.49 (3 H, s, CH), 1.57 (3 H, s, CH3), 2.60-2.75 (2 H,
m, 4-H), 3.90-3.97 (1 H, m, 1 H, 5-H), 4.01-4.08 (1 H, m, 3-H), 9.21 (1 H, s, COH). & (63
MHz; CDCls) 17.5 (CHs), 23.1 (CHs), 29.9 (CHs), 37.4 (C4), 44.2 (C3), 53.2 (C5), 76.4 (C2),
77.5 (C6), 196.5 (COH).

B8 Molecular Modelling — Methods and Assessment

All calculations were carried out with Gaussian03.2%

Structure and energy of
dimethyltetrahydropyrans were computed using the density functional/Hartee-Fock hybrid
models B3LYP in combination with the split valance double-{ basis set 6-31+G(d,p).
Thermochemical analysis of the alkenol isomerization VII — VIII and IX (section B11) was
performed on the B3LYP- and MP2-level of theory using the split valance double-C basis set 6-
31+G(d,p). No symmetry or internal coordinate constraints were applied during energy function
minimization. The ultrafine grid in combination with the tight option for energy function
minimization was used. The absence of imaginary modes of vibration characterized computed
structures as minima. Approximate Gibbs free energies (Gaosis) were obtained by
thermochemical analysis for 298.15 K on the basis of unscaled frequency calculation using the

thermal correction reported by Gaussian03. Likewise obtained Gibbs free energies take into

account zero-point correction, thermal correction, and the entropy term.

Oxygen atoms in ball-and-stick presentations of computed minima structures are depicted in red,

carbons in gray, hydrogens in white, and bromine in blue.
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B8.1 Comparison of experimental versus calculated geometrical garameters

Table B2. Synopsis of experimental (X-ray diffraction; 300+2 K) and calculated (B3LYP/6-
31+G**//B3LYP/6-31+G**; 0 K) endocyclic bond lengths d;.

MeOAZC

3 4 3 4 5 3 4 3 4 5

Br ~B Br ~B

2 O/ts@Br o/ F 2?;6@/& MeO,C—_/-0 '
;Br N5 2 1 \6\ ;Br\ s W 1 6
trans-8 cis-8 trans-10 cis-10

entry compound method d, =Al—2 d, =AZ—3 d; :A3_4 dy :A4_5 ds :AS_6 ds :A6_1

1 trans-8  Xeray  1.454(4) 1.526(5) 1.513(6) 1.530(6) 1.536(6) 1.460(5)

2 B3LYP  1.441 1.542 1.527 1.521 1.547 1.462
3 cis-8 X-ray  1.441(3) 1.534(4) 1.519(4) 1.509(4) 1.531(5) 1.462(4)
4 B3LYP  1.454 1.552 1.526 1.524 1.544 1.455
5  trans-10  Xeray  1.4313) 1.533(4) 1.513(4) 1.520(4) 1.526(4) 1.458(3)
6 B3LYP  1.425 1.543 1.527 1.522 1.546 1.462
7 cis-10  Xeray  1.431(6) 1.517(6) 1.500(7) 1.518(7) 1.510(7) 1.451(6)
8 B3LYP  1.448 1.542 1.524 1.527 1.547 1.459
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Table B3. Synopsis of experimental (X-ray diffraction; 300+2 K) versus calculated
(B3LYP/6-31+G**//B3LYP/6-31+G**; 0 K) endocyclic bond angles ¢

MCOZC
4 3 5 4 3 5
u Br L T ~Br AVT/ Br ! Br
20— —Br 0 20—\ —Br  MeO,C o)

TBEN S 7% UBEN 5 BIREK
trans-8 cis-8 trans-10 cis-10

¢ = ¢ = #3= $s= @5 = $s =

entry - compound method %y T3 234 345 456 561

1 trans-8  X-eray  120.6(3)° 109.4(3)° 112.3(4)° 109.0(4)° 112.04)° 106.1(3)°

2 B3LYP  122.9°  109.9°  112.3°  109.8°  113.1°  107.1°
3 cis-8 X-ray  122.52)° 106.7(2)° 113.7(3)° 107.23)° 112.9(3)° 106.3(3)°
4 B3LYP  1243°  106.0°  1132°  107.7°  113.1°  106.5°
5 trans-10  Xeray  120.6 (2)° 111.52)° 112.02)° 109.8(2)° 113.6(2)° 106.6(2)°
6 B3LYP 121.5°  111.5°  111.9°  110.1°  1134°  106.8°
7 cis-10  X-ray  121.4(4)° 107.2(4)° 112.0(4)° 106.3(4)° 112.4(4)° 105.2(4)°
8 B3LYP 1223°  106.7°  112.0°  107.5°  113.6°  106.5°
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Table B4.

Synopsis of experimental (X-ray diffraction; 300+2 K) versus calculated

(B3LYP/6-31+G**//B3LYP/6-31+G**; 0 K) endocyclic torsion angles wj.

MeOZC

314 B 3, 5\ 5 ) 314 B 3y 5\B
2?j6%/Br m ' Zm/Br MeO,C o '
;Br N5 2 1 \6\ ;Br\ s W 1 6

trans-8 cis-8 trans-10 cis-10

entry compound method BB G0 ORT0 TC see 6123
1 trans-8  Xeray —49.8(5° 55.5(5° —593(5)° 55.4(5)° -54.1(5° 51.9(5)°
2 B3LYP  -48.0° 546°  -57.2° 51.8° —494°  48.6°
3 cis-8  Xeray  51.6(3)° —58.1(4)° 59.3(4)° —-53.9(4)° 52.6(4)° -513(4)
4 B3LYP  51.7°  —58.7° 58.5° -51.7° 51.1° -51.0°
5 trans-10  Xeray  47.4(3)° —51.7(3)° 56.9(3)° -53.8(3)° 522(3)° -50.4(3)°
6 B3LYP 47.1° -51.9° 56.4° -52.4° 51.2° -49.9°
7 cis-10  Xeray  54.1(5)° —60.0(6)° 62.0(6)° —55.9(6)° 54.3(6)° —53.7(6)°
8 B3LYP 55.1° -59.3° 57.6° -50.8° 51.9° -54.3°
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B8.2 rel-(2R,35,58)-3,5-Dibromo-2,6,6-trimethyl-2-phenyltetrahydropyran trans-(8)

Center
Number

Atomic
Number

Atomic
Type

W W

-0.

-1.375621
-0.042638
0.901340
0.527164
-0.809979
-1.756811
0.485372
1.485294
1.160622
0.014674
-1.155709
-0.670971
1.247249
-0.203062
-0.661673
2.453939
0.836743
-1.489364
-1.605979
-1.930334
0.410976
1.939484
1.279993
-1.106795
-2.798946
-2.146820
2.000067
1.743169
0.559281
3.270995
2.337323
2.722422
1.621893
-0.119021
0.802799

Zero-point correction=
correction to
correction to
correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

Thermal
Thermal
Thermal

Energy=
Enthalpy=

Gibbs Free Energy=

0.290755 (Hartree/Particle)

zero-point Energies=

thermal Energies=

thermal Enthalpies=
thermal Free Energies=

X Y
.680043 -0.007164
.245173 0.011845
.993577  -0.711465
.114543  -1.449625
.523341  -1.479222
.800375 -0.755589
.057160 0.860625
.296861 0.154369
625672  -0.932797
.535610 -0.431731
. 756543 0.148838
.132134 1.291428
.656275 2.054818
.065238 2.826458
.750770 -1.846274
.430225 -1.093274
.114303 -2.238912
.708475 1.715634
.121486  -0.623003
.439760 0.503129
.222762 0.314479
.678166 -0.702914
.669467 -2.002416
.394053 -2.056300
.106931 -0.761333
.157668 0.548080
.359125 1.692557
.867811 2.621578
.195243 2.713555
.763323 -1.383040
.198210 -1.862496
.910500 -0.148082
.845858 -2.441839
.640873 -2.207394
.595458 -3.068230

0.307637
0.308581
0.245840

-5762.778777
-5762.761895
-5762.760951
-5762.823692
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B8.3 rel-2R,3S5,5R)-3,5-Dibromo-2,6,6-trimethyl-2-phenyltetrahydropyran cis-(8)

Center Atomic
Number Number

Atomic Coordinates (An
Type X Y

[
N
w W

3.401386 -0.347863
2.204469 -0.754312
2.278783 -1.643777
3.509615 -2.100528
4.696875 -1.679490
4.636083 -0.800890
0.827550 -0.259687
-0.041567 -1.408007
-1.494971 -1.351189
-1.912987 -0.210751
-1.186494 1.100101
0.310439 0.837676
0.843164 0.174368
1.300846 2.542035
-3.871729 0.101981
-1.901539 -2.716414
-2.052490 -1.209745
0.541642 0.527248
-1.433788 1.484760
-1.494496 1.858041
-1.719904  -0.527367
-1.546135 -3.510833
-1.455964  -2.869647
-2.988600 -2.789270
-2.051323 -0.182250
-1.456413 -1.827840
-3.086109 -1.561537
1.090395 -0.686678
-0.121889 0.569072
1.577909 0.960647
1.364010 -1.998593
3.539548 -2.791789
5.655942 -2.034525
5.549049 -0.464287
3.390284 0.343319

0.747798
0.143430
-0.940872
-1.413179
-0.808534
0.273316
0.622125
0.425273
0.461468
-0.492246
-0.213219
-0.345894
2.094151
-0.164450
-0.485621
-0.106010
1.889309
-1.365932
0.780140
-0.937086
-1.519308
0.556150
-1.093317
-0.192996
2.257601
2.565647
1.920533
2.719842
2.409173
2.268485
-1.401103
-2.250829
-1.174444
0.756144
1.581752

Zero-point correction=

Thermal correction to
Thermal correction to
Thermal correction to

Sum of electronic
Sum of electronic
Sum of electronic
Sum of electronic

and
and
and
and

0.290510 (Hart
Energy= 0.307630
Enthalpy= 0.308574

Gibbs Free Energy= 0.244262
zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

ree/Particle)

-5762.777949
-5762.760829
-5762.759885
-5762.824197
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B8.4

Cent
Numb

Zero-point correction=

Ther
Ther
Ther
Sum
Sum
Sum
Sum

Atomic Coordinates (Angstroms)
Type X Y Z
0 1.367716 0.025795 0.080257
0 0.593418 -0.929468 1.017535
0 -0.698130 -0.300470 1.289585
0 -1.533210 0.173432 0.236575
0 -0.749238 1.064440 -0.749988
0 0.578861 0.430071 -1.157157
0 0.415997 -2.348381 0.457989
0 1.246579 -0.985256 2.400243
0 -2.697305 0.886888 0.941482
0 -2.176504 -0.978971 -0.593277
0 -2.715430 -1.918698 0.196408
0 -3.367298 -3.013926 -0.480013
0 -0.381989 2.870013 0.009932
0 3.110691 -0.733764  -0.480958
0 -2.240043 -1.004946 -1.807837
0 -1.356753 1.280453 -1.625619
0 0.362434 -0.442630 -1.782664
0 1.158437 1.127655 -1.765042
0 1.653005 0.911619 0.647026
0 -0.304656 -2.885784 1.078330
0 1.368582 -2.881463 0.482734
0 0.066159 -2.360943 -0.577928
0 0.646917 -1.610852 3.067435
0 1.306347 0.017889 2.831769
0 2.253748  -1.403960 2.333363
0 -3.253813 0.164469 1.540400
0 -3.368413 1.347766 0.209793
0 -2.300663 1.664001 1.594889
0 -3.747684  -3.655762 0.313590
0 -2.650752 -3.552904  -1.104389
0 -4.182709 -2.643066 -1.104925
0.252191 (Hartree/Particle)
Energy= 0.269158
Enthalpy= 0.270102
Gibbs Free Energy= 0.207024

Methyl rel-(2R,3S,55)-3,5-dibromo-2,6,6-trimethyltetrahydropyran-2-carboxylate

trans-(10)

er Atomic
er Number
6
6
8
6
6
6
6
6
6
6
8
6
35
35
8
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

mal correction to
mal correction to
mal correction to
of electronic and
of electronic and
of electronic and
of electronic and

zero-point Energies=
thermal Energies=
thermal Enthalpies=
thermal Free Energies=

-5759.637434
-5759.620467
-5759.619522
-5759.682601
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B8.5

carboxylate cis-(10)

Methyl rel-(2R,3S,5R)-3,5-dibromo-2,6,6-trimethyltetrahydropyran-2-

Atomic
Number

Center
Number

-0.130679
-0.510193
0.322031
0.260941
0.582690
-0.301954
-0.423215
-0.373231
1.768155
2.082476
0.125162
0.880426
0.017252
-1.211813
-1.726147
-1.341406
0.892476
-0.789460
-1.565751
0.202832
-1.374486
-0.455108
2.357114
1.786800
2.246803
2.635857
2.428690
2.302166
-2.810057
-1.364297
-1.409770

Zero-point correction=
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

Energy=
Enthalpy=

Gibbs Free Energy=

zero-point Energi
thermal Energies=
thermal Enthalpie
thermal Free Ener

0.252383 (Hartree/Particle)

es=

S=
gies=

X Y

. 726150 -1.139335
.630251 0.031493
-369986 1.308919
.066224 1.558719
.041511 0.542490
.716191 -0.677987
-525366 -0.546431
.957471 2.541094
-886424 1.234506
-141901 0.245048
-367986 1.207595
.232693 1.593135
.977037 -2.167077
-435102 1.325864
.617464 1.971777
-899686 -0.411450
-919385 -1.473154
.923753 -1.988234
-492156 0.274150
.718174 3.439276
.531821 2.652686
.043858 2.454052
-403964 2.018747
-965306 1.403140
.698690 0.271995
-128468 1.185406
.324474  -0.387458
.082452 -0.260654
-511368 1.947701
.669863 3.001201
-511507 1.430007

0.269448

0.270392

0.206723

-5759.633632
-5759.616567
-5759.615623
-5759.679293
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B9 Calculated Energies and Coordinates of Tetrahydropyrans

Table BS. Calculated (B3LYP/6-31+G**// B3LYP/6-31+G**) energies of tetrahydropyran
(thp; chair conformation) and dimethyltetrahydrofurans I-VI and X-XII (Figure
S8)
entry  compound E/Hartree®  E[kImol']” Gaeg/Hartree® AGhog [kJ mol ']?

1 CsHjoO (thp) —271.793563 _b —271.676030 _b

2 Ia —350.439903 =0.0 —350.270733 =0.0
3 Ib —350.434577 14.0 —350.264974 15.1
4 Ic —350.427421 32.8 —350.257454 34.9
5 Ila —350.436014 10.2 —350.266678 10.7
6 ITb —350.431965 20.8 —350.262295 222
7 Ilc —350.430698 242 —350.260981 25.6
8 Ild —350.424631 40.1 —350.254553 42.5
9 IIa —350.431628 21.7 —350.262172 22.5
10 ITIb —350.428911 28.9 —350.259192 30.3
11 Illc —350.423747 42.4 —350.253793 44.5
12 v —350.433228 17.5 —350.263489 19.0
13 v —350.428911 28.9 —350.258977 30.9
14 VI —350.427721 32.0 —350.257605 34.5
15 Xa —350.434026 15.4 —350.264582 16.2
16 Xb —350.431133 23.0 —350.261190 25.1
17 Xc —350.428892 28.9 —350.258742 31.5
18 Xd —350.427498 32.6 —350.257533 34.7
19 Xla —350.435806 10.8 —350.266506 11.1
20 XIb —350.433133 17.8 —350.263550 18.9
21 Xlc —350.430594 244 —-350.260913 25.8
22 XId —350.427710 32.0 —350.257800 34.0
23 XIIa —350.429955 26.1 —350.260327 27.3
24 XIlIa —350.425771 37.1 —350.255607 39.7
25 XIlIc —350.427176 334 —350.257096 35.8
26 XIId —350.425091 38.9 —350.255006 41.3

“ B3LYP/6-31+G**//B3LYP/6-31+G**; 1 Hartree = 2625.50 kJ molfl; energie differences
(not zero-point energy-corrected) between dimethyletrahydrofurans I-VI and X-XII.
? Includes zero-point vibrational energy, thermal correction and an entropy term.
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Figure B8. Structure formulae, indices, and calculated (B3LYP/6-31+G**//B3LYP/6-31+G**)

AGyog 15-values in kJ mol ! (numbers in brackets) of dimethyltetrahydrofurans I-VI

and X—XII.
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Tetrahydropyran

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y z
1 8 0 -0.659606  -1.269843 0.000000
2 6 0 -0.020816  -0.79713% 1.185102
3 6 0 -0.020816 0.731854 1.260485
4 6 0 0.624448 1.330345 0.000000
5 6 0 -0.020816 0.731854  -1.260485
6 6 0 -0.020816 -0.79713Y -1.185102
7 1 0 1.015799 -1.177296 1.218739
8 1 0 -0.571512  -1.241189 2.019254
9 1 0 0.510579 1.054934 2.164789
10 1 0 -1.057766 1.081113 1.349167
11 1 0 1.700343 1.101951 0.000000
12 1 0 0.535197 2.422991 0.000000
13 1 0 0.510579 1.054934 -2.164789
14 1 0 -1.057766 1.081113  -1.349167
15 1 0 1.015799 -1.177296  -1.218739
16 1 0 -0.571512  -1.241189 -2.019254

Zero-point correction= 0.146140 (Hartree/Particle)

Thermal correction to Energy= 0.151614

Thermal correction to Enthalpy= 0.152558

Thermal correction to Gibbs Free Energy= 0.117534

Sum of electronic and zero-point Energies= -271.647423

Sum of electronic and thermal Energies= -271.641949

Sum of electronic and thermal Enthalpies= -271.641005

Sum of electronic and thermal Free Energies= -271.676030
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cis-2,6-Dimethyltetrahydropyran (Ia)

Cent
Numb

er Atomic
er Number
8
6
6
6
6
6
1
6
1
1
1
1
1
1
1
6
1
1
1
1
1
1

Atomic Coordinates (Angstroms)
Type X Y Z
0 0.000000 -0.975817 0.096202
0 1.201951  -0.320590 -0.328882
0 1.261215 1.108334 0.225954
0 0.000000 1.897139 -0.155776
0 -1.261215 1.108334 0.225954
0 -1.201951 -0.320590 -0.328882
0 1.191927  -0.268122 -1.433520
0 2.366286  -1.192437 0.119819
0 2.161340 1.610662 -0.150473
0 1.351522 1.052732 1.319481
0 0.000000 2.079932 -1.240171
0 0.000000 2.881657 0.326638
0 -2.161340 1.610662 -0.150473
0 -1.351522 1.052732 1.319481
0 -1.191927 -0.268122 -1.433520
0 -2.366286  -1.192437 0.119819
0 2.273322  -2.199973 -0.296234
0 3.317449 -0.763473 -0.213253
0 2.384015 -1.272619 1.211940
0 -3.317449  -0.763473 -0.213253
0 -2.273322  -2.199973 -0.296234
0 -2.384015 -1.272618 1.211940

0.201385 (Hartree/Particle)

Zero-point correction=

Ther
Ther
Ther
Sum
Sum
Sum
Sum

mal correction to
mal correction to
mal correction to

of electronic
of electronic
of electronic
of electronic

and
and
and
and

Energy= 0.209776
Enthalpy= 0.210720
Gibbs Free Energy= 0.169170
zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

-350.238518
-350.230127
-350.229183
-350.270733
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trans-2,6-Dimethyltetrahydropyran (Ib)

Center
Number

Zero-point correction=
Thermal
Thermal
Thermal

Atomic Coordinates (Angstroms)
Type X Y Z
0 0.263880 -0.909122 -0.636261
0 -1.145891 -0.654110 -0.504570
0 -1.435598 0.854384  -0.601598
0 -0.566493 1.669264 0.368132
0 0.912552 1.301133 0.182250
0 1.117003 -0.215223 0.286556
0 -1.737663 -1.323353 0.743172
0 -1.573565 -1.150494  -1.382921
0 -2.502246 1.036935 -0.421171
0 -1.222824 1.178095 -1.628486
0 -0.867112 1.471345 1.405981
0 -0.720010 2.742030 0.201963
0 1.537263 1.806165 0.929885
0 1.256230 1.631986 -0.807766
0 0.870592 -0.533429 1.313818
0 2.540606 -0.652407 -0.031214
0 -1.407200 -0.855330 1.675516
0 -2.831597 -1.265595 0.714008
0 -1.451078 -2.379178 0.770976
0 3.248587 -0.188042 0.663839
0 2.634566  -1.739389 0.049801
0 2.810262 -0.360250 -1.051716
0.201726 (Hartree/Particle)
Energy= 0.210068
Enthalpy= 0.211012
Gibbs Free Energy= 0.169604

Atomic
Number

correction to
correction to
correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

zero-point Energies=
thermal Energies=
thermal Enthalpies=
thermal Free Energies=

-350.232851
-350.224510
-350.223566
-350.264974
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cis-2,6-Dimethyltetrahydropyran (Ic)

Cent
Numb

Zero-point correction=

Ther

er Atomic
er Number
6
8
6
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
1
1
1
1

mal correction to

Atomic Coordinates (Angstroms)

Type X Y Z
0 1.245148 -0.297916 -0.503325
0 0.000006 -0.676424 -1.118661
0 -1.245143  -0.297946 -0.503321
0 -1.251018 1.185938 -0.097647
0 -0.000016 1.563673 0.706763
0 1.250990 1.185935 -0.097638
0 -1.666073  -1.244115 0.630934
0 1.666104  -1.244074 0.630928
0 -1.964598 -0.435693 -1.318939
0 -2.165997 1.404376 0.466519
0 -1.281794 1.797280 -1.008914
0 -0.000023 1.053796 1.678773
0 -0.000027 2.638219 0.923818
0 2.165967 1.404371 0.466534
0 1.281763 1.797283 -1.008902
0 1.964601 -0.435628 -1.318951
0 -1.097532 -1.088975 1.552073
0 -2.725869 -1.087471 0.864126
0 -1.535739  -2.284406 0.318402
0 1.097562  -1.088948 1.552069
0 1.535794  -2.284369 0.318397
0 2.725898 -1.087404 0.864118

0.201985 (Hartree/Particle)
Energy= 0.210268
Enthalpy= 0.211212

Ther
Ther
Sum
Sum
Sum
Sum

mal correction to
mal correction to
of electronic and
of electronic and
of electronic and
of electronic and

Gibbs Free Energy= 0.169967

zero-point Energies=
thermal Energies=
thermal Enthalpies=
thermal Free Energies=

-350.225435
-350.217153
-350.216208
-350.257454
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cis-2,4-Dimethyltetrahydropyran (I1a)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 8 0 1.253279 0.992102 -0.261044
2 6 0 1.254745 -0.315381 0.326044
3 6 0 -0.025572 -1.075805 -0.046053
4 6 0 -1.292520 -0.289049 0.335664
5 6 0 -1.190137 1.136147 -0.234760
6 6 0] 0.141340 1.783812 0.148921
7 1 0 1.286564 -0.196863 1.425171
8 6 0 2.525783 -1.011512 -0.139234
9 1 0 -0.023985 -2.056479 0.448226
10 1 0 -0.019882 -1.258760 -1.130339
11 1 0 -1.315496 -0.206752 1.434357
12 6 0 -2.572326  -1.003438 -0.111983
13 1 0 -2.019666 1.757692 0.128264
14 1 0 -1.266215 1.099228 -1.330268
15 1 0 0.184655 1.941585 1.241094
16 1 0 0.269837 2.755017 -0.337623
17 1 0 3.407038 -0.427828 0.142753
18 1 0 2.606328 -2.005790 0.312920
19 1 0 2.522524  -1.123585 -1.228639
20 1 0 -2.640352 -2.00718% 0.323517
21 1 0 -3.465756  -0.444958 0.190747
22 1 0 -2.599713 -1.110782 -1.203421

Zero-point correction= 0.201546 (Hartree/Particle)

Thermal correction to Energy= 0.209917

Thermal correction to Enthalpy= 0.210862

Thermal correction to Gibbs Free Energy= 0.169335

Sum of electronic and zero-point Energies= -350.234467

Sum of electronic and thermal Energies= -350.226096

Sum of electronic and thermal Enthalpies= -350.225152

Sum of electronic and thermal Free Energies= -350.266678
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trans-2,4-Dimethyltetrahydropyran (IIb)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y z
1 8 0 -1.000013 1.159400 -0.091078
2 6 0 -1.135062  -0.254533 -0.291130
3 6 0 -0.184999 -1.020222 0.641076
4 6 0 1.286954  -0.569499 0.500454
5 6 0 1.345146 0.972061 0.579851
6 6 0 0.321779 1.629541 -0.348758
7 1 0 -0.877265 -0.477564 -1.341603
8 6 0 -2.599708 -0.598765 -0.059871
9 1 0 -0.273126  -2.097507 0.448062
10 6 0 1.960141  -1.124587 -0.767152
11 1 0 1.841590 -0.971599 1.358981
12 1 0 2.352243 1.334131 0.333980
13 1 0 1.128311 1.290258 1.607532
14 1 0 0.289626 2.712060 -0.194534
15 1 0 0.576600 1.449595 -1.406694
16 1 0 -3.239446  -0.020298 -0.732927
17 1 0 -2.776855 -1.664501 -0.240012
18 1 0 -2.888050 -0.367217 0.971054
19 1 0 -0.519345  -0.848417 1.673142
20 1 0 1.480735 -0.774442 -1.687333
21 1 0 3.013181 -0.823519 -0.811080
22 1 0 1.926395 -2.220147 -0.776766

Zero-point correction= 0.201813 (Hartree/Particle)

Thermal correction to Energy= 0.210147

Thermal correction to Enthalpy= 0.211091

Thermal correction to Gibbs Free Energy= 0.169670

Sum of electronic and zero-point Energies= -350.230153

Sum of electronic and thermal Energies= -350.221819

Sum of electronic and thermal Enthalpies= -350.220874

Sum of electronic and thermal Free Energies= -350.262295
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trans-2,4-Dimethyltetrahydropyran (Ilc)

Cent
Numb

er Atomic
er Number
6
6
8
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Atomic Coordinates (Angstroms)
Type X Y z
0 -0.920085 1.272571 0.113559
0 0.565661 1.606037 0.255899
0 1.374232 0.839528 -0.636238
0 1.245421 -0.585866 -0.494405
0 -0.228377 -1.014098 -0.625062
0 -1.167492 -0.232644 0.312425
0 1.935495 -1.100945 0.775697
0 -2.635778 -0.612971 0.091550
0 1.798694 -0.976265 -1.355810
0 -0.313896  -2.093461 -0.443128
0 -0.545942 -0.838450 -1.661957
0 -0.909558 -0.481599 1.353048
0 -1.499119 1.860069 0.838722
0 -1.258994 1.567684  -0.889403
0 0.890446 1.452686 1.297672
0 0.764491 2.650718 -0.000403
0 1.423588 -0.794801 1.693100
0 1.967201 -2.196251 0.765003
0] 2.963695 -0.728692 0.817891
0 -2.798684 -1.684270 0.257699
0 -3.294904 -0.063272 0.773594
0 -2.949942  -0.38282% -0.934106

Zero-point correction=

Ther
Ther
Ther
Sum
Sum
Sum
Sum

mal correction to
mal correction to
mal correction to
of electronic and
of electronic and
of electronic and
of electronic and

0.201852 (Hartree/Particle)

Energy= 0.210188
Enthalpy= 0.211132
Gibbs Free Energy= 0.169717
zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

-350.228847
-350.220510
-350.219566
-350.260981
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cis-2,4-Dimethyltetrahydropyran (I1d)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 6 0 1.223896 1.196844 0.097544
2 6 0 -0.084472 1.513185 -0.627606
3 8 0 -1.221614 1.142841 0.152398
4 6 0 -1.293438 -0.255097 0.483297
5 6 0 0.008688 -0.727438 1.165212
6 6 0 1.322814  -0.298726 0.468013
7 6 0 -1.767350 -1.096682 -0.709453
8 6 0 1.733606 -1.178256 -0.726445
9 1 0 -2.089111  -0.293379 1.236204
10 1 0 -0.020004  -1.817348 1.291496
11 1 0 0.013983  -0.294813 2.173724
12 1 0 2.120838 -0.404919 1.215455
13 1 0 2.075316 1.497717 -0.527256
14 1 0 1.262576 1.802314 1.012137
15 1 0 -0.116957 1.022949 -1.612924
16 1 0 -0.188121 2.589053 -0.796108
17 1 0 -1.062768 -1.096644 -1.544543
18 1 0 -1.913714  -2.137762 -0.400006
19 1 0 -2.724389 -0.709711 -1.073085
20 1 0 1.066509 -1.071093 -1.586680
21 1 0 2.742900 -0.913773 -1.062970
22 1 0 1.743394  -2.238307 -0.448000

Zero-point correction= 0.202137 (Hartree/Particle)

Thermal correction to Energy= 0.210447

Thermal correction to Enthalpy= 0.211391

Thermal correction to Gibbs Free Energy= 0.170077

Sum of electronic and zero-point Energies= -350.222493

Sum of electronic and thermal Energies= -350.214184

Sum of electronic and thermal Enthalpies= -350.213240

Sum of electronic and thermal Free Energies= -350.254553
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cis-3,5-Dimethyltetrahydropyran (I11a)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 8 0 -0.831920 1.597703 0.000000
2 6 0 -0.801626 0.805370 1.183580
3 6 0 0.463209 -0.058695 1.274863
4 6 0 0.586436  -0.911849 0.000000
5 6 0 0.463209 -0.058695 -1.274863
6 6 0] -0.801626 0.805370 -1.183580
7 1 0 -1.697303 0.158291 1.219498
8 1 0 -0.860104 1.510605 2.018436
9 6 0 0.463209 -0.910970 2.548943
10 1 0 1.320925 0.628577 1.311746
11 1 0 -0.211223 -1.672235 0.000000
12 1 0 1.538487 -1.459369 0.000000
13 6 0 0.463209 -0.910970 -2.548943
14 1 0 1.320925 0.628577 -1.311746
15 1 0 -1.697303 0.158291 -1.219498
16 1 0 -0.860104 1.510605 -2.018436
17 1 0 -0.388219 -1.602836 2.562929
18 1 0 1.377744  -1.510241 2.619533
19 1 0 0.402941  -0.288080 3.449008
20 1 0 -0.388219 -1.602836 -2.562929
21 1 0 0.402941 -0.288080  -3.449008
22 1 0 1.377744  -1.510241 -2.619533

Zero-point correction= 0.201724 (Hartree/Particle)

Thermal correction to Energy= 0.210131

Thermal correction to Enthalpy= 0.211075

Thermal correction to Gibbs Free Energy= 0.169456

Sum of electronic and zero-point Energies= -350.229904

Sum of electronic and thermal Energies= -350.221497

Sum of electronic and thermal Enthalpies= -350.220552

Sum of electronic and thermal Free Energies= -350.262172
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trans-3,5-Dimethyltetrahydropyran (I11b)

Center Atomic
Number Number
1 6 0 -1.334294 0.953953 0.568288
2 8 0 -0.481758 1.574986 -0.391583
3 6 0 0.888686 1.242854 -0.185238
4 6 0 1.147550 -0.265138 -0.307126
5 6 0 0.205068 -1.019042 0.650334
6 6 0 -1.268613 -0.580139 0.497338
7 6 0 2.620956 -0.597915 -0.046469
8 6 0 -1.927543 -1.122361 -0.781019
9 1 0 1.207590 1.595508 0.813118
10 1 0 1.451785 1.803886 -0.937648
11 1 0 0.905936  -0.553071 -1.339326
12 1 0 0.529419 -0.820935 1.683232
13 1 0 0.297640 -2.102277 0.497263
14 1 0 -1.831633 -0.967361 1.359021
15 1 0 -1.053358 1.294710 1.580219
16 1 0 -2.343087 1.320058 0.353428
17 1 0 2.917733 -0.313456 0.970878
18 1 0 2.805616 -1.672291 -0.156789
19 1 0 3.281227 -0.072957 -0.746733
20 1 0 -1.851614  -2.214726 -0.828039
21 1 0 -2.991400 -0.860179 -0.811093
22 1 0 -1.462653 -0.710072 -1.681516
Zero-point correction= 0.201917 (Hartree/Particle)
Thermal correction to Energy= 0.210271
Thermal correction to Enthalpy= 0.211215
Thermal correction to Gibbs Free Energy=  0.169718
Sum of electronic and zero-point Energies= -350.226994
Sum of electronic and thermal Energies= -350.218640
Sum of electronic and thermal Enthalpies= -350.217696

Sum of electronic and thermal Free Energies= -350.259192
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cis-3,5-Dimethyltetrahydropyran (Illc)

Cent
Numb

er Atomic
er Number
8
6
6
6
6
6
1
1
1
6
1
1
1
6
1
1
1
1
1
1
1
1

Atomic Coordinates (Angstroms)
Type X Y Z
0 1.577305 0.305936 0.000000
0 0.922539 0.768794 1.179486
0 -0.504820 0.212021 1.306463
0 -1.280448 0.514730 0.000000
0 -0.504820 0.212021 -1.306463
0 0.922539 0.768794  -1.179486
0 0.897782 1.872583 1.169694
0 1.549908 0.450502 2.017998
0 -0.996892 0.777314 2.111577
0 -0.504820 -1.267118 1.726562
0 -1.523894 1.586599 0.000000
0 -2.240144  -0.017598 0.000000
0 -0.996892 0.777314  -2.111577
0 -0.504820 -1.267118 -1.726562
0 0.897782 1.872583 -1.169694
0 1.549908 0.450502 -2.017998
0 -0.102754  -1.375047 2.740838
0 0.109373 -1.881743 1.063850
0 -1.520670 -1.678224 1.726233
0 -1.520670 -1.678224  -1.726233
0 0.109373 -1.881743 -1.063850
0 -0.102754  -1.375047 -2.740838

Zero-point correction=

Ther
Ther
Ther
Sum
Sum
Sum
Sum

mal correction to
mal correction to
mal correction to
of electronic and
of electronic and
of electronic and
of electronic and

0.202144 (Hartree/Particle)

Energy= 0.210464
Enthalpy= 0.211408
Gibbs Free Energy= 0.169954
zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

-350.221603
-350.213283
-350.212339
-350.253793
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2,2-Dimethyltetrahydropyran (IV)

Center Atomic Atomic Coordinates (Angstroms)
Number Number Type X Y Z
1 6 0 1.168520 -1.293719 0.088555
2 8 0 -0.152115 -1.151122 -0.433717
3 6 0 -0.876810 0.031946 -0.018207
4 6 0 -0.036940 1.291556 -0.332682
5 6 0 1.400766 1.203979 0.203617
6 6 0 2.057313 -0.101443 -0.266305
7 6 0 -1.246656 -0.060124 1.473761
8 6 0 -2.149293 0.011966 -0.867488
9 1 0 -0.546757 2.176983 0.067148
10 1 0 -0.000577 1.408392 -1.423742
11 1 0 1.401199 1.241825 1.301381
12 1 0 1.978437 2.072152 -0.135038
13 1 0 3.047318 -0.232157 0.188937
14 1 0 2.198705 -0.074006 -1.354859
15 1 0 1.138749  -1.432485 1.181251
16 1 0 1.550586 -2.220481 -0.349948
17 1 0 -0.372934 -0.027511 2.130432
18 1 0 -1.899153 0.774020 1.753753
19 1 0 -1.781572 -0.995514 1.666015
20 1 0 -2.736453 -0.886668 -0.653615
21 1 0 -2.768235 0.891035 -0.658065
22 1 0 -1.893792 0.008421 -1.931415

Zero-point correction= 0.201496 (Hartree/Particle)

Thermal correction to Energy= 0.209748
Thermal correction to Enthalpy= 0.210692
Thermal correction to Gibbs Free Energy= 0.169740

Sum of electronic and zero-point Energies= -350.231732
Sum of electronic and thermal Energies= -350.223481
Sum of electronic and thermal Enthalpies= -350.222536
Sum of electronic and thermal Free Energies= -350.263489



ANHANG B 167

3,3-Dimethyltetrahydropyran (V)

Center Atomic Atomic

Number Number Type
1 8 0 -1.230070 -1.240103 0.224686
2 6 0 0.064651 -1.231654 -0.369757
3 6 0 0.886314 0.026579 -0.012508
4 6 0 0.042719 1.265672 -0.407711
5 6 0 -1.395004 1.196710 0.133216
6 6 0 -2.032041 -0.147983 -0.221392
7 1 0 -0.036478 -1.306222 -1.467144
8 6 0 2.197177 0.010006 -0.816398
9 6 0 1.210019 0.032072 1.494264
10 1 0 0.004059 1.324224  -1.505402
11 1 0 0.541498 2.181231 -0.064230
12 1 0 -1.999732 2.011175 -0.285723
13 1 0 -1.402872 1.320836 1.222506
14 1 0 -3.006314 -0.273657 0.259487
15 1 0 -2.176593 -0.223276 -1.313970
16 1 0 1.849559 -0.819825 1.754164
17 1 0 1.744072 0.948095 1.773566
18 1 0 0.306110 -0.038076 2.104955
19 1 0 0.565137 -2.137865 -0.012686
20 1 0 2.006362 -0.001922 -1.896144
21 1 0 2.799695 0.898498 -0.593898
22 1 0 2.803052 -0.870807 -0.571258

Zero-point correction= 0.201698 (Hartree/Particle)

Thermal correction to Energy= 0.209935

Thermal correction to Enthalpy= 0.210880

Thermal correction to Gibbs Free Energy= 0.169934

Sum of electronic and zero-point Energies= -350.227213

Sum of electronic and thermal Energies= -350.218976

Sum of electronic and thermal Enthalpies= -350.218031

Sum of electronic and thermal Free Energies= -350.258977
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4,4-Dimethyltetrahydropyran (VI)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 8 0 -2.044254 0.000000 -0.304134
2 6 0 -1.379323 1.181390 0.138803
3 6 0 0.058156 1.251279 -0.383934
4 6 0 0.896838 0.000000 -0.016246
5 6 0 0.058155  -1.251279 -0.383936
6 6 0 -1.379323 -1.181390 0.138802
7 1 0 -1.402729 1.225549 1.240458
8 6 0 1.256422  -0.000001 1.484859
9 6 0 2.203007 0.000001 -0.829928
10 1 0 0.544520 -2.159164 -0.001351
11 1 0 0.017908  -1.343967 -1.477175
12 1 0 -1.971936 -2.019035 -0.239962
13 1 0 -1.402727  -1.225549 1.240458
14 1 0 -1.971936 2.019034 -0.239962
15 1 0 0.544520 2.159163 -0.001346
16 1 0 0.017910 1.343971 -1.477173
17 1 0 0.375671  -0.000001 2.133805
18 1 0 1.851690 -0.885185 1.738350
19 1 0 1.851691 0.885182 1.738351
20 1 0 2.808455 0.885870 -0.602502
21 1 0 2.808455 -0.885869 -0.602505
22 1 0 1.998948 0.000002 -1.906899

Zero-point correction= 0.201801 (Hartree/Particle)

Thermal correction to Energy= 0.209979

Thermal correction to Enthalpy= 0.210923

Thermal correction to Gibbs Free Energy= 0.170116

Sum of electronic and zero-point Energies= -350.225920

Sum of electronic and thermal Energies= -350.217742

Sum of electronic and thermal Enthalpies= -350.216798

Sum of electronic and thermal Free Energies= -350.257605



ANHANG B 169

trans-2,3-Dimethyltetrahydropyran (Xa)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 6 0 1.814853 -0.766683 0.290381
2 8 0 0.611305 -1.398586 -0.134663
3 6 0 -0.576512 -0.706604 0.275474
4 6 0 -0.605474 0.725704  -0.302105
5 6 0 0.694324 1.464407 0.074236
6 6 0 1.938206 0.642536  -0.286853
7 6 0 -1.744645 -1.584297 -0.157254
8 6 0 -1.837477 1.520607 0.152462
9 1 0 -0.567460 -0.63133% 1.379807
10 1 0 -0.635802 0.623072  -1.397434
11 1 0 0.689580 1.661277 1.157441
12 1 0 0.720530 2.444133 -0.419126
13 1 0 2.849003 1.122541 0.093576
14 1 0 2.037341 0.571894  -1.377723
15 1 0 1.841997 -0.728444 1.393894
16 1 0 2.628758 -1.415721  -0.045909
17 1 0 -1.604882 -2.599566 0.224977
18 1 0 -2.694546  -1.200291 0.224991
19 1 0 -1.801489 -1.635878 -1.250097
20 1 0 -1.897567 1.563783 1.247564
21 1 0 -1.784470 2.551987 -0.214194
22 1 0] -2.771073 1.087220 -0.218501

Zero-point correction= 0.201656 (Hartree/Particle)

Thermal correction to Energy= 0.210023

Thermal correction to Enthalpy= 0.210968

Thermal correction to Gibbs Free Energy= 0.169444

Sum of electronic and zero-point Energies= -350.232370

Sum of electronic and thermal Energies= -350.224003

Sum of electronic and thermal Enthalpies= -350.223059

Sum of electronic and thermal Free Energies= -350.264582
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cis-2,3-Dimethyltetrahydropyran (Xb)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y z
1 6 0 1.942032 0.035820 -0.212736
2 6 0 1.298116  -1.351545 -0.210676
3 8 0 -0.097519 -1.285361 -0.497002
4 6 0 -0.825868 -0.501399 0.457987
5 6 0 -0.336306 0.966798 0.459581
6 6 0 1.183857 0.971572 0.742493
7 6 0 -2.305367 -0.689564 0.150201
8 6 0 -0.691849 1.730492 -0.826895
9 1 0 -0.620200 -0.914891 1.462735
10 1 0 -0.837033 1.467877 1.300860
11 1 0 1.352986 0.636090 1.775864
12 1 0 1.578189 1.993074 0.676974
13 1 0 2.995322  -0.047423 0.084210
14 1 0 1.927635 0.436526 -1.233370
15 1 0 1.447033 -1.836025 0.770741
16 1 0 1.731770 -2.000190 -0.977462
17 1 0 -2.582233  -1.741457 0.266266
18 1 0 -2.919378 -0.090976 0.832093
19 1 0 -2.533370 -0.391967 -0.877177
20 1 0 -1.773558 1.858488 -0.932995
21 1 0 -0.243658 2.730543 -0.813102
22 1 0 -0.331044 1.210177 -1.719349

Zero-point correction= 0.201963 (Hartree/Particle)

Thermal correction to Energy= 0.210244

Thermal correction to Enthalpy= 0.211188

Thermal correction to Gibbs Free Energy= 0.169943

Sum of electronic and zero-point Energies= -350.229170

Sum of electronic and thermal Energies= -350.220889

Sum of electronic and thermal Enthalpies= -350.219945

Sum of electronic and thermal Free Energies= -350.261190
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cis-2,3-Dimethyltetrahydropyran (Xc)

Center
Number

Atomic
Number

Atomic
Type X

-1.893461
-1.049390
0.353936
0.841313
-0.027931
-1.515853
0.677595
2.337907
0.823912
0.673822
0.146525
0.273445
-2.148011
-1.717207
-1.858677
-2.907859
0.324658
1.757927
0.208454
2.566120
2.668864
2.942111

0.234485
0.974562
0.920053
-0.549097
-1.408474
-1.246721
1.732747
-0.682131
1.426785
-0.917562
-1.116195
-2.460652
-1.769354
-1.690739
0.662573
0.378028
1.257420
1.879024
2.718447
-0.409358
-1.716182
-0.043901

0.106840
-0.775486
-0.458508
-0.447224

0.489215

0.145501

0.802776
-0.139479
-1.309775
-1.469838

1.534738

0.409703

0.874813
-0.838130

1.121562
-0.276709

1.723166

0.899088

0.726616

0.896995
-0.287654
-0.795414

Zero-point correction=
correction to
correction to
correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

Thermal
Thermal
Thermal

0.202114 (Hartree/Particle)

Energy= 0.210379
Enthalpy= 0.211324
Gibbs Free Energy= 0.170150

zero-point Energies=
thermal Energies=
thermal Enthalpies=
thermal Free Energies=

-350.226777
-350.218512
-350.217568
-350.258742
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trans-2,3-Dimethyltetrahydropyran (Xd)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 6 0 -0.696646  -0.849234 -0.315427
2 8 0 -0.874257 0.339583 -1.107363
3 6 0 -0.711449 1.567585 -0.396348
4 6 0 0.675787 1.675473 0.237609
5 6 0 0.949719 0.447786 1.120619
6 6 0 0.699636 -0.871614 0.354533
7 6 0 1.802951 -1.164280 -0.675961
8 6 0 -1.858508 -1.066522 0.662724
9 1 0 -1.491514 1.671419 0.374934
10 1 0 -0.875369 2.354253 -1.138670
11 1 0 0.739300 2.597892 0.828849
12 1 0 1.428417 1.751299 -0.556240
13 1 0 0.297159 0.489494 2.002988
14 1 0 1.979246 0.466210 1.498734
15 1 0 0.698445  -1.693567 1.084191
16 1 0 -0.736072 -1.651881 -1.061129
17 1 0 2.793102  -1.151997 -0.206015
18 1 0 1.802027 -0.430160 -1.487388
19 1 0 1.660664 -2.152784 -1.127462
20 1 0 -1.865839 -0.345574 1.485884
21 1 0 -1.792251 -2.068060 1.102152
22 1 0 -2.812192  -0.988373 0.131581

Zero-point correction= 0.202037 (Hartree/Particle)

Thermal correction to Energy= 0.210360

Thermal correction to Enthalpy= 0.211304

Thermal correction to Gibbs Free Energy=  0.169966

Sum of electronic and zero-point Energies= -350.225461

Sum of electronic and thermal Energies= -350.217138

Sum of electronic and thermal Enthalpies= -350.216194

Sum of electronic and thermal Free Energies= -350.257533
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trans-2,5-Dimethyltetrahydropyran (XIa)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y z
1 8 0 -0.743409 -1.156133 -0.212406
2 6 0 -1.414923 -0.012954 0.333012
3 6 0 -0.748022 1.280600 -0.152368
4 6 0 0.756042 1.278659 0.160614
5 6 0 1.427753 -0.005848 -0.354441
6 6 0 0.633824  -1.220112 0.145442
7 1 0 -1.331004 -0.060033 1.434872
8 6 0 -2.879852 -0.125101 -0.063838
9 1 0 -1.238308 2.143441 0.316056
10 1 0 -0.904810 1.366202 -1.236278
11 1 0 0.902728 1.344810 1.249656
12 1 0 1.240811 2.162236  -0.273401
13 6 0 2.902220 -0.099604 0.052824
14 1 0 1.364343 -0.009067  -1.452474
15 1 0 0.728857 -1.298394 1.244051
16 1 0 1.014027 -2.148496  -0.292446
17 1 0 -3.303901 -1.066377 0.298032
18 1 0 -3.456804 0.703605 0.360344
19 1 0 -2.982781 -0.099000 -1.153863
20 1 0 3.011613 -0.115074 1.144480
21 1 0 3.371551 -1.007796  -0.343058
22 1 0 3.468696 0.759169 -0.324194

Zero-point correction= 0.201547 (Hartree/Particle)

Thermal correction to Energy= 0.209950

Thermal correction to Enthalpy= 0.210894

Thermal correction to Gibbs Free Energy= 0.169301

Sum of electronic and zero-point Energies= -350.234260

Sum of electronic and thermal Energies= -350.225857

Sum of electronic and thermal Enthalpies= -350.224913

Sum of electronic and thermal Free Energies= -350.266506
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cis-2,5-Dimethyltetrahydropyran (XIb)

Center Atomic
Number Number

0.574822
1.347096
0.560498
-0.820048
-1.585424
-0.657406
1.544290
2.666146
1.134729
0.453357
-0.682504
-1.412765
-2.434545
-2.139323
-0.450080
-1.114839
3.182544
3.318157
2.491226
-2.783865
-2.736673
-1.336839

-1.154717
0.014737
1.282378
1.286308

-0.031203

-1.207035
0.019001

-0.112501
2.167046
1.329317
1.413274
2.143761

-0.074827

-0.138758

-1.213603

-2.165950

-1.033261
0.738281

-0.140004
0.715797

-1.050198

-0.174449

0.037322
-0.267263
0.091733
-0.586338
-0.333618
-0.678601
-1.355830
0.480673
-0.211465
1.182962
-1.669635
-0.244555
-1.031092
1.095801
-1.762978
-0.414947
0.193646
0.255499
1.561480
1.331575
1.213870
1.838579

0.201771 (Hartree/Particle)
Energy= 0.210108
Enthalpy= 0.211052
Gibbs Free Energy= 0.169583

Zero-point correction=
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

zero-point Energies=
thermal Energies=
thermal Enthalpies=
thermal Free Energies=

-350.231361
-350.223024
-350.222080
-350.263550
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cis-2,5-Dimethyltetrahydropyran (XlIc)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 8 0 -0.753470 -1.129223  -0.744893
2 6 0 -1.570548 -0.011613 -0.353208
3 6 0 -0.797924 1.307594  -0.531988
4 6 0 0.575910 1.271928 0.156192
5 6 0 1.372526 0.032283  -0.284945
6 6 0] 0.506555 -1.217769 -0.081544
7 6 0 -2.169280 -0.199926 1.046760
8 1 0 -2.394232 -0.036625 -1.075275
9 1 0 -1.401769 2.142283  -0.154691
10 1 0 -0.653686 1.476155 -1.606705
11 1 0 0.455539 1.252459 1.249081
12 1 0 1.136760 2.186252  -0.075419
13 6 0 2.712907 -0.096266 0.446503
14 1 0 1.566947 0.119541  -1.364229
15 1 0 0.365407 -1.399876 0.997170
16 1 0 0.992190 -2.103453 -0.503439
17 1 0 -1.420173  -0.14057% 1.842203
18 1 0 -2.918118 0.576496 1.239575
19 1 0 -2.661469 -1.175050 1.113531
20 1 0 2.565840 -0.197741 1.529133
21 1 0 3.276066 -0.971730 0.102545
22 1 0 3.337587 0.788262 0.279042

Zero-point correction= 0.201873 (Hartree/Particle)

Thermal correction to Energy= 0.210231

Thermal correction to Enthalpy= 0.211175

Thermal correction to Gibbs Free Energy= 0.169681

Sum of electronic and zero-point Energies= -350.228722

Sum of electronic and thermal Energies= -350.220363

Sum of electronic and thermal Enthalpies= -350.219419

Sum of electronic and thermal Free Energies= -350.260913
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trans-2,5-Dimethyltetrahydropyran (XId)

Atomic
Number

Center
Number

Atomic
Type

-0.467545
-1.320321
-0.479257
0.519528
1.363579
0.409798
-2.432222
-1.792230
-1.143849
0.065080
-0.023663
1.171947
1.889093
2.418070
-0.169595
0.963898
-2.059357
-3.163623
-2.950007
3.072150
3.048918
1.956545

-1.151822
0.007909
1.293722
1.237521

-0.055368

-1.255187

-0.097990

-0.024128
2.160242
1.427450
1.279873
2.119183

-0.152990

-0.050225

-1.363641

-2.186514

-0.015537
0.703965

-1.057000
0.825577

-0.944666

-0.039526

-0.626562
-0.623561
-0.517888
0.650976
0.611742
0.495551
0.428485
-1.611884
-0.412476
-1.459831
1.604506
0.628945
1.572780
-0.506310
1.425912
0.340747
1.454060
0.278059
0.329192
-0.425094
-0.448174
-1.498215

Zero-point correction= 0.202051 (Hartree/Particle)

Thermal correction to Energy= 0.210373
Thermal correction to Enthalpy= 0.211318
Thermal correction to Gibbs Free Energy= 0.169910
Sum of electronic and zero-point Energies= -350.225659
Sum of electronic and thermal Energies= -350.217337
Sum of electronic and thermal Enthalpies= -350.216393
Sum of electronic and thermal Free Energies= -350.257800
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trans-3,4-Dimethyltetrahydropyran (XIIa)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 8 0 1.864707 -0.694797  -0.349782
2 6 0 0.707146  -1.416509 0.054700
3 6 0 -0.605921 -0.700769 -0.302314
4 6 0 -0.603098 0.728519 0.291801
5 6 0 0.712679 1.439481  -0.080810
6 6 0 1.932665 0.588203 0.266603
7 1 0 0.745392 -1.596273 1.144973
8 1 0 0.767628 -2.386694  -0.448054
9 6 0 -1.800224  -1.551972 0.151539
10 1 0 -0.636055 -0.608281  -1.398761
11 1 0 -0.627234 0.624805 1.389673
12 6 0 -1.816879 1.566278 -0.133179
13 1 0 0.779920 2.405838 0.436763
14 1 0 0.721760 1.649419  -1.159249
15 1 0 2.013370 0.466310 1.361396
16 1 0 2.858421 1.047182  -0.092058
17 1 0 -1.839524 -1.626870 1.245661
18 1 0 -2.752045 -1.134162 -0.188308
19 1 0 -1.729668 -2.570265  -0.248547
20 1 0 -2.760304 1.134282 0.214223
21 1 0 -1.749144 2.580795 0.276367
22 1 0 -1.868386 1.652908 -1.225859

Zero-point correction= 0.201860 (Hartree/Particle)

Thermal correction to Energy= 0.210223

Thermal correction to Enthalpy= 0.211167

Thermal correction to Gibbs Free Energy= 0.169627

Sum of electronic and zero-point Energies= -350.228095

Sum of electronic and thermal Energies= -350.219732

Sum of electronic and thermal Enthalpies= -350.218787

Sum of electronic and thermal Free Energies= -350.260327
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cis-3,4-Dimethyltetrahydropyran (XIIb)

Center Atomic
Number Number

Atomic Coordinates (Angstroms)
Type X Y Z
0 1.403073 -1.322372 0.119844
0 0.017006  -1.381871 0.448641
0 -0.840739 -0.504050 -0.475120
0 -0.339664 0.966461 -0.461024
0 1.184661 0.963904 -0.719276
0 1.923005 0.002647 0.215196
0 -0.127657 -1.092237 1.504079
0 -0.267646  -2.434273 0.351809
0 -2.333217 -0.661861 -0.158838
0 -0.671425 -0.879214 -1.494889
0 -0.708192 1.751473 0.811500
0 -0.821419 1.481869 -1.304341
0 1.595846 1.975687 -0.605261
0 1.377329 0.650959 -1.753410
0 1.864698 0.346810 1.261412
0 2.980993 -0.071247 -0.052376
0 -2.561625 -0.411631 0.883224
0 -2.941951 -0.011866 -0.797921
0 -2.660434  -1.693982 -0.328791
0 -0.310711 1.292569 1.722878
0 -0.305218 2.769201 0.756387
0 -1.792527 1.836110 0.931975

0.202183 (Hartree/Particle)

Zero-point correction=

Thermal correction to
Thermal correction to
Thermal correction to

Sum of electronic
Sum of electronic
Sum of electronic
Sum of electronic

and
and
and
and

Energy= 0.210466
Enthalpy= 0.211410
Gibbs Free Energy= 0.170164
zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

-350.223588
-350.215306
-350.214362
-350.255607
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cis-3,4-Dimethyltetrahydropyran (XIlc)

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 6 0 1.488642 -1.223082 0.179479
2 8 0 1.885655 0.145585 0.225597
3 6 0 1.169323 0.939221  -0.718157
4 6 0 -0.344407 0.950495  -0.443303
5 6 0 -0.855679 -0.516411  -0.463011
6 6 0 -0.003370 -1.392022 0.475614
7 6 0 -0.668731 1.726469 0.844163
8 6 0 -2.355996 -0.656309 -0.179222
9 1 0 1.362655 0.558832 -1.736629
10 1 0 1.592837 1.945718 -0.644775
11 1 0 -0.818566 1.479390 -1.284182
12 1 0 -0.682068 -0.883206 -1.487554
13 1 0 -0.280118 -2.448711 0.360901
14 1 0 -0.197083 -1.123902 1.522078
15 1 0 1.724797 -1.638158 -0.816590
16 1 0 2.106990 -1.741576 0.917825
17 1 0 -0.294673 2.753971 0.769578
18 1 0 -1.746649 1.782750 1.023583
19 1 0 -0.198917 1.272300 1.721602
20 1 0 -2.947858 -0.009901 -0.838301
21 1 0 -2.684960 -1.689225 -0.341436
22 1 0 -2.600315 -0.393124 0.855748

Zero-point correction= 0.202111 (Hartree/Particle)

Thermal correction to Energy= 0.210384

Thermal correction to Enthalpy= 0.211328

Thermal correction to Gibbs Free Energy= 0.170080

Sum of electronic and zero-point Energies= -350.225064

Sum of electronic and thermal Energies= -350.216792

Sum of electronic and thermal Enthalpies= -350.215848

Sum of electronic and thermal Free Energies= -350.257096



180

ANHANG B

trans-3,4-Dimethyltetrahydropyran (XIId)

Center Atomic
Number Number
1 8 0 -0.803973 1.566483 -0.265702
2 6 0 -0.942057 0.408408 -1.087181
3 6 0 -0.661939 -0.893749 -0.316202
4 6 0 0.745930 -0.837584 0.343035
5 6 0 0.927019 0.503379 1.093189
6 6 0 0.526156 1.703800 0.232228
7 1 0 -0.269223 0.495874 -1.956483
8 1 0 -1.971434 0.425770 -1.458602
9 1 0 -0.658459 -1.708762 -1.055201
10 6 0 -1.775047 -1.187683 0.702721
11 6 0 1.876221 -1.094676 -0.669323
12 1 0 0.794932 -1.644723 1.087016
13 1 0 1.969021 0.616954 1.420277
14 1 0 0.308015 0.507568 1.998135
15 1 0 1.221912 1.833843 -0.613991
16 1 0 0.535662 2.628347 0.816635
17 1 0 -2.742679 -1.299832 0.200220
18 1 0 -1.572288 -2.116522 1.247884
19 1 0 -1.877347 -0.379288 1.432981
20 1 0 1.913852 -0.338131 -1.460306
21 1 0 2.851881 -1.094689 -0.169831
22 1 0 1.750243 -2.069638 -1.153921

Zero-point correction= 0.202150 (Hartree/Particle)

Thermal correction to Energy= 0.210446
Thermal correction to Enthalpy= 0.211390
Thermal correction to Gibbs Free Energy= 0.170084
Sum of electronic and zero-point Energies= -350.222941
Sum of electronic and thermal Energies= -350.214645
Sum of electronic and thermal Enthalpies= -350.213701
Sum of electronic and thermal Free Energies= -350.255006
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B10 Calculated Bond- and Torsion Angles of Tetrahydropyrans

Table B6. Bond angles ¢; in equlibrium structures of tetrahydropyran (thp) and
dimethyltetrahydropyrans I-11I (B3LYP/6-31+G**)

4 5 6 4 5 6
3&2\? H3C3m2?CH3
thp 111
entry  compound 641]1 5 1?2;3 24133: 343:5 441551 5416; 1 20
1 C(Stlﬁrlf)o 112.31°  111.83°  110.39°  110.15° 110.39°  111.83°  666.91°
2 Ia 113.97°  110.54° 110.90° 110.42° 110.90° 110.54°  667.27°
3 Ib 115.96°  110.64° 111.94° 109.96° 110.93° 110.79°  670.22°
4 Ic 119.76°  111.69° 111.87° 109.22° 111.87° 111.69° 676.10°
5 IIa 112.94°  110.60° 111.91° 109.07° 110.93° 111.83°  667.28°
6 1Ib 112.77°  110.40° 112.86° 108.80° 111.86° 111.62° 668.31°
7 Il 114.83°  110.66° 113.00° 108.65° 110.95° 112.03°  670.12°
8 1d 114.68°  110.91° 115.61° 108.78° 111.66° 111.64° 673.28°
9 IMla 112.36°  112.34°  109.20°  111.87°  109.20° 112.34°  667.31°
10 IIIb 112.08°  112.31°  109.16° 112.51°  108.64° 11221°  666.91°

11 IlIc 111.58°  112.15° 108.93° 114.98° 108.93° 112.15° 668.72°




182 ANHANG B

Table B7. Bond angles ¢, in equlibrium structures of dimethyltetrahydropyrans IV-VI and X—
XII (B3LYP/6-31+G**)

4 6
5
H;C-\- —CH
3 3&20 3
1

IV-VI and X—XII

entry - compound 641]1 > 1?2;3 24133: 3%:5 441552 5?6; 1 20
1 v 116.08°  109.59°  113.00°  109.98°  110.09° 112.03° 670.79°
2 \% 112.09°  113.06° 107.62°  112.54°  11032°  111.49° 667.11°
3 VI 111.86°  111.68°  112.96° 107.60° 112.96° 111.68° 668.74°
4 Xa 113.60°  110.85°  109.71°  111.68°  109.86°  111.39°  667.09°
5 Xb 112.87°  111.01°  108.31° 111.67° 110.10° 111.61° 665.59°
6 Xc 11487°  110.15° 110.88°  110.61°  110.30° 111.82° 668.63°
7 Xd 114.97°  111.17°  110.35°  111.60°  110.09° 111.75° 669.93°
XIa 113.15°  11039°  111.10°  111.12°  109,01°  112.51° 667.28°
9 XIb 112.87°  110.36°  111.04°  111.75°  108.46°  112.39°  666.89°
10 XIe 115.04°  110.43°  112.14°  110.68° 109.05° 112.72° 670.06°
11 XId 114.87°  110.44°  112.10°  111.47°  108.44°  112.59° 669.91°
12 XIIa 111.87°  113.12°  109.83°  109.56° 111.70°  111.42° 667.50°
13 XIIa 112.19°  112.35°  110.82°  108.36°  112.01°  111.52° 667.24°
14 XIle 111.90°  112.34°  108.34°  110.29°  111.01°  111.79° 665.67°

15 XIId 111.67° 112.48° 110.27° 110.04° 112.10° 111.40° 667.86°
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Table B8. Torsion angles ®; in equlibrium structures of tetrahydropyran (thp) and

dimethyltetrahydropyrans I-11I (B3LYP/6-31+G**)

4 5 6 4 5 6
3&2\? H3csm2?cH3

thp 111
entry compound | 7 2—4)3314:—5 3—¢Zi5:—6 4—4)5556:—1 5—¢6611:—2 6—¢1]i2:—3 Zloy |
1 C(’D'tlﬁl‘)")o ~55.44°  51.38°  -51.38°  55.44°  —59.87°  59.87°  333.38°
2 Ia ~54.71°  51.52°  -51.52°  5471°  -59.93°  59.93°  332.32°
3 Tb ~52.02°  52.05°  -53.02°  54.62°  -5722°  55.58°  324.51°
4 Ic -50.02°  55.09°  -55.09°  50.01°  -47.35°  4735° 304.91°
5 Ila ~55.11°  51.45° —51.09°  55.69°  —60.00°  59.08°  332.42°
6 1Ib ~54.64°  4935°  -49.01°  5525°  —60.78°  59.84°  328.87°
7 Il ~5234°  51.75° —5243°  55.71°  —57.55°  54.93°  324.71°
8 11d —4747°  4577°  -4926°  5725°  —60.07°  53.91° 313.73°
9 IlIa ~54.82°  51.13°  -51.13°  54.82°  —60.14°  60.14° 332.18°
10 IIIb -5439°  5027°  —50.57°  5521°  —61.52°  60.95° 332.91°
11 Ilc ~53.07°  45.52°  -4552°  53.07°  —63.89°  63.89° 324.96°

“ Y)my; | is the sum of absolute torsion angle-values ®; for endocyclic substituents attached to ring
atoms i and ;.
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Table B9. Bond angles in equlibrium structures of dimethyltetrahydropyrans IV-VI and X-
XII (B3LYP/6-31+G**)
4 5 6
H3C3m2?CH3
IV-VI and X-XII
eniry compound %,", 2j)§j4i5 3325:76 474)5556271 sj)giliz 6?122:73 Zlooy|*
1 I -51.02° 52.07°  —52.63° 55.14°  -57.73° 54.27° 321.86°
2 11 —55.08° 49.77°  -50.58° 54.35°  -60.49° 62.06° 332.34°
3 I —55.33° 48.50° —48.50° 55.33° —59.98° 59.98° 327.62°
4 IVa -53.99° 51.16°  —51.56° 55.09°  -60.82° 60.13° 332.75°
5 IVb —56.56° 52.41° —51.49° 53.98° -60.26° 61.90° 336.60°
6 IVe —53.80° 52.52°  -52.14° 54.24°  -58.56° 57.70° 328.96°
7 Ivd -52.03° 50.98° —51.89° 54.40° —58.64° 57.19° 523.13°
8 Via —54.52° 51.81°  —50.87° 55.05°  —-60.74° 59.31° 332.30°
9 VIb —54.14° 51.01° -50.35° 55.41° —62.07° 60.12° 333.10°
10 Vie -51.93° 52.25° —52.24° 55.00° —58.25° 55.26° 324.94°
11 Vid -51.22° 51.23°¢ -51.67° 55.37° -59.67° 55.96° 325.12°
12 IXa —55.19° 49.84° -51.12° 55.77° -59.50° 60.19° 331.61°
13 IXa -55.79° 50.62°  -51.21° 55.86°  —-59.25° 59.81° 332.51°
14 IXc¢ —57.53° 51.96° —51.34° 54.38° —59.40° 62.00° 336.61°
15 IXd -55.37° 48.16°  —48.56° 54.65°  —-60.79° 61.98° 329.51°

“ 2oy | is the sum
atoms i and j.

of absolute torsion angle-values w; for endocyclic substituents attached to ring
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B11 Calculated Energies and Coordinates of Compounds Associated with

the 2,6-Dimethylhept-5-en-2-ol-Isomerization

B11.1 2,6-Dimethylhept-5-en-2-ol (VII)

OH

VII

B11.1.1 B3LYP/6-31+G**// B3LYP/6-31+G**-coordinates and —energies

Center Atomic
Number Number

Atomic Coordinates (Angstroms)
Type X Y z
0 3.199096  -0.548273 1.150178
0 2.244747 -0.016663 0.069508
0 2.623414  -0.564061 -1.212849
0 0.791796  -0.423454 0.409326
0 -0.283475 0.030680 -0.597635
0 -1.616259 -0.619438 -0.333157
0 -2.784211 -0.043617 0.002704
0 -2.996166 1.440720 0.184662
0 2.407017 1.497839 -0.088074
0 -4.024349  -0.879377 0.223772
0 4.235367 -0.313025 0.888249
0 2.978096  -0.105232 2.127450
0 3.108477 -1.637238 1.251570
0 0.761962 -1.520730 0.490552
0 0.539590 -0.042886 1.407888
0 -0.370320 1.120607 -0.581153
0 0.057121 -0.238331 -1.606480
0 -1.612140 -1.707562 -0.427665
0 -4.826367 -0.584733 -0.466720
0 -3.828378 -1.946044 0.080400
0 -4.419584  -0.738215 1.238990
0 -3.746474 1.813283 -0.525738
0 -3.387216 1.652860 1.188738
0 -2.086417 2.028381 0.048150
0 1.816544 1.867576  -0.930187
0 2.086785 2.018265 0.820631
0 3.455802 1.744201 -0.279395
0 2.620666  -1.529203 -1.150197

Zero-point correction=
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

0.253287 (Hartree/Particle)

Energy= 0.266488
Enthalpy= 0.267432
Gibbs Free Energy=  0.213673
zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

-428.803423
-428.790222
-428.789278
-428.843037
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B11.1.2 MP2/6-31+G**// MP2/6-31+G**-coordinates and —energies

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y Z
1 6 0 3.026291 -0.148461 1.349635
2 6 0 2.170310 -0.004542 0.097152
3 6 0 0.704877 -0.302382 0.427969
4 6 0 -0.267903 -0.174049 -0.747277
5 6 0 -1.618041 -0.723166 -0.393921
6 6 0 -2.704369 -0.027829 -0.002201
7 6 0 -3.988840 -0.728601 0.343701
8 6 0 -2.753440 1.468873 0.127426
9 6 0 2.353750 1.370090 -0.521809
10 8 0 2.641041 -0.923048 -0.912658
11 1 0 4.075832 0.000861 1.100510
12 1 0 2.735737 0.582007 2.104761
13 1 0 2.908909 -1.144025 1.781635
14 1 0 0.650827 -1.322013 0.826364
15 1 0 0.380661 0.358084 1.237897
16 1 0 -0.345462 0.868654 -1.051717
17 1 0 0.139101 -0.721489 -1.599485
18 1 0 -1.706296 -1.806347 -0.428307
19 1 0 -4.802879 -0.379637 -0.294905
20 1 0 -3.899486 -1.807155 0.226465
21 1 0 -4.280478 -0.517046 1.374434
22 1 0 -3.509797 1.884721 -0.541316
23 1 0 -3.041370 1.747917 1.142912
24 1 0 -1.802914 1.945638 -0.095548
25 1 0 1.849649 1.426062 -1.483666
26 1 0 1.950800 2.140455 0.135796
27 1 0 3.413369 1.563007 -0.681425
28 1 0 2.619664  -1.814901 -0.537181

Zero-point correction= 0.259677 (Hartree/Particle)

Thermal correction to Energy= 0.272780

Thermal correction to Enthalpy= 0.273724

Thermal correction to Gibbs Free Energy= 0.219695

Sum of electronic and zero-point Energies= -427 .459697

Sum of electronic and thermal Energies= -427.446593

Sum of electronic and thermal Enthalpies= -427 .445649

Sum of electronic and thermal Free Energies= -427.499679
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B11.2

2,2-Dimethyl-5-(prop-2-yl)-tetrahydrofuran (VIII)

>@A

VIII

B11.2.1 B3LYP/6-31+G**// B3LYP/6-31+G**-coordinates and —energies

Cent
Numb

er Atomic
er Number
8
6
6
6
6
6
6
6
6
6
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Atomic Coordinates (Angstroms)
Type X Y z
0 -0.370803 -0.743428 0.026225
0 -1.685728 -0.124776 0.010852
0 -1.421730 1.369472 -0.314781
0 0.063795 1.560793 0.018785
0 0.650876 0.193363 -0.351910
0 -2.293557 -0.316886 1.405429
0 -2.536691 -0.818540 -1.057481
0 1.970364 -0.192934 0.327230
0 2.384743  -1.626457 -0.037614
0 3.084024 0.806985 -0.023670
0 -2.081106 2.035130 0.250662
0 -1.595090 1.560494  -1.380449
0 0.206930 1.747670 1.090671
0 0.520776 2.387056  -0.533325
0 0.795404 0.143285  -1.447675
0 -1.708988 0.216992 2.161688
0 -3.324647 0.053371 1.437269
0 -2.298436  -1.379180 1.669157
0 -2.667076  -1.878432 -0.816420
0 -3.528326 -0.355980 -1.126848
0 -2.054297 -0.747644  -2.037726
0 1.790779 -0.152034 1.411498
0 3.303456  -1.909918 0.488441
0 1.600710 -2.341211 0.224216
0 2.577602 -1.713823  -1.114831
0 4.026550 0.513475 0.450915
0 3.257732 0.838812 -1.107004
0 2.847876 1.823237 0.308925

Zero-point correction=

Ther!
Ther!
Ther
Sum
Sum
Sum
Sum

mal correction to
mal correction to
mal correction to
of electronic and
of electronic and
of electronic and
of electronic and

0.256132 (Hartree/Particle)

Energy= 0.267777
Enthalpy= 0.268721
Gibbs Free Energy=  0.219152
zero-point Energies=

thermal Energies=

thermal Enthalpies=

thermal Free Energies=

-428.815570
-428.803925
-428.802981
-428.852550
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B11.2.2 MP2/6-31+G**// MP2/6-31+G**-coordinates and —energies

Atomic
Number

Center
Number

Atomic
Type X

.365703
.675853
-403856
.061374
.649198
.272767
-516901
-953012
.365434
.052377
.082859
-531113
-175916
.530736
. 787306
.675467
.294767
.282904
.654509
-497588
.019431
. 763283
.284579
-586828
.547901
-996398
.202865
-816350

-0.751308
-0.121188
1.344569
1.542798
0.185167
-0.254547
-0.848343
-0.189240
-1.611256
0.808185
2.028120
1.484753
1.716080
2.366775
0.119327
0.299112
0.126268
-1.302960
-1.889214
-0.379614
-0.820412
-0.144743
-1.889021
-2.322471
-1.687503
0.512003
0.842127
1.814970

0.053933
0.009932
-0.367798
0.006897
-0.350198
1.402216
-1.025454
0.332461
-0.033697
-0.023797
0.142264
-1.443478
1.079625
-0.529113
-1.442223
2.125837
1.422427
1.697125
-0.735512
-1.121697
-1.994180
1.410025
0.482949
0.231971
-1.107663
0.432930
-1.104714
0.318587

Zero-point correction=
Thermal correction to
Thermal correction to
Thermal correction to
Sum of electronic and
Sum of electronic and
Sum of electronic and
Sum of electronic and

0.263074 (Hartree/Particle)

Energy= 0.274437
Enthalpy= 0.275381
Gibbs Free Energy= 0.226393

zero-point Energies=
thermal Energies=
thermal Enthalpies=
thermal Free Energies=

-427.480445
-427.469082
-427.468138
-427.517126
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B11.3 2,2,6,6-Tetramethyltetrahydropyran (IX)

VKOJL
1X

B11.3.1 B3LYP/6-31+G**// B3LYP/6-31+G**-coordinates and —energies

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y z
1 8 0 0.000000 -0.877028 -0.352374
2 6 0 -1.268077 -0.250209 -0.041428
3 6 0 -1.251504 1.240979 -0.436435
4 6 0 0.000000 1.968647 0.067078
5 6 0 1.251504 1.240979 -0.436435
6 6 0 1.268077 -0.250209 -0.041428
7 6 0 1.646108 -0.441674 1.441338
8 6 0 2.270278 -1.018687 -0.911402
9 6 0 -1.646108 -0.441674 1.441338
10 6 0 -2.270278 -1.018687 -0.911402
11 1 0 -2.163111 1.721765 -0.060838
12 1 0 -1.281194 1.310300 -1.532030
13 1 0 0.000000 2.024449 1.163056
14 1 0 0.000000 3.004929 -0.291015
15 1 0 2.163111 1.721765 -0.060838
16 1 0 1.281194 1.310300 -1.532030
17 1 0 1.056666 0.182666 2.116192
18 1 0 1.502391  -1.487433 1.729201
19 1 0 2.700688 -0.185490 1.593134
20 1 0 3.280063 -0.612112 -0.788558
21 1 0 2.284845 -2.076789 -0.631287
22 1 0 1.988317 -0.947884  -1.966007
23 1 0 -1.056666 0.182665 2.116192
24 1 0 -2.700688 -0.185490 1.593134
25 1 0 -1.502391  -1.487433 1.729201
26 1 0 -2.284845 -2.076789 -0.631287
27 1 0 -3.280063 -0.612112 -0.788557
28 1 0 -1.988317 -0.947884 -1.966007

Zero-point correction= 0.256694 (Hartree/Particle)

Thermal correction to Energy= 0.267764

Thermal correction to Enthalpy= 0.268709

Thermal correction to Gibbs Free Energy=  0.221945

Sum of electronic and zero-point Energies= -428.812730

Sum of electronic and thermal Energies= -428.801660

Sum of electronic and thermal Enthalpies= -428.800716

Sum of electronic and thermal Free Energies= -428.847479
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B11.3.2 MP2/6-31+G**// MP2/6-31+G**-coordinates and —energies

Center Atomic Atomic Coordinates (Angstroms)

Number Number Type X Y 4
1 8 0 0.000000 -0.880064  -0.374197
2 6 0 -1.258173 -0.246051 -0.041992
3 6 0 -1.240310 1.228724  -0.442735
4 6 0 0.000000 1.951441 0.068289
5 6 0 1.240310 1.228724 -0.442734
6 6 0 1.258173 -0.246051 -0.041992
7 6 0 1.613021 -0.428994 1.434384
8 6 0 2.261317 -1.013494  -0.889559
9 6 0 -1.613021 -0.428994 1.434384
10 6 0 -2.261317 -1.013495 -0.889559
11 1 0 -2.153554 1.705732 -0.078008
12 1 0 -1.255243 1.287666 -1.534811
13 1 0 0.000000 1.995546 1.159592
14 1 0 0.000000 2.985572 -0.281198
15 1 0 2.153554 1.705732 -0.078007
16 1 0 1.255243 1.287666 -1.534810
17 1 0 1.034821 0.212590 2.093348
18 1 0 1.443707 -1.465709 1.722021
19 1 0 2.667480 -0.194132 1.585203
20 1 0 3.261868 -0.599405 -0.760894
21 1 0 2.274248 -2.062184  -0.595056
22 1 0 1.981956 -0.950293 -1.939669
23 1 0 -1.034821 0.212590 2.093348
24 1 0 -2.667480 -0.194131 1.585203
25 1 0 -1.443707 -1.465709 1.722021
26 1 0 -2.274248 -2.062184  -0.595055
27 1 0 -3.261868 -0.599405 -0.760894
28 1 0 -1.981956 -0.950293 -1.939669

Zero-point correction= 0.263635 (Hartree/Particle)

Thermal correction to Energy= 0.274415

Thermal correction to Enthalpy= 0.275359

Thermal correction to Gibbs Free Energy= 0.229181

Sum of electronic and zero-point Energies= -427.481688

Sum of electronic and thermal Energies= -427 .470907

Sum of electronic and thermal Enthalpies= -427.469963

Sum of electronic and thermal Free Energies= -427.516141
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C1 General Remarks

(1) The compound numbering in the Supporting Information is consistent with the accompanying

publication. (ii) References refer exclusively to the Supporting Information.

C2 Instrumentation and Reagents

Melting points [°C] were determined on a Koffler hot-plate melting point microscope (Reichert).

'H- and *C-NMR spectra were recorded with FT-NMR instruments Avance 400 or Avance 600
(Bruker). Chemical shifts refer to the J-scale (coupling constants J are given in Hz). The
resonances of carbon nuclei and residual protons of CDCl; (dy 7.26, oc 77.0), DMSO-ds (ou
2.50, oc 39.5), and CDsOD (o 3.31, oc 49.0) served as internal standards.

GC-MS-analyses were performed with HP 6890 Series-instrument (Hewlett Packard) equipped
with a ZB5 column (Phenomenex, 30 m % 0.25 mm, 0.25 pum) using helium carrier gas (1 mL
min ', 59.7 kPa). Temperature program: 40 °C (3 min), linear temperature gradient (10 °C min ")

to 280 °C, final temperature 280 °C (10 min).

Mass spectra (EI, 70 eV) were recorded with a mass selective detector HP 5972 (Hewlett

Packard). HRMS spectra were obtained with a GCT Premier instrument (Waters).

IR spectra were recorded from pelletized samples in KBr with a FT-IR 1000 spectrometer

(Perkin Elmer).

UV/Vis spectra were recorded on a Cary 100 spectrometer (Varian) at 25 °C in 1 cm-quartz
cuvettes using analytical grade solvents. Molar extinction coefficients are reported in 1g (¢ / m’ x

mol ).

Combustion analyses were performed with an Elemental Analyzer 2400 CHN (Perkin Elmer) or

a Vario Micro Cube (Elementar).

Reaction progress was monitored via thin layer chromatography (tlc) on aluminium sheets,
coated with silica gel (60 Fisa, Machery-Nagel). Developed tlc-sheets were analyzed with
UVlight (254 nm) or by staining with Ekkert's reagent.

All reactions and manipulations under inert gas were carried out via standard Schlenk techniques
using high purity N> (99.999%), which was further dried by passing through a column filled with
anhydrous CaCl; and P,Os.

Dimethyl carbonate (DMC) was dried over molecular sieves (3 A) and stored under nitrogen. All

other solvents were purified according to standard procedures.
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A 4.1 M solution of tert-butyl hydroperoxide (TBHP) in toluene was prepared according to
Sharpless et al. and the concentration determined as described.”! Pyridiniumhydrochloride
(py-HCI) was prepared from pyridine and 12 M HCl in 90 % yield and purified by
recrystallization from acetone / MeOH [9:1, (v/v)]. Oxone® was purchased from Aldrich and
used as received. 1-Phenylpent-4-en-1-ol (1a)," 2-phenylhex-5-en-2-ol (1b),**) 5-phenyl-

(6]

pent-4-en-1-0l (1¢),”” and ethyl (E)-2-(2-hydroxypropy-2-yl)-4-methyl-5-phenylpent-4-enoate

(1d)") were synthesized according to published procedures.

C3 Syntheses of Auxiliaries H,L"

C3.1 (1R,28,5R,1'R,2'S)-1-{[(1’-Hydroxy-1'-phenylpropan-2'-yl)(methyl)amino]-
methyl}-5-methyl-2-(prop-2'’-yl)cyclohexanol (H,L")

C3.1.1  (15,4S,7R)-4-1Isopropyl-7-methyl-1-oxaspiro[2.5]octane

The title compound was prepared from (2S,5R)-menthone (6.17 g, 40 mmol) according to a
reported procedure in a yield of 86 %."*! &; (400 MHz; CDCl3) 0.79 (3 H, d, J 6.7 Hz, CH3), 0.90
(3 H, d, J 6.7 Hz, CH3), 0.91 (3 H, d, J 6.5 Hz, CH3), 0.97-1.09 (1 H, m), 1.30-1.50 (4 H, m),
1.53-1.63 (1 H, m), 1.68-1.75 (1 H, m), 1.78-1.90 (2 H, m), 2.47 (1 H, d, J 4.4 Hz, 1-H), 2.91 (1
H, d, J 4.4 Hz, 1-H). [a]p™ +6.5 (¢ 1, CH,CL,).

C3.1.2 (1R,2S5,5R,1'R,2'S)-1-{[(1'-Hydroxy-1'-phenylpropan-2'-yl)(methyl)amino]-
methyl}-5-methyl-2-(prop-2''-yl)cyclohexanol (H,L"

A pressure Schlenk tube, charged with (1R,2S)-ephedrine (3.7 g, 22.4 mmol), (1S,4S,7R)-4-
isopropyl-7-methyl-1-oxaspiro[2.5]octane (4.0 g, 23.8 mmol) and LiBr (200 mg, 2.3 mmol) was
heated in an oil bath for 72 h to 80 °C. The mixture was allowed to cool to room temperature and
purified by Kugelrohr distillation. Yield: 6.1 g (18.3 mmol, 86 %) colorless resin, bp 190-210 °C
/ 0.1 mbar. & (600 MHz; CDCl3) 0.67 (1 H, t, J 12.7 Hz, CH,™"™"), 0.76 (1 H, qd, J, 12.2, J,
3.8 Hz, CH,™"™), 0.80 (3 H, d, J 6.6 Hz, CH3), 0.86 (3 H, d, J 3.5 Hz, CH3), 0.88 (3 H, d, J 3.7
Hz, CHs), 0.89-0.92 (1 H, m, CH™™"), 1.03 (3 H, d, J 6.6 Hz, CH3), 1.37-1.58 (4 H, m,
CH™ ™! CH,™™) ' 1.64-1.72 (1 H, m, CH,™"™), 2.05 (1 H, quint, J 6.8 Hz, CH(CHs)), 2.09
(1 H, d, J 14.3 Hz, CH,-menthyl), 2.30 (1 H, br. s., OH), 2.40 (3 H, s, CH3), 2.79 (1 H, quin, J
6.4 Hz, 2-H), 2.95 (1 H, d, J 14.0 Hz, CH,-menthyl), 2.99 (1 H, br. s., OH), 4.79 (1 H, d, J 5.0
Hz, 1-H), 7.23-7.27 (1 H, m), 7.31-7.37 (4 H, m). &c (150 MHz; CDCls) 8.4 (CHs), 18.2 (CH3),
21.0 (CH,™™™), 22.4 (CH3), 23.7 (CHs), 25.8 (CH(CHs),), 27.7 (CH™™™Y, 35,1 (CH,™ ™),
42.1 (CHs), 47.7 (CH,™™™"), 47.8 (CH™™™) 62.4 (CH,-menthyl), 66.4 (C2), 74.5 (C1), 76.6
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(C™™™Y), 126.1, 127.2, 128.1, 143.3. Vpay (KBr) / em™' 3430, 2952, 2867, 1452, 1368, 1046,
1025, 758, 702, 555; Amax (EtOH) / nm (Ig &/ m* mol™") 206 (7.88). [a]p™ —37 (¢ 1, CH,CL).
Anal. caled. for C,;H35sNO; (333.51): C, 75.63; H, 10.58; N, 4.20, Found: C, 75.65; H, 10.57; N,
4.21.

C3.2 cis-2,6-Bis-(1'-hydroxy-1’,1’-diphenylmethyl)-piperidine (H,L?)

Aminodiol H,L’ was prepared in a total yield of 13 % from dimethyl piperidine-2,6-
dicarboxylate (4.60 g, 22 mmol) in 3 steps according to a documented procedure.” M &; (600
MHz; CDCls) 1.22-1.39 (5 H, m, 3-H, 4-H, 5-H), 1.77 (1 H, d, J 5.9 Hz, 4-H), 3.48 (2 H, br. s.,
OH), 3.66 (2 H, d, J 9.7 Hz, 2-H, 6-H), 7.03—7.08 (2 H, m), 7.11-7.18 (6 H, m), 7.23-7.28 (4 H,
m), 7.40-7.47 (8 H, m).

C33 2-(Salicylidene)aminophenol (H,L’ )

Iminodiol H,L* was prepared from 2-aminophenol (7.42 g, 68 mmol) and salicyl aldehyde (8.30
g, 68 mmol) according to a published procedure in a yield of 92 %.1"'™") &; (600 MHz; DMSO-
de) 6.88 (1 H, t, J 7.5 Hz), 6.92-6.99 (3 H, m), 7.13 (1 H, t, J 7.7 Hz), 7.34-7.41 (2 H, m), 7.61
(1H,d,J7.7. Hz), 8.96 (1 H, s, CH=N), 9.78 (1 H, s, OH), 13.83 (1 H, s, OH).

C34 (1'S,2'S,5'R)-2,6-Bis-(1'-hydroxy-2'-isopropyl-5’-methylcyclohexyl)-pyridine
(H:L%)

Aminodiol H,L* was prepared from 2,6-dibromopyridine (5.0 g, 21 mmol) according to a
reported procedure with an overall yield of 31 %.1' &; (600 MHz; CDCl3) 0.67 (6 H, d, J 7.0
Hz, CH3), 0.81 (6 H, d, J 6.7 Hz, CH3), 0.90 (6 H, d, J 6.4 Hz, CH3), 0.99-1.12 (2 H, m,
CH,™™™), 1.13-1.27 (2 H, m, CH™™™"), 1.43-1.60 (4 H, m, CH,™™"), 1.60-1.69 (4 H, m,
CH,™™™"), 1.69-1.81 (2 H, m, CH™" ™), 1.82-1.97 (4 H, m, CH,™™™!, CH(CH),), 4.08 (2 H,
br. s, OH), 7.33 (2 H, d, J 7.8 Hz), 7.71 (1 H, t, J 7.8 Hz). [a]p>’ —16.5 (c 1, CH,CI).

C4 Syntheses of Transition Metal Compounds

C4.1 Syntheses of molybdenum(VI)-complexes 4b—d

To a suspension of MoO»(acac), (1 equiv.) in MeOH (10 mL/mmol) was added a solution of
ligand H,L"™ (1 equiv.) in MeOH (5 mL/mmol) at 25 °C. The reaction mixture was stirred for
18 h at 25 °C. The solids were filtered off, washed with cold MeOH, and dried under reduced
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pressure (1 x 1072 mbar). On concentration of the filtrate and cooling to —28 °C another crop of

colorless crystals was obtained.

(1R,25,5R,1'R,2'S)-[1-{[(1'-Hydroxo-1'-phenylpropan-2'-yl)(methyl)amino]methyl}-5-
methyl-2-(prop-2''-yl)cyclohexan-1-olato(-2)]-cis-(dioxo)molybdenum(VI) (4a).

Yield: 2.83 g (6.2 mmol, 68 %) colorless solid, mp 212 °C (dec.). ég (400 MHz; CDCls) 0.83—
0.92 (1 H, m, CH,™"™", 0.86 (3 H, d, J 6.7 Hz, CH:), 0.89 (3 H, d, J 7.0 Hz, CH3), 0.89 (3 H, d,
J 6.3 Hz, CH3), 0.96 (3 H, d, J 7.0 Hz, CH3), 1.06 (1 H, t, J 12.6 Hz, CH,™"™"), 1.23 (1 H, dd, J
12.0, 2.9 Hz, CH™"™) 1.49-1.62 (2 H, m, CH,™™™"), 1.62-1.79 (2 H, m, CH™"™! CH,™""",
1.97 (1 H, m, (CH(CH3),), 2.54 (1 H, d, J 13.5 Hz, CH,-menthyl), 2.76 (1 H, d, J 13.2 Hz,
CH,™ ™™ 3.24-3.31 (1 H, m, 2-H), 3.30 (3 H, s, CH3), 3.71 (1 H, d, J 13.8 Hz, CH,-menthyl),
6.09 (1 H, d, J 3.2 Hz, 1-H), 7.21-7.39 (5 H, m). & (100 MHz; CDCls) 12.0 (CH3), 18.3 (CH3),
21.5 (CHs), 22.2 (CH,™™™"), 23.6 (CH3), 26.5 (CH(CHs),), 28.0 (CH™™™), 347 (CH, ™™™,
46.1 (CH,™™™), 48.5 (CH™™™"), 50.8 (CH3), 62.9 (CHx>-menthyl), 72.3 (C2), 86.9 (C1), 92.3
(C™ "™, 125.3, 127.5, 128.4, 140.0. Ve (KBr) / cm™ 3436, 2958, 2925, 2870, 1451, 1092,
1011, 932; Amax (EtOH) / nm (Ig &/ m* mol™) 205 (3.23), 236 (sh, 2.75). [a]p™’ —24 (¢ 1,
CH,Cl,). Anal. calcd. for C,;H33MoNO4 (459.46): C, 54.90; H, 7.24; N, 3.05, Found: C, 54.91;
H, 7.27; N, 2.99. X-ray crystallography: C,H33MoNO, (459.46), T = 150 K, A= 0.71073 A,
monoclinic, P2, a = 9.6034(2) A, b = 12.2982(3) A, ¢ = 10.1290(3) A, = 116.265(3) °, Z=2,
u = 0.636 mm ', completeness 99.2 %, (2 0= 32.41°), goodness-of-fit on F* = 0.923, final R
indices [I>2 o (I)]: R1 =0.0263, wR2 = 0.0460.

{cis-2,6-Bis-[1’,1’-diphenylmethanolato(—1)]-piperidine-2,6-diyl}-cis-dioxo-molybdenum
(VI) (4b)

Yield: 276 mg (0.48 mmol, 96 %) colorless solid, mp 220 °C (dec.). oy (600 MHz; CDCls) 1.35
(1 H, d, J 13.5 Hz, 4-H), 1.43-1.59 (4 H, m, 3-H, 5-H), 1.88 (1 H, dt, J; 13.7, J; 3.3 Hz, 4-H),
4.35-4.42 (3 H, m, 2-H, 6-H, NH), 7.11-7.14 (2 H, m), 7.15-7.19 (2 H, m), 7.20-7.26 (8 H, m),
7354 H,d,J7.7Hz),7.41 (4 H, d, J 7.5 Hz). &c (150 MHz; CDCl;) 21.5 (C4), 24.7 (C3, C5),
65.7 (C2, C6), 94.2 (Cy), 125.1, 125.4, 127.2, 128.1, 128.3, 129.1, 141.5, 142.5. Vinax (KBr) / cm’’
3436, 3196, 1449, 1210, 1061, 993, 946, 904, 698; Am. (EtOH) / nm (Ig £/ m* mol ") 203 (3.72),
256 (sh, 2.66), 302 (2.43). Anal. calcd. for C3;H,0MoNOy, (575.52): C, 64.70; H, 5.08; N, 2.43,
Found: C, 64.34; H, 4.88; N, 2.42.
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[2-(2"-Oxidobenzylidenamino)phenolato(—2)](methanol)-cis-(dioxo)molybdenum(VI) (4¢)
Yield: 861 mg (2.62 mmol, 88 %) orange solid, mp 120 °C (dec.). dy (400 MHz; DMSO-dq) 3.16
(3H,d,J5.3 Hz, CH;0H), 4.12 (1 H, q,J 5.3 Hz, CH30H), 6.85 (1 H, d, J 8.0 Hz), 6.90-6.98 (2
H, m), 7.07 (1 H, t,J 7.3 Hz), 7.23 (1 H, t, J 7.2 Hz), 7.50-7.57 (1 H, m), 7.77 (1 H, dd, J 7.7,
1.3 Hz), 7.82 (1 H, d, J 7.4 Hz), 9.28 (1 H, s, CH=N). &c (150 MHz; DMSO-ds) 48.6 (CH;0H),
116.4, 117.3, 118.9, 120.3, 120.9, 122.0 (C,), 130.1, 135.1, 135.5, 135.6 (C,), 156.7 (CH=N),
160.1 (Cy), 161.1 (Cy). Vimax (KBr) / cm™ 3235, 2363, 1610, 1584, 1552, 1473, 1392, 1289,
1246, 931, 912, 849, 749; Amax (EtOH) / nm (Ig &/ m* mol™) 203 (3.49), 218 (3.50), 239 (sh,
3.30), 306 (3.26), 345 (sh, 2.90), 4.17 (2.66).

C4.2 Synthesis of (1'S,2'S,5'R)-{2,6-bis-|2'-isopropyl-5'-methylcyclohexan-1"-olato(—
1)]-pyridine-2,6-diyl} bis(ethanolato)-titanium(IV) (5)

To a solution of ligand H,L* (460 mg, 1.17 mmol) in dry EtOH (6 mL) was added Ti(O'Pr)4 (370
mg, 1.25 mmol) at 25 °C under an inert gas atmosphere. The reaction mixture was stirred for
24 h at 25 °C after which the colorless solids were filtered off, washed with cold EtOH (2 x 5
mL), and dried under reduced pressure (1 x 10 mbar). On concentration of the filtrate and
cooling to —28 °C another crop of colorless crystals was obtained. Yield: 597 mg (1.14 mmol, 97
%) colorless solid, mp 183 °C; oy (600 MHz; MeOH-d,) 0.67 (6 H, d, J 7.1 Hz, CH3), 0.89 (12
H, d, J 6.7 Hz, CH3), 1.07 (2 H, dd, J 12.3, 4.0 Hz, CH,™™, 1.18 (6 H, t, J 7.1 Hz,
OCH,CHj3), 1.24 (1 H, td, J; 6.9, J; 2.4 Hz, CH(CH3),), 1.49-1.55 (1 H, m, CH,™"™"), 1.59-1.64
(4 H, m, CH,™ ™), 1.66-1.74 (4 H, m, CH™™"™! CH,™"™), 1.79-1.86 (2 H, m, CH,™"™"),
1.94-2.05 (2 H, m, CH™™™"), 3.61 (4 H, q, J 7.1 Hz, OCH,CHs), 7.46 (2 H, d, J 7.7 Hz), 8.05 (1
H, t, J 7.8 Hz). ¢ (150 MHz; MeOH-d,) 18.5 (OCH,CHj;), 19.6 (CHs), 22.8 (CH3), 23.5
(CH,™™™"), 24.4 (CH3), 29.7 (CH(CHs),), 29.8 (CH™"™), 36.3 (CH,™"™), 51.7 (CH™™"™),
53.1 (CH,™™™"), 58.5 (OCH,CH3), 96.6 (C4™™™"), 119.4, 143.6, 176.3. Viax (KBr) / cm™ 3433,
2948, 2921, 2863, 1598, 1578, 1465, 1102, 1060, 709; Amax (EtOH) / nm (Ig £/m* mol ') 203
(3.40), 278 (2.84). [a]p™® =23 (¢ 1, EtOH). Anal. caled. for Co0H4NO4Ti (523.57): C, 66.53; H,
9.43; N, 2.68, Found: C, 66.53.; H, 9.41; N, 2.63. X-ray crystallography: C,0H49NO4Ti (523.59),
T=150 K, A= 1.54184 A, monoclinic, P2,, a = 8.2646(2) A, b = 16.5627(2) A, ¢ = 11.3757(2)
A, f=106.958(2)°, Z=2, u=2.676 mmﬁl, completeness 97.9 %, (2 8= 62.670°), goodness-of-
fit on 2 = 1.080, final R indices [/>2 o (I)]: R1 = 0.0463, wR2 = 0.1167.
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C5 Chlorocyclization of Alkenols

Cs.1 General procedure for transition metal-catalyzed oxidative chlorination of
4-penten-1-ols 1a—d
To a solution of alkenol 1a—d (0.5 mmol) in DMC (20 mL) under an atmosphere of nitrogen was
added dry py-HCI (87 mg, 0.75 mmol), fert-butyl hydroperoxide (4.1 M in toluene, 180 puL, 0.75
mmol), and a transition metal catalyst 4 or 5 (0.025 mmol, 5 mol%) at 20 °C. The reaction
mixture was stirred for 24 h in the dark (flask wrapped in aluminium foil) at 20 °C [for
titanium(I'V)-catalyst 5] or 40 °C [for molybdenum(VI)-catalysts]. Colorless to yellow reaction
mixtures were concentrated under reduced pressure to leave an oily residue, which was purified

by column chromatography (SiO5).

C5.2 General procedure for solid acid-catalyzed oxidative chlorination of 4-penten-1-
ols 1a—d

To a solution of an alkenol 1a—d (0.5 mmol) in dry DMC (10 mL) under an atmosphere of

nitrogen was added KCI (56 mg, 0.75 mmol), and oxone® (307 mg, 0.5 mmol) at 30 °C. The

reaction was stirred for 24 h in the dark at 30 °C and reaction progress monitored via tlc and glc.

The mixture was concentrated under reduced pressure and the oily residue purified by column

chromatography (Si0,).

Cs5.3 Experimental data of chlorocyclization products

C5.3.1 Oxidative chlorination of 1-phenyl-4-penten-1-ol (1a)
5-(1’-Chloromethyl)-2-phenyl-tetrahydrofuran (2a). Colorless liquid, 42/58-mixture of
cis/trans isomers, Ry = 0.54 [CH,Cl;]. Anal. caled. for C;;H;3CIlO (196.67): C, 67.18; H, 6.66;
Found: C, 66.87; H, 6.57. cis-2a. oy (400 MHz; CDCls) 1.83-2.04 (2 H, m, 3-H, 4-H), 2.12-2.26
(1 H, m, 3-H), 2.27-2.36 (1 H, m, 4-H), 3.56-3.72 (2 H, m, 1'-H), 4.29-4.38 (1 H, m, 5-H),
4.90-4.98 (1 H, m, 2-H), 7.21-7.43 (5 H, m). ¢c (100 MHz; CDCls) 29.5 (C3), 34.2 (C4), 47.0
(C1"), 78.8 (C5), 81.9 (C2), 125.8, 127.5, 128.3, 142.2. NOESY (cross peaks) 2-H < 5-H. trans-
2a. oy (400 MHz; CDCl3) 1.82-2.03 (2 H, m, 3-H, 4-H), 2.13-2.26 (1 H, m, 3-H), 2.35-2.46 (1
H, m, 4-H), 3.56-3.73 (2 H, m, 1'-H), 4.44-4.53 (1 H, m, 5-H), 5.08 (1 H, t, J 6.7 Hz, 2-H),
7.21-7.43 (5 H, m). &c (100 MHz; CDCls) 30.0 (C3), 35.0 (C4), 47.2 (C1"), 78.9 (C5), 81.5 (C2),
125.6, 127.4, 128.3, 142.6. NOESY (cross peaks) 5-H <> Ph-H. 4,5-Dichloro-1-phenylpentan-
1-ol (6a). Colorless oil, mixture of like/unlike isomers (50:50), Rf = 0.29 [CH,Cl,]. Anal. calcd.
for C;1H14C1,0 (233.13): C, 56.67; H, 6.05; Found: C, 56.98; H, 6.03. oy (600 MHz; CDCl5)
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1.65-1.77 (1 H, m, 3-H), 1.81-2.10 (8 H, m, 2-H, 3-H, OH), 2.16-2.26 (1 H, m, 3-H), 3.59-3.68
(2 H, m, 5-H), 3.75 (2 H, dd, J 11.3, 5.1 Hz, 5-H), 4.02-4.13 (2 H, m, 4-H), 4.67-4.77 (2 H, m,
1-H), 7.28-7.32 (2 H, m), 7.32-7.40 (8 H, m). & (150 MHz; CDCl3) 31.2 and 31.7 (C3), 34.9
and 35.2 (C2), 48.1 (C5), 60.8 and 61.2 (C4), 73.6 and 74.1 (C1), 125.7, 125.8, 127.8, 127.9,
128.6, 128.7, 144.1, 144.2.

C5.3.2  Oxidative chlorination of 2-phenyl-5-hexen-2-ol (1b)
5-(1'-Chloromethyl)-2-methyl-2-phenyltetrahydrofuran (2b). Colorless liquid, 62/38-mixture
of cis/trans isomers, Ry = 0.92 [CH,Cl;]. Anal. calcd. for C;,H;5Cl1O (210.70): C, 68.40; H, 7.18;
Found: C, 68.39; H, 7.19. cis-2b. oy (600 MHz; CDCl3) 1.52 (3 H, s, CH3), 1.75 (1 H, dq, J4
12.2,J, 7.3 Hz, 4-H), 2.10-2.16 (1 H, m, 3-H), 2.21 (1 H, td, J; 12.5, J; 6.7 Hz, 4-H), 2.25-2.30
(1 H, m, 3-H), 3.44 (1 H, dd, J 10.8, 6.7 Hz, 1'-H), 3.63 (1 H, dd, J 10.8, 5.4 Hz, 1’-H), 4.40 (1
H, quint, J 6.3 Hz, 5-H), 7.20-7.25 (1 H, m), 7.29-7.35 (2 H, m), 7.44 (2 H, dd, J 8.4, 1.0 Hz).
oc (100 MHz; CDCl3) 29.7 (C4), 29.7 (CHs), 39.1 (C3), 47.0 (C1"), 78.8 (C5), 85.5 (C2), 124.6,
126.5, 128.2, 148.1. NOESY (cross peaks) 2-CHjz <> 5-H. trans-2b. oy (600 MHz; CDCls) 1.56
(3 H, s, CH3), 1.88-1.96 (2 H, m, 4-H), 2.06-2.11 (1 H, m, 3-H), 2.24-2.30 (1 H, m, 3-H), 3.59
(1 H,dd,J11.0,5.9 Hz, 1'-H), 3.66 (1 H, dd, J 11.0, 4.6 Hz, 1'-H), 4.29 (1 H, dt, J; 11.7, J; 6.0
Hz, 5-H), 7.20-7.25 (1 H, m), 7.29-7.35 (2 H, m), 7.37-7.41 (2 H, m). &c (100 MHz; CDCls)
29.1 (C4), 30.3 (CH3), 38.8 (C3), 47.2 (C1"), 78.0 (C5), 85.8 (C2), 124.5, 126.5, 128.1, 147.5.
NOESY (cross peaks) 5-H <> Ph-H. 5,6-dichloro-2-phenylhexan-2-0l (6b). Colorless oil,
50/50-mixture of like/unlike isomers, Ry = 0.48 [CH,Cl,]. oy (400 MHz; CDCl3) 1.47-1.57 (1 H,
m, 4-H), 1.60 (6 H, s, CH3), 1.70 (2 H, br. s., OH), 1.73-1.96 (4 H, m, 3-H, 4-H), 1.98-2.08 (2
H, m, 3-H, 4-H), 2.10-2.20 (1 H, m, 4-H), 3.53-3.64 (2 H, m, 6-H), 3.61-3.96 (2 H, m, 6-H),
3.92-3.99 (1 H, m, 5-H), 3.99-4.07 (1 H, m, 5-H), 7.23-7.29 (2 H, m), 7.32-7.39 (4 H, m),
7.40-7.47 (4 H, m). &c (100 MHz; CDCls) 29.79 and 29.83 (C4), 30.4 (CH3), 31.0 (CHs), 40.1
(C3), 48.0 (C6), 61.4 and 61.5 (CS5), 74.1 and 74.3 (C2), 124.6, 124.7, 126.79, 126.84, 128.3,
146.9, 147.3.
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Figure C1. "C-NMR spectrum of the like/unlike mixture of 5,6-dichloro-2-phenylhexan-2-ol
(6b).

C5.3.3  Oxidative chlorination of 5-phenyl-4-penten-1-ol (1¢)

trans-5-Chloro-6-phenyltetrahydropyran (3c). Colorless oil, Ry = 0.68 [CH,ClL;]. oy
(600 MHz; CDCls) 1.76-1.84 (1 H, m, 3-H), 1.88-1.99 (2 H, m, 3-H, 4-H), 2.44-2.52 (1 H, m,
4-H), 3.58-3.64 (1 H, m, 2-H), 3.91 (1 H, td, J; 10.0, J4 4.5 Hz, 5-H), 4.08-4.13 (1 H, m, 2-H),
420 (1 H, d, J 9.7 Hz, 6-H), 7.31-7.43 (4 H, m). o&c (150 MHz; CDCls) 27.2 (C3), 35.2 (C4),
59.6 (C5), 68.5 (C2), 85.5 (C6), 127.5, 128.2, 128.5, 139.1. NOESY (cross peaks) 5-H «» Ph-H.
Anal. caled. for C;1H;3ClO (196.67): C, 67.18; H, 6.66; Found: C, 67.07; H, 6.37.

C5.3.4 Oxidative chlorination of ethyl (E)-2-(2-hydroxypropy-2-yl)-4-methyl-5-phenyl-4-
pentenoate (1d)
Ethyl rel-(3R,5S,6 R)-(5-chloro-2,2,5-trimethyl-6-phenyltetrahydropyran)-3-carboxylate (+)-
cis-(3d). Colorless oil, Ry = 0.63 [CH,Cl,]. Anal. calcd. for C;7H,3CIO5 (310.82): C, 65.69; H,
7.46; Found: C, 65.46; H, 7.40. 64 (600 MHz; CDCls) 1.29 (3 H, t, J 7.0 Hz, CO,CH,CH53), 1.35
(3 H,s, CH3), 1.40 (3 H, s, CH3), 1.47 (3 H, s, CH3), 2.28 (1 H, dd, J 13.3, 3.5 Hz, 4-H), 2.69 (1
H,t,J13.3 Hz, 4-H), 2.83 (1 H, dd, J 13.6, 3.3 Hz, 3-H), 4.08-4.26 (2 H, m, CO,CH,CH3), 4.82
(1 H, s, 6-H), 7.21-7.39 (3 H, m), 7.41-7.53 (2 H, m). &c (150 MHz; CDCl;) 14.2 (CH3), 19.0
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(CH3), 22.6 (CHs), 29.9 (CH3), 41.1 (C4), 50.1 (C3), 60.8 (CO,CH>CHj3), 68.0 (C5), 74.4 (C2),
78.8 (C6), 127.4, 127.9, 128.5, 137.2, 171.5 (CO,CH,CH3). NOESY (cross peaks) 3-H <> 5-
CHs.. Ethyl {5-[1'-chloro(phenyl)methyl]-2,2,5-trimethyl-tetrahydrofuran}-3-carboxylate
(2d). Colorless oil, 90/10-mixture of cis/trans isomers, Ry = 0.52 [CH,Cl;]. Anal. calcd. for
C17H23C10; (310.82): C, 65.69; H, 7.46; Found: C, 65.75; H, 7.40. rel-3R,5R,1'S)-2d [(%)-cis-
2d]. o4 (600 MHz; CDCl3) 1.15 (3 H, s, CH3), 1.19 (3 H, s, CH3), 1.28 (3 H, t, J 7.0 Hz,
CO,CH,CH53), 1.44 (3 H, s, CH3), 2.07 (1 H, dd, J 12.9, 7.0 Hz, 4-H), 2.82 (1 H, t, J 12.7 Hz, 4-
H), 3.05 (1 H, dd, J 12.3, 6.8 Hz, 3-H), 4.10 —4.25 (2 H, m, CO,CH,CH3), 4.91 (1 H, s, 1'-H),
7.25-7.35 (3 H, m), 7.37-7.45 (2 H, m). ¢c (150 MHz; CDCl;) 14.2 (CO,CH,CH3), 23.9 (CH3),
25.1 (CH3), 30.4 (CH3), 38.2 (C4), 53.3 (C3), 60.7 (CO,CH,CH3), 70.1 (C1"), 83.0 (C2), 84.1
(C5), 127.8, 128.1, 128.9, 138.2, 171.3 (CO,CH,CHj3). NOESY (cross peaks) 3-H < 5-CHj. rel-
(BR,58,1'R)-2d [()-trans-2d]. on (600 MHz; CDCls) 1.13 (3 H, s, CHs), 1.25 (3 H, t,J 7.1 Hz,
CO,CH,CHj3), 1.42 (3 H, s, CH3), 1.49 (3 H, s, CH3), 2.37-2.45 (1 H, m, 4-H), 2.55-2.63 (1 H,
m, 4-H), 2.64-2.70 (1 H, m, 3-H), 4.064.15 (2 H, m, CO,CH,CH3), 4.75 (1 H, s, 1'-H), 7.27-
7.50 (5 H, m). oc (150 MHz; CDCls) 14.2 (CHs), 24.8 (CH3), 26.6 (CH3), 28.7 (CH3), 38.1 (C4),
53.6 (C3), 60.7 (CO,CH>CHj3), 69.5 (C1"), 83.2 (C2), 84.2 (CS5), 128.3, 129.1, 129.2, 137.8,
171.2 (CO,CH,CHj3). NOESY (cross peaks) 3-H < 1'-H.

C54 Treatment of 1-phenylpent-4-en-1-ol (1a) with N-chlorosuccinimide

To a solution of alkenol 1a (81 mg, 0.5 mmol) in CH,Cl, (10 mL) was added N-
chlorosuccinimide (100 mg, 0.75 mmol) and the reaction was mixture stirred at 20 °C. Repeated
filtration and GC/MS-analysis of small samples of the reaction mixture displayed neither signals
of 5-(chloromethyl)-2-phenyl-tetrahydrofuran (2a) nor of 4,5-dichloro-1-phenylpentan-1-ol (6a)
within 4 d.

C5.5 Treatment of 1-phenylpent-4-en-1-ol (1a) with TBHP and VO(LI)(OEt)

To a solution of alkenol 1a (325 mg, 2.0 mmol) in MeCN (20 mL) was added dry py-HCI (346
mg, 3.0 mmol), fert-butyl hydroperoxide (4.1 M in toluene, 1.36 mL, 3.0 mmol), and
VO(L)(OEH)"! (0.04 mmol, 2 mol%) at 20 °C. The reaction mixture was stirred for 24 h at 50
°C and for further 4 d at 20 °C. The mixture was concentrated under reduced pressure. The oily
residue was purified by column chromatography (SiO,, Et,O/pentane 1/10 — 1/1).

Isolated fractions contained the recovered alkenol 1al* (84 mg, 26 %) and 1-phenyl-4-penten-1-
one!'® (87 mg, 27 %), along with two unknown minor side products (16 mg and 24 mg). Neither

products of chlorocyclization (e.g. 2a) nor dichlorination (6a) were detected (NMR, GC/MS).
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Cé6 Oxidative Chlorination of 5,5-Dimethylcyclohexane-1,3-dione (8)

Cé.1 Transition metal-catalyzed oxidative chlorination of 5,5-Dimethylcyclohexane-
1,3-dione (8)
To a solution of 5,5-Dimethylcyclohexane-1,3-dione (8) (0.5 mmol) in dry DMC (10 mL) under
an atmosphere of nitrogen was added dry py-HCI (173 mg, 1.5 mmol), tert-butyl hydroperoxide
(4.1 M in toluene, 360 pL, 1.5 mmol), and transition metal catalyst (4a or 5) (0.025 mmol, 5
mol%) at 20 °C. The reaction mixture was stirred in the dark (flask wrapped in aluminium foil)
for 24 h at 20 °C (for catalyst 5) or 40 °C (for catalyst 4a). The mixture was concentrated under
reduced pressure to leave an oily residue, which was purified by column chromatography (SiO,,

CH,CL).

C6.2 Oxidative chlorination of 5,5-Dimethylcyclohexane-1,3-dione (8) via the salt-
method

To a solution of 5,5-Dimethylcyclohexane-1,3-dione (8) (0.5 mmol) in dry DMC (10 mL) under

an inert gas atmosphere was added KCI (112 mg, 1.5 mmol), and oxone® (615 mg, 1.0 mmol) at

30 °C. The reaction was stirred for 20 h in the dark (flask wrapped in aluminium foil) at 30 °C.

The mixture was concentrated under reduced pressure to leave an oily residue, which was

purified by column chromatography (Si0,, CH,Cl,).

)8 Colorless

Experimental data for 2,2-dichloro-5,5-dimethyl-1,3-cyclohexanedione (9
solid, Ry = 0.64 [CH,Cl,]. on (400 MHz; CDCls) 1.04 (6 H, s, 2 x CH3), 2.95 (4 H, s, 4-H, 6-H).
oc (100 MHz; CDCls) 28.0 (2 x CH3), 30.4 (C5), 48.9 (C4 and C6), 85.1 (C2), 192.1 (C1 and

C3).

C7 Arene Chlorination
C7.1 General procedure for transition metal-catalyzed oxidative chlorination of arenes
10a—c

To a solution of an arene 10a—c (0.5 mmol) in dry DMC (10 mL) under an atmosphere of
nitrogen was added dry py-HCI (87 mg, 0.75 mmol), fert-butyl hydroperoxide (4.1 M in toluene,
180 nL, 0.75 mmol), and a transition metal catalyst (4a or 5) (0.025 mmol, 5 mol%) at 20 °C.

The reaction was stirred for 24 h in the dark (flask wrapped in aluminium foil) at 20 °C (for
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catalyst 5) or 40 °C (for catalyst 4a). The mixture was concentrated under reduced pressure to

leave an oily residue, which was purified by column chromatography (SiO,, CH,Cl,).

C7.2 General procedure for oxidative chlorination of arenes 9a—c via the salt-method

To a solution of an arene 10a—c¢ (0.5 mmol) in dry DMC (10 mL) under an inert gas atmosphere
was added KC1 (56 mg, 0.75 mmol), and oxone® (307 mg, 0.5 mmol) at 20 °C. The reaction was
stirred for 24 h in the dark (flask wrapped in aluminium foil) at 30 °C. The mixture was
concentrated under reduced pressure to leave an oily residue, which was purified by column

chromatography (SiO,, CH,CL).

C7.3 Experimental data of reaction products

C7.3.1 Oxidative chlorination of anisole (10a)[19][2o]

Colorless oil, mixture of isomers. 2-Chloro-1-methoxybenzene (ortho-11a). oy (400 MHz;
CDCl) 3.91 (3 H, s, CH3), 6.89-6.94 (2 H, m), 7.22-7.24 (1 H, m), 7.34-7.40 (1 H, m). 4-
Chloro-1-methoxybenzene (para-11a) oy (400 MHz; CDCl;) 3.79 (3 H, s, CH3), 6.80—6.86 (2
H, m), 7.21-7.26 (2 H, m).

C7.3.2 Oxidative chlorination of 1,3-dimethoxybenzene (10b)!2021

Colorless solid, mixture of isomers. 4-Chloro-1,3-dimethoxybenzene (11b). oy (400 MHz;
CDCl3) 3.70 (3 H, s, CH3), 3.78 (3 H, s, CH3), 6.34 (1 H, dd, J 8.8, 2.7 Hz), 6.41 (7T H, d, J 2.5
Hz), 7.15 (7 H, d, J 8.6 Hz). 6c (100 MHz; CDCl;) 55.6 (CHs), 56.0 (CH3), 100.0, 105.1, 114.1,
130.1, 155.6, 159.4. 4,6-Dichloro-1,3-dimethoxybenzene (12b). oy (400 MHz; CDCl;) 3.82 (6
H, s, 2 x CH3), 6.44 (1 H, s), 7.17 (1 H, s). oc (100 MHz; CDCls) 56.5 (2 x CH3), 97.7, 114.0,
130.5, 154.5.

C7.3.3 Oxidative chlorination of 1,3,5-trimethoxybenzene (10¢)!221

Colorless solid, mixture of isomers. 2-Chloro-1,3,5-trimethoxybenzene (11c¢). oy (400 MHz;
CDCl) 3.81 (3 H, s, CH3), 3.88 (6 H, s, CH3), 6.18 (2 H, s). oc (100 MHz; CDCls) 55.5 (CH3),
56.3 (CHj), 91.5, 102.6, 156.5, 159.4. 2,4-Dichloro-1,3,5-trimethoxybenzene (12¢). oy (400
MHz; CDCls) 3.89 (3 H, s, CH3), 3.91 (6 H, s, CH3), 6.37 (1 H, s). oc (100 MHz; CDCls) 56.5
(CH3), 60.6 (CH3), 93.2, 109.7, 153.9, 154.8.
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C8 Competition Kinetic Experiments

C8.1 General procedure for transition metal-catalyzed oxidative chlorocyclization of 1-
phenyl-4-penten-1-ol (1a) versus oxidative chlorination of anisole 10a
A solution of 1-phenyl-4-penten-1-0l (1a) (0.1 mmol), dry py-HCI (0.02 mmol), tert-butyl
hydroperoxide (4.1 M in toluene, 0.02 mmol), and a transition metal catalyst (0.005 mmol,
5 mol%) in a mixture of dry DMC (0.5 mL) and MeCN (0.5 mL) was added to a solution of
anisole 10a (1, 5, or 10 mmol) in dry DMC (5 mL) under an atmosphere of nitrogen at 20 °C.
The reaction mixture was stirred for 24 h in the dark (flask wrapped in aluminium foil) at the
indicated temperature (see Table 6 of the associated article), after which the yields of
chlorination products were quantified by GC-MS using authentic samples of 2a and 11a as

references and n-decane as internal standard.

C9 Oxidative Chlorination of 2,3-Dimethylbutane (13)

Ca.1 Preparation of 2-chloro-2,3-dimethylbutane (14a) and  1-chloro-2,3-
dimethylbutane (14b)**

Chlorodimethylbutanes 14a and 14b were prepared from 2,3-dimethylbutane (13) (6.6 g, 77

mmol) and SO,Cl, according to Russel et al.. The reaction mixture was purified by distillation to

furnish a colorless liquid (36 %, 39/61-mixture of 14a and 14b). bp 117-119 °C 1!

2-Chloro-2,3-dimethylbutane (14a). &; (600 MHz; CDCls) 1.02 (6 H, d, J 6.7 Hz, 2 x CHs),
1.54 (6 H, s, 2 x CHs), 1.86-1.93 (1 H, sept, J 6.7 Hz, 3-H). & (150 MHz; CDCL3) 18.3 (CH;),
30.2 (CHs), 40.4 (C3), 75.6 (C2). 1-Chloro-2,3-dimethylbutane (14b). &; (600 MHz; CDCls)
0.86 3 H, d, J 6.9 Hz, CH;), 0.92 3 H, d, J 6.9 Hz, CHs), 0.96 (3 H, d, J 6.7 Hz, CHs), 1.61—
1.68 (1 H, m, 2-H), 1.74-1.81 (1 H, m, 3-H), 3.43 (1 H, dd, J 10.8, 6.9 Hz, 1-H), 3.53 (1 H, dd, J
10.6, 5.2 Hz, 1-H). & (150 MHz; CDCl5) 14.0 (CHs), 18.1 (CHs), 20.4 (CHs), 29.8 (C3), 41.4
(C2), 49.9 (C1).

C9.2 Transition metal-catalyzed oxidative chlorination of 2,3-dimethylbutane (13)

To a solution of 2,3-dimethylbutane (13) (173 mg, 2 mmol) in dry, deaerated DMC or MeCN
(5 mL) was added py-HCI (46 mg, 0.40 mmol), tert-butyl hydroperoxide (4.1 M in toluene, 100
uL, 0.40 mmol), and catalyst 4a (9 mg, 0.02 mmol) at 40 °C under an atmosphere of nitrogen.
The reaction mixture was irradiated with a 150 W tungsten light bulb or stirred for 24 h in the



206 ANHANG C

dark (flask wrapped in aluminium foil) at 40 °C and filtrated through a small pad of SiO, The

filtrate was analyzed by quantitative GC-MS using n-decane as internal standard.

C9.3 Solid acid-catalyzed oxidative chlorination of 2,3-dimethylbutane (13) via the
salt-method

To a solution of 2,3-dimethylbutane (13) (173 mg, 2 mmol) in dry, deaerated DMC or MeCN

(5 mL) was added KCI (30 mg, 0.40 mmol), and oxone®™ (246 mg, 0.40 mmol) at 40 °C under an

atmosphere of nitrogen. The reaction mixture was irradiated with a 150 W light bulb or stirred

for 24 h in the dark (flask wrapped in aluminium foil) at 40 °C and filtrated through a small pad

of Si0;. The filtrate was analyzed by quantitative GC-MS using n-decane as internal standard.

C10 Allylic Chlorination

C10.1  Molybdenum-catalyzed oxidative chlorination of nerol (15) (single batch addition
of py-HCI)

To a solution of nerol 15 (77.0 mg, 0.5 mmol) in dry DMC (20 mL) was added dry py-HCI (87
mg, 0.75 mmol), tert-butyl hydroperoxide (4.1 M in toluene, 180 pL, 0.75 mmol), and catalyst 4a
(11.5 mg, 0.025 mmol, 5 mol%) at 20 °C. The reaction was stirred for 24 h in the dark (flask
wrapped in aluminium foil) at 40 °C. The mixture was concentrated under reduced pressure and
the oily residue purified by column chromatography (SiO,, CH,Cl,). (6Z)-3-Chloro-2,2,6-
trimethyl-3,4,5,8-tetrahydro-2H-oxocine (17).[24] Yield: 1.1 mg (0.006 mmol, 1 %) colorless
oil, R = 0.71. 6y (400 MHz; CDCl3) 1.32 (3 H, s, CH3), 1.37 (3 H, s, CH3), 1.66-1.71 (1 H, m,
4-H), 1.72 (3 H, br. q, J 1.9 Hz, CH3), 1.97-2.10 (2 H, m, 5-H), 3.32-3.41 (1 H, m, 4-H), 4.18-
4.23 (3 H, m, 3-H, 8-H), 5.20 (1 H, br. s., 7-H). &c (100 MHz; CDCls) 21.6 (CHs), 24.6 (CH3),
26.1 (CHj3), 29.7 (C4), 33.3 (C5), 63.2 (C3 or C8), 63.3 (C3 or C8), 79.8 (C2), 124.0 (C7), 132.8
(C6). HRMS (EI): Calc. for: CoH,;70CI>> 188.0968, Found: 188.0963; Calc. for: C;oH;;OCI*’
190.0938 Found: 190.0951.
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Figure C2. BC-NMR spectrum  of  (6Z)-3-chloro-2,2,6-trimethyl-3,4,5,8-tetrahydro-2H-

oxocine (17).

2,6-Dichloro-7-methyl-3-methyleneoct-7-en-1-ol (16b)*” and (E)-2,6-chloro-3,7-dimethyl-
octa-3,7-dien-1-0l (16¢). Yield: 23.7 mg (0.106 mmol, 21 %) colorless oil, 78/22-mixture of
isomers, Ry = 0.39. Anal. calcd. for C;oH;¢cCl,0O (223.14): C, 53.83; H, 7.23; Found: C, 53.93; H,
7.16. 2,6-Dichloro-7-methyl-3-methyleneoct-7-en-1-ol (16b). oy (400 MHz; CDCls) 1.82 (3 H,
s, CH3), 1.93-2.16 (4 H, m, 4-H, 5-H, OH), 2.21-2.26 (1 H, m, 4-H), 3.72-3.78 (1 H, m, 1-H),
3.79-3.86 (1 H, m, 1-H), 4.37-4.42 (1 H, m, 6-H), 4.43-4.50 (1 H, m, 2-H), 4.92-4.94 (1 H, m,
8-H), 5.04 (1 H, s, 8-H), 5.10 (1 H, s, methylene), 5.27 (1 H, s, methylene). (E)-2,6-Chloro-3,7-
dimethylocta-3,7-dien-1-o0l (16¢). o (400 MHz; CDCls) 1.74 (3 H, s, CH}3), 1.82 (3 H, s, CH3),
1.84-1.90 (1 H, m, OH), 2.52-2.62 (1 H, m, 5-H), 2.63-2.72 (1 H, m, 5-H), 3.79-3.87 (2 H, m,
1-H), 4.37-4.43 (1 H, m, 6-H), 4.43-4.50 (1 H, m, 2-H), 4.93 (1 H, s, 8-H), 5.02 (1 H, s, 8-H),
5.52-5.60 (1 H, d, J 7.0, 4-H). 6c (100 MHz; CDCls) [mixture of stereo- and regioisomers] 12.2,
12.5,17.05, 17.07, 17.3, 17.4, 29.2, 29.30, 30.3, 34.2, 34.6, 34.8, 34.97, 35.04, 63.8, 65.1, 65.2,
65.41, 65.48, 65.53, 65.9, 66.0, 66.1, 66.2, 68.8, 68.9, 114.5, 114.6, 114.8, 115.4, 125.5, 126.7,
126.9, 134.4, 134.50, 135.7, 143.7, 143.8, 143.96, 144.03, 144.17, 144.22 (only major
resonances specified). HRMS (EI): Calc. for: C10H16O35C12 222.0578, Found: 222.0568; Calc.
for: CioH1607°CIP'Cl 224.0549, Found: 224.0556; Calc. for: CioHi60°'Cl, 226.0519, Found:
226.0551.
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Figure C3. ""C-NMR spectrum of the isomeric mixture of 2,6-dichloro-7-methyl-3-
methyleneoct-7-en-1-ol (16b) and (E)-2,6-chloro-3,7-dimethylocta-3,7-dien-1-ol
(16¢).

(Z2)-6-Chloro-3,7-dimethylocta-2,7-dien-1-o0l (16a)."°*" Yield: 62.3 mg (0.33 mmol, 66 %)
colorless liquid, Ry = 0.27. oy (400 MHz; CDCls) 1.44 (1 H, br. s., OH), 1.74 (3 H, s, CH3), 1.81
(3 H, s, CH3), 1.83-1.99 (2 H, m, 5-H), 2.11-2.23 (2 H, m, 4-H), 4.07-4.20 (2 H, m, 1-H), 4.31
(1 H, dd, J 8.2, 6.1 Hz, 6-H), 4.89-4.93 (1 H, m, 8-H), 5.02 (1 H, s, 8-H), 5.48 (1 H, t, J 7.1 Hz,
2-H). & (100 MHz; CDCl3) 17.1 (CH3), 23.2 (CHs), 29.0 (C4), 34.8 (C5), 58.9 (C1), 66.2 (C6),
114.3 (C8), 125.5 (C2), 138.1 (C3), 144.3 (C7). Anal. calcd. for C;oH7CIO (188.69): C, 63.65;
H, 9.08; Found: C, 64.02; H, 9.09.

C10.2 Molybdenum-catalyzed oxidative chlorination of nerol (15) (slow addition of
py-HCl)

To a solution of nerol 15 (77 mg, 0.5 mmol) and MoO,(L") (11.5 mg, 0.025 mmol, 5 mol%) in

dry DMC (20 mL) was added a solution of py-HCI (87 mg, 0.75 mmol) and tert-butyl

hydroperoxide (4.1 M in toluene, 180 uL, 0.75 mmol) in dry MeCN (4 mL) via syringe pump

(0.004 mL/min) at 40 °C. The reaction mixture was stirred in the dark (flask wrapped in

aluminium foil) at 40 °C for 24 h. After concentration under reduced pressure the oily residue

was purified by column chromatography (Si10,, CH,Cl,). (6£)-3-chloro-2,2,6-trimethyl-3,4,5,8-
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tetrahydro-2H-oxocine (17).*" Yield: 15.1 mg (0.08 mmol, 16 %) colorless oil. 2,6-Dichloro-
7-methyl-3-methyleneoct-7-en-1-ol (16b).**) Yield: 3.8 mg (0.02 mmol, 4 %) colorless oil. (Z)-
6-Chloro-3,7-dimethylocta-2,7-dien-1-o0l (162).2927 vield: 47 mg (0.25 mmol, 50 %)
colorless liquid. Analytical and spectroscopic data of all compounds are consistent with that

specified in section C10.1.

C10.3  Molybdenum-catalyzed oxidative chlorination of citronellol (18)

Oxidative chlorination of citronellol 18 (78 mg, 0.5 mmol) as described in section C10.1
furnished 67.5 mg (0.354 mmol, 71 %) 6-chloro-3,7-dimethylocta-7-en-1-ol (19)* as a 50/50-
mixture of like/unlike isomers. Ry = 0.15 [CH,Cl;]. oy (400 MHz; CDCls) 0.92 (3 H, dd, J 6.6,
1.2, CH3), 1.26—-1.50 (3 H, m, 2-H, 4-H), 1.54-1.65 (3 H, m, 2-H, 3-H, OH), 1.74-1.92 (2 H, m,
5-H), 1.80 3 H, d, J 0.8, CH3), 3.61-3.75 (2 H, m, 1-H), 4.35 (1 H, t, J 7.4, 6-H), 4.86-4.91 (1
H, m, 8-H), 5.00 (1 H, s, 8-H). &c (100 MHz; CDCls) 16.8 and 17.0 (CH3), 19.5 (CH3), 29.1 and
29.2 (C3), 33.9 and 34.0 (C4), 34.1 (C5), 39.7 (C2), 60.9 (C1), 67.1 (C6), 114.1 and 114.2 (C8),
144.4 and 144.5 (C7).

C10.4  Synthesis of (+)-rose oxide

To a solution of citronellol 18 (780 mg, 5 mmol) in DMC (25 mL) was added py-HCI (925 mg, 8
mmol), tert-butyl hydroperoxide (4.1 M in toluene, 1.95 mL, 8 mmol), TiL*(OEt), (131 mg, 0.25
mmol, 5 mol%) at 20 °C. The reaction mixture was stirred in the dark (flask wrapped in
aluminium foil) at 20 °C for 24 h and concentrated under reduced pressure. The oily residue was
dissolved in dry EtOH (20 mL). KO'Bu (1.12 g, 10 mmol) was added, and the mixture heated in
a pressure Schlenk tube to 150 °C for 2.5 h. After cooling to 20 °C the suspension was poured
into aq. HCI (2 M, 30 mL) and stirred for 1 h at 20 °C. The aqueous mixture was extracted with
Et,0 (3 x 30 mL) and the combined extracts were subsequently washed with aq. NaOH (2 m, 3 x
30 mL), HO (30 mL), and aq. sat. NaCl (30 mL). After drying (MgSQ,), the solution was
concentrated under reduced pressure to leave an oil, which was purified by column
chromatography (SiO,, CH,Cl,). Yield: 329 mg (2.14 mmol, 43 % for 3 steps) colorless liquid,
7 (ig-2-(2 '-methyl-1'-propenyl)-4-methyl-tetrahydro-
pyran (cis-rose oxide). oy (400 MHz; CDCls) 0.93 (3 H, d, J 6.4 Hz, CH3), 0.96-1.08 (1 H, m,
3-H), 1.14-1.28 (1 H, m, 5-H), 1.47-1.58 (2 H, m, 3-H, 5-H), 1.58-1.66 (1 H, m, 4-H), 1.68 (3
H, d,J 1.2 Hz, CH3), 1.71 (3 H, d, J 1.2 Hz, CH3), 3.46 (1 H, td, J; 11.9, J4 2.1 Hz, 6-H), 3.92—
4.02 (2 H, m, 2-H, 6-H), 5.15 (1 H, dt, J4 8.1, J; 1.3 Hz, 1'-H). &c (100 MHz; CDCls) 18.3 (CHs),
22.3 (CH3), 25.7 (CH3), 30.3 (C4), 34.4 (C5), 40.8 (C3), 67.9 (C6), 74.6 (C2), 126.4 (C1"), 135.1

84/16-mixture of cis/trans-isomers.
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(C2'). trans-2-(2'-methyl-1'-propenyl)-4-methyl-tetrahydropyran (¢frans-rose oxide). oy (400
MHz; CDCl;) 1.06 (3 H, d, J 6.1 Hz, CH3), 1.23-1.29 (1 H, m, 3-H), 1.47-2.05 (4 H, m, 3-H, 4-
H, 5-H), 1.68 (3 H, s, CH3), 1.71 (3 H, s, CH3), 3.64-3.77 (1 H, m, 6-H), 4.36 (1 H, td, J; 8.1, J4
3.3 Hz, 2-H), 5.26-5.31 (1 H, m, 1'-H). &c (100 MHz; CDCls) 18.3 (CHs), 19.2 (CHj3), 24.9
(CH3), 25.8 (C4), 32.5 (C5), 38.2 (C3), 62.2 (C6), 69.1 (C2), 125.4 (C1"), 135.5 (C2').
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ABSTRACT

The discovery of enzymes that utilize hydrogen peroxide to oxidize bromide under physiological con-
ditions provided a strong stimulus to the field of oxidative bromination. A synthetically useful enzyme,
to catalyze the oxidation of bromide, for bromofunctionalization of donor-substituted arenes in solu-
tions of hydrogen peroxide and sodium bromide, is a vanadate(V)-dependent bromoperoxidase from the
brown alga Ascophyllum nodosum. This enzyme operates in homogeneous solutions of buffered aqueous
tert-butanol (pH 6.2), or, to simplify repetitive use, in a two-phase system after immobilization onto mag-
netic beads. Synthesis of cyclic bromohydrin ethers (tetrahydrofurans and tetrahydropyrans) and vicinal
dibromides from unsaturated hydrocarbons, on the other hand, occurs more effectively in polar aprotic
solvents. Under such conditions the more lipophilic tert-butyl hydroperoxide serves as oxidant, which
is activated by oxovanadium(V) complexes (functional bromoperoxidase mimics). Protons and bromide
ions, which are consumed for in situ generation of bromine, are supplied in organic solution by
fragmentation of 3-bromopropionic acids. The structure-reactivity data obtained from oxidations cat-
alyzed by bromoperoxidases and functional enzyme mimics pose a valuable guideline for predicting
selectivity in biomimetic synthesis of organobromines from terpenes, acetogenins, and pyrrole alkaloids.
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1. Introduction

...A myriad of simple haloalkanes have been isolated from
marine algae. . .It seems likely that the “smell of the ocean” is
due to this potpourri of volatile halocarbons. . .. [1]

Organobromines have always come along with human civiliza-
tion and will continue to do so [2,3]. Bromoalkanes are formed
in enormous quantity and diversity from photochemical reactions
in the marine boundary layer [4,5], geothermal events [6], and
metabolic pathways (Scheme 1) [7-9]. Industrial production of
organobromines started in the middle of the 19th century [10], that
is, with some offset from the time that Carl Lowig (1825) [11,12]
and Antoine-Jérome Balard (1826) discovered bromine as a new
chemical element [13,14].

The use of organobromines in life and society is a tribute to
the unique properties of the carbon-bromine bond. A bromo-
substituent is able to raise lipophilicity of an organic molecule,
which improves properties of a substance to serve as emulsifier,
insecticide, or biologically active compound [15,16]. Aryl-bound
bromosubstituents lower the rate of oxidative arene metabolism,
which is important to increase the in vivo stability of pharma-
ceuticals. Conjugation between an aromatic w-system and a pair
of non bonding electrons at bromine shifts electronic excitation
energies of chromophors and thus induces auxochromic effects.
In other arenes, the carbon bromine bond is a key structural ele-
ment to achieve flame retarding properties of a material (vide infra)
[17-20]. The aliphatic carbon-bromine bond, on the other hand,
combines in a unique manner stability and chemical reactivity. This
bond can be selectively broken in heterolytic or homolytic reac-
tions, to serve as progenitor of carbocations, carbanions, or free
carbon radicals [10,21]. The propensity to undergo chemical trans-
formations is the reason for the use of bromoalkanes as rodenticides
[22], fire extinguishants [23], and gasoline additives [10]. Surpris-
ingly little is known about the biological role of naturally occurring
organobromines [3], but it seems reasonable to assume that pro-
ducing organisms have similar interests in these substances as man.

The common bromine source for synthesis of organobromines
is bromide. Bromide-containing minerals, such as bromocarnal-
lite (MgBr,-KBr-6H>0), bromosylvinite [K(Cl,Br)], and silver halide
ores {bromoargyrite (AgBr), embolite [Ag(Cl,Br)], capgaronnite
[HgS-Ag(Cl,Br)]} unfortunately are rare in the earth’s crust [10].
Seemingly unlimited quantities of bromide, however, are dissolved
in the oceans (65mgL-' to 6.5gL-"), which therefore serve as
industrial bromide resource to produce electrophilic bromination
agents [10].

In synthesis, carbon-bromine bonds are formed from radical
reactions, nucleophilic substitutions, and electrophilic additions
[2,24]. The majority of organobromines, however, originates from
electrophilic additions, which requires an a priori oxidation of
bromide [25,26]. To oxidize bromide on a technical scale, manu-
facturers in the early days used manganese dioxide-sulfuric acid
blends, whereas chlorine (Steaming-Out Process) or air-chlorine

[Br]

activation / \ bromination

N\
210t B
1210t r\—//

* oceans: —C—Br
= crust: 10'%¢
mineralisation, metabolism

* biological activity
+ mobilization

« boundary layer: 107 t « intermediate

Scheme 1. Sources and sinks of organobromine compounds in the planetary
bromine cycle {[Br]=Br* ., Br*, BrO,*, BrX,  (n=1,2,...; X=e.g. Cl, Br), BrY (Y =Br,
OH)}.

mixtures in combination with sulfuric acid (Blowing-Out Process)
are standard procedures today. The annual production of bromine
has continuously increased over the past decades and has reached
a global volume of more than 563,000 ton world wide in 2004 [10].

Molecular bromine is a favorable agent for synthesis, but it is
corrosive and toxic. Transport, storage, and handling of bromine
therefore require strict safety standards [10]. For synthesis of 1 ton
of the flame retardant tetrabromobisphenol A (Scheme 2), 1.18 ton
of bromine are needed. To produce this amount of bromine, bro-
mide from about 134m? of Dead Sea brine [p0=1.2334gL"",
0.055 molar in bromide] [27,28] has to be crystallized as alkali
salt and subsequently oxidized. Production of 1 ton of tetrabromo-
bisphenol A also provides 165m?3(0.6 ton), of hydrogen bromide
as by-product. The hydrogen bromide must be separated in a
recovery unit and disposed of, or oxidatively recycled. Hydrogen
bromide, which is either supplied from a waste stream or an alkali
bromide-mineral acid mixture, is oxidized on a technical basis
withhydrogen peroxide at elevated temperature, to in situ-produce
bromine. This method is the chemical basis for a procedure called
the on-site bromination and is used to industrially prepare bro-
moarenes [29]. Low world market prices of bromine (1.39 $ per
kilogram in 2006 in the United States) [30], high energy costs, and
limited fields of application, however, preclude a wider spread use
of the on-site bromination concept at the moment.

The lessons learned from nature show that the chemical ele-
ments are turned over in cycles, and sustainable production of
organobromines therefore has to somehow follow the planetary
bromine cycle (Scheme 1) [31]. The planetary bromine cycle starts
from bromide. By looking at the structures of brominated sec-
ondary metabolites it is obvious that in biochemistry, as in organic
synthesis, electrophilic hydrocarbon bromination dominates. To
perform electrophilic bromination in nature requires the existence
of effective pathways for bromide oxidation under physiologi-
cal conditions. The quest for the origin of naturally produced
organohalogens [32-34], led, among others, to the discovery of
the marine bromoperoxidases [7,35-37], which utilize hydrogen
peroxide to oxidize bromide dissolved in ocean water [38-40].

In the decades that followed the discovery of the bromoperox-
idases, oxidative bromination has expanded into a dynamic area
of research [25]. In this article, we therefore summarize the most
recent developments in bromoperoxidase chemistry, and trans-
formations using functional mimics for sustainable synthesis of
organobromines [41,42]. To give the reader a better understand-
ing of vanadate(V)-catalyzed oxidation for synthesis of naturally
occurring organobromines, we included aspects of peroxide chem-
istry of vanadium(V), and peroxide-mediated oxidation of bromide.
For bromide oxidation catalyzed by rhenium- [43], molybdenum-
[44], tungsten- [39,45], and cobalt complexes [46], as well as
organobromine formation via free radical reactions [47,48] or
nucleophilic substitutions [49], the reader is referred to special-
ized articles, reviews, and book chapters [50,51]. The same should
be done for aspects dealing with the systematics of brominated
secondary metabolites [52-54].

2. General aspects
2.1. Peroxide-mediated oxidation of bromide

Standard reagents to oxidize bromide in bromoperoxidase
chemistry are hydrogen peroxide and tert-butyl hydroperoxide
(TBHP) [55]. For both compounds the mass fraction of transferable
and therefore active oxygen is significant (47% for hydrogen perox-
ide and 17.8% for tert-butyl hydroperoxide), and by-products that
are left from the oxygen atom transfer (water and tert-butanol) pose
no concern for waste disposal. Hydrogen peroxide is administered
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Scheme 2. Stoichiometry for synthesis of tetrabromobisphenol A [10,18].

as aqueous 30-50% solution, crystalline urea hydrogen peroxide
(UHP) inclusion compound, or as hydrolyzable persalt (percar-
bonate, perborate or persulfate) [56]. tert-Butyl hydroperoxide is
commercially available as 5.5 molar solution in nonane, 80% solu-
tion in di-tert-butylperoxide and water, and a reasonably priced
70% aqueous solution. The aqueous solution may be used to pre-
pare an anhydrous ~3 molar solution of tert-butyl hydroperoxide
in toluene [57], which is suited for most applications in oxidation
catalysis.

Oxidation potentials show that hydrogen peroxide and tert-
butyl hydroperoxide are able to oxidize bromide in aqueous or in
polar aprotic solvents to furnish bromine (Table 1). At neutral pH,
the two peroxides, however, are surprisingly inert toward bromide
and have to be activated by a Brensted- or a Lewis-acid [58-60].
The activated peroxide converts bromide into hypobromite (BrO—),
which exists in neutral aqueous solution predominantly as undis-
sociated hypobromous acid (pK, =8.7) [61] (Scheme 3) [58].

2.2. Reactivity of oxovanadium(V) compounds toward
nucleophiles and hydrogen peroxide

Vanadate(V) exists in neutral aqueous solution as a mixture
of monovanadate (HVO4%~ and H,VO4~), divanadate, and tetra-
vanadate. The equilibrium in a concentration range of 1-10mM
of vanadate(V) is in favor of the monomer [70]. Monovanadate
reacts in pH-neutral to weakly acidic solution with alcohols [71,72],
diols [73], and phenols [74], to furnish esters of orthovanadic acid,
thatis H3VO4 (pK] = 3.5, pk? = 7.8, pK2 = 12.5)[75].If treated
with carboxylic acids [76], peptides [77,78], phosphate [79,80],
or arsenate [79], monovanadate forms mixed anhydrides. Con-
densation of monovanadate and hydroxycarboxylic acid [81-83],
provides mixed anhydride esters and water. Hydrogen peroxide
(pK. 11.6) and monovanadate (H,VO4~) form oxoperoxovana-
date(V) (Eq. (4); Scheme 4) [84]. The observed rate constant of
this condensation in strongly acidic solution is k*=5 x 10 M~ s~!
(I=3M, 25°C; Eq. (5)) [85]. From acid and hydrogen peroxide
dependence it was concluded that k® consists of three terms, One of
the terms is directly proportional to proton concentration, the sec-
ond indirectly, and the third independent from the acid strength.
From pressure dependence of these rate constants in the pH-

Table 1
Oxidation potentials of elementary reactions associated with oxidative bromination
Br~ == WBr+e” EY (eq.1)
Br + H,0O =—= HOBr + H* + 2¢~ E% (eq.2)
ROOH +2H* 4+ 2¢~ =——= ROH + H,0 E% (eq.3)
Solvent Eq. E° v
H: 0 (1) E? = 1.09 [62,63]
CH3CN (1) Eb - 0.86 [64]
H,0" (2) Eé' =1.33[65]
H,0¢ (3)(R=H) .'36 =1.35[66]
CH30H/CsHs (3) (R=tBu) EE' =1.20[67]
* Versus NHE.

b pH0; 0.76V at pH 14.
© pH7;1.76Vat pH 0 and 0.87V at pH 14 [66].

+

mt o’R H*/ Br~
ROOH —— | MZ] —  +  HOBr + ROH
O‘H —M+

Scheme 3. Proposed mechanism for peroxide activation and bromide oxidation
(R=H or tBu; M=e.g. H or VV) [42,68,69].

range of 0-1.5 activation parameters for oxoperoxovanadate(V)
formation (Eq. (5)) of AH'=21kJmol~', AS'=-69]mol-'K"!
and AVi=15cm®>mol-! were determined [85]. The equilib-
rium constant for oxoperoxovanadate(V)-formation in the range
between pH 6.7 (K*=3 x 10 M~'; ~20°C; I=1.0M) [86] and pH
1(K?=3.7x10*M-'; 25°C; I1=0.3-1.0M) [87] is only moderately
dependent on acid concentration [88].

Hydrogen peroxide reacts with monoperoxovanadate(V) to
give bisperoxovanadate(V) (Scheme 4). The rate constant at pH
2 (aqueous HCIO4) is k7 =3.5x10°M~'s~! (I=3M, 25°C). Acti-
vation parameter for this reaction (Eq. (7)) are AH'=40k]mol~',
AS'=-42]mol~' K-' and AV' =0cm? mol~! [85]. The equilibrium
constant decreases from K®=2 x 10°M~! (pH 6.7, ~20°C, [=1M)
[86]to K7 =0.6 M (pH 1.0,25°C,1=0.3)[87], as the solution becomes
more acidic.

Even higher concentration and aliquots of hydrogen peroxide
provide tris- and tetrakisperoxovanadates from vanadate(V) [89].
The conditions required to prepare tris- and tetrakisperoxo com-
plexes differ from parameters used in oxidation catalysis. Kinetic
and thermochemical aspects dealing with tris- and tetrakisperox-
ovanadate formation therefore are not further considered in this
article.

Molecular orbital theory predicts that peroxo coordination
between vanadium(V) and oxygen occurs via - and T-bonding
(Fig. 1). m-Bonding shifts electron density from the pair of non
bonding electrons at the peroxide oxygens toward the metal,
thus lowering repulsive interactions within the peroxo entity [90].
Transfer of electron density from the ligand to the metal is spec-
troscopically detectable by a ligand-to-metal-charge-transfer band
at 455nm (£=278, in 5 x 10-3 M HClO4), which gives rise to the
reddish brown color of oxoperoxovanadate [91]. Bonding of a sec-
ond peroxo ligand causes the m-bond order to decrease from 1
to 0.5 because p-orbitals from two oxygen atoms now interact
with the same vanadium-d-orbital. This model helps to explain the

H,VO, + H0, == V0,0, + 2H,0 k' (eq.4)
‘,5

vo,* + H0 == VO, * + H,0 K (eq.5)

VO3(03) " + Hy0; == VO(01);~ + H:0 K (eq.6)
‘.7

VO(O) ¥ 4 H0, —= VOO, +2H* K (eq.7)

Scheme 4. Stoichiometry for peroxovanadate (Eqs. 4 and 5) and bisperoxovana-
date formation (Egs. 6 and 7; cy,o was treated as constant to obtain values and
dimensions of K*7 provided in the text) [85-88].
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VvV
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Fig.1. MO models for peroxo ligand coordination to vanadium via o- and w-bonding
(left and center; n’q = pair of non bonding electrons in p-type orbitals at oxygen
atoms), and bonding interaction relevant for oxygen atom transfer from peroxo-
vandate(V) to a nucleophile X (X=e.g. Br).

hypsochromic shift of the ligand-to-metal-charge-transfer band to
Amax =350nm (£=310)in the pale yellow oxobisperoxovandate(V)
ion [91].

Binding to vanadium(V) lowers the energy of the
oxygen-oxygen o*-orbital of the peroxide, which facilitates
oxygenation of a nucleophile (Fig. 1, right) [92,93]. Although
molecular orbital theory predicts that the w-bond order between
the peroxo oxygen atoms and vanadium in bisperoxovanadates
is lower than in monoperoxovanadates, the bisperoxo complex is
generally less reactive toward nucleophiles than the monoperoxo
form. The origin of this dichotomy is the acid strength of neutral
bisperoxovanadate, that is VO(02)2H [pK;=0.43] [91]. In neutral
solution, the bisperoxo compound exists predominantly as anion
and therefore repels an incoming nucleophile. Protonation of a
bisperoxovanadate, in turn, enhances bisperoxo complex reactiv-
ity, for example, by a factor of 10* for sulfoxidation, if referenced
toward reactivity of the monoperoxo form [94].

Dipeptides with carboxyl-, hydroxyl-, or amino-functionalized
side chains preferentially bind via the deprotonated amide nitro-
gen to vanadate(V). The carboxylate oxygen is the second best
donor in peptides, which, however, binds stronger to vanadate(V)
than the N-terminus. No significant affinity seems to exist for
vanadate(V)-coordination to the heterocyclic nitrogen atom of
N-methyl imidazole, glycyl L-histidine, or L-histidyl glycine. Equi-
librium constants for peptide binding to vanadate(V) and its peroxo
derivatives at pH 6.7 are generally small [95-97].

Physical organic investigations on haloperoxidases [98,99] show
that a protein interacts with vanadate(V) in more complex manner
than a dipeptide. The constant for monovandate dissociation from
the apoenzyme of the bromoperoxidase | from the brown alga Asco-
phyllum nodosum [VgPO(AnI), EC 1.11.1.10] is 55 nM. In the crystal
(PDB accession code 1QI9), the vanadate(V) co-factor is attached to
the distal imidazol nitrogen of the L-histidine486 side chain. This
binding site is situated at the bottom of a substrate funnel, which is
about 12 A wide and 8 A deep. The substrate funnel is located at the
end of a four-helix bundle that constitutes an important structural
domain of the 120 kDa-homodimer. X-ray diffraction analysis of a
hydrogen peroxide-soaked crystal shows that His486 also is the
binding site for the monovanadate(V) co-factor in its peroxo form
(Fig. 2). In the absence of bromide, the peroxo-loaded-vanadate co-
factor shows little to no catalase activity, and seems to bind stronger
to the apoenzyme than monovanadate [100,101]. Experimentally,
no evidence so far exists that a second hydrogen peroxide molecule
enters the monoperoxovanadate coordination sphere of the loaded
co-factor [102]. For reasons given above, protein-bound bisperox-
ovanadate(V) is expected to be a less reactive oxidant for bromide
than the monoperoxo form.

Differences in binding affinities of vanadate(V) toward dipep-
tides and the apoenzyme of Vg, PO(Anl) point to a decisive role of
hydrogen bonding between the co-factor, amino acid side chains,
and presumably water. On the basis of computational analysis,
hydrogen-bonded water molecules at the active site play an essen-
tial role for rapid hydrogen peroxide-loading of vanadate, and its
activation for bromide oxidation [103]. This water structure would

His 418\,\[N\> Asp 278
N
\

+

Ser 416 {~CH,—OH Hy;N—CH,—) Lys 341

HN _II o

i
- /\f-o Gly 417

His 411

A,

0.0
he

Arg 480 ?—N

H1N

Arg 349-\
Asp 490

Fig. 2. Proposed structure of the active site in peroxo-loaded Vg, PO(Anl) (adapted
from X-ray diffraction data; numbers refer to amino acid sequence of the protein)
|98].

collapse, if the apoenzyme was removed from the co-factor, toleave
monovandate in homogeneous aqueous solution.

2.3. Alkylperoxy complexes of oxovanadium(V)

Oxovanadium(V) compounds undergo ligand substitution, if
treated with alkyl hydroperoxides (Scheme 5) [59]. The equilibrium
constant for the reaction between triethyl vanadate and tert-butyl
hydroperoxide (pK, 12.3; Scheme 7, Eq. (8)) is K8 =6 x 102 (CDCl3,
—40°C), and thus significantly smaller than the reference value for
monoperoxo complex formation [104]. Substitution of tert-butyl
peroxy for ethoxy is detectable, for example, via mass spectrom-
etry or vanadium-51 NMR-spectroscopy, but generally not by
UV/vis-spectroscopy, because electronic changes associated with
the substitution are comparatively small [41,104,108].

Binding to a d°-transition metal, such as vanadium(V), is a
prerequisite for activation and the use of an alkyl hydroperox-
ide as terminal oxidant in oxidation catalysis [42,60,105,106].
According to molecular orbital theory, coordination between the
distal oxygen (09) and vanadium occurs via o- and mw-bonding
(Fig. 3). In extension to the principles of structural peroxide
chemistry, it is expected that VOOR (e.g. R=tBu) preferentially
adopts a gauche conformation to minimize lone pair repulsion. In
the gauche conformer n3 — o}, , — and n3 — o¢ , — interactions
reduce Coulomb repulsion within the peroxy entity. The sp?-
type lone pair at the proximal oxygen (OP), in this model,
does not point in a noteworthy manner toward vanadium. A
perester-type alkylperoxy binding, which means an end-on coor-
dination, therefore is favored. This interpretation deviates from
the crystal structure analysis of oxo[2,6-dipicolinato(—2)](tert-
butylperoxy)vanadium(V), which so far is the only report in the
literature on a solid state structure of an alkylperoxy complex [107].
In the investigated crystal, the tert-butyl peroxy ligand is side-on
bound. In solution and in the gas phase, however, the end-on mode
of binding seems to be the adequate structural model to describe
alkyl peroxy binding to vanadium(V) [108].

3. Bromoperoxidase catalysis

In the decade that followed the discovery of vanadate(V)-
dependent bromoperoxidases (Vg POs), several experiments were
performed using enzymes from different organisms, inconsis-
tent enzyme/substrate-ratios, and a variety of buffers to conduct
oxidative transformations of nucleophiles. The results showed
that bromoamine formation, bromocyclization, indole function-
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VO(OEt); + fBuOOH VO(OEt),(00Bu) + EtOH K, (eq.8)
VOL'(OEt) + /BuOOH VOL'(00/Bu) + EtOH (eq.9)

8=-538 5=-578

CO,H

H,L!=
S
OH
OH

Scheme 5. Oxoperoxyvanadium(V) compound formation from triethyl vanadate (top) [104] and an oxovanadium(V) Schiff-base complex (bottom) [41].

alization, and bromohydrin synthesis are feasible under such
conditions [40,109]. None of the reports, however, provided infor-
mation relevant to organic synthesis, such as yields, mass balances,
turnover numbers, catalyst lifetimes in different buffers, or residual
activity for repetitive use of bromoperoxidases. Also, no func-
tional group systematic was set up to predict selectivity for
natural product transformation via bromoperoxidase-catalyzed
oxidation. The aspect of functional group systematic was recently
addressed in a study on methyl pyrrole-2-carboxylate bromina-
tion (Schemes 6 and 7) [110]. Methyl pyrrole-2-carboxylate (1)
is a metabolite from the amino acid pathway [111], and gives a
diagnostic mixture of bromination products from electrophilic aro-
matic substitution, to provide insight into reactivity and selectivity
of bromoperoxidase chemistry [110,112].

The selected enzyme, that is the Vg:PO(Anl), catalyzes oxida-
tion of bromide with hydrogen peroxide in weakly acidic solutions
(pH 6.2-6.5) [37]. The turnover rate of this process exceeds the
most active nonenzymatic alternatives by four orders of magnitude
[39]. The enzyme tolerates organic co-solvents, such as alcohols,
1,4-dioxane, acetonitrile, and temperatures of up to 60 °C, without
notably loss of bromoperoxidase activity over time spans that are
required to perform synthesis [100,113]. Vanadate-dependent bro-
moperoxidases from other organisms than A. nodosum, for example
from fungi or lichens, have been isolated [36,114]. None of the-
sesenzymes, however, shows similarly favorable characteristics for
application in organic synthesis as Vg PO(Anl) [25,26,115].

3.1. Bromoperoxidase preparations

In the time between January and April, A. nodosum exhibits
particularly high levels of Vg PO(Anl) [35,116], which makes
isolation of the bromoperoxidase attractive during this season.
An established freeze-drying, milling, and liquid-liquid parti-
tioning process provides a mixture of isoenzymes, which must

VAL 8L4%
o %g\g@ g %‘ﬁ.
6

o ¢
[
Sfavored disfavored
g0
oV 'OOC v—-=~0 c
/ P}
®0® ‘CG»'

2 * 2 *
g —0%po Wo—=0"co

Fig. 3. Molecular orbital model for alkylperoxy binding to vanadium(V) (C refers to
a carbon substituent such as tert-butyl; n?g = p-type lone pair at oxygen).
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Scheme 6. Proposed biosynthetic relationship between methyl pyrrole-2-
carboxylate (1), compounds prepared from sustainable bromination, and natural
products [110,111].

be separated via hydrophobic interaction and size exclusion
chromatography [116]. Preparations of the VgPO(Anl) obtained
from this procedure exhibit peroxidase activity of up to 693 units
Ur mg~! in the triiodide test [117] (pH 6.3). In this test iodide is
oxidized into triiodide, as expressed with the index in Ur. One unit
(1U) thereby refers to the amount of enzyme necessary for turning
over 1 wmol of substrate per minute. The specific activity, on the
other hand, refers to the number of units per mg of enzyme, that is,
Ur mg-"'. The enzymatic activity in the monochlorodimedone assay
[34] was up to 172 Upycp mg~! (pH 6.5). In the MCD-assay, the time
dependent decrease of the MCD-absorbance at Amax=290nm

H'/H,0, 2 H,0
0
PKE,OII P-.\_{} _0
1
Ho” o Ho” O
[HOBr]* Br / H,0

Scheme 7. Stoichiometry for Vg, PO(Anl)-catalyzed bromide oxidation (P = protein,
i.e. apoenzyme; “proposed intermediate in an early phase of the reaction; see also
Section 5).
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H,0
0 P p:ﬁ,on pH 6.2 ,p;‘.?,ou
.—Q + HNT v NT Sv(
0~ “OoH oy H 07 ToH
M-PVA E01 Vi, PO(AnD) 3
1.GA / H,0
0
O_N“ (pH 8.0) - ONWN ,]’\{l’,OH
: " SoH
2. Vig,PO(Anl) 0
- 2
M-PVANIZ 1 0 (pH 9.0) 4

Scheme 8. Immobilization of the Vg PO(Anl) on magnetic (M) polyvinyl alco-
hol (PVA)-coated supports (0.5-1.3 wm polydisperse size distribution for epoxide
functionalized beads EO1 (), and 0.7-4.5 um for amino-functionalized beads ®;
GA=glutardialdehyde) [118].

is correlated with the rate of 2-bromo-2-chlorodimedone
formation.

The Vg, PO(Anl) was immobilized on magnetite particles for
collecting the enzyme after substrate turnover from the reac-
tion mixture via magnetic separation with a neodymefiron bar
magnet (Scheme 8, Fig. 4) [118]. The bromoperoxidase retains
about 30-40% of its initial activity, upon attachment to the solid
phase. Long term measurements show that preparations stored
in Tris-=HCI buffer (pH 9.0, 4°C) lose about a third of their bro-
moperoxidase activity within the first 70 days. For the immobilized
Vg PO(Anl), such as preparations 3 and 4, bromoperoxidase activity
beyond this point remains approximately constant [100,118].

3.2. Sustainable bromination in homogeneous and heterogeneous
systems

Parameter variation showed that a bromoperoxidase activity
of 1.3 Ur is necessary to quantitatively convert 36 pumol of pyr-
role 1 into 94% of bromopyrrole 5 within 24 h (Table 2, entry 1).
Bromoperoxidase reactivity in homogeneous solution and from
immobilized preparations, that is 3 and 4, are approximately simi-
lar (Table 2, entries 2-4). The use of morpholine-4-ethanesulfonic
acid (MES)-buffer for synthetic application poses a major improve-
ment, compared to the phosphate buffers used in the early days.
For example, the half-life time of bromoperoxidase activity of the
enzyme is about 5 h, if stored at 4°C in phosphate buffer (pH 6.3),
which extends to about 9 days in MES-buffer (pH 6.2). On the micro-
molar scale, the hydrogen peroxide may be added in portionsorina
single batch, whereas continuous administration is more effective
as the process is scaled-up (vide infra).

An alternative to external administration of the oxidant, is
the in situ hydrogen peroxide generation via aerobic oxidation

Table 2
Reaction parameters for methyl pyrrole-2-carboxylate bromination [118]

cal.

Fig. 4. lllustration of a reaction vessel for Vg, PO{Anl)-catalyzed oxidation during
substrate turnover (1) and after magnetic separation of the immaobilized enzyme (I1)
(e.g.3,4)[110].

GO

D-glucose ﬁ D-gluconolactone

0, H,0,  2H,0

COXCH; vy PO(ANI)

NaBr

-
— IZQ
—
L)
+
n

7% 70%“

Scheme 9. Combination of two enzymatic processes for pyrrole bromination
(GO =p-glucose oxidase; 977/23-mixture of 4/5-isomers of 5) [118].

of p-glucose, catalyzed by p-glucoseoxidase (GO) [119,120] from
Aspergillus niger (1.67U, 147Umg""). In order to effectively com-
bine the two enzymatic processes, the pH of the reaction mixture
has to be set to 5.8. This value is a compromise between the pH
for maximum activity of the Vg:PO(Anl) (6.2) and the applied p-
glucoseoxidase (5.6). Pyrrole conversion under such conditions is
97%, to furnish 77% of bromopyrroles 2 and 5 (Scheme 9) [118].
The Vg, PO(Anl)-activity, that is conserved in oxidative bromi-
nation of 1, may be used for further experiments, leading to
a maximum turnover number of 2 x 10° (Scheme 10) [118]. In
state-of-the-art oxidation catalysis, it is not only the turnover num-
ber of the catalyst that is important but also the efficiency for
the use of all substrates. To attain maximum efficiency for sub-
strate bromination, sodium bromide (1.3 equivalents), hydrogen
peroxide (1.1 equivalents) and MES-buffer must be added contin-
uously to a solution containing 0.75-1.5mmol of pyrrole 1 and
the enzyme at ~20°C. Regioselectivity of monobromide forma-

H,0, / NaBr ‘"
0. "y
N7 TCOCHs  ByOH /H,0 SN~ TCOCH;
H H
pH6.2/23°C
1 5
Entry ny/pmol Conv. 1/% Time/h BPO Ur Ul mg-1a 5/% (4/5)
1 36 Quant. 24 Vi PO(AnI) 13 117 94(93/7)
2 36 77 3 Vi PO(ANI) 13 239 60 (82/18)
3 200 54 3 3 6.9 Active 40(90/10)
4 200 75 3 4 6.9 Active 32(93/8)

* Initial enzyme activity 526 Uy mg~' for entries 1-2, 118 +12 U mg~" for entry 3, and 194 39 U mg ' for entry 4; active refers to residual enzyme activity as judged

by triiodide tests.



220

ANHANG D

2210 D. Wischang et al. / Coordination Chemistry Reviews 255 (2011) 2204-2217
Vi PO(Anl) Br catalyst recycling. The origin of irreversible bromoperoxidase activ-
@ H,0, / NaBr Br:f_ 1 . ’n ::y loss in ox_idation Fa_talysis is unclear. Attemptfs to rt?constitute
N COCH; W 5 (\N oy * BN PC0,CH; romoperoxidase activity by orthovanadate addition failed.
T pH6.2/23°C ;l(m - 77:23) !: 3.3. Bromination of arenes

conversion: 84%
U™l 519

pHfnl: 6.6
H,0,-efficiency: 72%
Br ~ -efficiency: 78%

molar ratio /% —»

1 2 3 4 experiment number

Scheme 10. Efficiency for oxidative methyl pyrrole-2-carboxylate bromination
(144 wmol) in sequential reactions [4.96 U$ of Vg PO(Anl); homogeneous MES-
buffered solutions; histograms refer to conversion of 1(gray), and yields of 2 (yellow)
and 5 (blue)] [118].

Vi PO(ART) Bi
HgOz;‘rNEI.BI'

L) { 3o
N~ COCH;  BuOH/H,0 Br ™« TCO,CH;
H H

H6.2/23°C
1 P 2 (84%)

Scheme 11. Synthesis of naturally occurring brominated pyrrole 2 from A. oroides
[110,21].

tion thereby declines and dibromide 2 is formed as additional
product, presumably due to higher reactant concentrations (cf.
Scheme 10, experiment 1). The dibromide becomes the major
product, if amounts of Vg,PO(Anl) (34.6 Ur), sodium bromide,
and hydrogen peroxide are doubled. Synthesis of methyl 3,4-
dibromopyrrole-2-carboxylate 3a poses a biomimetic approach
to prepare a naturally occuring constituent from the marine
sponge Agelas oroides (Scheme 11) [121]. The compound shows
antiplasmoidal, cytotoxic, and interesting electrophysiologic prop-
erties and therefore has attracted attention of medicinal chemists
[122,123].

To conserve a higher degree of bromoperoxidase activity for a
use in consecutive runs, immobilized Vg PO(Anl) is recommended
to be used as oxidation catalyst. For immobilized Vg:PO(Anl)-
preparation 3, the maximum number of experiments attainable
so far is 15 (Fig. 5). The turnover number under such conditions
is 1.1 x 10°, Although this number is by a factor of two smaller
than for the enzyme in homogeneous solution, the use of immo-
bilized bromoperoxidase is by far the more practical method for

70 + o conversion of 1
I o yield of §

50
E
2 30
E
g 101

0 P

1 3 5 7 9 11 13 15
experiment number ——

Fig.5. Histograms for presenting conversion (gray)and yields (blue) for consecutive
use of Vg, PO(Anl)-preparation 3 for oxidative pyrrole bromination (in aqueous tert-
butanol, pH 6.2, 23°C) [118].

Substituted benzenes are models for acetogenins and
shikimates, to investigate selectivity of arene bromination in
bromoperoxidase-catalyzed oxidation (Table 3). Brominated
phenols, for example, were isolated from marine sponges of the
genera Didiscus or Dysidea (Scheme 12, bottom) [124,125].

The substrates chosen for probing reactivity of arene bromi-
nation in Vg PO(Anl)-catalyzed oxidations differ in turnover
efficiency. The yields of products 7-8 under conditions that are
limited in hydrogen peroxide (1.0 equivalent) and sodium bro-
mide (1.1 equivalents), decrease along the series of substrates
aniline (6a)>phenol (6b)>0-methyl thymol (6f)>2-tert-butyl
phenol (6¢)>thymol (6d)>anisole (6e) (Table 3, entries 1-6)
[126]). Evidence for sidechain bromination of, for example,
isopropyl-substituted benzenes 6d and 6f were not apparent
from NMR-spectra of associated reaction mixtures [126]. tert-
Butylbenzene, chlorobenzene, and methyl benzoate were not
brominated under such conditions, even as aliquots of hydrogen
peroxide and sodium bromide were increased by a factor of three.
Triiodide tests showed that Vg,PO(Anl)-activity in all instances is
retained. The lack in reactivity therefore is not caused by enzyme
inhibition, either by the substrate or the product(s), but points to
insufficient reactivity of the applied arenes.

a-Naphthol 9, a model for naturally occurring hexaketides, is
converted in a bromoperoxidase-catalyzed reaction into a 65/35-
mixture of 4/2-isomers of bromonaphthol 10 [127,128]. Substrate,
reactant, and buffer were added continuously. Enzymatic activity
(17.3 Uy for 0.75 mmol of 9) was lost at a substrate conversion
of about 58%. Attempts to brominate 1-methylnaphthalene under
standard conditions led to phase separation without affecting
enzyme activity. Bromination of 1-methylnaphthalene, however,
did not occur under such conditions.

4,6,8-Trimethylazulene (11) [129], a compound of similar reac-
tivity in electrophilic aromatic substitution as pyrrole, undergoes
20% conversion (formation of 19% of bromoazulene 12), if treated
with sodium bromide and hydrogen peroxide in aqueous, MES-
buffered tert-butanol. If the reaction is performed in aqueous
acetonitrile containing diethyl ether as additional co-solvent, and
dodecyl trimethyl ammonium bromide (DTAB) as phase transfer
catalyst, the yield of brominated azulenes 12 and 13 [130] increased
to a total value of 71% (Scheme 13, top). The end of substrate
conversion correlated with the loss of bromoperoxidase activity.
Brominated azulenes are natural products. 1-Bromoguiazulene, for
example, is a bluish purple pigment of the deep sea gorgonian
Euplexaura erecta [131].

To sum up, bromoperoxidase-catalyzed oxidation of bromide
in solutions of hydrogen peroxide is the basis for synthesis of
bromoarenes from w-nucleophilic aromatics. The method is a sus-
tainable version of the on-site halogenation, and provides insight
into selectivity of biomimetic organobromine synthesis.

4. Functional bromoperoxidase mimics

Transition metal complexes, that are able to catalyze the oxida-
tion of bromide, are named functional bromoperoxidase mimics
[42,132,133]. The difficulty to use bromoperoxidase mimics in
synthesis of complex natural products arises from the fact that
one proton is consumed per equivalent of oxidized bromide
(Scheme 14). In order to maintain turnover rates for bromide oxi-
dation at a reasonable level, protons must be supplied from an
external source. In the first generation of bromoperoxidase mim-
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Table 3
Bromination of substituted in Vg, PO{Anl)-catalyzed oxidations [ 126]
R! Vi, PO(Anl) R! R!
R?  H,0,/NaBr R
o
3 tBuOH / H,0 3 N
" pH 62/23°C Br § Bry
6 7 8
Entry 7 R! R2 R? Conv. 6% 7/% (o/p)° 8/% (0,0/0.p)"
1 6a NH; H H 93 7a: 66 (45/55) 8a: 20(20/80)
2 6b OH H H 90 7b: 69 (9/91) 8b: 1(<2/98)
3 [ OH tBu H 62 7c¢: 33 (30/70) 8c: 11 (<2/98)
4 6d OH iPr CH3 46 7d: 34 (18/82) 8d: 1(<2/98)
5 Ge OCH; H H 22 7e: 18 (<2/98) 8e: ¢
6 6f OCH; iPr CHs 64 7f: 53 (<2/98) 8f: -
* 34,6 Uy for 1.5 mmol of 6.
b Referenced versus R'; o=ortho; p=para.
© Additional product: 6% of 2,4,6-tribromophenol.
¢ Not detected.
Vi LPO(AR] v
L ng f?ﬂ B) § Bry + Hy0 vioR ROOH
2Up £ Nabr ™ 2 2 2
-—Br
tBuOH / H,0 =
4
H6.2/23°C +
9 P 10 (46%) 2H*/2Br vV(OOR) ROH
58% conv.
2:4 =35:65

OCH;

HOC Br Br OH
Br Br Br Br

from Didiscus sp. from Dysidea herbacea

Scheme 12. Bromination of a-naphthol 9 (top) and structure formula of naturally
occurring brominated phenol derivatives (bottom; compare also products shown in
Table 3)[110,124,125].

ics, this prerequisite was met by running oxidative bromination in
strongly acidic aqueous solutions (pH ~ 1) [68,69]. Such conditions,
however, are incompatible with the stability of most organic func-
tional groups and therefore precluded a wider spread use of this
method in natural product synthesis. A reexamination of published

procedures moreover showed that none of the existing methods
H50, / NaBr O
CH;CN / Et,0 ﬁ

pH62/23°C R

11 75% conv. R=H:12(67%)
R = Br: 13 (4%)

Vi PO(Anl) Br

from Euplexaura erecta

Scheme 13. Bromination of 4,6,8-trimethylazulene 11 (top; 8.65 U%‘ for 0.375 mmol
of 11) and structure formula of a bluish purple pigment of a deep see gorgonian
[110,131].

Scheme 14. Reaction cycle for bromide oxidation using a vanadium(V)-based func-
tional bromoperoxidase mimic [VY(OR); R=e.g. tBu] as catalyst [42].

is able to maintain the catalytic cycle for oxidative bromination at
neutral pH [26]. Either strong aqueous Brensted-acids (pH <2-3) or
substantial amounts of vanadium(V) reagents in aqueous solutions
were essential to achieve notable substrate conversion for reasons
given above. In all instances, the acidity of the reaction mixture
drove peroxide activation and thus bromide oxidation. This finding
agrees with results from the pioneering study of Maass and Hiebert,
who published in 1924 that hydrogen peroxide oxidizes hydrogen
bromide in a rapid and exothermic reaction, to give bromine [58].
No external catalyst is needed!

4.1. Masked hydrogen bromide-equivalents

The quest for a proton source that does not notably affect
acid strength of an organic solution led to the discovery of the
3-bromopropionic acids, such as 14a-c, as buffer reagents. The
compounds are available from renewable resources or low-priced
bulk chemicals, and decompose if treated at ambient temperature
with catalytic amounts of bromide in solutions of dimethyl car-
bonate (DMC), propylene carbonate (PC), or ethyl acetate (EtOAc).
Fragmentation of 3-bromopropionic acids furnishes a proton, a
bromide ion, carbon dioxide, and an alkene [134]. Relative rates
of fragmentation correlate with stability of the resulting alkene
(Scheme 15).

If tert-butyl hydroperoxide is added to a solution of a 3-
bromopropionic acid 14 and a catalytic amount of sodium
bromide in, for example, propylene carbonate, no bromide oxi-
dation occurs, as probed by addition of 3-tert-butylcyclohexene
(15) to quench possibly formed bromoelectrophiles. Addition
of 1mol% of Schiff-Base complex VOLZ(OEt)(EtOH) [41,135],
aminodiol-derived coordination compound VOL3(OEt), pyridine
analogue VOL4(OEt) [136], VO(acac); (Hacac = pentane-2,5-dione),
or VOSO4-4H,0 as low-priced alternative (Fig. 6; Table 4, entries
1-5), induces rapid and stereoselective conversion of cycloalkene
15 into dibromocyclohexane 16 (Table 4).

From parameter and reagent variation it was concluded that
piperidine complex VOL*(OEt) in combination with 14b, tert-butyl
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Fig. 7. Products of vicinal dibromination of alkenes from vanadium-catalyzed
A‘”] = 1.0 1.3 1.9 oxidations (for conditions see text) in propylene carbonate® or ethyl acetate®;

Scheme 15. Relative reactivity of 3-bromopropionic acid-fragmentation [134].
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Fig. 6. Structure formulae of auxiliaries used for synthesis of functional bromoper-
oxidase mimics [cf. Table 4; protons that are released as auxiliaries coordinate to
vanadium(V) are printed in bold].

hydroperoxide, and 40 mol% of cyclohexa-1,4-diene (CHD) as co-
reductant poses an efficient reagent combination to convert an
alkene into a vicinal dibromide. Addition of cyclohexa-1,4-diene
accelerates conversion of alkene 15 by a factor of three and
improves the yield of dibromide 16 by 12% points to 84%. In
the absence of cyclohexa-1,4-diene, additional products appear,
such as 3-tert-butylcyclohex-5-enone. Isolation of dibromide 16
from propylene carbonate solution is feasible by extraction with
cyclohexane and distillation of the hydrocarbon-extract. The cyclo-
hexane extraction leaves a yellow propylene carbonate solution
containing the catalyst. To resume oxidative bromination, aliquots
of cycloalkene 15, tert-butyl hydroperoxide, and bromopropionic
acid 14b, simply have to be added.

‘diastereomerically pure [134].

4.2. Dibromination of alkenes

Almost all substitution patterns of alkenes that occur in nature
provide dibromides, if treated with the reagent combination of
VOL3(OEt), tert-butyl hydroperoxide, and 14b (Fig. 7). (E)- and
(Z)-configured alkenes are transformed into diastereomerically
pure dibromides. pH-measurements of hydrolyzed samples show
that no acid accumulates in the course of 3-bromopropionic acid
turnover, which allows to brominate acid labile substrates accord-
ing to this method (Fig. 7). Bromination of polar alkenes provides
products that are not quantitatively extractable from solutions of
propylene carbonate with cyclohexane. In such instances, ethyl
acetate is recommended as solvent for conducting the oxidative
bromination [134].

4.3. Bromocyclizations

(R)-Linalool (17a) provides a 47/53-mixture of brominated
tetrahydrofuran 18a and tetrahydropyran 19a, if treated with
VOL3(OEt), 14b, and tert-butyl hydroperoxide (Scheme 16, top)
[134]. Vicinal bromohydrin ethers 18a and 19b are structural
related to a number of marine secondary metabolites, such as
furoplocamioid A [137] and aplysiapyranoid A [138] (Scheme 16,
bottom).

The reagent combination of a 3-bromopropionic acid, tert-butyl
hydroperoxide and a bromoperoxidase mimic seems to be a quite
general system to bromocyclize alkenols, such as 17b-e, which dif-
fer from linalool 17ain the chemical nature of substituents attached
to the -bond. As the e-substituent of the alkenol changes from
phenyl via methyl to hydrogen, the fraction of 6-endo-cyclized
product 19 thereby decreases in a synthetically interesting manner,
which is explained below (Table 5, entries 1-5).

Table 4
The use of 2,2-dimethyl-3-bromopropionic acid (14b) as in situ hydrogen bromide source in oxidative bromination of cycloalkene 15 (30°C)*
[Vlcar. Br
TBHP / 14b.
Bu - " 1Bu
CHD / NaBr,,,
Br
15 solvent (+)-16

Entry [V]car. (mol#) Additive MBr Solvent (+)-16/%
1 VOL2(OEL)(EtOH) CHD NaBr PC 44
2 VOL?*(OEt) CHD MNaBr PC 84
3 VOL#(OEt) CHD MaBr PC 52
4 VO(acac)z CHD NaBr PC 76
5 V050,-4H,0 CHD MNaBr PC 42
6 VOL*(OEt) None NaBr PC 72
7 VOL?*(OEt) CHD NBuyBr DMC 74
8 VOL?*(OEt) CHD NBuyBr EtOAc 83

2 Conditions: 1.25 equiv. of 14b, 1.1 equiv. of TBHP, 30°C, 0.1 equiv. MBr, 1% [V]cax.
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OH TBHP / 14b
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z CHD / NaBr,,

PC/30°C

17a
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cis:trans = 62:38
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cis:trans = 64:36

o /C]

o
Br' Br

aplysiapyranoid A

Scheme 16. Products of linalool bromocyclization (top) and structurally related natural products (bottom) [134,137,138].

The yields in oxidations catalyzed by functional bromoper-
oxidase mimics compare to results obtained from conventional
procedures that, however, applied stoichiometric amounts of N-
bromosuccinimide or 2,4,4,6-tetrabromocyclohexa-2,5-dienone in
acetonitrile, nitromethane, or dichloromethane, to achieve bromo-
cyclization [139-141].

To sum up, alkenes and alkenols afford products of oxidative
bromination, if treated at 30 °C with a 3-bromopropionic acid, such
as 14a-c, and tert-butyl hydroperoxide in an organic carbonate or
ethyl acetate. The reaction is catalytic in vanadium(V) and bromide.

5. Mechanistic considerations

Bromoperoxidase-catalyzed oxidations occur in water and
require hydrogen peroxide as oxidant, while oxidations catalyzed
by functional mimics, for reasons of selectivity, are prefer-
entially conducted in polar aprotic organic solvents and use
tert-butyl hydroperoxide as terminal oxidant. Nevertheless, par-
allels between the methods exist that justify a unified discussion

of mechanistic aspects of organic substrate bromination in the fol-
lowing chapters.

5.1. Equilibria and reactivity in aqueous solution

Hypobromous acid is the primary product of bromoperoxidase-
catalyzed oxidation in an aqueous solution of sodium bromide and
hydrogen peroxide. Hypobromous acid and bromide react to afford
bromine (Eq. (10)), which is transformed by additional bromide
to give tribromide as major product (Eq. (11)), and pentabromide
(Brs~), and bromate (BrOs;~) as minor products [142-144].

The law of mass action for Eq. (10) transforms on the
assumption of infinitesimal substrate concentrations (I=0M) into
lg(cHor/CBr,) = —7.05 + pH — Ig ¢, ~. This correlation shows, that
the fraction of bromine in an aqueous solution of hypobromous acid
increases, as the pH decreases and bromide-concentration rises
(Fig. 8).

Selectivity profiles of arene bromination in Vg PO(Anl)-
catalyzed reactions, and bromine-mediated electrophilic aromatic

Table 5
Synthesis of vicinal bromohydrin ethers from alkenols [134]
3
R? - VOLYOEt) . Br 3 5 pi
w TBHP / 14b, N O _Rr!' R2Y3
RS R! 2 + 3
6 CHD / NaBr,,, Br
17 PC/30°C 18 19
Entry 17 R! R? R CHD 18/% (cis:trans) 19/% (cis:trans)
1 17b Ph H H - 18b: 51 (29:71) 19b: -*
2 17¢ Ph CH; H CHD 18c: 48 (34:66) 19¢: 21 (>98:2)
3 17d Ph CHs CHs CHD 18d: 14 (41:59) 19d: 68 (96:4)
4 17e H Ph H CHD 18e: <5° 19e: 71(<2:98)
4 Not detected ('H NMR).
b Traces
¢ Refers to relative configuration at C2 and C3.
Table 6
Physical and chemical properties of selected bromination reagents.
Reagent EA/eV IPfeV EN? BDEgx/k] mol~'
Bry 2.51+0.10 [148] 10.52 +0.01 [149] 296 111.9+£0.2[150]
Br;~ -b 4.1151] 1.97 42-54[152]
HOBr 1.00[153] 10,638 +0.001 [154] 29 202 +3[155]

2 Electronegativity (EN) of bromination reagents calculated according to Sanderson's principle of group electronegativity [ 156], using atomic electronegativity values from

the Pauling scale [157].
b Not available.
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Fig. 8. Double logarithmic plot derived from Eq.(10) for I=0M at pH 6.2 (-—), 4.1
(-+),and 1.0 (- - - -; bottom).

substitutions, are nearly identical [110,130,158]. Molecular
bromine is a strong electrophile that rapidly reacts with -
nucleophilic aromatics. Electrophilicity of bromine is reflected by
its electron affinity (EA), whereas nucleophilicity of the arene is
given by its ionization potential (IP) (Table 6). In frontier molecular
orbital (FMO)-theory [159], the electron affinity correlates with the
energy of the lowest unoccupied molecular orbital (LUMO) and the
ionization potential with the highest occupied molecular orbital
(HOMO). For reactions between bromine and nucleophilic arenes,
such as phenol (6b) (IP=8.5eV), anisole (6e) (8.4eV), pyrrole
(IP=8.2eV), aniline (6a) (7.7eV), and azulene (7.4eV), favorable
LUMOg;, ~-HOMOyrene interactions exist in the transitions states
as evident from correlation diagrams [for anisole (6e) see Fig. 9].
Selectivity in this model originates from interactions between the
electrophile and the site of the largest HOMO-coefficient of the
nucleophile (Figs. 9 and 10). If the energy difference between
HOMO and HOMO-1 is small, such as for 1 (Fig. 10), two occupied
orbitals interact with the electrophile, which makes interpretation
of selectivity more difficult.

In terms of reactivity, a limit of IP<8.8 seems to exist
for an arene to undergo electrophilic aromatic substitution in
Vg PO(Anl)-catalyzed reactions, as concluded from the observa-
tion that ethyl benzoate (IP=9.3eV), chlorobenzene (9.1eV), and
tert-butylbenzene (~8.8 eV) were inert under such conditions. The
fact that 1-methylnaphthalene (IP=8.1 eV for naphthalene) was not
brominated, and bromination of 4,6,8-trimethylazulene required
a more lipophilic co-solvent in addition to a phase transfer cata-
lyst to notably occur, shows that the role of substrate lipophilicity
on reactivity in bromoperoxidase-catalyzed oxidations needs to be
addressed in a future study.

v
— LUMO
-2 —c"—" IS
SV o4 HOMO (-84 eV)
.44 CH
OCH,
.35 .30
015 . "4
Br—Br 6e

Fig. 9. Correlation diagram displaying most attractive interaction between the
LUMO (i.e. o*) of Br; and the HOMO of anisole (6e) (HOMO coefficients refer
to B3LYP/6-31G-population analysis of B3LYP/6-31 + G**-minimized wavefunction)
[159,160].

Fig. 10. HOMO coefficients of selected aromatic compounds that undergo elec-
trophilic aromatic substitution in bromoperoxidase-catalyzed oxidations (for 1:
HOMO (top left) and HOMO-1 (top center); coefficients of relative magnitude <0.10
have been omitted for clarity; for theoretical method refer to legend of Fig. 9) [160].

5.2. Selectivity in polar aprotic solvents

In polar aprotic solvents, stereoselectivity of oxidative alkene
bromination, and regioselectivity of carbon-oxygen bond forma-
tion in bromocyclization, agrees with reactivity of bromine toward
m-bonds (Scheme 17).

The reaction between bromine and an alkene follows a two-
step mechanism. Both steps leave stereochemical fingerprints. In
the first step, a cyclic bromonium ion is formed from bromine and
the alkene in a rapid irreversible reaction. Selectivity in this step is
guided by frontier molecular orbital interactions between bromine
and the m-bond of the alkene. In the second step, the cyclic bromo-
nium ion opens in a stereospecific Sy2-type reaction with bromide,
via a late and therefore product-like transition state. Charge effects
and steric repulsion between substituents are more important for
opening of cyclic bromonium ions than for their formation. In this
mechanistic picture, cycloalkene 15 provides axially dibromosub-
stituted cyclohexane 16 because nucleophilic attack at C4 furnishes
the product directly in a chair conformation (Scheme 18). Attack of
bromide at C3 leads to a high in energy, boat-like conformer, before
the structure can relax into a chair conformation, having the two
bromosubstituents bound equatorially [161].

In a similar way, selectivity of carbon-bromine- and
carbon-oxygen bond formation in bromocyclization reflects a
two-steps mechanism that proceeds via a cyclic bromonium ion
and nucleophilic opening of this intermediate by backside attack
of the hydroxyl oxygen. Carbon-oxygen bond formation from the
bromonium ion proceeds via a late transition state. Polar solvent
molecules and substituents attached to the w-bond therefore
exhibit a pronounced charge stabilizing effect to guide regiose-
lectivity of carbon-oxygen bond formation (Scheme 19). In this
mechanistic picture, bromocyclization of (E)-configured alkenol
17e gives 2,3-trans-disubstituted tetrahydropyran 19e as major
product. The phenyl group is able to stabilize positive charge,
which weakens (lengthens) the proximal carbon bromine bond, to
guide the incoming oxygen nucleophile toward the benzylic car-

HOBr + Br~ + HT <—> Br, + H,0 K" (eq. 10)
Br, + B~ *—= Br; ' (eq. 11)

Scheme 17. Equilibria between HOBr, Brz, and Br;~ in HzO [K""=1.45 x 10¥ M2
for H;0 at 20°C (1=0.1 M, pH 2.6-3.8) [145] or 1.04 x 10°* M~? in H,0 at 25°C (pH
1.5) [146]; K" =16.9M" in H;0 at 25°C [147]); 9= 10°M~" in CH3CN at 25°C;
1.5 % 107 M~" in DMC at 25°C].
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Scheme 18. Stereochemical model for explaining selectivity in the synthesis of
dibromide 16.
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Scheme 19. Mechanistic model for stereoselective synthesis of tetrahydropyran
trans-19e on the basis of sterecelectronic and polar effects via intermediate bromo-
nium ion chemistry.

bon of the bromonium ion. Regioselectivity of bromocyclizations
conducted in organic carbonates favor tetrahydropyran formation
more than alternatives using, for example, N-bromosuccinimide
or 244,6-tetrabromocyclohexa-2,5-dieneone as bromination
reagent in solutions of in dichloromethane or nitromethane
[139,141], presumably for reason of such polar effects.

To sum up, thermochemical data imply that tribromide is the
major product formed from bromide oxidation with hydrogen per-
oxide catalyzed by the vanadate(V)-dependent bromoperoxidase
from A. nodosum and from oxidations using bromoperoxidase mim-
ics in polar aprotic solutions. Tribromide, however, is a nucleophile,
asdocumented by its low group electronegativity of 1.97, compared
to bromine (2.96) and hypobromous acid (2.81)(Table 6) [162,163].
Only the electrophilic reagent bromine exhibits adequate reactivity
to explain the observed selectivities in oxidative substrate bromi-
nations using the enzyme and functional models thereof as catalyst.

6. Concluding remarks

The discovery of the bromoperoxidases completely changed our
view on organobromine formation, and challenged scientists to
uncover the mechanism of bromide oxidation under physiological
conditions. The largest body of mechanistic data so far is available
for a vanadate(V)-dependent bromoperoxidase from the brown
alga A. nodosum. This enzyme combines high affinity toward hydro-
gen peroxide and sodium bromide with stability toward organic
co-solvents. Also, the bromoperoxidase tolerates elevated tem-
perature and significant concentration of organic substrates. To

explain these characteristics, we assume that bromide oxidation
occurs at the active vandate site at some distance from electrophilic
hydrocarbon bromination, which we expect for reasons of reac-
tivity and selectivity to take place in bulk solution. We therefore
expect that the bromoperoxidase will find its place as catalyst in
synthesis, wherever a sustainable alternative to bromine in water
is needed.

The typical reaction medium for the bromoperoxidases is
ocean water. Water, however is a nucleophile and therefore able
to intercept electrophiles, to change selectivity of, for example,
alkenol bromocyclization to vicinal bromohydrin formation. In
such instances, water needs to be replaced by a polar aprotic sol-
vent. To achieve bromide oxidation in organic solvents, an alkyl
hydroperoxide generally is needed as a more lipophilic oxidant,
and peroxide activation is achieved by a functional bromoperoxi-
dase mimic instead of an enzyme. The role of the buffer to deliver
protons without changing the acid strength, is taken over in organic
solutions by 3-bromopropionic acids (pKs 4-5). Since the major
problems for application of oxidative bromination of acid labile
substrates in synthesis were solved in the course of this project,
we expect that additional examples that apply this knowledge will
be reported in the upcoming years.

By looking at the achievements of bromoperoxidase chem-
istry, future perspectives, in our opinion, will not only deal with
organic synthesis in ocean water, but also with an understand-
ing of the role, the bromoperoxidases play in secondary metabolite
synthesis. The structure-reactivity data collected in the past years
for vanadate(V)-dependent bromoperoxidases justify the assump-
tion, that electrophilic bromination possibly not always is the final
step of a (bio)synthesis [53]. For arenes, a reactivity limit seems
to exist, which is guided by the energy of the highest occupied
molecular orbital. Methods for crossing this border are not yet
discovered. Alkenols furthermore provide racemic vicinal bromo-
hydrins as major components rather than enantiopure products of
stereoselective bromocyclization [ 100]. As the scientific journey to
unravel the principles of stereoselective aliphatic carbon-bromine
bond formation in natural product chemistry continues, it might be
instructive to turn back and see how far chemistry has already come
along this way. About three decades ago, the role of organohalogens
in science and society was summarized in an excellent textbook as
follows.

Although large numbers of organohalogens are known, very
few of them occur naturally. ... Almost all of the organohalo-
gen compounds in use today are synthetic in origin. Your may
wonder why, if nature doesn't choose to make them, man elects
to do so....[164]

Nature does these experiments over and over! All it needs is the
right hypothesis and the right idea where to look!
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Summary: Vicinal dibromoalkanes and B-brominated tetrahydrofurans / tetrahydropyrans were prepared from olefins and alkenols
upon treatment with B-bromocarboxylic acids as in situ HBr-sources, tert-butyl hydroperoxide (TBHP), catalytic amounts of NaBr, and a
suitable vanadium catalyst at 30 °C. Propylene carbonate (PC) served as solvent of choice due to its low vapor pressure, availability
from renewable resources, and its excellent effects on rate and selectivity of organobromine compound formation.

Background

As part of a project on sustainable synthesis of terpene-derived brominated
secondary metabolites we were interested to apply bromoperoxidase-like catalysis in
environmentally benign solvents as alternative to alkene and alkenol brominations in
chlorinated solvents or CH,CN.""~*! In order to perform effective oxidative brominations
under approximately neutral conditions it was appropriate to replace so far used
strongly acidic HBr-sources (e.g. pyridinium hydrobromide) preferably with neutral
compounds that liberate protons and Br™ at a rate similar to oxidative consumption of
the substrates. The strategy was put into practice utilizing B-bromocarboxylic acids
(pK, 4-5) as masked HBr-equivalents.”! These compounds were available from
inexpensive bulk chemicals and decomposed preferentially in propylene carbonate
(PC) upon treatment with catalytic amounts of Br™ at 30 °C.

hydrogen bromide generation

For exploring the scope of the method, selected examples of widely distributed
substitution patterns of olefins in nature and synthesis were chosen as substrates. The
alkenes were successfully converted into the corresponding diastereomerically pure
dibromides in highly competitive yields.

Br Br
B A~ Ti9a AW/ 73% 2
Br Br Br
Br. 63%2 BrMOEt 69% b
Br o
(0] Br
59% 2 im 7%/ 80% "
Br (0]
Br

conversion. No bromination was observed in controls lacking the vanadium catalyst.

Br /7<COOH

. O VOL'(OEt),s / TBHP B ,t?f%
solvent / reductand
MBrg; /30 °C Br
entry solvent reductand MBr yield / %
1 PC CHD NBusBr 84
2 DMC CHD NBu,Br 74
3 AcOEt CHD NBu4Br 83
4 PC CHD NaBr 82
5 PC = NaBr 72

HoL' = ¢is-2,6-bis-(1,1-diphenyl-1-hydroxymethyl)-piperidine. DMC = dimethyl carbonate.

(0] Br Ke R R' # Reaction in PC. ® Reaction in AcOEt.
s e H'eB+RNAR 10 H H
O ) R " _co H™+ Br™ + Y\R : After optimization of reaction parameters with 4-tert-butylcyclohexene as reporter
i 2 R 22  CH, H L . L
H RR 50 H Ph substrate the developed approach was used to investigate selective bromocyclization
z reactions of &,e-unsaturated alcohols. Formation of tetrahydropyran products was
bromide oxidation thereby more favored than with other known bromination reagents.”
+5
2H*/2Br~ ARCH! ROOH Br COOH
Br R3 R!
R OH  VOLWOEQ)w /TBHP .\ O R' .5 O o,
ns R! e RR4 R? + g
R4
Bry + Hy0 V*5(Q0R) ROH R? PC"C';OD,’CNEB““- Br
In the presence of 3-bromo-2,2-dimethylpropionic acid, TBHP, and 1 mol % of a suitable L (o A 7 CH, AEsE 2 ()
vanadium catalyst, 4-tert-butylcyclohexene was successfully converted into a 2 CH; C)H; CHs CHs 37 (62:38) 42 (64:36)
diastereomerically pure dibromide. The use of 0.4 equiv. of cyclohexa-1,4-diene (CHD) 3 Ph H CH;s CHs 14 (41:59) 68 (96:4)
raised product yields and reduced the required time for quantitative substrate 4 H H H Ph <52 71 (<2:98)°

° Traces. © Refers to relative configuration at C2 and C3.

Brominated products were isolated by extraction of the PC phase with cyclohexane and
further purified by column chromatography or distillation. The remaining PC solution still
showed catalytic activity for bromide oxidation and could successfully be reused for a
second bromination experiment.

Conclusions

From an ecological point of view the most forward-looking approach for bromo-
functionalization of hydrocarbons comprises in situ generation of bromine from brines
and an oxidant."? The study clarified that exploitation of bromoperoxidase-like reactivity
under mild conditions for conducting bromocyclizations and vicinal dibromide formation
using the principles of oxidation catalysis and sustainable chemistry is possible.’ We
furthermore concluded that construction of more complex terpencl-derived building
blocks from acid labile precursors is feasible. The beneficial effects of CHD and organic
carbonates, in particular of PC, as solvent in peroxide-mediated vanadium-catalyzed
oxidations require further attention.
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Summary: An efficient procedure for in situ-generation of molecular chlorine via Mo(VI)- and Ti(lV)-catalyzed oxidation of chloride equivalents
with tert-butyl hydroperoxide under mild conditions is presented. Oxidation reactions were carried out in anhydrous solutions of eco-friendly
dimethyl carbonate. In presence of substituted 4-pentenols, chloride oxidations selectively furnished B-chlorinated tetrahydrofurans and -pyrans
in synthetically useful yields. The chlorination of other organic substrates like activated arenes, S-diketons, and terpenes was also feasible.

Background

Molecular chlorine is a versatile reagent, but also a toxic and corrosive gas. Storage, transport,
and handling, thus, require strict safety standards and prevent a widespread use in chemical
industry and laboratory practice. A possibility to circumvent the aforementioned safety risks is the
in situ-generation of chlorine from chloride equivalents via catalytic oxidation with peroxides. This
approach is already established for the generation of molecular bromine from bromide salts and
works well both under aqueous and anhydrous conditions."? The reaction, however, requires
activation of the peroxide by protons or Lewi id metal catalysts, to proceed with
reasonable rates at mild temperatures. In our efforts to prepare substituted tetrahydrofuran- and
tetrahydropyran derivatives from substituted 4-pentenol precursors, we were interested in
chlorocyclization reactions of the latter, whereas chlorine equivalents should emerge from
oxidation of chloride ions.”! Since strongly acidic and aqueous conditions decrease the

performance of halogen cyclizations, we ft d on the activation by metal catalysts.
OH P ==0H o}
Cl, (in situ, _Ly=Y 0.
i —..2( ) R//-v:x\‘" B —— _( + R—l/
N & ~HC! R l
= Cl cl

cl 5-exo 6-endo

Catalytic Chioride Oxidation

In parameter screenings we found that a Ti(IV)- and a Mo(VI)-complex with O,N,O-donor ligands
(see figure below), which were available from a foregoing project, efficiently catalyzed the
oxidation of chloride ions, applied as pyridinium-hydrochloride (py:HCI), with {feri-butyl
hydroperoxide (TBHP) in dimethyl carbonate (DMC) at 20 °C or 40 °C respectively.

MoO,L' TiL{OEt),

It appeared that reactions, especially chlorocyclizations, not only proceeded better under
anhydrous conditions, but also became faster and more effective under inert gas. In addition to
catalytic approaches, we reinvestigated a previously described chloride oxidation system for
arene chlorinations using KCI and Oxone in aqueous MeCN.") We were pleased to find that the
procedure worked as well in anhydrous DMC and thus, was also applicable for chlorocyclizations.

Chiorocyclizations of 4-Pentenols

Optimized procedures for in situ-generation of chloro electrophiles were subsequently adopted to
chlorocyclization reactions of substituted 4-pentenols. It became apparent that opening of the
chloronium intermediate by chloride ion was the major side reaction for the methods using
py-HCI, whereas no such reaction was observed in the KCI/ Oxone system (see below).

chloride oxidation OH cl
OH method a—c Ph-_-©:
_— - +
ph/JW DMC, 20-40°C, 24h \Q/\C' in
Cl
oxidation method yield (cis:trans) yield (like:unlike)
(a) KCI, Oxone, 30°C 72% (41:59) -
(b) cat. MoO,L", py-HCI, TBHP, 40°C 69% (42:58) 15% (50:50)
(c) cat. TIL(OEt);, py-HCI, TBHP, 20°C 53% (41:59) 34% (50:50)
- -’

The chlorocyclizations proceeded in good yields for a variety of substituted 4-pentenols and
regioselectivity of ring formation followed the same guidelines as found for bromocyclizations. "
Work-up of reaction mixtures was easily performed upon removal of the sclvent followed by
chromatographic purification of the crude product. Larger scale conversions clearly favor
catalytic methods (b) and (c) due to high generation of waste salts in the KCI/ Oxone system.

chloride oxidation 3 2
OH method a—c R? R R Ro_ R
W e —— R! O, =
RS R® DMC, 20-40°C, 24h Cl
R cl
R" R?’ R’ oxidation method yield (cis:trans)  yield (cis:trans)
Ph CH; H (a) KCI, Oxone, 30°C 78% (41:59) -
(b) cat. MoO,L', py-HCI, TBHP, 40°C 80% (38:62) -
(¢) cat. TILA(OEt),, py-HCI, TBHP, 20°C 67 % (38:62) -
H H Ph (a) KCl, Oxone, 30°C - 58% (<2:98)

(b) cat. MoO,L", py-HCI, TBHP, 40°C -
() cat. TILA(OEW),, py-HCI, TBHP, 20°C =

65% (<2:98)
74% (<2:98)

Arene Chlorinations

To expand the scope of the reaction, developed methods were further applied to chlorinations of
activated arenes. In the row of methoxybenzene, 1,3-dimethoxybenzene, and 1,3,5-
trimethoxybenzene only the disubstituted and trisubstituted derivatives showed guantitative
conversion after 24 h, whereas anisole exhibited only minor reactivity. The reaction with 1,3,5-
trimethoxybenzene, moreover, indicated that chloride utilization in the catalytic methods
exceeded 80 % (see below).

-

Q oxidation yield
chloride oxidation cl method (mono-Cl:di-Cl)
o o DMC, 20-40°C, 24h o o (b) 99% (79:21)
\ I Iy | © 99% (82:18)

oxidation methods: (a) KCI, Oxone, 30°C; (b) cat. MoO,L', py"HCI, TBHP, 40°C; (c) cat. TILXOEt),, py-HCI,
TBHP, 20°C.
Mechanistic Considerations
From an analysis of reaction products and mass balances, the generated chloro electrophile was
assumed to be molecular chlorine rather than tert-butyl hypochlorite. Further support for this
assumption was provided by chlorination reactions of 2 3-dimethylbutane under radical
conditions, with an excess of alkane substrate and irradiation with UV-light. Quantitative
determination of the mono-chlorinated reaction products showed a tertiary/ primary ratio of ~13,
which is closer to tabulated values for molecular chlorine (~4.2) than for teri-butyl hypochlorite
(~44) in neat reaction mixtures.’®

Conclusions

The study showed that in situ-generation of electrophilic chlorination equivalents via catalytic
oxidation of chloride ions with tert-butyl hydroperoxide under mild and anhydrous conditions is
feasible. Slow release of the chlorinating species in presence of substituted 4-pentenols
selectively initiated chlorocyclization reactions, which are largely unexplored to date, and
furnished B-chlorinated tetrahydrofurans and -pyrans in synthetically useful yields. Chlorination of
activated arenes proceeded in very high yields and indicated a chloride utilization of more than
80%. The chemical nature of the generated chlorination reagent most likely is molecular chlorine
as derived from mechanistic investigations on fingerprint-regioselectivities in radical alkane
chlorinations.
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