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“We must not forget that when radium was discovemedne knew that it would prove
useful in hospitals. The work was one of pure sgieAnd this is a proof that scientific work
must not be considered from the point of view efdihect usefulness of it. It must be done for
itself, for the beauty of science, and then therahivays the chance that a scientific discovery
may become like the radium a benefit for humanity.”

Marie Curie (1867-1934) Lecture at Vassar College, May 14, 1921

Teile dieser Arbeit wurden bereits veroffentlicht:

O. Aksin, N. KrauseAdv. Synth. CataR008 350, 1106-1112.






Dedicated to my parents and my husband






Acknowledgements

There are so many people who have affected me glumiyn Ph.D. thesis study and |
would like to thank every one of them.

| would like to express my deep and sincere gmgitto my supervisorProf. Dr.
Norbert KrauseHe always guided me during my professional andgl life in Dortmund. |
am grateful to him for giving me the chance to waiikh him and carry out my Ph.D. | feel
very privileged to be part of his research grouphat Dortmund University of Technology,
Germany.

Especially, | owe my loving thanks to my husbandyént. He has lost a lot due to my
research abroad in the last couple of years. Withsuencouragement and understanding it
would have been impossible for me to finish thigkvd am gratefully thankful to ALL of my
family for the support and understanding they hgiven. Every one feels that their family is
great but | am very lucky to a member of this gfaatily. My loving thanks are due to Sabine
and Peter Wenzel. They let me own a second famiydrmany.

| would like to thank Prof. Dr. Simon Woodward (Tbaiversity of Nottingham, U.K)
for reviewing this thesis, arranging an industpkcement in Solvias AG (Basel, Switzerland)
for 2 months, and giving a chance to work in hisolatory for 5 months during my Ph.D.
period. | would like to thank Woodward’s group toeir friendship and Mrs. Dorrit Tyack for
clerical help.

I am thankful to all the present and past membeksrause’s groupwho accompanied
me during my Ph.D. period with a memorable threargeparticularly to Dr. Manojkumar
Poonoth for his valuable friendship and encourageémdy special thanks are due to my
present lab mate Soumya Zouhir for her sinceradship, and past lab mates Volker Belting,
Maria Pavlova, Dr. Christian Winter and Marina Zdor providing a wonderful working
atmosphere, helps and support. | am thankful to Kogt, whenever | need his help he was
there. Thanks to Tao Sun for late night NMR measergs, Helene Unger for producing ever
optimistic ambiance, Stefan Minkler for inestimahklp, Viola Breker and Dr. Birgit Gockel
for their helps. From past members, especially geépanks to Dr. Carl Deutsch, Dr.
Yoshinari Sawama and Yuka Sawama for unforgettigiedship and encouragements.

Also thanks to Heidi Zimmermann for her unforgelgabhelp, Kerstin
Hammerschmidt-ABman and Sylvia Lessing for cleribalp. | also wish to thank Dr.
Alexandra Hélemann and her group. | would likehartk all the employees of the Chemistry
Department, particularly to, Dr. Wolf Hiller andshteam (NMR), Sylvia Marzian (LRMS),
and Dr. Nina Meszaros from HRMS team. At last, emmrs thanks to European Commission
for a Marie Curie Early Stage Researcher Trainiatjoship (MEST-CT-2005-019780) and

TU Dortmund for further financial assistance.






Abbreviations

Ac Acetyl

aqg. Aqueous

Ar Aryl

Bn Benzyl

Bz Benzoate

BMIM 1-Butyl-3-methyl-
imidazolium

Boc tert-butyloxycarbonyl

Bu Butyl

Cat. Catalytic

cod Cyclooctadiene

d Doublet

disp. Dispersion

DCM Dichloromethane

dba Dibenzylidene acetone

DBU 1,8-Diazabicyclo
[5.4.0]lundec-7-ene

dd Doublet of doublets

DCE Dichloroethane

DMAP 4-Dimethylaminopyridine

DET Diethyltartrate

dr Diastereomeric ratio

dt Doublet of triplets

ee Enantiomeric excess

e.g. For example

(exempli graid)

etc. and other things (et cetera)

equiv. Equivalent

Eq. Equation

Et Ethyl

EMIM 1-Ethyl-3-methyl-
imidazolium

GC Gas Chromatography

GC-MS

c-Hex
HRMS

HMDS
ICP-MS

i-Pr
IPr

MALDI-TOF

m-CPBA

Me
MS
Ms
mg
min

mL

Gas Chromatography
Mass Spectrometry
Gram

Hour(s)

Cyclohexyl

High Resolution Mass
Spectra
Hexamethyldisilazane
Inductively Coupled
Plasma-Mass
Spectrometry
Iso-propyl
1,3-Bis-(2,6-diisopropyl
phenyl)imidazole

lonic liquids

Infrared

Fourier transform infrared
spectroscopy
Coupling constant
MegaHertz

Molar

Multiplet

Matrix Assisted Laser
Desorption/lonization)-
Time-Of-Flight
metaChloroperbenzoic
acid

Methyl

Molecular sieve

Mesyl (methylsulfonyl)
Milligram

Minutes

Milliliter



MP
nbd

NEt;
NMR

OMIM

PG
Ph
PhP
ppb
ppm

RT

Microliter

Melting point
Norbornadiene
Normality
Triethylamine
Nuclear Magnetic
Resonance
1-octyl-3-methyl-
imidazolium
Ortho

Protecting group
Phenyl
Triphenylphosphine
Parts per billion
Parts per million
Quartet

Room Temperature

RTIL's

sat.

TPS
TBS
Tol
Tf
THF
TLC

TMEDA

TMS
p-Ts

Room temperature ionic
liquids

Singlet

Saturated

Triplet
Triisopropylsilyl
tert-Butyldimethylsilyl
Tolyl

Triflate
Tetrahydrofuran
Thin layer
chromatography
Tetramethylethylene
diamine
Trimethylsilyl

para-Toluenesulfonyl



Table of Contents

PrElaCE . 1

(O 1 =t e SO EPS 3

[} oo 11 ox 1o o SRR 3

L1 ALLENES. ...ttt e e e e e e et e e e e e e e e e e nnn e e e e e e e e n i ann e e aaaeeans 3
1.1.1. Synthesis of Functionalized AllENES .. e 5

1.1.2. Gold-Catalyzed Cycloisomerization ReactiohBunctionalized Allenes.............. 7

1.1.3. Applications of the Gold-Catalyzed Cycloisipation of Functionalized Allenes

LI I 0] = IS 1 o 1 14
1.2. 2,5-DIHYDROFURANS ... .ottt ieree ettt e et e e e rneeeasnnnaeee s 19
1.3. DEFINITION OF THE RESEARCH PROBLEM .......cceceiiiiiiiiiie e 21
(O N I PSP 23
Gold-Catalyzed Synthesis of 2,5-Dihydrofurans in Inic LiQuidS...............evvvvviviiiiiiiinnnnn. 23
2.1. INTRODUCTION ...iiiiiiieeiiiiite e et e e e s sttt e e e s snsteeaessnsseeessnneesennsneeeenans 23
2.0.0. 10NIC LIQUIAS....ciiiiieeiieeeeeeeeeet e 26
2.1.2. lonic Liquids as Solvent for Transition MeGatalyzed Reactions...................... 30
2.1.3. lonic Liquids as Solvent for Gold-CatalyZReactions ...............ccccvvvveeeeeeenninnnns 33
2.2. PRESENT STUDY ...citiiiiiiiiieeesiiiiitimemne e s e seiteeeeeaaeeaasssnsstaeereeeeessnssnnseeeeeessannnns 37
2.3. RESULTS AND DISCUSSION ....ccitiiiiiiiitimmeemreeeeeeeaaassnnnieeeeaaeeeeesssnsnssneenessnnnns 38
2.4, CONCLUSION......ciittite ettt e e e e e e e e e e e e e nae e e e ennnee s s saraeeeannnees 45
2.5, EXPERIMENTAL PART ...ooiiiiiiiiiee et emmms st e ettt e e e st a e e s nnsaaa e e s ennaennensnneeeans 45
2.5.1. Synthesis Gf-HydroxXyallenes.............ooiiiiiiiiiiiiit e 46
2.5.2. Characterization Data of Alkynyl OXiranes............ccccccvviiiiiiiiiiiiiieeeeeeeee 51
2.5.3. Characterization Data @Hydroxyallenes.............ccccoeeeiiiiiii e 52
2.5.4. General Procedure for the Gold-Catalyzed I|diy@merization of
a-Hydroxyallenes to 2,5-Dihydrofurans in 1onic Lig8i.................evvvviviiiviniiiiiiinnnnnn. 7.5
2.5.5. Characterization Data of 2,5-Dihydrofurans...................ccccccccniieneenn, 58
(O N I B PSP 62
Combined Rhodium/Gold Catalysis: From Propargyl Oxranes to 2,5-Dihydrofurans in
(O a1 o o] ST PP PP PPPTPPPRTPPRNE 62
3.1 INTRODUCTION ...ciiiiiiiesiiiiiee et e e e st e e e e annte e e e e snsseeeennneesennsneeeenans 62
3.1.1. Tandem Reactions Catalyzed by Multiple ME@talysts...............cccccevvvvvvveennne. 63

3.1.2. Tandem Reactions Catalyzed by the Combimatiésold and Organocatalysts.. 67
3.1.3. Tandem Reactions Catalyzed by the Combmati&old and Enzymes............. 70



3.1.4. Tandem Reactions Catalyzed by the Combimatib Gold and Other Metal

L0 7= Y= USSP 71
3.2. PRESENT STUDY ...iiitiiiiiiiieiiiiiiiitimmmn s e e eieiteeeee e e e e e e s ssnnstaeenaeeeessnssnnneeeaeeesannnes 72
3.3. RESULTS AND DISCUSSION ....cciiiiiiiiiitimmeemreeeeeeeeaassnnnireeeaaeeeeasssnssssneenesasnnns 75
3.4, CONCLUSION......ciittiiie e ettt e e e e e e e et e e e e nn e e ennnee s e nareeeeannnees 85
3.5. EXPERIMENTAL PART ...otitiiiiiiiie e iitiiemme ettt e e st e e e s nntaeee e s snneeaannseeeeeens 85
3.5.1. Synthesis of AlKynyl OXIranes.........ccceeevveiiiiiiiiiiieiiieeiieerireerierererr e eees 86
3.5.2. Characterization Data of Alkynyl OXiranes...............ccccccccviiiiiiiiiiiiiiieeeee, 92
3.5.3. General Procedure for the Rhodium- and @althlyzed One-Pot Synthesis of
2,5-Dihydrofurans from Alkynyl Oxiranes with Arylbonic ACidS ...............evvvvvvvinnnnns 97
3.5.4. Characterization Data of 2,5-Dihydrofurans....................ccccccciniieenenn, 97
(O N I PSR 111
SUMMIAIY ..t eeeeetti e et e e e e e e et s e+ 44 ettt e e e e e e e e e ee e eeeeeeeeee s bmaann e eeeeeeessnnnnaeeaeeenes 111
B4 8 ET= 0 0] 00T 1 = T3] U ] o 113
APPENDIX ... ceiiie ettt e e e e e e e et e e e e e e e e e et a e e e e ntaeaaan—a e e e e e nrreaeennnraaees 115
Chiral GC Analysis (Chapter 3).......eeeeeiii e eeeee et eeeeneeeeeeeeeeees 115
N[O = (@1 g =T (=T g ) PP PPPTPPPPRPN 119
Compound Characterization CheckIiSt ..o 121
Eidesstattliche ErkKIArung ... 123

(=] 1] 1= =10 | TP 125



Preface

Five-membered heterocycles are essential buildimeckb that are frequently used in the
pharmaceutical and chemical industry. The widespreaccurrence of substituted
2,5-dihydrofuran units in a number of natural pradihas led to an increased recent interest in
versatile and stereoselective methods for prepasimdh compounds. We are dedicated to
developing useful approaches that can provide aasacto a wide range of 2,5-dihydrofuran
products.

The results of our investigations in this contextni the subject matter of the thesis
entitted “2,5-DIHYDROFURANS: NEW APPROACHES BY RECYCLABLE OR
COMBINED CATALYSIS” . Each approach is discussed in the separate echajieeach
chapter, a briefntroduction of literature examples is followed kpresent studyconclusion
andexperimental partThe thesis is divided into chapters which aresgnéed as independent
units and therefore the structural formulae, sclenfigures and references are numbered
chapter-wise.

The thesis starts with brief introduction into alls and literature methods for the
synthesis of our target molecules, the 2,5-dihydaris. The definition of the research
problem is also provided at the end of this chapter

A reusable catalyst system is important for industr reduce the loss of valuable
catalysts and to avoid the formation of waste i pinocess. lonic liquids are highly useful
solvent systems for catalyst recycling becauseneir tunique properties like non-volatility,
non-flammability, thermal stability, etc. Thereforge have synthesized 2,5-dihydofurans by
gold-catalyzed cycloisomerization efhydroxyallenes in ionic liquids. The results otse
studies are presented in chapter 2.

The numbers of examples where two catalysts perfgquential organic reactions in
one-pot has been increasing in the last decadehdVe synthesized 2,5-dihydrofurans also
from alkynyl oxiranes in one-pot using a combinathtytic system by taking the advantages
of two metals: rhodium and gold. The results obthstudies are presented in chapter 3.

A summary of the work, also in German, is giverthet end of the thesis as the last

chapter.






CHAPTER 1

Introduction

1.1. ALLENES

Allened! (1,2-propadiene derivatives) are an importantsclalscompounds and have
gained increasing attraction as interesting bugdblocks in synthetic organic chemistry.
Allenes are characterized by two cumulated carbameen double bonds, and their
characteristic reactivity as well as unique stegioperties originates in the propadienyl
structures.

Allenes have been considered mostly chemical atigssfor a long period. The first
report on the synthesis of an allene carried ouBlagon and von Pechmann in 188Was an
attempt to prove the non-existence of this classoaipounds. The structure of the allene was
confirmed in 1954 by the use of IR and Raman spsctipy”!

In recent years, allenes became highly valuablernmtdiates for target-oriented
synthesis because they can undergo various tramasfions with high levels of chirality
transfer. Allenes are not only important as rea&ckigy intermediates in organic synthesis, but

also as natural products and pharmacologicallyac®mpounds (Scheme 1%).

[ a) H. F. Schuster, G. M. Coppols)enes in Organic Synthesi/iley, New York,1984 b) N. Krause, A. S. K.
Hashmi,Modern Allene ChemistrwViley-VCH, Weinheim 2004

@g s, Burton, H. v. PechmanBer. Dtsch. Chem. Ge$887, 20, 145-149.

Bl E. R. H. Jones, G. H. Mansfield, M. L. H. Whiting,Chem. Sod 954 3208-3212.

41 a) M. T. Crimmins, K. A. Emmitte]. Am. Chem. So2001, 123 1533-1534; b) N. Furuichi, H. Hara, T. Osaki,
H. Mori, S. KatsumuraAngew. Chem2002 114, 1065-1068Angew. Chem. Int. EQ002 41, 1023-1026; c)

Review: A. Hoffmann-Rdder, N. Krauséngew. Cherm2004 116 1216-1236Angew. Chem. Int. EQ004 43,
1196-1216.
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These characteristics gave rise to interest irsté¥x@oselective synthesis of allefies.

AcO

NN

=
1.4

Isodihydrohistrionicotoxin

1.2

Br Laurallene 1.3 >
Vernoniaallene H H
= — H '
\\ oH z o Ha9C14 CgH17
\ y\‘? 1.7
1.5
07F275 ' OH H H
HO > N
COOH _
1.6 H17Cs
Grasshopper Ketone 1.8 CO,Me

Pharmacologically active allenes

X H
- CO;Me
)i\ X ] )\/OH
/ //,(.
N

1.9 ) 1.10 1.11
Enprostil Cytallene

Scheme 1.1Allenic natural products and pharmacologicallyiactllenes.

Bl Reviews: a) R. Zimmer, C. U. Dinesh, E. NandanarA.RKhan, Chem. Rev200Q 100, 3067-3125; b) J. A.
Marshall,Chem. Re\v200Q 100, 3163-3186; c) A. S. K. Hashringew. Chen200Q 112, 3737-3740Angew.
Chem. Int. Ed200Q 39, 3590-3593; d) N. Krause, A. Hoffmann-Réddndern Organocopper Chemist(d.:
N. Krause), Wiley-VCH, Weinhein2002 145-166; e) A. Hoffmann-Réder, N. Kraugeygew. Chem2002
114, 3057-3059Angew. Chem. Int. EQ002 41, 2933-2935; f) N. Krause, A. Hoffmann-Rdd€&getrahedron

2004 60, 11671-11694.



1 Introduction

1.1.1. Synthesis of Functionalized Allenes

Allenes can be synthesized by a number of procedd@reAmong functionalized
allenes, a-hydroxyallenes play a particular role in organyntbesis since they can be
converted under mild conditions into 2,5-dihydraifios and other hetero-substituted allenes.

Various transition metals can be used for thbydroxyallene formation by \2'-
substitution of propargylic electrophiles (estéxaljdes, oxiranes, sulfonates, ett§:>*"

The S2'-substitution of propargylic oxiranes with organetallic reagent¥ is one of
the most successful procedures.g( copper-mediatéf>®” or -catalyzet) for the
stereoselective preparation of substituted 2,3iallewith highanti-selectivity in most cases.
However, Alexakist al revealed a strong halogen effect on the sterectbéty (anti vs.syn
with Grignard reagentd, and Oehlschlager and Czyzewskaal also reported thatyranti
mixtures are formed in the absence of any additivits organocupraté®” Moreover, the
Sv2'-substitution of propargylic oxiraneks12 with lithium dialkylcuprates in the presence of
additives like phosphines and phosphites led tddahmation of reduction produdt14rather
than the substitution produttl3(Scheme 1.2).

H
)\/OH
RCu R\('
—
1.13
H
H

!

H
R .
R,CuLi .- oLi
R—CU\%'
H [ HO \’%.

1.12 H 114

OH

Scheme 1.25,2’-substitution of propargylic oxiranes with lithiudialkylcuprates.

6] 5) 5. MaChem. Rev2005 105 2829-2872; b) S. M&ure Appl. Chem2006 78, 197—208.

[ k. M. Brummond, J. E. DeForeSynthesi2007, 795-818.

(6] a) A. Alexakis, I. Marek, P. Mangeney, J. F. Nontpd etrahedron1991, 47, 1677-1696; b) C. Deutsch, B. H.
Lipshutz, N. KrauseAngew. Chen2007, 119 1677#1681;Angew. Chem. Int. EQ007, 46, 1656-1653; c) C.
Deutsch, B. H. Lipshutz, N. Kraus@rg. Lett.2009 11, 5010-5012; d) X. Tang, S. Woodward, N. Krau&eyr.

J. Org. Chem2009 2836-2844.

(o] a) I. Marek, P. Mangeney, A. Alexakis, J. F. Nontpdetrahedron Lett1986 27, 5499-5502; b) A. Alexakis, .
Marek, P. Mangeney, J. F. Normadt,Am. Chem. S0d.99Q 112 8042-8047; c) |. Marek, A. Alexakis, P.
Mangeney, J. F. NormarBull. Soc. Chim. Fr1992 129, 171-190.

[10] A. C. Oehlschlager, E. CzyzewsHKatrahedron Lett1983 24, 5587-5590.
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Palladium-catalyzed reactions of propargylic oxémmwith organozing}’ -stannané?
and -boron reagentd and carbon monoxiéfd also yielded allenols withnti-selectivity.

synSelective §2’-substitutions of propargylic oxirandsl5to forma-allenolsl.16can
also be achieved with Grignard reagents under gatalysis with 55-98% vyield (Scheme
1.3)! The diastereoselectivity is higher in a hydrocarkolvent than in an ether medium.
This is explained by the precoordination of the gety atom of the oxirane ring to the iron
and/or the Grignard reagent and a “directed” dejivaf the nucleophile to the alkyne which

leads to the formation of theallenol.

R? R
R? é 5 mol% [Fe(acac)s] 2 /I//' 4
o 0 3 R \/° R
R*MgX, toluene, -5 C z
R3 3/\OH
1.15 R'= H, Me, Ph, CH,0H 1.16, 55-98%
R*= alkyl or aryl
[Fe] H*
Rl
Rl
_ y
R2 /A\ Rz ///, 4
\/ : R
—_——
(o} /R“ /
Ri [Fel rs” OlFel

Scheme 1.3lron-catalyzed reaction of an alkynyl oxirane w@hignard reagents.

Excellentsynselectivity was also achieved in the rhodium-getedl $2’-substitution
with arylboronic acid$® However, alkyl- and alkenylboronic acids failedrémct under these
conditions. A phenylrhodium(l) species is generatdry transmetalation of a
hydroxorhodium(l) intermediate with.18 Then, cis-1,2-addition of the phenylrhodium(l)
species to1.17 takes place to afford the alkenylrhodium(l) intediate A. The
precoordination of the oxygen atom of the oxiraimg 1to rhodium contributes to the high

stereoselectivity as well as the high reactivitybSquenp-oxygen elimination occurs in a

1
[1
[1
[1

1

Ty, Kleijn, J. Meijer, G. C. Overbeek, P. Vermerec. Trav. Chim. Pays-Ba982 101, 97-101.
]J. Kjellgren, H. Sunde’n, K. J. Szab®  Am. Chem. So2005 127, 1787-1796.
]
]

w N

M. Yoshida, H. Ueda, M. lhardetrahedron Lett2005 46, 6705-6708.

J. G. Knight, S. W. Ainge, C. A. Baxter, T. P. EaastmS. J. Harwood]. Chem. Soc., Perkin Trar00Q 1,
3188-3190.

(ST 5 Firstner, M. MendeZAngew. ChenR003 115 5513-5515Angew. Chem. Int. E@003 42, 5355-5357.
(6] T. Miura, M. Shimada, S.Y. Ku, T. Tamai, M. Murahkia Angew. Chen007, 119, 7231-7233Angew. Chem.
Int. Ed.2007, 46, 7101-7103.

N
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synmode to open the oxirane ring. Protodemetalatioth® resulting rhodium(l) alkoxidB
released the produtt19(Scheme 1.4).

Ph Me
Me _ /=
Z 5 mol? Y 7 ph
+ PhB(OH), 2.5 mol% [Rh(nbd)Cl], e
0.6 iv. KOH
© THE RT, 2h *
81% OH OH
1.17 1.18 anti 1.19, syn
(syn/anti =99:1)
Rh'(OH) 1 H*
transmetalation
Me Ph Me
/:\
PhRH — 117 mni _B-oxygen 2 Ph
addition O/ elimination
ORh'
A B

Scheme 1.4Rh(l)-catalyzed reaction of an alkynyl oxiranewithenylboronic acid.

1.1.2. Gold-Catalyzed Cycloisomerization Reactionsf Functionalized

Allenes

Allenes are a fertile ground for new reactivityittramolecular nucleophilic additions.
A series of five- and six-membered heterocycles lmamronstructed using the gold-catalyzed
cycloisomerization of allenes bearing nucleophitesuding alcohols, esters, ketones, thiols,
sulfonamides, amines, and amidés.

Krauseet al showed thati-hydroxyallenesl.20 are converted into the corresponding
2,5-dihydrofurand.21 by using 5 mol% of gold(lll) chloride as catalyttroom temperature.
This cyclization method was applied to alkyl- atkkayl-substituted allenes, which furnished
tri- and tetra-substituted dihydrofurans in goocekmellent chemical yield and with complete

axis-to-center chirality transfer. Various funct@bngroups €.g, carbonyl groups, free

(7 a) H. C. ShenTetrahedron2008 64, 3885-3903; b) N. Bongers, N. Kraugeygew. Chem2008 120, 2208—

2211;Angew. Chem. Int. E@008 47, 2178-2181; ¢) R. A. Widenhoef&@hem. Eur. J2008 14, 5382-5391.



1 Introduction

alcohols, acid-sensitive protecting groups) areertded under these conditions (Scheme
1.5)18

R3 R3

IIII

2 4 I
R //,‘4' R 5 mol% AuCl; R2 = N\S R4
CH,Cly, RT 7

Rl OH R! (@]

R H, t-Bu, H,C=CH(CH,),
R2: H, Me, n-Bu, n-Hex
1.20 R3: H, Me 1.21, 24-95%
R* CO,Et, CO,Me, CH,0OH,
CH,OTBS, CH,OMe

Scheme 1.5Gold(l1l) chloride-catalyzed cyclization efhydroxyallenes to 2,5-dihydrofurans.

Krauseet al also developed an efficient and stereoselectild(f)-catalyzed éndo-
trig cycloisomerization of varioug-hydroxyallenesl.22 to the corresponding dihydropyrans
1.23 at room temperature in good chemical yields witls-#0-center chirality transfer. Both
gold(l) and gold(lll) were found to be efficientqmatalysts and no trace of theeXoisomer
could be detected (Scheme 1'8).

R3
5 mol% AuCl
R? R4 -
//,‘4‘ 5 pyridine, CH,Cl,
1 R or 5 mol%
R* HO” “R®  PhyPAUCIAgBF,
Toluene, RT RS RS
1.22 1.23, up to 84%

Scheme 1.6Gold-catalyzed cycloisomerization @fhydroxyallenes to dihydropyrans.

In 2006, Widenhoefeet al reported thay-hydroxy ands-hydroxyallenes undergo Au-
catalyzed intramolecular hydroalkoxylation withirinmtes at room temperature to form the
corresponding oxygen heterocycles in good yieldhwilgh exaselectivity. Reaction of the
v-hydroxy or &-hydroxyallene 1.24 with a catalytic 1:1-mixture of [Au{R{Bu),
(o-bipheny)}CIl] and AgOTs at room temperature gauge t2-vinyltetrahydrofuran or
2-vinyltetrahydropyrarl.25in 91% and 98% vield, respectively (Scheme $%).

(18] a) A. Hoffmann-Rdoder, N. Kraus®rg. Lett. 2001, 3, 2537-2538; b) N. Krause, A. Hoffmann-Rd&der, J.

Canisius,Synthesi®002 1759-1774; c) C. Deutsch, A. Hoffmann-Rdder, A. RemN. KrauseSynlett2007,
737-740; d) C. Deutsch, B. Gockel, A. Hoffmann-RabkerKrause Synlett2007, 1790-1794.

M98 Gockel, N. KrauseDrg. Lett.2008 8, 4485-4488.
[20] Z. Zhang, C. Liu, R. E. Kinder, X. Han, H. Qian, R.\AidenhoeferJ. Am. Chem. So2006 128 9066-9073.
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= Ph

OH = 5 mol% Au[P(t-Bu),(o-biphenyjcl P! o/
) 5 mol% AgOTs
n
Ph Toluene (0]
Ph n=1, 91%
n= 2, 98%
1.24 1.25

Scheme 1.7Gold(l)-catalyzed intramolecular hydroalkoxylatiofiy- or 5-hydroxyallenes.

In 2007, Widenhoeferet al also reported gold(l)-catalyzed intramolecular
enantioselective hydroalkoxylations of allen&26 for the synthesis of optically active
tetrahydrofuran and tetrahydropyran derivati¥e28 with higheés at -20 °C.This is the first

example of catalytic enantioselective hydroalkotigla of allenes catalyzed by chiral gold
catalysts (Scheme 1.8§

Rl
OH /%5 2.5 mol% [Au] 1.27 Ph Ph L
5 mol% AgOTs / R
) n Toluene, -20 €
(e}
ph Ph [ t-Bu ]

Cl n=1, 67%, 93% ee
O ' @io'\"e n= 2, 96%, 88% ee
;?\u
1.26 MeO "p1 t-Bul

2 1.28

MeO,, P t-Bu]
O Au @

Scheme 1.8Gold(l)-catalyzed intramolecular enantioselectiyeroalkoxylation ofy- or 3-
hydroxyallenes.

Tosteet al then reported that the use of chiral counterioather than chiral neutral
ligands, could provide high enantioselectivity imramolecular hydroalkoxylation of allenes.
2 The dinuclear gold complex bearing the bis(diphgmysphinomethane) ligand (dppm)
with a chiral Binol-derived phosphoric acid couidar proved as a most favourable system
and provided tetrahydrofurdn29from 1.31in 90% yield and 97%e

[21]

Z. Zhang, R. A. WidenhoefeAngew. Chen007, 119, 287—-289Angew. Chem. Int. EQ007, 46, 283—285.
[22]

G. L. Hamilton, E. J. Kang, M. Mba, F. D. TosBeience2007, 317, 496—499.
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When applying the chiral counterion strategy toghantioselective hydrocarboxylation
of allenes, neither chiral phosphine ligands naratforganophosphate counterions provided
high enantioselectivity except the use of bothathtomponents together in the cyclization of
1.32toy-lactonel.33(Scheme 1.9f2

2.5 mol% [(AuCl),dppm],
5 mol% 1.30
OH ="
K/// benzene

1.29
Me
2.5 mol% L(AuCl),
. 5 mol% 1.30
= Me
benzene
1.32

O™ “oH

Scheme 1.9Chiral counterion strategy in hydroalkoxylatiordamydrocarboxylation of allenes.

Krauseet al discovered the highly efficient synthesis of dibydrothiophene4.35 by
stereoselective cycloisomerization wthioallenesl.34 which is the first example of a gold-
catalyzed carbon—sulfur bond formation. Both g9lafid gold(lll) salts can be employed as
the precatalyst, with AuCl and Aul giving the highgields. However, coordination of the
gold catalyst to the sulfur atom of thethioallenes is probably more prominent than its

coordination to the other heteroatoms, causingvaiaeactivity (Scheme 1.18§!

R? R2
' H
Rl . R3 -
\_y ! 5 mol% AuCl Rl 1 R3
|i| SH CH2C|2, RT \\\ S
R i-Pr, n-Hex, H,C=CH(CH,),
R2: H, Me
1.34 R3: H, CH,OMe, CH,OBn, 1.35, 43-87%

4-CF3CgH4OCH,

Scheme 1.10Cycloisomerization oé-thioallenes to 2,5-dihydrothiophenes.

(23] N. Morita, N. KrauseAngew. Chen006 118 1930-1933Angew. Chem. Int. EQ00G 45, 1897-1899.
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1 Introduction

Krause et al also reported that gold-catalyzedeldaedig cyclization of various
a-aminoallened.36gave the corresponding 3-pyrroline87in good to high chemical yields
(61-95%) and full chirality transfer. The low reatly of the intramolecular hydroamination
of unprotectedo-aminoallenes with AuGlwas improved by use of gold(l) halides as the

precatalyst (Scheme 1.14%.

Me Me
H H OR?
l \
R\/. WY g2 Au(l) or Au(ill Rl\lfg‘"'/
u NHPG SN
H RL: Me, i-Pr, n-Hex, Ph H \
RZ: Bn, TBS PG
1.36 PG: H, Ms, Ts, Ac, Boc 1.37, 61-95%

Scheme 1.11Gold-catalyzed cycloisomerization @faminoallenes to 3-pyrrolines.

Yamamoto et al. have shown results concerning the Au(l)- or Ajghtalyzed
intramolecular hydroamination of alleng38leading to pyrrolidines and piperidin&s39in
high yields (Scheme 1.12, Eq. 4!

Tosteet al reported the first example of gold-catalyzed ¢ingelective intramolecular
hydroamination of allenes for the synthesis of isybstituted pyrrolidines and piperidines
1.40 with high e€s. Phosphinegold(l)-big-nitrobenzoate complexes were used as catalysts.
This process was restricted ballenyl sulfonamides that have a terminally digitbsed
allenyl moiety.N-allenyl carbamates failed to undergo hydroamimatinder these conditions
(Scheme 1.12, Eq. F™

Later, Widenhoeferet al have demonstrated gold(l)-catalyzed enantiose&ect
hydroaminations oN-allenyl carbamates with a wide range of allenesadion ofN-allenyl
carbamatd.41with a catalytic 1:2 mixture df.42and AgCIQ in m-xylene at -40 °C for 24 h
led to the formation of 2-vinylpyrrolidind.43in 80-99% yield with 34-91% e Both the
enantio- and diastereoselectivity were sensitivesubstitution on the alkyl chain (Scheme
1.12, Eq. 3>

24] a) N. Morita, N. KrauseQrg. Lett.2004 6, 4121-4123; b) N. Morita, N. Krausgéur. J. Org. Chem2006
4634-4641.

[25] a) N. T. Patil, L. M. Lutete, N. Nishina, Y. Yamatn, Tetrahedron Lett2006 47, 4749-4751; b) R. L. La
Londe, B. D. Sherry, E. J. Kang, F. D. Toste Am. Chem. SoQ007, 129, 2452-2453; c) Z. Zhang, C. F.
Bender, R. A.WidenhoefeQrg. Lett.2007, 9, 2887-2889.
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jan
1 mol% AuCl CsHy1
NHTs =7 / (Eq. 1)
CH,Cl,
) N
n Ts
1.38 1.39,n=1, 99%
n=2, 53%
Rl R2 Rl
. [Au] R? )R
NHTs = R (Eq. 2)
) N
n Ts
R?2 R2 1.40, 41-99%,
74-99% ee
Rl RZ Rl
2.5 mol% 1.42
5 mol% AgClo, _ R” Vs
NHCbz ="~ "Rl Mo AgL s (Eq. 3)
m-xylene
N
o [ tBu ] Chbz
R® R® 141 A OMel 143, up to 99%,
1,04 up to 91% ee
MeO PL t-Bul ,
MeO, IID\' t-Bu]
g eu@
OMe
1.42 cl L t-Bu ds

Scheme 1.12Gold-catalyzed intramolecular hydroamination déaés.

Lee et al showed that the gold(lll)-catalyzed intramoleculaydroamination of

4-allenyl-2-azetidinone$.44in CH,Cl, afford the bicyclicB-lactam product4.45in 65-85%
yield (Scheme 1.13§®

R =
WwH 5 mol% AuCly
TBSO NH CH,Cl,
H
(0]
1.44 1.45, 65-85%

Scheme 1.13AuCls-catalyzed cyclization of 4-allenyl-2-azetidinones.

[26] P. H. Lee, H. Kim, K. Lee, M. Kim, K. Noh, H. KinD. SeomoonAngew. Chem2005 117, 1874-1877;
Angew. Chem. Int. EQ005 44, 1840-1843.
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Backvall et al. developed the cyclization of allene-substitutealanatesl.46 by the
intramolecular hydrocarboxylation of allenes leadito the correspondin@,y-unsaturated
8-lactonesl.47in 61-99% vyields (Scheme 1.14J.

RZ
MeO o) R2 5 mol% AuCls O 9 R3
15 mol% AgSbF
Meozc;i/ 2\ ~92 0 MeO,C
7 NRgs  ACOH, 70T _—
Rl Rl
1.46 1.47, 61-99%

Scheme 1.14Gold-catalyzed formation d¢¥y-unsaturate@d-lactones.

In 2005, Gevorgyaret al reported the cyclization of haloallenyl ketohel8 with
divergent product distributions favouring eithied9 or 1.50 depending upon the oxidation
state of the Au precatalyst (Scheme 1.15, Eq. dbstates can contain iodide, bromide, or
even chloride to a lesser extent, providing yieltsging from 48-97%. They also found if the
halogen is replaced with two alkyl groups, an unpdented 1,2-alkyl shift is taking place, but
harsher reaction conditions are necessary to otitaimulti-substituted furaris51in 10-94%
yield (Scheme 1.15, Eq. %

Br
// Br
1 mol% EtzPAUCI _—+=" 1 mol% AuCl
[ D i R GE
o toluene toluene
CgH17 CgHaz e) CgH17 ©
1.49 1.48 1.50
RS R3
R2 %\ R
. 0,
R4 5 mol% Ph3PAuOTf N | \ R (Eq. 2)
- Toluene, 100 C 1 o)
@) RL-R?= Ph, alkyl
R3=H, Me 1.51, 10-94%
R*= Ph, Me

Scheme 1.15Gold-catalyzed synthesis of halofurans and muiltissituted furans.

[27]

J. Piera, P. Krumlinde, D. Strubing, J. E. Backvatg. Lett.2007, 9, 2235-2237.
[28

1 a) A. W. Sromek, M. Rubina, V. Gevorgyah,Am. Chem. So2005 127, 10500-10501; b) A. S. Dudnik, V.
GevorgyanAngew. Chen007, 119 5287-5289Angew. Chem. Int. E@007, 46, 5195-5197.
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1 Introduction
Che et al reported the gold(lll) porphyrin-catalyzed cyslmerization of allenones

1.52 to the corresponding furaris53 in good to excellent yields (81-98%). The Au(lll)

catalyst was recycled ten times with TON up to 8@¢theme 1.165”
Ph

2 _— 2
R DRre 1molok (TPP)AuC R \
10 mol% CF3COOH, | R3
R o acetone, 60 T R o TPP= Ph Ph
1.53, 81-98%
Ph

1.52

Scheme 1.16(TPP)AuCl-catalyzed cycloisomerization of allensne

Hegeduset al showed efficient gold-catalyzed cyclizations dfiral y-substituted
allenamidesl.54 to the highly functionalized dihydrofuraris55in 78-87% yield (Scheme

1.17)B0

™S
o = f

/
T™MS '/\N//< 5 mol% PhsPAUCI/AgBF, 0o NJ<

o)

L/ CH,Cly, RT L
R™ YonpPh = g
o Ph
1.55, 78-87%

Scheme 1.17Gold-catalyzed cyclization gfsubstituted allenamides.

1.1.3. Applications of the Gold-Catalyzed Cycloisosrization of

Functionalized Allenes in Total Synthesis

Gold-catalyzed reactions have already been utilirethe total synthesis of various
natural product§8” Functionalized allenes also have been utilizedeirent years as highly

versatile precursors for natural products by talkadgantage of their inherent chirality and

high reactivity in such diverse transformations addition, cyclization/cycloaddition,

291 ¢ _y. Zhou, P. W. H. Chan, C.-M. CHerg. Lett.2006 8, 325-328.
BO ¢ 3. T. Hyland, L. S. Hegedus,Org. Chem2006 71, 8658—8660.

] a) M. D. Bachi, A. MelmanJ]. Org. Chem1997 62, 1896-1898; b) K. Sato, N. Asao, Y. YamamatoQrg.
Chem.2005 70, 8977-8981; c) H. H. Jung, P. E. FloreandigDrg. Chem2007, 72, 7359-7366; d) Y. Li, F

[31
Zhou, C. J. ForsythAngew. Chem2006 119, 283-286;Angew. Chem. Int. ER007, 46, 279-282; e) X
Linghu, J. J. Kennedy-Smith, F. D. Tosfmgew. Chem2007, 119, 7815-7817Angew. Chem. Int. EQ007,

46, 7671-7673; f) Review: A. S. K. Hashmi, M. Rudolgthem. Soc. Re2008 37, 1766-1775.
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1 Introduction

cycloisomerization, and cross-coupling reactitisThere are some total syntheses including
the gold-catalyzed cycloisomerization of allenescivtare discussed briefly in this section.
Krause et al reported the first enantioselective total syntéisesf thep-carboline
alkaloids (-)-isochrysotricing.58 and (-)-isocyclocapitelling.57, taking the advantage of the
gold-catalyzed cycloisomerization efhydroxyallenel.56 Due to the stereo-divergent nature

of the approach, both enantiomers are accessibtbe same route (Scheme 1.£8).

/ MeM AUC|3
Me,//.M € (0.05 mol%) 1. H,, PdIC
1, OH — —_»
/J/ HO THERT  gno Me 2. Dess-Martin - oy~
) 2 periodinane
BnO 2 HO Me
1.56 97%, 98% ee

1.58 1.57, 53%, >98% ee
(9)-Isochrysotricine (9)-Isocyclocapitelline

Scheme 1.18Total synthesis of (—)-isocyclocapitellites7 and (—)-isochrysotricing.58

In 2002, Krauseet al reported the gold-catalyzed cycloisomerization tbe
a-hydroxyallenel.59 to the corresponding dihydrofuran60 which can be converted into
citreoviral 1.61, a metabolite and synthetic precursor of the mydatcitreoviridin (Scheme
1.19)ev!

Me Me Me
%[\/ AuCl;
Me,, _+ OTBS (5 mol%) —\ Me _ —\ ,Me cHo
CH Cl \\\ ’//
Me~ “OH  1.59 1.60, 80% 1.61 Me
Citreoviral

Scheme 1.19Synthesis of racemic citreoviral61by gold-catalyzed cycloisomerization.

[32]
[33

N. Krause, A. S. K. Hashniijodern Allene Chemistrwiley-VCH: Weinheim, 2004 Vol. 2

1 a) F. Volz, N. KrauseQrg. Biomol. Chem2007, 5, 1519-1521; b) F. Volz, S. H. Wadman, A. Hoffmann-
Roder, N. KrauselTetrahedror2009 65, 1902-1910.
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1 Introduction

Krause et al applied the same strategy in the gold-catalyzgdlization of
a-hydroxyallenesl.62 as the key step to synthesize novel bicyclic famaycin analogues

1.63as mixture of two diastereomers (Scheme 1°20).

AuCl
%NBOC 3
(0] (1 mol%)
H THF, RT BocHN = HoN =
n-Bu HO o HO,C 0
HO H H
n-Bu n-Bu
1.62 89% 1.63

Furanomycin analogues

Scheme 1.20Synthesis of furanomycin derivativé$3by gold-catalyzed cycloisomerization of
hydroxyallenes.

Reissiget al. demonstrated the utility of theeésidocyclization ofa-hydroxyallenel.64
with AuCl/pyridine to obtain dihydrofurah.65 which upon allylic oxidation and deprotection

furnished the racemic natural prodacs6with good overall efficiency (Scheme 1.3%H).

o o < <
\)J\)J\ T = oH
OMe OMe =
o Li&
I
N OMe

93% 1.64

AuCI (5 mol%)
pyridine, CH,Cl,

O o e — o
A3 T D

OMe OMe

1.66, 51% 1.65, 72%
(#®-Annularin H

Scheme 1.21Gold-catalyzed total synthesis of (+)-annularii i86

B4 5, Erdsack, N. Kraus8ynthesi®007, 23, 3741-3750.

B5I'\. Brasholz, H. U. Reissiggynlett2007, 8, 1294-1298.
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1 Introduction

Nelson et al reported an enantioselective total synthesis—gfri{azinilam 1.68 by
utilizing a gold-catalyzed annulation of enantioroalty enriched allend.67 with high yield
andee(Scheme 1.22§°

72 N/\\ /N
_ PhsPAUCI/AGOTY /
H

s,

S 5 mol%
.// Et N Et = ——
f MeOZC |
MeO,C Me
Me
1.67 92% 1.68, 96%, 94% ee

(9-Rhazinilam
Scheme 1.22Gold-catalyzed total synthesis of (-)-rhazinilar68
In 2009, Krauseet al reported the first total synthesis & RR)- and (R559R)-

bejarol 1.731.74 by application of gold-catalyzed cycloisomerizatiof the enantiomerically

purep-hydroxyallenedl.691.70to the corresponding dihydropyrah§1/1.72 as the key step

(Scheme 1.23§"
Me Me
N e, 9 ; — N e OH
X o O A o =

Ph3zPAUCI/AgBF, 1.71, 50% 1.73 )
(5 mol%) (R,R,R)-Bejarol

Me THF, RT,2h Me Me
X
m.\ m . [ = " 3
// z o N 4, =
N"oH Ve "0 ”'/k/ o
1.70

\EO
o><:> 1.72, 35% 1.74

(3R,5S,9R)-Bejarol

Scheme 1.23Total synthesis ofR R R)- and (3R,559R)-bejarol by gold-catalyzed cycloisomerization
of theB-hydroxyallened.731.74

[36]
[37]

Z. Liu, A. S. Wasmuth, S. G. Nelsah,Am. Chem. So2006 128 10352-10353.
Y. Sawama, Y. Sawama, N. Krau§#g. Biomol. Chem2008 6, 3573-3579.
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Kocienski et al. accomplished a synthesis of ionomycin calcium glem1.77 in 33
steps from aldehyde in 0.68% overall yield. On¢hef noteworthy features of their approach

was a highly stereoselective gold(lll)-catalyzed cloysomerization reaction of
a-hydroxyallenel.75to 2,5-dihydrofurari.76 (Scheme 1.24§%

AUC|3

<y Me (1 molo)
—_—

HO

>...I

Tun
O

Zunn

OH THF

Me € oTBS

=
~
o

Me Me Me Me

1.77
lonomycin Calcium complex

Scheme 1.24Synthesis of ionomycin Calcium complgx’7.

Krauseet al and Murakamet al achieved a total synthesis of ()-boivinianii BOin
a traditional multi-flask sequence with the goldatyzed cycloisomerization of theallenol

1.78to 2,5-dihydrofuranl.79 and subsequent the iridium-catalyzed hydrogengi8uoineme
1.25)8

Me Me Me Me
oo i 0, = e, T, o
//,/,‘/- OH — "~ //,//,Q\\\kOHZY—[r]> //,}Q\\\kOH
Me me O H Mé O H
1.78 1.79, 75% (dr = 94:6) 1.80, 76% (dr = 94:6)
(%)-Boivinianin B

Qun
I

Scheme 1.25Rhodium/Gold-catalyzed synthesis of (+)-boiviniafi 1.80

8] 7. Gao, Y. Li, J. P. Cooksey, T. N. Snaddon, SwuB&, E. M. E. Viseux, S. M. McAteer, P. J. Kocikins
Angew. Chen009 121, 5122-5125Angew. Chem. Int. EQ009 48, 5022-5025.

39 T. Miura, M. Shimada, P. de Mendoza, C. Deutschkiduse, M. Murakamij. Org. Chem2009 74, 6050—
6054.
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1.2. 2,5-DIHYDROFURANS

Substituted five-membered heterocycles are a siralictcomponent of various
biologically active natural or non-natural composing,5-Dihydrofurans and their derivatives

bearing stereogenic centers in 2,5-positions acetstral subunits that are frequent in a wide

variety of natural products which find applicatiaa pharmaceuticals, flavour and fragrance
gl’()c,d

compounds. They can be found in mycotoXiffs’ polyether antibiotic§°? spiroketald?°®

and even amino acidfé!

Me
—\ M
® cHo
S 7, % H2N =
Me O ™
et Me HO,C o
: H
Citreoviral n-Bu
1.63

Furanomycin analogues

// \< = = = =
WAToH e we ot e
Me H

o 1.77
1.81 lonomycin Calcium complex
(+)-Linalooloxide

1.58
(9-Isochrysotricine

(+)-Varitriol

Me
Q. P
Me (o) H
1.80 e OMe
rac-Boivinianin B (9)-Isocyclocapitelline (H-Annularin H

Scheme 1.26Various natural products with 2,5-dihydrofuranlbinig block or key step in synthesis.

401 a) B. Franck, H.-P. GehrkeAngew. Cheml98Q 92, 484-486Angew. Chem. Int. EA98Q 19, 461-462; b)

M. Ganguli,L. T. Burka, T. M. HarrisJ. Org. Chem1984 49, 3762-3766; c) T. L. B. BoivinTetrahedron
1987, 43, 3309-3362; d) U. Koert, M. Stein, H. Wagn€hem. Eur. J1997, 3, 1170-1180; e) F. Perron, K. F.
Albizati, Chem. Rev1989 89, 1617-1661.
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As a consequence, the development of syntheticoappes to functionalized 2,5-
dihydrofurans is of major interédt Transition metal-catalyzed reactions are the most
attractive methods, since those reactions can mmtstomplex molecules from readily
available starting materials under mild conditiolms addition to the conventional palladium
and silver catalysté? gold complexes are powerful tool for the synthes$ig,5-dihydrofuran.

Liu et al reported the Au(lll)- or Au(l)-catalyzed cyclizan of (£)-enynolsl.81, which
offers an efficient and straightforward route tghiy substituted furan$.83 or dihydrofurans

1.82depending on the nature of thedRoup under mild reaction conditions (Scheme 13%)

R? R® R* R% R3
—\ R! [Au] . _R® [Au] / \
B —— _—

— Rl_ Ikyl 2_ é Rl Rlz H 2
o ) = alkyl, R?= aryl RS o R

5 R HO™ "R? RS

R
1.82, up to 97% 1.81 1.83, up to 92%

Scheme 1.27Efficient synthesis of substituted dihydrofurdn82and furand.83

Gagoszet al reported the gold-catalyzed synthesis of 2,5dlibfurans1.85 from
substituted butynediol monobenzoate84 with high yield (Scheme 1.28}!

oH OBz
Ph3PAUNTT, —
/ Rl 3 2 R3
BzO 2 CH,Cl,
RS R2 (0) Rl
2
R 1.84 1.85, 83-99%

Scheme 1.28Au(l)-catalyzed synthesis of 2,5-dihydrofurdn85

4 Reviews: a) T. G. Kilroy, T. P. O'Sullivan, P. Jui@, Eur. J. Org. Chem2005 4929-4949; b) M. Brichacek,
J. T. NjardarsonQrg. Biomol. Chem2009 7, 1761-1770.

(421 2) 3. A. Marshall, G. S. Bartley, Org. Chem1994 59, 7169-7171; b) J. A. Marshall, X. J. Warig,Org.
Chem.199], 56, 4913-4918; c) L.-I. Olsson, A. Claess@ynthesid979 743-745; d) O. Lepage, E. Kattnig, A.
FurstnerJ. Am. Chem. So2004 126, 15970-15971; e) A. Furstner, E. Kattnig, O. Lepdg Am. Chem. Soc.
2006 128 9194-9204; f) M. P. Van Brundt, R. F. Standa@ery. Lett.200Q 2, 705-708.

431y Liu, F. Song, . Song, M. Liu, Bran, Org. Lett.2005,7, 5409-5412.
44 A, Buzas, F. Istrate, F. Gago€xg. Lett,2006 8, 1957—1959.
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1 Introduction

Among the established methods, the cyclization efhydroxyallenes to
2,5-dihydrofuran with defined absolute/relative fgarations is valuable for the total
synthesis of the natural products. The gold-catalygynthesis of 2,5-dihydrofurans from
a—hydroxyallenes and their role in the total synithes the natural products were shown in the

previous sectioff?3033:34:35:38.39

H R® R
LS .
R, [\ H 3
, o R 1y, 4
RZ" Yo~ "R* ‘/ OH "
[Au] R2
1.21 1.20
H+
[Au]? RS 3
) [Au] H
R, /7 \ .H S
7 + \ Rll/;// : R4
R2Y o~ YR* A/
: RZ»\_/OH

Scheme 1.29Proposed mechanism for the gold-catalyzed cyahésiation ofa-hydroxyallenes.

The cycloisomerization for the-hydroxyallenesl.20to the 2,5-dihydrofuran.21 can
be explained with the proposed mechanism showrthei@e 1.29. By the coordination of the
gold catalyst to the terminal double bond of thHersd 1.20, the formation of thei-complex
intermediateA is formed. Then the compleX undergoes an intramolecular nucleophilic
attack by the heteroatom present in the moleculsif@ ac-gold specieB. Subsequent
protodemetalation of the latter provides the hetgrlic productl.21and regenerates the gold

catalyst.

1.3. DEFINITION OF THE RESEARCH PROBLEM

An overview of the literature reveals that, sindghly substituted dihydrofurans are
useful and versatile synthetic intermediates faeas to natural and non-natural compounds,
the development of synthetic routes that allow faeile assembly of such substituted
dihydrofurans under mild conditions still remains important objective. As a consequence,
the development of practical synthetic approacbeactess these target molecules is of our

major interest.
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1 Introduction

We propose two efficient and economical approatbesynthesize 2,5-dihydrofurans.
The first approach uses ionic liquids as solvenictvhaffords inexpensive, recyclable and
environmentally benign catalyst systems. Our go#b iestablish a stable and reactive catalytic
system that enables several cycles in the goldyzah cycloisomerization of

a-hydroxyallenes to 2,5-dihydrofurans with high ety transfer (Scheme 1.30).

H Au catalyst —
Rj}, . WL > R ", WAL
I"é OR* lonic liquid, RT g W OR4

R OH Rz O 'H

Scheme 1.30Proposal: Gold-catalyzed synthesis of 2,5-dihfidiams in an ionic liquids.

In the second approach, we surmised that propargytiranes might be valuable
precursors for the synthesis of 2,5-dihydrofuraiodigh the sequence of a rhodium-catalyzed
allenol formation and gold-catalyzed cycloisometima (Scheme 1.31). This approach would
be especially advantageous with regard to the tyisdd loss associated with isolation and

purification of intermediates in traditional mullask processes.

_ ” _
Rl E R2
g7 2 N
2 Rh R . Ar
R~ s apoH), - LIRS T\ A
0 so:\?/$nt, RT R /
R3 R3” YOH H o 'R

Scheme 1.31Proposal: One-pot rhodium/gold-catalysis sequence.
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CHAPTER 2

Gold-Catalyzed Synthesis of
2,5-Dihydrofurans in lonic Liquids

2.1. INTRODUCTION

Homogeneous catalysts, which exist in the sameepaaghe reactants, offer a number
of important advantages over their heterogeneousntegarts. All catalytic sites are
accessible because the catalyst is usually a dexsometal complex delivering high
selectivities. Despite these advantages, compargdh&terogeneous catalysts, the efficient
recovery and reuse of the expensive metal catalgguire additional process steps,
unavoidable loss of valuable catalyst and formati@ste. From the industrial point of view,
recycling of the catalyst is often fundamentaldgrocess to be economically feasible and it is
important to obtain the product free from traceshaf catalyst. These are probably the main
reasons that why industry often prefers recyclalailysts. There are various concepts for
catalyst recycling which are shown below to overedhis problent”

¢ Thermal and chemical methods: After performing the catalytic reaction in a dimg
phase, the product is distilled off without decosigion of the catalysts. Examples are the
Wacker—Hoechst process (the palladium/copper cadly oxidation of ethylene to
acetaldehyde) or the Monsanto processes (the nméididium-catalyzed carbonylation of

methanol to acetic acid).

(1 a) W. Keim,Green Chem2003 5, 105-111; b) D. J. Cole-HamiltoBcience2003 299 1702-1706; c) A. Behr,
C. FangewischChem. Eng. Technd002 25, 143-147; d) B. Cornils, W. A. Herrmanfspplied Homogeneous
Catalysis with Organometallic Compoundgiley-VCH, Weinheim,2002 Vol. 2
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+ Catalyst immobilization: The catalyst is immobilized on soluble or insdéubupport,
and the separation is carried out by a filtratienhhique. Homogeneous catalysts can be
immobilized onto solid materials such as inorganies (often silica or zeolite) or polymers
via covalent binding, adsorption, ion pair formati@r entrapment (ship in a bottle concept).
The main problem is leaching of the metal and/erlihand and activity loss of the catalyst.
Polymers such as polyamides or polyglycerols wiaigh soluble in the reaction medium can

be used as supports to bind the catdfyst.

Recycling concepts '

Immobilization ' Membrane technolog’ Multi-phase systems'

catalyst in/on
membrane

membrane retaihs
catalyst

Thermal or chemical
methods

Wacker-Hoechst-
process

phase-transfer
catalysis

thermo-
regulated systephs

liquid/liquid two-
phase techniqug

insoluble suppo

Monsanto-
process

soluble support]

Scheme 2.1Strategies to recycle catalyst.

“ Membrane technology: Depending on the size of the particles that ataimed by the
membrane, filtration processes can be classifiéd micro-, ultra- and nanofiltration and
reversed osmosis. Mostly ultra- or nanofiltratisrused for catalyst separation and recycling.
Nanofiltration membranes rely on the differencesire between a simple organic molecule
and a metal complex. They still allow solvent arrdduct molecules to pass through, but
retain the organometallic catalyst. The advantdghese systems is that optimized catalysts
can be used without modification. There are twaetypf membranes used: organic (polymer)
membranes and inorganic (ceramic) membr&hes.

¢ Multi-phase systems: The principle of multi-phase systems states thatcatalyst is
dissolved in one phase and the product is locatélukei other phase to enable the easy recovery
of the catalyst. The multi-phase system can coun$isio immiscible organic liquids and one
phase can also be as water, fluorinated solveopersritical CQ, supercritical solvents or

ionic liquids.

21 3) M. G. L. Petrucci, A. K. KakkaAdv. Mater.1996 8, 251-253; b) D. Astruc, F. Lu, J. R. Aranza&sgew.
Chem.2005 117, 8062—-8083Angew. Chem. Int. ER005 44, 7852-7872; c) P. McMorn, G. J. Hutchings,
Chem. Soc. Re2004 33, 108-122.

Bl ¢. muller, M. G. Nijkamp, D. VogtEur. J. Inorg. Chem2005 4011-4021.
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An alternative to multi-phase systems are therngodeged systems in which the
reaction is carried out in monophasic conditioag(one liquid phase) and afterwards the
mixture is cooled and a phase separation occumirigr two liquid phases in which the
product and catalyst exist in different phaées.

There are several methods which are generallycc#iphasic systems. Only selected
ones are explained below briefly, to perform thaction according to multi-phase system
principle™

a) The catalyst is dissolved in the solvent andptteelucts formed during the catalysis
float on top of the solvent because of their inbiity in this solvent and can be decanted and
the catalyst is recycled.

b) The reaction is carried out in a solvent andrafte reaction; another solvent which is
immiscible with the reaction medium is added. Thedpct is soluble in the added solvent and
is easily extracted from reaction medium. The gatalvhich remains in the reaction medium
can be recycled for the next runs.

c) There are two immiscible solvents in the reactimedium. The catalyst stays in a one
solvent and the product formed during the cataligssiemoved from the catalyst phase to the
other phase. The phases are separated and thgstat@ution is recycled. The product is
distilled from the second solvent and that purevesd is brought back into the reaction
medium.

Multi-phase systems are an efficient method to éoethe advantages of homogeneous
and heterogeneous system. Especially, biphasieragsare more favourable in industrial scale
because they offer a wide range of applicationsemsy technical operations.

A number of solutions to the problem of separataincatalysts from products in
catalytic reactions have been demonstrated. Althef processes have some disadvantages,
such as catalyst, solvent, ligand or process magxpensive, and catalyst leaching may be
high, and the environmental effect of some solverdg be severe.

In the 2%' century, one of the new trends in recyclabilitjngsmulti-phase systems are
ionic liquids as catalyst residence. More detaiegblanations are given in the following

section.

(4] M. J. Muldoon,Dalton Trans201Q 39, 337—-348.
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2.1.1. lonic Liquids

lonic liquids are class of salts in which the i@me poorly coordinated so that they are
liquid below 100 °C, or even at RT (room temperationic liquids, RTIL's) and in some cases
even below 0 °C. lonic liquids may be distinguistfenin classical molten salts by their
specific properties. While a molten salt is gergrddought to refer to a high-melting, highly
viscous and very corrosive medium, ionic liquide hquids already at low temperatures and
have relatively low viscosity!

The history of ionic liquids goes back to 1914. Tingt research dealt with the synthesis
of ethylammonium nitrate and was reported by Walfleffhis salt is liquid at room
temperature but at that time this did not aroussatginterest. In 1948, Hurley and Wier
showed that the molten salts mainly ionic liquidghvehloroaluminate ions were major media
for electrochemical studié%.The use of salts based on organic cations wase tjmitted in
this period.

In 1967, Swairet al. described the use of tetndhexylammonium benzoate as a solvent
for kinetic studies and electrochemical reactins.

Room temperature chloroaluminate ionic liquids ppted interest with the rediscovery
of this area by the groups of Osteryoung and Wilkeshe 19708' In the early 1980s,
chloroaluminate ionic liquids began to be usedh®/ dgroups of Hussey and Seddon as polar
solvents for transition metal complexes for electiemical and spectroscopic experiméfits.

The first report on the use of this type of low timg ionic liquids as new reaction
media and catalyst for organic synthesis was aéfttaeof 1980s with regard to Friedel-Crafts

reactiond'?

51 a) P. Wasserscheid, Welton,lonic Liquids in SynthesiQnd ed.,Wiley-VCH, Weinheim,2008 Vol. 1, pp.1-7;
b) K. R. SeddorKinet. Catal., Engl. Transll996 37, 693-697; c) K. R. Seddod, Chem Biotechnol 1997, 68,
351-356.

(61 P. WaldenBull. Acad. Imper. Scide St.-Petersbur$j914 405-422.
TE H. Hurley, T. P. Weir JrJ. Electrochem. So&951, 98, 207-212.
]
]

Blc. . Swain, A. Ohno, D. K. Roe, R. Brown, T. Maughll Am. Chem. So&967, 89, 2648-2649.
[ J. Robinson, R. A. Osteryounlj,Am. Chem. So&979 101, 323-327.
(10 J. S. Wilkes, J. A. Levisky, R. A. Wilson, C. L. ley,Inorg. Chem1982 21, 1263-1264.

L] a) T. B. Scheffler, C. L. Hussey, K. R. Seddon, CKar, P. D. Armitagelnorg. Chem1983 22, 2099-2100;
b) D. Appleby, C. L. Hussey, K. R. Seddon, J. E. Tiigture1986 323 614-616.
1213 A Boon, J. A. Levisky, J. L. Pflug, J. S. Wi@. Org. Chem1986 51, 480—483.
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The use of ionic liquids as solvent for homogenedoaissition metal catalysts began in
early 1990s by Chauvirt al. and Wilkeset al Chauvin and coworkers reported the
dimerization of propene by nickel complexes dissdhin weakly acidic chloroaluminate
melts!™® This Ziegler-Natta type reaction occurs in a tgpibiphasic catalytic system where
the products are easily separated from the reactioiiure by simple decantation and the
recovered ionic catalyst solution can be reusedragtimes without any significant changes in
catalytic performance.

Osteryounget al. also used weekly acidic chloroaluminate meltghim polymerization
of ethylene by Ziegler-Natta cataly§t8.The main problem with the ionic liquids based on

chloroaluminate anions, however, remained theisiigity to water and oxygen.

1980s O Chloroaluminate 1990s O Air and Moisture Stable 2000s 0 Task Specific

lonic liquids lonic liquids lonic liquids
I\ /@) [\ A
—~N N~ ~N N~ —N N " 2°SEt
Me NS Et Me NS Et Me N
AICly BF, PFg

Scheme 2.2Development of ionic liquids.

A major step was achieved in 1992 when Wilkésl reported ionic liquids based on
dialkylimidazolium cations €.9. [EMIM][BF4]) that solved problems associated with
hydrolysist*® They synthesized air- and moisture-stable imidamolsalts based on anions
such as BFF and Pk which had been successful in the rhodium-catalygattogenation of
olefins® These ionic liquids have since found increasingiagtions as reaction medium for
various kinds of organic reactions.

In the year 2000, the new concept of "task-spécifiaic liquids was introduced by

L8 In these ionic liquids the anion, cation, or batbvalently incorporate a

Davis et a
functional group as a part of the ion structureisallows not only control over processing of
the reaction but also control over solvent-solutieractions. Since this time, the number of

different ionic liquids with variable applicatiohas expanded enormously.

Y. Chauvin, B. Gilbert, I. Guibard, Chem. Soc., Chem. Commu®9Q 1715-1716.
R. T. Carlin, R. A. Osteryound, Mol. Catal.199Q 63, 125-129.

J. S. Wilkes, M. J. Zaworotkd, Chem. Soc., Chem. Commi@92 965-967.

A. E. Visser, R. P. Swatloski, R. D. Rogdgeseen Chen200Q 2, 1-4.

J. H. DavisChem. Lett2004 33, 1072-1077.
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2.1.1.1. Properties and Applications of lonic Liquils

The cations of ionic liquids are generally bulky thwilow symmetry, e.g.
tetraalkylammonium, tetraalkylphosphoniums;alkylpyridinium, 1,3-dialkylimidazolium or
trialkylsulfonium cations. Concerning the aniorfseyt can be classified in two parts the first
gives polynuclear anions,g.Al,Cl;", AlsClio. These anions are formed by the reaction of the
corresponding Lewis acice.g. AlICI; with the mononuclear aniore.g. AICI, . They are
particularly air- and water-sensitive. The secolads of anions corresponds to mononuclear
anions which lead to neutral ionic liquids.g. BF,, PR, triflate, etc. They are the most
commonly used ionic liquids because of their aid anoisture-stability (Scheme 24J.

In order to be liquid at room temperature, the aratishould preferably be
unsymmetricale.g.R and Rshould be different alkyl groups in the dialkylaazolium cation.

It was demonstrated that water content, densiggogity, surface tension, melting point, and
thermal stability are affected by changes in atiyhin length of the imidazolium cations and

by the nature of the anioH§.

Cations:
R R
N R & R
R
Imidazolium Pyridinium Ammonium Phosphonium Sulfonium
Anions:
i I i "
X" (Cl, Br, 1) BF, & PF4~ Me@ﬁ—O' F3C—ﬁ—0" HC—0O~ RO—ﬁ—O‘ RO*IIDI—O‘
0] O] (0] (0]
halide tosylate triflate formate  alkylsulfate  alkylphosphate

Inorganic Organic

Scheme 2.3Most used cations and anions in ionic liquids.

lonic liquids are fascinating new materials withique sets of properties which are
listed below.
+ Remarkable dissolution properties for organic armganic materials,
+« Liquid over a wide temperature range,

¢ Increase in reaction rates, selectivities and gield

(18]
[19]

J. S. Wilkes,J. Mol. Catal. A: Chemica004 214, 11-17.
P. Wasserscheid, W. KeitAngew. Chen00Q 111, 3926—-3945Angew. Chem. Int. E@00Q 39, 3772—-3789.
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% Substitutes for Volatile Organic Compounds (VOC) ¢hemical processes or
extractions,
++ High electrochemical stability,
+ Non-flammable and non-explosive,
+ High thermal stability,
% Non-volatile.
lonic liquids (ILs) have attracted a great dealsofentific attention during the last
decade due to their unique physical and chemicapgsties. Ultimately, the possible
combinations of organic cations and anions pla@mis$ts in the position to design and fine-
tune physical and chemical properties by introdgi@ncombining structural motifs.
Potential and current applications of ionic liquats in the fields &
+ Lubricant and Additives: lubricants and fuel adas,
+« Electro elastic materials: artificial muscles aobatics,
+«» Analytics: MALDI-TOF Matrices, GC-head-space-solt&n

Electrolytes: fuel cells, sensors, batteries, stgges, metal finishing, coatings,

R/
0’0

*0

» Heat storage: thermal fluids,

R/
0’0

Liquid crystals: displays,

R/
0’0

Separation: gas separations, extractive distihatxtraction, membranes,
+ Solvents: bio-catalysis, polymerization, nano-gégtsynthesis, organic reactions and
catalysis.

In all these applications, the unique propertiesghaf ionic liquids improve product
performance or process efficiency. However, for thikse applications it is of critical
importance that the ionic liquid does not decomposder the operating conditions.

In particular, their exceptionally low vapor presswat ambient temperatures makes
them interesting substitutes for many applicatimnsvhich the volatility of traditional organic
solvents causes problems. Additionally, ionic lapii(ILs) have attracted increasing interest
recently in the context of green organic synthdssause of their unique chemical and
physical properties of non-volatility, non-flammbtyi thermal stability, and controlled
miscibility. They continue to show their signifidarole in controlling reactions as solvent or

catalyst?!

[20] a) R. D. Rogers, K. R. Sedddopic Liquids as Green SolvenBrogress and ProspectOxford University

Press, USA, Washington, D003 b) N. V. Plechkova, K. R. Seddo@hem. Soc. Re2008 37, 123-150.

[21] a) R. SheldonChem. Commun2001, 2399-2407; b) H. Olivier-Bourbigou, L. Magn&, Mol. Catal. A:
Chemical2002 182-183 419-437.
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2.1.2. lonic Liquids as Solvent for Transition Met&Catalyzed
Reactions

lonic liquids have been shown to have a significadvantage over conventional
solvents for homogeneously catalyzed reactionsicldiguids as reaction medium are
appropriate to the isolation of soluble reactiondorcts’??2?!

There are various options for catalysis in andioidmic liquids which are defined by
selected examples.

a) Monophasic systems in which the catalyst and substrate are dissolved in the ionic
liquid.

Volatile products can be separated by distillateoxd non-volatile products can be
separated by solvent extraction. Wasserschetidal reported the rhodium-catalyzed
hydroformylation of methylpent-3-enoafl in [BMIM][PF¢]. The formation of the desired
product requires an isomerisation step followedbgroformylation at the end-position. The
linear aldehyde produ@2was removed by distillation (0.2 mbar/110 °C) émelionic liquid

was recycled ten times without significant lossdtivity (Scheme 2.45

NN OMe [Rh] O/ OMe
+CO+H, —————>
(0]

[BMIM][PF¢] o
2.1 2.2

Scheme 2.4Example for monophasic system using an ionic diqui

b) Monophasic systems in which the ionic liquid acts as both the solvent and the
catalyst.

lonic liquids based on Lewis acids such as Alihve been applied to a number of
Lewis acid-catalyzed organic transformations, fcareple Friedel-Crafts reactiofi¥. Wilkes
et al reported that ionic liquids derived from the &t of [EMIM][CI] with AICI 3 show
Lewis acidity depending on the molar ratio of tkaatants. For example, [EMIM][ACI-] is

22] Reviews: a) J. Dupont, R. F. de Souza, P. A. Z.&@hem. Rev2002 102 3667-3692; b) V. I. Parvulescu,

C. HardacreChem ReV2007, 107, 2615—2665.

] a) L. A. Blanchard, D. Hancu, E. J. Beckman, J. EnBeckeNature1999 399, 28-29; b) S. Fustero, B. Pina,
M. Garcia de la Torre, A. Navarro, C. Ramirez de lared, A. Simon,Org. Lett. 1999 1, 977-980; c) T.
Welton, Chem. Rev1999 99, 2071-2083; d) M. Deetlefs, H. G. Raubenheimer\WJ EsterhuysenCatalysis
Today 2002 72, 29-41; e) C. M. GordoAppl. Catal. A: Genera2001 222 101-117.

A, Keim, D. Vogt, H. Waffenschmidt, P. Wassersdhéi Catal.1999 186, 481-484.

251 ¢ 3. Adams, M. J. Earle, K. R. Sedd®hem. Commuri998 2097—2098.

[23
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strongly Lewis acidic and with a mixture of benzeh8 and acetyl chloride.4 afforded

complete conversion to acetophen@rin 5 minutes at room temperature (Scheme 2)5).

o EMIM][ALLCI <
Qo s
2.3 2.4

2.5

Scheme 2.5Example for an ionic liquid acting both as catabsd solvent.

c) Biphasic systems in which the catalyst exists in the ionic liquid and the
substrate/product in a second phase or vice versa.

These biphasic systems might combine the advantaigbsth homogeneous (greater
catalyst efficiency and mild reaction conditiongddeterogeneous (ease of catalyst recycling
and separation of the products) catalysis. Thetimacan take place in one (or both) of the
phases or at the interface. In most cases, thaipig/dubstrates are simply removed from the
reaction mixture by decantation.

Chauvin et al reported that [Rh(cogliop)]PR catalyzed the enantioselective
hydrogenation ofa-acetamidocinnamic aci@®.6 in a biphasic [BMIM][Sbk]-isopropyl
alcohol system toS)-phenylalaning.7 with 64%ee The product, contained in the isopropyl
alcohol, could be separated quantitatively and rdeovered ionic liquid, containing the

catalyst, was reused several times (Scheméd?3.6).

(@] (@]
Rh[(cod)(-)-diop]PF
AN OH + H, [(cod)(-)-diop]PFg OH
[BMIM][SbFg] / i-PrOH
NHAc NH,
H
O—"pph,
2.6 ><O£Pph2 2.7
H
(R,R)-(-)-diop

Scheme 2.6Example for biphasic system in an ionic liquid.

[26]
[27]

J. A. Boon, J. A. Levisky, J. L. Pflug, J. S. Wikd. Org. Chem1986 51, 480—483.

Y. Chauvin, L. Mussmann, H. OlivieAngew. Chem1995 107, 2941-2943Angew. Chem., Int. Ed. Engl.
1995 34, 2698-2700.
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d) Mono- or biphasic systems in which the anion of the ionic liquid acts as a ligand
for the homogeneous catalyst.

Xiao et al showed that the ionic liquid [BMIM][BrR.8, when used as a solvent for the
Heck reaction, forms palladium-carbene complex8 by the deprotonation of the

imidazolium cation in the presence of a base (Seh2m)*®!

0
N—n-Bu
N

@ Me”
Me/N\/N\n.Bu + Pd(OAc), _ NaOAc _ M€ Pd/Br + isomers
Br Br/>\
_n-Bu
Me\N\JI
2.8 2.9

Scheme 2.7Formation of carbene-Pd complex by deprotonaticthe@imidazolium cation.

They didn't observe the same trend in [BMIM][BFWith both ionic liquids, a
homogeneous yellow solution was formed during tRaction. But in the case of
[BMIM][BF 4], palladium black slowly precipitated, indicatirtecomposition of the active
palladium species. This difference was explainedthry formation of the corresponding
palladium—carbene complexes in the former butméthe latter.

Carbene complexes such41 can be formed also by direct oxidative additiorthef

ionic liquid 2.10to a metal complex (Scheme 2.8).

+
D ~
—~N N< Pt(PPh3)4 N—Me
BF4 Me _PPhy
H™ “PPh,
2.10 211

Scheme 2.8Formation of carbene-Pt complex by oxidative additvith Pt(0).

e) Triphasic systemswith an ionic liquid, water and an organic phase.

The catalyst resides in the ionic liquid, the stdietand product in the organic phase
and salts formed in the reaction are extractedtimoaqueous phase. Sedadral performed
the Pd(OAc)}-PPh catalyzed Heck coupling of 4-bromoanis@d2 with ethyl acrylate in
[BMIM][PF¢] at 140 °C which afforded ethyl 4-methoxycinnamat&3in 98% yield. When

(8] Xu, W. Chen, J. XiadQrganometallic00Q 19, 1123-1127.
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the reaction was over, with the addition of wated Aexane, a triphasic system was obtained.
The use of the hydrophobic [BMIM][RFallowed the generation of a three-phase system
([BMIM][PF ¢J/water/hexane). The palladium catalyst remaingaionic liquid, the organic
products remain in the hexane phase, and the gatbducts remain in the aqueous phase
(Scheme 2.9§”

NEts, 140 °C, 24 h MeO

Br
/©/ + /WOEt Pd(OAC), / PPhg X ot
BMIM][PF
MeO o [ 1[PFg]
212

2.13, 98%

Scheme 2.9Example for triphasic system using an ionic liquid

2.1.3. lonic Liquids as Solvent for Gold-CatalyzedReactions

In 2006, Lianget al have developed a recyclable gold catalyst imaiciliquid for the
synthesis of substituted furaBsl5 by cyclization of 2-(1-alkynyl)-2-alken-1-on@s14in the
presence of various nucleophiles without any ldsaativity after 6 runs. The product was
extracted from the reaction mixture by additiordadthyl ether and the recovered ionic liquid
layer was placed under vacuum for several minutesraused for the next reaction (Scheme
2.10)E°

o _ R
= 1 mol% BuyN[AuCl,]
+ NuH

(@]
[BMIM][BF,J, RT, 3h | J R

Nu
2.14 2.15

Scheme 2.10BuN[AuCl4]-catalyzed cyclization of 2-(1-alkynyl)-2-alkenehes in [BMIM][BF,].

In 2007, Marinelliet al have shown that the cyclization of 2-alkynylamel$2.16to 2-
substituted indole2.17 in the presence af-Bus;NAuCl, using [BMIM][BF,] as the reaction

[29]
[30]

A. J. Carmichael, M. J. Earle, J. D. Holbrey, PM8Cormac, K. R. Seddoi@rg. Lett.1999 1, 997-1000.
X. Liu, Z. Pan, X. Shu, X. Duan, Y. Lian§ynlet2006 12, 1962-1964.
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medium proceeds without any significant loss inivagt after more than 5 runs (Scheme
2.11)B4

R
=
1 mol% BuN[AUCI,] @R
NH,  [BMIMIBF,.50°C,24h N
216 217

Scheme 2.11Gold-catalyzed annulation of 2-alkynylanilines tsubstituted indoles in an ionic liquid.

The same ionic liquid protocol was applied to sgsthe 2,3-disubstituted indoles from
2-alkynylanilines and 3-buten-2-on@.18 through a one-flask annulation—alkylation
sequenc&Y 3-buten-2-one was added to the reaction mixtuter afompletion of the
annulation step and the reactiemperature was increased to 80 °C to achievelitgation step.
2,3-Disubstituted indole®.19were obtained by alkylation of indol@sl17in the presence of 1
mol% of NaAuC} - 2 HO at 80 °C for 24 hours (Scheme 2.12).

(@]
Q NaAuCl, - 2 H,O
u .
\ R + )J\/ 2 z N R
N [BMIM][BF,4], 80 T, 24 h
N
H H
2.17 2.18 2.19

Scheme 2.12Gold-catalyzed alkylation of indoles with 3-buterefe in an ionic liquid.

Marinelli et al have also shown that 1,2,3-trisubstituted indbl are formed from

2.20via an aza-Michael addition-annulation—alkylagwocess (Scheme 2.1%).

Ph Ph O
Z Z
NaAuCl, - 2 H,0 O |s0T N\
+)J\/ BMIM][BF,], 50 C, 24 h /\)J\ 48 h P
NH, [BMIM][BF,], ; N N
H
2.20 2.18 2.21,40% O

Scheme 2.13Gold-catalyzed aza-Michael addition—annulation—atgn process in an ionic liquid.

B} Ambrogio, A. Arcadi, S. Cacchi, G. Fabrizi, Fakinelli, Synlett2007 11, 1775-1779.
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In 2008, Corma and Sabatgral have shown that gold salts (KAughir NaAuCl) in
different imidazolium ILs ([BMIM][PFR] and [OMIM][PFs]) can be used as recoverable
homogeneous catalysts for the cyclopropanatiorticeaof alkene2.22 with ethyldiazoacetate
to give cis- and transcyclopropanes2.23 The stability of these gold salts towards the
formation of gold metal agglomerates is much higimefonic liquids and because of that
higher yields of cyclopropanes can be achievedLs1than in conventional solvents.g,
CH,Cl,, acetonitrile; Scheme 2.145.

COOEt
NaAuCl,, N,CH,COOEt T .
[BMIM][PFg] or [OMIM][PFg] %/~ CH,COOEt
cis/trans 0, m, p-

2.22 2.23

Scheme 2.14Cyclopropanation reaction of styrene catalyzedddy galt in ionic liquids.

In 2009, the gold-catalyzed cyclization of functdined carboxylic acids in ionic
liquids was investigated. The IL-catalysts wereyodad three times without any loss in yields.
Firstly, the activity of heterogeneous catalyst#aia-zeolite in ionic liquids was examined to
compare the reactivity pattern of the ionic ligasla catalyst in the form of {IM][AuCl 4]
in [CeMIM]CI (1-hexyl-3-methylimidazolium chloride). Inhie case of the ionic liquid catalyst
system, all the functionalized carboxylic acid4 were converted to the corresponding
y-alkylideney-butyrolactones2.25 successfully at room temperature. In the casehef t
homogeneous catalysts like AuCl, the reaction amigurred in the presence of a base.
However, ionic liquid-stabilized gold(lll) chlorideshowed excellent reactivity in the
cyclization of sterically hindered and unhinderezktglenic carboxylic acids even in the

absence of a base (Scheme 2'%5).

2 (@) 0] o
OH [CeMIM][AUClI,]
Rl > RZ
—  [CeMIMICI, RT L
— R
2.24 2.25, 84-96%

Scheme 2.15Au-catalyzed cyclization of functionalized carbagydcids in an ionic liquid.

[32]
[33]

A. Corma, I. Dominguez, T. Rédenas, M. J. Sabadtennal of Catalysi2008 259, 26—35.
F. Neau, V. I. Parvulescu, V. Michelet, J. Génet, A. GegC. HardacreNew J. Chen2009 33, 102-106.
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2 Gold-Catalyzed Synthesis of 2,5-Dihydrofuransoinid Liquids

In also 2009, the groups of Fensterbank and Maduave reported the platinum- and
gold-catalyzed cycloisomerization of dienynes sash2.26 in various ionic liquids. The
reaction with the use of Au€lin hydrophobic ionic liquids like [BMIM][PE or
[BMIM][NTf ;] was more selective and faster then in conventi@mganic solventsge.g.
CH,Cl,. The same trend was observed with the use of AmGbtain the mixture a?.27 and
2.28 but a cationic gold(l) catalyst (FAUCI/AgPR) yielded hydration produ@.29 rather

than cycloisomerization product in ionic liquid f@tne 2.16%"

OAc
[Au} +
|| | lonic liquid, RT

2.26 2.28

Scheme 2.16Cycloisomerization of dienyn&s26in ionic liquids.

Recently, the hydrative cyclization of 1,6-diyr280was observed using [BMIM][Bf
as hydrophilic IL and methanol as the co-solventtlie presence of BFRAUNG; and
methanesulfonic acid (GBO;H) at 70°C. Hydrative cyclization of several 1,6-diynes with
both acid- and base-sensitive functional groupsevperformed. The IL phase containing the

gold catalyst was reused five times without ang losactivity (Scheme 2.1 %

2
R — PhsPAUNO; / acid
+ H,O
R — lonic liquid, MeOH, 70 T

2
R R
2.30, 60-96%

Scheme 2.17Gold(l)-catalyzed hydrative cyclization of 1,6-dagin ionic liquid.

B4 . Moreau, A. Hours, L. Fensterbank, J. P. GodditdMalacria, S. Thorimbert]. Organomet. Chen2009

694 561-565.

BSIp. M. Cui, Y. Ke, D. W. Zhuang, Q. Wang, C. Zhaiigtrahedron Lett201Q 51, 980-982.
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2.2. PRESENT STUDY

2,5-Dihydrofurans and their derivatives are strradtisubunits that are frequent in a
wide variety of natural products. As a consequetioe development of synthetic approaches
to functionalized 2,5-dihydrofurans is of majorerest®® Our group has reported a highly
efficient and stereoselective synthesis of 25bfurans by gold-catalyzed
cycloisomerization oé-hydroxyallene$’”

One of the most important tasks for the future dgyment of preparative chemistry is
the improvement of sustainability. In the case atatytic processes, this can be achieved by
repeated use of the (often precious) catalyst, dsample by immobilization on a
heterogeneous support. This strategy, howeveruémtty suffers from decreased activities
and selectivities, as well as significant catalgsching. An attractive alternative is the use of
ionic liquids as solvent which often affords inerpe, recyclable and therefore
environmentally benign and sustainable catalystesys. Room temperature ionic liquids are
attracting much interest in many fields of chemgistnd industry as an alternative to traditional
organic solvent§! They offer a high solubility for many organic molges, as well as
transition metal catalysts, and the product carsdparated easily by extraction with a non-
polar organic solvent. Repeated use of the mettlysd solution and negligible metal
contamination of the product are advantages ofrté&nod??

We investigated the gold-catalyzed cycloisomermatof a-hydroxyallene derivatives
2.31to the corresponding 2,5-dihydrofura$82 in room-temperature ionic liquids (Scheme
2.18). Our goal was to establish a sufficientlycte@, easy-to-handle recyclable catalyst

system that displays high levels of chirality trf@nsn the cyclization.

RS R3
RL . "‘"”\ Au catalyst . Rl,, — ~
"’f ' OR?* lonic liquid, RT y " “OR*
R? OH R® O "H
2.31 2.32

Scheme 2.18Gold-catalyzed cycloisomerization of functionaelizi-hydroxyallene.31to 2,5-
dihydrofuran2.32

[36] a) Review on synthesis of dihydrofuran: T. G. Kir@. P. O’Sullivan, P. J. Guingur. J. Org. Chem2005

4929-4949; b) A. Buzas, F. Istrate, F. Gag@yg. Lett.2006 8, 1957-1959; c) Y. Liu, F. Song, Z. Song, M.
Liu, B. Yan,Org. Lett.2005 7, 5409-5412.

1 a) A. Hoffmann-Rdder, N. Kraus®rg. Lett. 2001 3, 2537-2538; b) N. Krause, A. Hoffmann-Rdéder, J.
Canisius,Synthesi002 1759-1774; c) C. Deutsch, B. Gockel, A. Hoffmanrd&® N. KrauseSynlett2007,
1790-1794.

[37
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2.3. RESULTS AND DISCUSSION

At the outset of our study, we investigated thelizgton of a-hydroxyallene2.31ato
the corresponding 2,5-dihydrofura@.32a with different Au precatalysts in various
imidazolium-based ionic liquids (Scheme 2.19) amndemperature under argon (Table 2.1).

Among the gold(l) and gold(lll) precatalysts testdadiCl in [EMIM][MeSQO;] gave a
complete conversion after just 10 min reaction t{if@ble 2.1, entry 1). Interestingly, addition
of AgBF,, as well as use of gold(lll) chloride, caused ardase of the reactivity (Table 2.1,
entries 2 and 3). The same behavior was observesh Wu(OAc) or PhPAU'BF, (from
PhPAUCI and AgBR) were used (Table 2.1, entries 4 and 5).

R=Et X =MeSOy [EMIM][MeSO4]
X" = EtSO, [EMIM][EtSO,]
—\ X" = BF, [EMIM][BF,]
NN X = HSO, [EMIM][HSO,]
Me™ '~ "R X = MeSO, [EMIM][MeSO,]
X X" = Me(OCH,CH,),S0, [EMIMI[Me(EG),S0,]
R=n-Bu X =PFg [BMIM][PF4]

Scheme 2.19Imidazolium-based ionic liquids employed as sotven

In contrast to this, AuBmwas found to be a highly effective precatalygBMIM][PF ¢],
[EMIM][MeSO;], [EMIM][MeSO,], and [EMIM][HSO,] (Table 2.1, entries 7-10), affording
complete conversion after just 10 min reaction tir@mly in [EMIM][BF,4], the reaction
stopped after 10 min at 38% conversion (Tableeéhiry 6).

Since it is known thati-hydroxyallenes can also be cyclized to 2,5-dihfuhans with
anhydrous aciff® it was interesting to observe that just dissoléfigne2.31ain the acidic
ionic liquid [EMIM][HSQO,4] in the absence of a gold salt also induced tloization t02.32a
(Table 2.1, entry 11). Under these conditions, 48ehhe required for a complete conversion,
indicating that gold catalysis is much more effitithan acid catalysis for the conversion of
2.31ainto 2.32a(Table 2.1, entry 10 vs. 11).

Having identified AuBs as a suitable precatalyst for the cycloisomewratf allene
2.31ain ionic liquids, we next examined the stabilitydarecyclability of the catalyst solution.
By adding new substrate to a reaction mixture aftenplete conversion, we could establish
that AuBg in [BMIM][PFg] is the best combination in terms of catalyst iitstb Additional

advantages of this ionic liquid are its hydrophdijc rendering the catalyst solution

s8] N. Krause, M. Laux, A. Hoffmann-Rédéfretrahedron Lett200Q 41, 9613-9616.

38



2 Gold-Catalyzed Synthesis of 2,5-Dihydrofuransoinid Liquids

insensitive towards water, as well as its low vssigowhich makes extraction with an organic

solvent easier than with other, more viscous itigigds.

Table 2.1. Effect of Au precatalysts and ionic liquids on tlogcloisomerization of

a-hydroxyallene2.31a

Me Me
Me,, . W 2.6 mol% Au(l) or Au(lll —_/\ .
lll‘é " owme lonic qufji)d, RT( )= e, O Some
Me OH Me® O 'H
2.31a 2.32a
Entry Au precatalyst lonic liquid Time Conversion [% ]
1 AuCl [EMIM][MeSOs3] <10 min >99
2 AuCl [EMIM][MeSOs]  ~1h >99
3 AuCls [EMIM][MeSOs] ~1h >99
4 Au(OAC)s [EMIM][MeSOs] 12 h >99
5! PhsPAUCI [EMIM][MeSOs] 24 h 20
6 AuBrs [EMIM][BF4] <10 min 38
7 AuBr; [BMIM][PFe] <10 min >99
8 AuBr3 [EMIM][MeSO3] <10 min >99
9 AuBr3 [EMIM][MeSQ4] <10 min >99
10 AuBr; [EMIM][HSO4] <10 min >99
11 - [EMIM][HSO4] 48 h >99

[a] The reaction was carried out using 0.25 mmol of 2.31a and 2.6 mol% of the precatalyst in 1.0 mL of ionic liquid at
RT under argon. The conversion was determined by GC. [b] AgBF,4 (2.0 mol%) was added.

Therefore, we concentrated on the AJEBMIM][PF¢ system and examined the
recyclability of the catalyst after extraction dfet product with an organic solvent. Using
diethyl ether for the extraction caused stronglgréased reaction times in the next run;
probably, the gold catalyst is extracted or destdoyartly under these conditions.

In contrast to this, the use of hexane for theagtion gave much better results (Table
2.2). With 2.6 mol% of AuByin [BMIM][PF¢], the activity of the catalyst was not affected by
extraction of the product with hexane; even inttiied run, the reaction was complete after 10
min (Table 2.2, entries 1-3). This is in strongtcast to the corresponding reaction in organic
solvents ¢.g, CH,CI,, THF) where reduction of the catalyst to (catabfly inactive) metallic
gold is unavoidabl€” Similar results were obtained with a reduced gataloading of 1
mol% (Table 2.2, entries 4-8) or 0.5 mol% (Tabl2, Zntries 9-11). A slight loss of activity
was observed after the first run when the cyclratvas carried out with 0.5 mmol 8f31a

(Table 2.2, entry 7 vs. 6, 10 vs. 9), but even unblese conditions the transformation was
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sufficiently fast. In order to weigh the gold preadgst accurately, we used a catalyst loading
of 1 mol% AuBg for the subsequent studies.

Table 2.2. Repeated use of the gold catalyst in the cycloegs@ation of a-hydroxyallene
2.31ain [BMIM][PF ¢).1

Me Me
Me, .)\(H\u MBS o e, [T N
f " NoMe ~[BMIMIPFg, RT D\ ome
Me OH Me® O 'H
2.31a 2.32a
Entry Run Time [min] Au [mol%] Conversion [%]
1 1 <10 2.6 >99
2 2 <10 2.6 >99
3 3 <10 2.6 >99
4 1 25 1 >99
5 2 25 1 >99
6" 1 <10 1 >99
70! 2 25 1 >99
gl 3 25 1 >99
o] 1 <10 0.5 >99
10 2 30 0.5 >99
110 3 40 0.5 >99

[a] The reaction was carried out using 0.25 mmol of 2.31a in 1.0 mL of [BMIM][PF¢] at RT under argon. The conversion
was determined by GC. [b] 0.5 mmol of 2.31a in 1.0 mL of [BMIM][PF¢] was used.

The next step was to determine the dependencesa$dhated yield on the repeated use
of the gold catalyst in an ionic liquid. Aller®e31ais not suitable for this purpose since the
dihydrofuran2.32ais so volatile that it can be isolated only witlugh difficulty. Instead, we
treated thea-hydroxyallene 2.31b with different gold precatalysts in ionic liquidsnd
determined the isolated yield after extraction whigtxane (Table 2.3).

The cycloisomerization af-hydroxyallene2.31bto the corresponding 2,5-dihydrofuran
2.32bwith AuBrs, AuCl, PRPAUCI/AgBF,, or the cationic gold catalyst* proceeded with
good to excellent yield (70-92%) in [EMIM][HSE [EMIM][MeSO,], or [BMIM][PFg]
(Table 2.3). A second use of the catalyst solutifter product extraction with hexane resulted
in longer reaction times, but very similar chemigialds (Table 2.3, entry 3vs. 2, 5vs. 4, 7 vs.

6), which again demonstrates the high stabilityhef gold catalyst in ionic liquids. Only with

B9 ¢, Nieto-Oberhuber, S. Lopez, M. P. Mufioz, D. Jd€aas, E. Bufiuel, C. Nevado, A. M. Echavarfamew.

Chem.2005 117, 6302—-6304Angew. Chem. Int. E@005 44, 6146-6148.
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PhPAUCI as the precatalyst, a complete conversiosubstrate?2.31b could not be achieved
(Table 2.3, entry 8).

Table 2.3. Effect of Au precatalysts and ionic liquids on tlogcloisomerization of
a-hydroxyallene2.31h™

Me Me
H 1 mol% Au(l) or Au(lll) —
Me""f')\(""\oms jonic liquid, RT M:”}@‘\";\OTBS
H OH

2.31b 2.32b
Entry Run Time lonic liquid Au precatalyst Isolated yield [%]
1 1 <10 min [EMIM][HSO4] AuBrs 80
2 1 <10 min [EMIM][MeSQ4] AuBr3 72
3 2 35h [EMIM][MeSO,s]  AuBrs 70
4 1 <10 min [BMIM][PFe] AuBrs 89
5 2 1h [BMIM][PFe] AuBrs 90
6 1 <10 min [BMIM][PFe] AuCl 92
7 2 2h [BMIM][PFe] AuCl 89
8 1 71h [BMIM][PF¢] PhsPAuCI Not completed
ol 1 15h [BMIM][PFs] PhsPAuCI 79
10 1 <10 min [BMIM][PFs] A 75

[a] The reaction was carried out using 0.5 mmol of 2.31b and 1 mol% of the precatalyst in 1.0 mL of the ionic liquid at
RT under argon. The yield was determined after extraction of the reaction mixture with dry hexane. All reactions took
place with complete axis-to-center chirality transfer. [b] AgBF,4 (0.8 mol%) was added. [c]

t-Bu +
t-Bu,, f
P—Au-NCMe

A

As with allene 2.313 we obtained the best results f@31b with AuBr; in
[BMIM][PF¢]. Subsequently, we treated variowsydroxyallenes with this catalyst system.
The results are summarized in Table 2.4.

In all cases, complete conversion of the allene wakieved. Generally, alkyl-
substituteda-hydroxyallenes (Table 2.4, entries 1-12, 17-2@ctefaster and afford higher
yields than aryl-substituted substrates (Tableé&jes 13-16).
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Table 2.4.Cycloisomerization ofi-hydroxyallene®.31with AuBr; in [BMIM][PF ¢].!

Me Me
R H 1 mol% AuBr; RL —
f “"SOR*  [BMIMIPFGLRT % O SoR*
o OH H O H
2.31 2.32
Isolated
Entry Run 2.31 R*' R* Time Yield 2.32
[%]
10 1 2.31b Me TBS 10 min 2.32b 84
2ol 2 2.31b Me TBS 3h 2.32b 74
3 3 2.31b Me TBS 3h 2.32b 81
4! 4 2.31b Me TBS 3h 2.32b 84
5] 5 2.31b Me TBS 3h 2.32b 84
6 1 2.31c n-Bu TBS 10 min 2.32¢ 75
7 2 2.31c n-Bu TBS 18 h 2.32¢ 76
8 1 2.31d i-Pr TBS 10 min 2.32d 75
9 2 2.31d i-Pr TBS 22 h 2.32d 77
10 3 2.31d i-Pr TBS 22 h 2.32d 78
11 1 2.31e t-Bu TBS 10 min 2.32e 79
12 2 2.31e t-Bu TBS 24 h 2.32e 65
13ed 1 2.31f Ph TBS 4h 2.32f 50
1454 2 2.31f Ph TBS 6h 2.32f 45
1514 1 2.31g 2-MeOCgH, TBS 3h 2.32g 65
1614 2 2.31g 2-MeOCgH, TBS 8h 2.329g 54
17 1 2.31h Me Bn 30 min 2.32h 88
18 2 2.31h Me Bn 30 min 2.32h 89
19 1 2.31h Me Bn 30 min 2.32h 87
20 2 2.31h Me Bn 30 min 2.32h 86

[a] The reaction was carried out using 0.5 mmol of 2.31 and 1 mol% of the precatalyst in 1.0 mL of [BMIM][PF¢] at RT
under argon. The yield was determined after extraction of the reaction mixture with dry hexane. All reactions took
place with complete axis-to-center chirality transfer. [b] Gold concentration in the hexane extract according to ICP-MS
analysis: 318 ppb (1st run); 31 ppb (2nd run); 165 ppb (3rd run); 72 ppb (4th run); 64 ppb (5th run). [c] 0.25 mmol
allene and 2.5 mol% AuBr; were used. [d] The bis-TBS ether formed by silyl transfer to the hydroxy group of substrate
2.31f/2.31g was isolated as side product. [e] The AuBrs/[BMIM][PFs] mixture was exposed to air for 5 days prior to the
reaction. The reaction was carried out under air.

In the case of allen2.31h the yield remained unchanged even after five (Uiable
2.4, entries 1-5); except for a pronounced incredidbe reaction time after the first run, the
reactivity of the catalyst remained constant ad (felble 2.4, entries 2-5 vs. 1). Similar trends
were observed for the allen@s31c2.31e(Table 2.4, entries 6-12); not surprisingly, longe

reaction times are required for the sterically dedmag substrate®.31d and 2.31ein the
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second run, compared to their less bulky countes@aBlband2.31c(Table 2.4, entries 8-12
vs. 1-7). Nevertheless, the catalyst can be useéatedly without compromising the
conversion or isolated yield.

Interestingly, changing the TBS protecting groupatdenzyl group (allen2.31h
resulted in high product yields without the dropeactivity after the first run that is typical for
TBS ether2.31b2.31e(Table 2.4, entries 17-20 vs. 1-5). The catalystesn is so stable that
high yields and reactivities are observed everr aftposure to air for several days (Table 2.4,
entries 19 and 20).

The aryl-substitutedr-hydroxyallenes2.31f and 2.31g turned out to be particularly
interesting substrates. When we used the standarditons, that is, 1 mol% of AuBIfin
[BMIM][PF ¢], the reaction oR.31ftook 36 h until completion. A much faster trangfiation
could be achieved with 2.5 mol% of the precatalydtich afforded 50% of the 2,5-
dihydrofuran2.32f after 4 h in the first run, and 45% 282f after 6 h in the second run (Table
2.4, entries 13 and 14). A similar result was otsdi with the 2-methoxyphenyl-substituted
allene 2.31g (Table 2.4, entries 15 and 16). Probably due ® ldw reactivity, a (gold-
catalyzed?) silyl transfer from the substrate ovdpct to the starting allene is observed,

leading to the isolation of the bis-silyl ethersade product.

Table 2.5.Cycloisomerization ofi-hydroxyallene2.31f with AuBr; in ionic liquids®

Me Me Me
2.5 mol% AuBrz — +
Ph,,,f.)\\\\\\\OTBS lonic quuid, RT K . Ph/”f. \\\\\\O.I_BS
: OH pnn O “—oOTBS H OTBS
2.31f 2.32f 2.33
) S . Isolated Yield [%]
0,

Entry Time (h) lonic Liquid Conversion [%] (2.32f - 2.33)
1 4 [BMIM][PFé] >99 50:15
2 33 [EMIM][BF.4] — —
3 1 [EMIM][HSO4] >99 30:7
4 1 [EMIM][MeSO4] >99 12:57

[a] The reaction was carried out using 0.25 mmol of 2.31f and 2.5 mol% of the precatalyst in 1.0 mL of the ionic liquid
at RT under argon. The yield was determined after extraction of the reaction mixture with dry hexane with respect to
2.31f.

Other ionic liquids were examined to screen thenfdron of bis-silyl ether as side
product in cyclization of aryl-substitutedhydroxyallenes. When [EMIM][MeSg was used
as solvent in the cyclization of phenyl-substitutetiydroxyallene2.31f the yield of the
cycloisomerization product was only 12 % and tredilyl ether2.33was the main product
(57% yield) (Table 2.5, entry 4).
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Previously, we had observed a facile epimerizatiaryl-substitutedr-hydroxyallenes
when the gold-catalyzed cycloisomerization is pened in less polar solventse.g,
CH.Cl,).®" This loss of stereoselectivity is attributed tce tformation of zwitterionic
intermediates with a benzyl cation substructuredegrease of the Lewis acidity of the gold
catalyst by using weakly coordinating additivesy( 2,2’-bipyridine) or solventse(g, THF)
served to prevent the epimerizatfof{. In the present study, we were delighted to obstrae
the ionic liquid [BMIM][PF] can play a similar role since the phenyl-subtitudihydrofuran
2.32f was obtained with complete axis-to-center chiyadiiansfer (Table 2.4, entries 13 and
14).

This result indicates that the ionic liquid is jost a solvent for the catalyst and the
substrate, but may have a pronounced effect osttheture and reactivity of the catal{/ét.

The reliability of the gold-catalyzed cycloisomettibn using the AuBf{BMIM][PF ¢
system was also demonstrated for the exocycliydroxyallene2.34 (Scheme 2.20). This
difficult-to-cyclize substraf&’® afforded the desired bicyclic 2,5-dihydrofurargs with 75%

yield after 10 min in the first run, and with 76%lg after 30 min in the second run.

H

A

“Me 1mol% AuBrg
q [BMIM][PF¢], RT -
“'OH o~ Me

2.34 2.35: 75% (15 run)
76% (2" run)

Scheme 2.20Cycloisomerization ofi-hydroxyallene?.34 catalyzed by AuByin [BMIM][PFg].

Finally, we tested our system for metal leachingciwhs one of the most important
criteria for recyclable catalysts, in particulathe method should be applicable to the synthesis
of pharmacologically active target molecules.

Analysis of the hexane extracts obtained in thdizaton of a-hydroxyallene2.31b
with 1 mol% AuBg (Table 2.4, entries 1-5) by ICP-MS revealed galdtents ranging from
31-318 ppb over five runs. The highest gold loss determined in the first run; together with
the decrease of reactivity after the first run (€a®.4, entry 2 vs. 1); this indicates a partial
removal of catalytically gold species by the exiiat Overall, the five extracts contained 650
ppb of gold. Since the original catalyst loadinglamol% relates to 2200 ppm of gold, a loss
of 650 ppb is just 0.03% of the initial amount b&tcatalyst. This result indicates that the

solution of AuBg in [BMIM][PF¢] is potentially recyclable several thousand times.

o1 Newington, J. M. Perez-Arlandis, T. Weltddg. Lett.2007, 9, 5247-5250.
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2.4. CONCLUSION

In this study, we have demonstrated that ionicidig@re highly suitable reaction media
for the gold-catalyzed cycloisomerization whydroxyallenes to 2,5-dihydrofurans. The best
system is AuBy in [BMIM][PFg]; this is air-stable and shows a very low catalgstching
(0.03% after five runs) upon extraction with hexaréhe rather low viscosity and
hydrophobicity of [BMIM][PK] makes the catalyst solution very easy to handtefacilitates
extraction of the product. The catalyst can be iadpto various alkyl- or aryl-substituted
a-hydroxyallenes which undergo the cycloisomerizatio the corresponding 2,5-dihydrofuran
with complete axis-to-center chirality transfer. Wéycled the catalyst solution up to five
times and often observed a pronounced decreadeeafetctivity after the first run which,
however, does not compromise the conversion anduptoyield. Due to the extremely low
catalyst leaching, the AuB[BMIM][PF4 solution can potentially be recycled several

thousand times.

2.5. EXPERIMENTAL PART

General Remarks:

Reactions were performed under an argon atmospheret noted otherwise. Gold
precatalysts (Aldrich and Chempur) and ionic liguiFluka, Alfa Aeser and Solvent
Innovation) were purchased from commercial sousres used without further purification.
Hexane was distilled under argon from Gaidd stored over 3 A molecular sieves under argon
prior to use. Column chromatography was carried witit Acros silica gel 60 A’™H and
¥C-NMR spectra were recorded with Bruker DRX 400D&X 500 spectrometers at room
temperature in CDGlor GDe as solvent. Chemical shifts were determined radatd the
residual solvent peaks (CHCbH=7.26 for protons(=77.16 for carbon atoms;sls: 6=7.16 for
protons,6=128.06 for carbon atoms). The signals of the megonponent of a product mixture
are marked with an asterisk (*). Reactions wereitooed by both TLC and GC analysis. GC
analyses were carried out with a Carlo Erba InstntsiGC 8000 top gas chromatograph on a
CP-SIL-5 CB capillary column (30 m x 0.32 mm x 0,28) with helium as the carrier gas.
GC-MS analyses were carried out with an Agilent 6820 as gas chromatograph on a HP-
5MS column (25 m x 0.2 mm x 0.38n) and an Agilent HP 5973 as mass spectrometeh-Hig

resolution mass spectral analyses were performed ®hermo Electron system. IR spectra
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were obtained with a Nicolet Avatar 320 FT-IR speghotometer as a liquid film between
NaCl plates. ICP-MS analyses were carried out wwithAgilent 7500ce spectrometer (RF
Power: 1550 W, coolant gas: 15 Lmjrcarrier gas: 0.85 Lmih makeup gas: 0.15 Lmin
Data acquisition mode: spectrum integration, tif& sec, nebulizer pumps: 0.08 rps). In
order to analyze the gold content of the hexaneaeixtit was digested with a concentrated
HNOJ/HCI mixture (3:1) with heating. After the digestioH,O, and water were added to
mixture.

2.5.1. Synthesis ofi-Hydroxyallenes

2.5.1.1. Synthesis of E-((3-Ethynyl-3-methyloxiran-2-yl)methoxy)(t-butyl)di
methylsilane (2.37)

Me Me

/\ﬁ 1. m-CPBA, Na,HPO,, CH,Cly, icebath /{fﬁ
G OH ', DMAP, NEt;, TBDMSCI, CH,Cl,, RT £Z OTBS
2.36 2.37, 82%

Step 1: Preparation of alkynyl oxirane.To a stirred solution of enyn@.36 (9.9 g, 104
mmol) in CHCI, (213 mL) was added+CPBA (38 g, 156 mmol) and MdPQ, (17.7 g,
124.8 mmol) in an ice bath, and stirring was cardithfor overnight. The reaction mixture was
diluted with saturated aqueous solution obGI@;, N&S,0;, NaOH (2 N) and extracted with
CH.CI,. The combined extracts were washed once more saithNaS,0;, brine and dried
over anhydrous MgSfand the solvent was evaporated under reducedupeesbhe crude

residue was used in the following step.

Step 2: Protection of alkynyl oxirane.A solution of crude product (10.2 g, 91.1 mmol) in
CH.Cl, (140 mL) was treated with DMAP (0.04 equiv., 446,18.7 mmol), triethylamine (1.2
equiv., 11.1 g, 109.3 mmol) and TBDMSCI (1.1 equi.1 g, 100.2 mmol), respectively. The
reaction mixture was stirred at room temperaturef@rnight then was quenched with aqg. sat.
solution of NHCI (100 mL). After extraction with CKLl, (3 x 50 mL), the organic layer was
dried with MgSQ and concentrated under vacuum. The residue waseduby column
chromatography on silica gel (isohexane/EtOAc, 1¥olgive 2.37 (16.8 g, 82%) as yellow
oil.
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2.5.1.2. General Procedure for Synthesis afHydroxyallenes (2.31b-2.31f"

M Me
e
O 5 mol% Fe(acac); RL _ )‘\“m\
> 7, *
// OTBS Rimgel, dry toluene, icebath /‘/ OH OTBS
R!=Ph, Me, i-Pr, t-Bu, n-Bu H
2.37 2.31b-2.31f, 65-75%

R'MgCI (2 M in EtO, 6.5 mmol) was transferred by syringe into a timtuof ((3-ethynyl-3-
methyloxiran-2-yl)methoxy}¢butyl)dimethylsilane (1.1 g, 5 mmol) and Fe(aga@9 mg,

0.25 mmol) in toluene (114 mL) in an ice bath unélerAfter stirring for 1 h, the mixture was
guenched with NECI and diluted with BED, the layers were separated, and the aqueous phase
was extracted with ED (3 x 50 mL). The combined organic layers weredliover MgSQ

and the residue was purified by flash chromatogygeliclohexane/EtOAc, 14:1) to provide

a-hydroxyallenes as light yellow olil.

2.5.1.3. Procedure for Synthesis af-Hydroxyallene 2.31¢"*4

OMe
OMe 1 iprmgcl, THF, RT Me
2. 5 mol% Fe(acac)s, dry toluene, icebath /, . w
Me N “"Sotss
H OH
OTBS

2.37 2.31g, 70%

5

To a stirred solution of 2-iodoanisole (2.3 g, 16af) in anhydrous THF (46 mL) was added
i-PrMgCIl (5.2 mL, 10.4 mmol; 2 M in THF) at room tperature. After 1 h at this
temperature, the Grignard reagent was added viautaro a cold (0 °C), freshly prepared
solution of ((3-ethynyl-3-methyloxiran-2-yl)methoxi+butyl)dimethylsilane2.37 (906 mg, 4
mmol) and Fe(acag)70.6 mg, 0.2 mmol) in toluene (90 mL). The resgiltsolution stirred
for 1 h in an ice bath, the mixture was quencheati WH,Cl and diluted with BED, the layers
were separated, and the aqueous phase was extvattedt,O (3 x 50 mL). The combined
organic layers were dried over Mg&@nd the residue was purified by flash chromatolgya

(cyclohexane/EtOAc, 10:1) to providehydroxyallene?.31gas light yellow oil.

[41]
[42]

A. Firstner, M. MendeZAngew. Chen003 115, 5513-5515Angew. Chem. Int. E@003 42, 5355-5357.
C. Deutsch, A. Hoffmann-Rdoder, A. Domke, N. KrauSgnlett2007, 5, 737—-740.
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2.5.1.4. Procedure for Synthesis oE-3-((Benzyloxy)methyl)-2-ethynyl-2-methyl

oxirane (2.38)

Me Me

1. m-CPBA, NayHPO,, CH,Cl,, ice bath o
X OH OB
Z 2. NaH, BnBr, THF, 0C-RT, 2 days = n
2.36 2.38

Step 1: Preparation of alkynyl oxirane.To a stirred solution of enyn@.36 (5 g, 52 mmol)

in CHCl, (156 mL) was addeoh-CPBA (19 g, 78 mmol) and MdPO, (8.9 g, 62.4 mmol) in
an ice bath, and stirring was continued for ovdrhighe reaction mixture was diluted with
saturated aqueous solution of 8&;, Na&S,0;, NaOH (2 N) and extracted with GEl,. The
combined extracts were washed once more with &8,8;, brine and dried over anhydrous
MgSQ, and the solvent was evaporated under reducedupee§he crude residue was used in

the following step.

Step 2: Benzylation ofE-alkynyl oxirane. To a suspension of NaH (60% disp. in oil, 1.7
equiv., 4.24 g) in absolute THF (200 mL) was thader product (62.5 mmol) added at 0 °C
and stirred for 30 min. Then at room temperaturegBmB(9.7 mL, 81.3 mmol) was added. The
reaction mixture was stirred at room temperatune Zodays then was quenched with aqg.
saturated solution of NJEI. After extraction with BEO, the organic layer was dried with

MgSQ, and concentrated under vacuum. The residue wafieguby flash chromatography

(cyclohexane/EtOAc, 12:1) to provide-3-((benzyloxy)methyl)-2-ethynyl-2-methyl oxirane
2.38(11.1 g, 88%) as light yellow oil.

2.5.1.5. General Procedure for Synthesis of 1-(Beylaxy)-3-methylhexa-3,4-dien-
2-ol (2.31h¥

Me
Me
0] 5 mol% Fe(acac); Me, wWINS
/// . \
é OBN \emgcl, dry toluene, icebath /‘/ 0 o8n
H
2.38 2.31h, 61%

MeMgCl (2 M in EtO, 5.2 mmol) was transferred by syringe into a tsmtu of E-3-
((benzyloxy)methyl)-2-ethynyl-2-methyloxirar238 (809 mg, 4 mmol) and Fe(acagy0.6
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mg, 0.2 mmol) in toluene (90 mL) in an ice bath emAr. After stirring for 1 h, the mixture
was quenched with NI and diluted with BED, the layers were separated, and the agueous
phase was extracted with,&t (3 x 50 mL). The combined organic layers werediover
MgSQ,, and the residue was purified by flash chromatolgya(cyclohexane/EtOAc, 10:1 to
6:1) to provide 1-(benzyloxy)-3-methylhexa-3,4-dzwol 2.31h (531.8 mg, 61%) as light

yellow oil.

2.5.1.6. Synthesis of 2-(Prop-1-enylidene)cyclohexa (2.34*

H

O ,
5 mol% Fe(acac)s ) “Me
MeMgCl, dry toluene, icebath C/&
//,,
OH

2.39 2.34, 77%

MeMgCl (2 M in EtO, 5.2 mmol) was transferred by syringe into a tsatuof 1-ethynyl-7-
oxa-bicyclo[4.1.0]heptan®.39 (489 mg, 4 mmol) and Fe(acaq)0.6 mg, 0.2 mmol) in
toluene (90 mL) in an ice bath under Ar. Afterratig for 1 h, the mixture was quenched with
NH,4CI and diluted with BD, the layers were separated, and the aqueous paasextracted
with Et,O (3 x 50 mL). The combined organic layers weredidver MgSQ@ and the residue
was purified by flash chromatography (cyclohexat@/Ac, 10:1 to 6:1) to provide 1-
(benzyloxy)-3-methylhexa-3,4-dien-2-2I34 (425.3 mg, 77%) as light yellow oil.

2.5.1.7. Synthesis of 3-(Methoxymethyl)-2-methyl-@rop-1-ynyl)oxirane (2.40)

Me 1. NaH, CHgl, THF, 0 °C-RT Me o
/\/\ 2. n-BuLi, THF, -78 C then CH 3l, RT, overnight
OH OMe
4 3. m-CPBA, Na,HPO,, CH,Cl,, ice bath 4
Me
2.36 2.40, 82%

Step 1: Methylation of an alcohol. To a suspension of NaH in THF was added to
E-3-methylpent-2-en-4-yn-1-@.36 (9.6 g, 100 mmol) at C and stirred for an 30 min. Then
iodomethane (7.6 mL, 120 mmol) was added and dtifoe 3 h at RT. While adding the
iodomethane, solution became brown. When the waciias over, water was added and
extracted with BED, 10% HCI, NaHC@ and brine and dried over p&0Oy. The combined
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organic layer was evaporated and the crude prodastdistilled at 64—70C/60 mbar to give
E-5-methoxy-3-methylpent-3-en-1-yne (8.4 g, 77%).

Step 2: Methylation of enyné*®¥ E-5-methoxy-3-methylpent-3-en-1-yne (8.4 g, 77.2 Hmo
and dry THF 155 mL was added to flask. The flask w@oled to -78 °C, and 2.7 MBuLi in
heptane (31.5 mL, 84.9 mmol) was added via syriAdeer the reaction stirred for 1 h at -78
°C, iodomethane (5.8 mL, 92.6 mmol) was added disgvil he reaction was allowed to warm
to room temperature and stirred overnight. Wates added to reaction and extracted with
Et,O then dried with Ng0O,. Distillation under reduced pressure afforded pheduct as
colorless oil (7.3 g, 77% yield, distilled at 83/3C mbar).

For step 3 see 2.5.1.1. Synthesis Bf((3-ethynyl-3-methyloxiran-2-yl)methoxyt}putyl)di
methylsilane 2.37. The crude residue purified by column chromatolyyap
(cyclohexane:EtOAc, 10:1) to giv&40(6.7 g, 82%).

2.5.1.8. Synthesis of 1-Methoxy-3,5-dimethylhexadien-2-ol (2.31&§™*%

Me Me

0 1. CUCN, P(OPh)s, THF, RT
Me .
Z OMe ", MeMgCl, 30 °C to -60 °C \f OMe
Me thento RT, 2 h M OH
2.40 2.31a, 78%

P(OPh} (14.4 mL, 55.2 mmol) was added to a suspensic@@u@N (4.9 g, 55.3 mmol) in THF
(414 mL) at RT. CuCN salt was dissolved in 0.5 he Bolution was cooled to -30 °C and
MeMgCl (37.2 mL, 110.4 mmol) was added and stificedl h. 3-(methoxymethyl)-2-methyl-
2-(prop-1-ynyl)oxirane2.40 was added in THF at -6€C, the solution became yellow to
orange. To solution allowed to come t6®© and became as dark brown solution. After that
solution reached to RT and stirred additional 2The reaction quenched with NEl and
filtrated over celite, washed with . The ether was evaporated and the solution wabeta

3 times with 5% HO, to remove Cu and excess of P(OfRhe solution was extracted with
Et,O and concentrated under reduced pressure. Thee amesldue purified by column
chromatography (cyclohexane:EtOAc, 10:1) to ghv&la(5.6 g, 78%).

431 ¢ cao, Y. Li, Y. Shi, A. L. OdonChem. Commur2004 2002—2003.
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2.5.2. Characterization Data of Alkynyl Oxiranes

((3-Ethynyl-3-methyloxiran-2-yl)methoxy)(t-butyl)dimethylsilane (2.37)

Me

S
= OTBS

2.37

OAPHA2AT

'H-NMR (400 MHz, GDq): & 3.53-3.44 (m, 2H), 3.36 (8= 5.3 Hz, 1H), 1.82 (s, 1H), 1.30 (s, 3H),
0.91 (s, 9H), 0.0004 (s, 3H), -0.02 (s, 3H)

¥C-NMR (100 MHz, GD¢): 6 84.5, 70.4, 63.9, 61.6, 50.3, 26.0, 18.4, -5. -5

HRMS (m/z, [M+H]"): 227.1389 (calculated), 227.14618 (found)

3-((Benzyloxy)methyl)-2-ethynyl-2-methyloxirane (238)
Me

A
é OBn

2.38
OABNEP

'H-NMR (400 MHz, CDCY): § 4.67-4.52 (m, 2H), 3.68-3.54 (m, 2H), 3.43X,5.3 Hz, 1H), 2.32 (s,
1H), 1.50 (s, 3H)

*C-NMR (100 MHz, CDC}): § 137.7, 128.6*/128.56, 128.0/127.9*%, 83.8, 73.50730.5*/69.7, 67.7,
62.5/62.4*, 51.0/50.1*%, 23.1, 18.5

HRMS (m/z, [M+H]"): 203.10666 (calculated), 203.10672 (found)
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3-(Methoxymethyl)-2-methyl-2-(prop-1-ynyl)oxirane @.40)
Me

o
/%OMe

Me 2.40

OAS3

'H-NMR (400 MHz, CDCY): § 3.61-3.57 (m, 1H), 3.45-3.42 (m, 1H), 3.40 (s, 3BR9 (t,J= 5.3 Hz,
1H), 1.82 (s, 3H), 1.48 (s, 3H)

13C-.NMR (100 MHz, GDy): 6 80.5, 78.4, 70.6, 62.4, 58.6, 50.3, 19.2, 3.1

HRMS (m/z, [M]"): 140.0832 (calculated), 140.0834 (found)

2.5.3. Characterization Data ofu-Hydroxyallenes

1-(t-Butyldimethylsilyloxy)-5-methyl-3-methylpenta-3,4-dien-2-ol (2.31b)

Me
Me, N W
1z >oTBS
OH
2.31b

OAAL3

'H-NMR (400 MHz, CDCJ): § 5.21-5.12 (m, 1H), 4.03 (s, 1H), 3.69 (de, 10.2, 3.5 Hz, 1H), 3.57-
3.52 (m, 1H), 2.51 (s, 1H), 1.71 (@ 2.8 Hz, 3H), 1.65 (dd}= 6.8, 1.7 Hz, 3H), 0.9 (s, 9H), 0.07 (s,
6H)

*C-NMR (100 MHz, CDCJ): & 201.7/201.6*, 99.04*/99.02, 87.8*/87.7, 72.73/%,666.1/66.0*,
26.1/26.0*, 18.44*/18.41, 15.9%/15.7, 14.8, -5.2

HRMS (m/z, [M+H]"): 243.17748 (calculated), 243.17756 (found)
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1-(t-Butyldimethylsilyloxy)-5-i-propyl-3-methylpenta-3,4-dien-2-ol (2.31d)

Me

i-Pr/,,,¢. KOG

OH
2.31d

OTBS

OAAL4

'H-NMR (400 MHz, CDCY): § 5.25-5.19 (m, 1H), 4.05-4.02 (m, 1H), 3.71-3.67 {¥), 3.57-3.53 (m,
1H), 2.48 (d,J= 4.0 Hz, 1H), 2.34-2.22 (m, 1H), 1.74-1.73 (m, 3BP9 (d,J= 6.8 Hz, 6H), 0.90 (s,
9H), 0.08 (s, 6H)

¥C-NMR (100 MHz, CDC}): & 199.3/199.1*, 101/100.9* 100.8/100.6*, 72.8/72.66.3, 28.3,
26.1*/26.0, 22.73*/22.70, 18.5*/18.4, 16.3/15.82-5

HRMS (m/z, [M+H]"): 271.20878 (calculated), 271.20880 (found)

1-(t-Butyldimethylsilyloxy)-5-t-butyl-3-methylpenta-3,4-dien-2-ol (2.31e)

Me

t'BU, . e
"z >oTBS

OH
2.31e

OAALS

'H-NMR (400 MHz, CDC}): § 5.22-5.21 (m, 1H), 4.04-4.03 (m, 1H), 3.70 Jd,10.2 Hz, 1H), 3.57-
3.53 (m, 1H), 2.45 (s, 1H), 1.74 @ 3.0 Hz, 3H), 1.02 (s, 9H), 0.90 (s, 9H), 0.085(d)

¥%C-NMR (100 MHz, CDC})): § 197.8, 105.3*/105.0, 101.5%/101.3, 72.8/72.6*,4632.3, 30.4, 26.1,
18.5, 16.4*/15.8, -5.2

HRMS (m/z, [M]): 284.2166 (calculated), 284.2161 (found)
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1-(t-Butyldimethylsilyloxy)-5- n-butyl-3-methylpenta-3,4-dien-2-ol (2.31c)

Me

n'BU, . ey
“ SoTBS
OH
2.31c

OAALG

'H-NMR (400 MHz, CDCJ): § 5.23-5.16 (m, 1H), 4.04-4.03 (m, 1H), 3.70 (dd,10.0, 3.3 Hz, 1H),
3.57-3.53 (m, 1H), 2.50 (d= 4.0 Hz, 1H), 2.01-1.96 (m, 2H), 1.72 @ 2.5 Hz, 3H), 1.38-1.31 (m,
4H), 0.90 (s, 9H + 3H), 0.08 (s, 6H)

*C-NMR (100 MHz, CDC}): § 200.8/200.7*, 99.52*/99.45, 93.3*/93.1, 72.8/72.66.2, 31.5, 28.9,
26.0,22.3, 185, 16.1, 15.8, 14.1,-5.2

HRMS (m/z, [M+H]): 285.22443 (calculated), 285.22460 (found)

1-(t-Butyldimethylsilyloxy)-5-phenyl-3-methylpenta-3,4dien-2-ol (2.31f)

Me
Ph, Nl
" >0oTBS

OH
2.31f

OAPHASA

'H-NMR (400 MHz, CDCY): § 7.30-7.29 (m, 4H), 7.21-7.17 (m, 1H), 6.24-6.19 {iH), 4.20 (m, 1H),
3.80-3.77 (m, 1H), 3.70-3.64 (m, 1H), 2.63-2.59 (rhl), 1.87 (dJ= 2.8 Hz, 3H), 0.92-0.92 (s, 9H),
0.09-0.07 (m, 6H)

¥C-NMR (100 MHz, CDC})): & 202.4/202.2*, 134.9, 128.7, 127.0, 126.91*/126194.3*/104.0,
96.5*/96.2, 72.8/72.6*, 66.0/65.9*, 26.04*/26.0,.3818.4, 15.6*/15.4, -5.18/-5.2*

HRMS (m/z, [M]"): 304.1853 (calculated), 304.1861 (found)
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1-(t-Butyldimethylsilyloxy)-5-(2-methoxyphenyl)-3-methyipenta-3,4-dien-2-ol

(2.319)
OMe Me
: ""4'%\”"\OTBS
OH
2.31g
OAAL9

'H-NMR (400 MHz, CDCY): & 7.36 (d,J= 7.6 Hz, 1H), 7.17 ()= 7.7 Hz, 1H), 6.90 (t)= 7.1 Hz, 1H),
6.86 (d,J= 8.0 Hz, 1H), 6.61 (dtJ= 18.0, 2.6 Hz, 1H), 4.2 (m, 2H), 3.84 (s, 3H),BB76 (M, 1H),
3.69-3.63 (m, 1H), 2.60 (dd= 21.2, 4.2 Hz, 1H), 1.85 (d= 1.8 Hz, 3H), 0.91 (s, 9H), 0.09-0.07 (m,
6H)

¥C-NMR (100 MHz, CDC)): & 202.7/202.5*, 157.2/156.2* 131.6, 128.7, 128.28D, 123.3,
120.9%/120.5, 111.3/111.1*, 103.4*/103.2, 90.4*/®072.9/72.7*, 66.2/66.1*, 55.9/55.7*, 26.1, 18.5,
15.6*/15.5, -5.2

HRMS (m/z, [M]"): 334.1959 (calculated), 334.1970 (found)

1-Methoxy-3,5-dimethylhexa-3,4-dien-2-ol (2.31a)

Me
Me_ _.
\]? OMe
Me OH
2.31a

OA284TT

'H-NMR (400 MHz, CDCY): § 4.15-4.11 (m, 1H), 3.47 (d= 9.8 Hz, 1H), 3.40 (s, 3H), 3.36-3.31 (m,
1H), 2.21 (s, 1H), 1.70 (s, 9H)

13C-NMR (125 MHz, CDC}): 6 198.1, 98.2, 97.7, 75.9, 71.6, 59.2, 20.9, 16.0

HRMS (m/z, [M]"): 156.1145 (calculated), 156.1142 (found)
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1-(Benzyloxy)-3-methylhexa-3,4-dien-2-ol (2.31h)

Me
Me, . o
nz SoBn
OH
2.31h

OAALS

'H-NMR (400 MHz, CDCY): 5 7.35-7.27 (m, 5H), 5.22-5.17 (m, 1H), 4.58 (s, 2#p2 (s, 1H), 3.62-
3.59 (m, 1H), 3.50-3.45 (m, 1H), 2.38 (s, 1H), (@)= 2.5 Hz, 3H), 1.65 (dd}= 6.6, 3.4 Hz, 3H)

¥C-NMR (100 MHz, CDC}): & 201.4, 138.2, 128.6, 127.9%/127.8, 99.2*/99.1,2888.1*, 73.5,
73.3/73.31*, 71.5/71.4, 15.9/15.8%, 14.74*/14.72

HRMS (m/z, [M+Na]): 241.11990 (calculated), 241.11996 (found)

2-(Prop-1-enylidene)cyclohexanol (2.34)

r

’,

Cf' 'Me

OH
2.34
OAAL12

'H-NMR (400 MHz, CDC}): § 5.36-5.27 (m, 1H), 3.96-3.94 (m, 1H), 2.37 Jd,13.0 Hz, 1H), 2.07-
1.89 (m, 3H), 1.80-1.79 (m, 1H), 1.71-1.67 (m, 1HE9 (s, 3H), 1.39-1.32 (m, 3H)

%C-NMR (100 MHz, CDC}): & 195.7*/195.6, 107.5/107.4* 90.54/90.5*, 69.1*8836.24%/36.2,
30.2/30.0*%, 26.9*/26.7, 24.0, 15.6*/15.3

HRMS (m/z, [M]): 138.1039 (calculated), 138.1040 (found)
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2.5.4. General Procedure for the Gold-Catalyzed Cyaisomerization

of a-Hydroxyallenes to 2,5-Dihydrofurans in lonic Liquids

The Au precatalyst (1 mol%), the ionic liquid (1 jnland thea-hydroxyallene (0.5
mmol) were introduced into a 25 mL two-necked rodoodtom flask under argon, and the
mixture was stirred vigorously with a magnetic rstirat room temperature. Small samples
were periodically withdrawn by a glass Pasteur ggpehey were washed with diethyl ether,
and the extract was analyzed by TLC and GC. Thetimawas continued until no further
a-hydroxyallene was detected. Upon completion, tteelpct was extracted from the reaction
mixture with dry hexane (5 x 10 mL). The combinegamic layers were concentrated in
vacuo. The crude product was purified by columnonfatography on silica gel with
isohexane/ethyl acetate (10:1) to give the 2,54fibfuran. The ionic liquid layer containing
the gold catalyst was exposed to oil pump vacuunséweral minutes and reused (Scheme
2.21).

Addition of organic solvent

Substrate Homogeneous Phase Product
\ /Org.
Solvent
Substrate Product/0S
llllllllllll ﬁ ﬁ'lllllllllllll EXtraCtiOI‘l
Catalyst/IL Catalyst/IL \
Cat_aly_st + P Catalyst +
Ionic liquid < Ionic liquid
Recycle

Scheme 2.21Monophasic catalytic reaction in an ionic liquid.
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2.5.5. Characterization Data of 2,5-Dihydrofurans
5-t-Butyl-2-(t-butyldimethylsilyloxymethyl)-3-methyl-2,5-dihydrof uran (2.32b)
Me

Mée O *—oTBS
2.32b

w

OAR45/0ARR39
Yield: 84% of2.32bas light yellow oil.

'H-NMR (400 MHz, CDCY): & 5.41 (s, 1H), 4.88-4.81 (m, 1H), 4.62-4.55 (m, 1B{57-3.66 (m, 2H),
1.72 (s, 3H), 1.21 (dd= 6.0, 2.5 Hz, 3H), 0.89 (s, 9H), 0.06 (s, 6H)

%C-NMR (100 MHz, CDC})): & 136.44*/136.4, 127.0/126.8* 88.5%/88.2, 81.5/81.65.8%/65.1,
26.1*/26.0, 22.9*/22.3, 18.5*/18.4, 12.9/12.8*,255.3*

HRMS (m/z, [M+H]"): 243.18 (calculated), 243.18 (found)

2-(t-Butyldimethylsilyloxymethyl)-3-methyl-5-(1-methylethyl)-2,5-dihydrofuran

(2.32d)

OAR46
Yield: 75% of2.32das light yellow oil.

'H-NMR (400 MHz, CDCY): § 5.45 (s, 1H), 4.55 (s, 1H), 4.41-4.40 (m, 1H),73(8, J= 4.5 Hz, 2H),
1.74 (s, 3H), 1.70-1.60 (m, 1H), 0.92-0.84 (2d6.8 Hz, 6H), 0.89 (s, 9H), 0.06 (2s, 6H)

¥C-NMR (125 MHz, CDC)): & 137.8, 123.9, 90.8, 88.1, 66.0, 33.9, 26.1, 18®5, 18.3, 13.04,
-5.27/-5.29

HRMS (m/z, [M+H]"): 271.20878 (calculated), 271.20895 (found)
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5-t-Butyl-2-(t-butyldimethylsilyloxymethyl)-3-methyl-2,5-dihydrof uran (2.32e)

Me

OAR47
Yield: 79% of2.32eas light yellow oil.

'H-NMR (400 MHz, CDC}): § 5.41 (s, 1H), 4.56-4.55 (m, 1H), 4.37-4.36 (m, 1B{H8 (d,J= 5.0 Hz,
2H), 1.75 (s, 3H), 0.89 (s, 9H), 0.85 (s, 9H), 0(23, 6H)

¥C-NMR (100 MHz, GDy): & 139.0, 123.5, 93.6, 88.2, 66.5, 34.5, 26.18/262553 18.5, 13.0/12.9,
-5.15, -5.23

HRMS (m/z, [M+H]): 285.22443 (calculated), 285.22411 (found)

5-Butyl-2-(t-butyldimethylsilyloxymethyl)-3-methyl-2,5-dihydrof uran (2.32c)

Me

OAR48
Yield: 75% of2.32cas light yellow oil.

'H-NMR (400 MHz, CDC}): § 5.43 (s, 1H), 4.75-4.67 (m, 1H), 4.58-4.55 (m, 181$8-3.67 (m, 2H),
1.73 (s, 3H), 1.53-1.31 (m, 6H), 0.89 (s, 9H), OE83H), 0.06 (s, 6H)

3C-NMR (100 MHz, CDC)): & 136.8/136.7*, 125.6%/125.56, 88.2*/88.1, 85.7/85.65.8+/65.2,
37.0%/36.4, 28.0*/27.6, 26.1*/26.0, 23.0/22.9% 5818.4, 14.2, 13.0/12.96*, -5.2/-5.3*

HRMS (m/z, [M+H]"): 285.22443 (calculated), 285.22470 (found)
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2 Gold-Catalyzed Synthesis of 2,5-Dihydrofuransoinid Liquids

2-(t-Butyldimethylsilyloxymethyl)-5-phenyl-3-methyl-2,5-dihydrofuran (2.32f)

OA2R58
Yield: 50% of2.32fas light yellow oil.

'H-NMR (400 MHz, CDCY): § 7.40 (d,J= 7.8 Hz, 2H), 7.32 (t)= 7.2 Hz, 3H), 5.67 (s, 1H), 5.52 (s,
1H), 4.83-4.71 (m, 1H), 3.83-3.79 (m, 2H), 1.823(d), 0.91 (s, 9H), 0.09-0.06 (2s, 6H)

¥C-NMR (100 MHz, CDC)): & 142.9/142.6*, 137.6, 128.5/128.3*, 127.8*/127.2711*/126.5,
125.74/125.7*, 89.0/88.7*, 87.5/87.0*, 65.5*/6528,1*/26.0, 18.5, 12.9/12.8*, -5.2/-5.26*, -5.345.

HRMS (m/z, [M+H]"): 305.19313 (calculated), 305.19348 (found)

2-(t-Butyldimethylsilyloxymethyl)-5-(2-methoxyphenyl)-3methyl-2,5-dihydro

furan (2.329)

OARG62
Yield: 65% o0f2.32gas light yellow oil.

'H-NMR (400 MHz, CDCY): & 7.5/7.4 (dJ= 7.4 Hz, 1H), 7.22 (t)= 7.8 Hz, 1H), 6.9 (m, 1H), 6.84 (d,
J= 8.0 Hz, 1H), 6.05 (s, 1H), 5.64/5.63* (m, 1H)82/4.72* (m, 1H), 3.84 (s, 3H), 3.81-3.79 (m, 2H),
1.79/1.78* (s, 3H), 0.91/0.90* (s, 9H), 0.09 (s,)36105 (2s, 6H)

¥C-NMR (100 MHz, CDC: & 156.4/156.2*, 136.9/136.5*, 131.5%/131.1, 128.329.28,
127.2*/126.5, 125.2*/125.0, 120.8/120.7, 110.3/11088.6/88.4*, 82.0/81.1*, 65.8/65.3*, 55.5, 26.1,
18.5, 13.0, -5.19%/-5.24, -5.26*/-5.25

HRMS (m/z, [M]): 334.1959 (calculated), 334.1960 (found)
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2 Gold-Catalyzed Synthesis of 2,5-Dihydrofuransoinid Liquids

2-((Benzyloxy)methyl)-3,5-dimethyl-2,5-dihydrofuran(2.32h)

OAR52
Yield: 88% of2.32has light yellow oil.

'H-NMR (400 MHz, CDCJ): § 7.34-7.27 (m, 5H), 5.47 (d= 8.5 Hz, 1H), 4.96-4.71 (m, 2H), 4.64-
4.56 (m, 2H), 3.61-3.49 (m, 2H), 1.71 (s, 3H), 1(@d, J= 10.2, 6.4 Hz, 3H)

¥C-NMR (100 MHz, CDC})): & 138.6/138.5* 135.8/135.6*, 128.4, 127.8%/127.275*/127.59,
127.4*/127.2, 87.1*/86.8, 81.5, 73.6*/73.5, 72.51#122.9/22.2*, 12.73*/12.72

HRMS (m/z, [M]"): 218.1301 (calculated), 218.1297 (found)

2,4,5,6,7,7a-Hexahydro-2-methylbenzofuran (2.35)

2.35

OARS53
Yield: 75% of2.35as light yellow oil.

'H-NMR (400 MHz, CDCY): § 5.28 (d,J= 10.3 Hz, 1H), 4.92-4.86 (m, 1H), 4.54-4.41 (m,)1Ri23-
2.13 (m, 1H), 2.0-1.93 (m, 1H), 1.79-1.75 (m, 2HB7-1.15 (m, 5H)

¥C-NMR (100 MHz, CDC)): & 142.0/141.7*, 121.2*/120.8, 84.8*/84.0, 81.6*/81.37.1/35.6%,
27.3%27.2, 27.0/26.8*, 23.6*/23.5, 23.4*/22.5

HRMS (m/z, [M]"): 138.1039 (calculated), 138.1036 (found)

61



CHAPTER 3

Combined Rhodium/Gold Catalysis:
From Propargyl Oxiranes to

2,5-Dihydrofurans in One Pot

3.1. INTRODUCTION

While transition metal catalyzed processes havéleddransformative developments in
organic synthesis, the major problems are the hapdif waste (compatibility with the
environment, ecological problems, safety, etc.) anaduction cost (laboratory operations,
guantities of chemicals and solvents used, et@jvé¥er, it would be much more efficient if
the reactions are carried out in a single reactiessel with multiple catalysts operating
simultaneously. This could avoid the time and yilelsises associated with the isolation and
purification of intermediates in multistep sequenda recent years, therefore much interest on
tandem/one-pot processes in which two catalystomersequential organic transformations
via the first step is carried out by one catalsto afford certain intermediatdsand then
another reagent or second catalss added and lead to the final product (Schemg 3lie
challenges in these transformations are the cobiligti of the second catalyst to the
conditions of the first catalytic reaction and evestep should proceed in the designed

sequence to avoid side reactidhs.

(1 a) D. E. Fogg, E. N. dos Sant@pordination Chem. Re2004 248 2365-2379; b) L. F. Tietz&€hem. Rev.
1996 96, 115-136; ¢) R. A. Buncdetrahedron1995 51, 13103-13159; d) H. Sun, F. Z. Su, J. Ni, Y. Cao, H
Y. He, K. N. FanAngew. Chen2009 121, 4454-4457Angew. Chem. Int. EQ009 48, 4390-4393; e) X. Z.



3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

Catalyst
B
Reactant Product

Scheme 3.1Proposal of bimetallic sequential one-pot reaction

Over the last years, the combination of efficiestiatytic methods in tandem or one-pot
processes like multiple metal catalydts:**® gold/organocatalyst;? gold/enzymée&® were

published.

3.1.1. Tandem Reactions Catalyzed by Multiple MetaCatalysts

The combination of different metal complexes fotabdic reactions is rather limited,
probably owing to the fact that the presence oftiplel metal catalysts will lead to the
competitive coordination of metals to the chirajalind used, which makes the chiral
environmental unpredictable and unsuitable forvemireaction. Nevertheless, there are some
examples of this concept.

In 2004, Feringaet al reported the asymmetric synthesis of (-)-punakat C via a
Cu/Pd-catalyzed tandem asymmetric conjugate additilylic substitution and a tandem
Heck-allylic substitution reaction (Scheme 3.2).eTleopper-phosphoramidite catalyzed
addition of dimethylzinc to 2-cyclohexenofel formed the intermediat8.2, a zinc enolate
which reacted with catalytic Pd(Pfhand allyl acetate to give.3. After this key step of the
synthesis, eight additional steps were needed nplaie the synthesis of (—)-pumiliotoxin C
(Scheme 3.2

Shu, X. Y. Liu, K. G. Ji, H. Q. Xiao, Y. M. Liangzhem. Eur. J2008 14, 5282-5289; f) J. C. Wasilke, S. J.
Obrey, R. T. Baker, G. C. Baza@hem. Rev2005 105 1001-1020; g) J. M. Lee, H. Youngim, C. S. Hoon,
Chem. Soc. Re004 33, 302-312; h) L. F. Tietze, U. BeifusAngew. Chem1993 105, 137-170;Angew.
Chem. Int. Ed1993 32, 131-312.

e w. Dijk, L. Panella, P. Pinho, R. Naasz, A. Mews A. J. Minnaard, B. L. Fering@ietrahedron2004 60,
9687-9693.
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o}
HH
N
@ —-
/,,, 2
3.1 3.3, 84%, 96% ee I\EA H
Cu(OTf), OO Ph (-)-Pumiliotoxin
‘Oﬁemg'rﬁ%’ O~ N> v Pd(PPha),, (2 mol%)
1.2 ezquiv) o~ Allyl acetate (1.1 equiv.)
toluene, -30 C, OO 0 °C, overnight
3h (1 mol%) Ozn
/,,,//
3.2

Scheme 3.2Combination of copper catalysis and palladiumlgais

In 2004, Buchwaldet al reported a one-pot tandem copper-catalyzed asymeme
conjugate reduction of cyclopentenoBe and palladium-catalyzed arylation reaction in the
presence of CsF, providing-arylated cycloalkanon&.5 with excellent enantiomeric and
diastereomeric purity. In addition, this procedwan be carried out in one pot without

isolation of the intermediate diphenylsilyl endhet (Scheme 3.3§.

G

3.5, 72% 97% ee

1 mol% CuCl 5 mol% Pd(OAc),
1 mol% (S)-Tol-BINAP 10 mol% O
1 mol% NaOt-Bu CsF (1.1 equiv.)
. : P(t-B
Ph,SiH, (0.51 equiv.) PhBr (1.5 equiv.) (+8u):
THF:Pentane (1:1) T RT O
78T Ph~q-Ph

I

(@] (@]

L Me Me]

Scheme 3.3Combination of copper catalysis and palladiumlgais!®!

Bl 3. Chae, J. Yun, S. L. Buchwaldg. Lett.2004 6, 4809-4812.
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3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

In 2006, Trosket al reported a one-pot synthesis of enantiopure M-@+heterocyclic
compounds using the combination of a rutheniumlysitaand a chiral palladium complex.
After the completion of the ruthenium-catalyzedes&/alkyne cross coupling reaction36
and 3.7, the chiral ligand3.8 and the palladium catalyst were added to induce th
enantioselective intramolecular heterocyclizatieaction. This tandem reaction was employed

for the synthesis of ring B of bryostatin (Schen#) &'

T™MS
TMS/\I\/>—\

—..—’ N

p-NsHN p-Ns
90%, 91% ee
3.6 .
NH HN

Ru catalyzed [[RuCp(CH3CN)3]PFg
alkene/alkyne (10 mol%) PPhyPh,P 2% [Pd(n3-C3Hs),Cll,
cross-coupling acetone, RT DBU, DCM, 25 °C

™S 3.8 (6 mol%)
Q
NHp-Ns p-N02C6H4

S

Scheme 3.4Combination of ruthenium catalysis and palladiwatatysis™!

In 2006, Nishibayasteét al have shown that an iridium catalyst can be coiblgatvith
a ruthenium catalyst in one pot. The first step s catalytic dehydrogenation of primary
alcohol3.9 by the iridium complex to form the corresponditdeftyde3.10 which underwent
a base-catalyzed aldol condensation with acetopteetm afford then,f-unsaturated ketone
3.11 The following iridium-catalyzed hydrogenation gaw-alkylated ketone3.12 Finally,
ruthenium-catalyzed enantioselective hydrogenatbrthe o-alkylated ketone resulted in

formation of the enantiomerically enriched alcoBdl3(Scheme 3.5¥!

4] B. M. Trost, M. R. Machacek, B. D. Faulk, Am. Chem. So2006 128 6745-6754.

Bl G. Onodera, Y. Nishibayashi, S. Uemutagew. Chem2006 118, 3903-3906Angew. Chem. Int. EQ00G
45, 3819-3822.

65



3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

OH
HO/\n-Pr 4“ @ > Ph/_\/\n-Pr

(3.0 eq) 3.13, 75%, 94% ee
3.9

O
[Ir(cod)CI], (1 mol%) Q \: :l‘/\ i 9
2 Fe N PPhs |-PrONa(4 mol%),

PPh; (4 mol%) P = i-PrOH
-H, @ I Ru
Phy | e
0,
o (1 mol%)

H )K
Cat. Ir
o (1 0 equiv.) n-Pr Ph

3.10 KOH (5 mol%)

Scheme 3.5Combination of iridium catalysis and rutheniumadgsis™

Hartwig et al reported a sequential palladium-catalyzed isaragon and iridium-
catalyzed asymmetric allylic substitution reactidime transformation of branched aromatic
esters3.14to branched allylic produc&15was carried out with several nucleophiles in good

yield and excellent regio- and enantioselectivBglieme 3.65!

OCO,Me NHPh
Ph)\/ ph N7
3.14 3.15, 83%, 94% ee
Pd(dba), (0.2 mol%) [Ir(cod)Cl], (1.5 mol%) O o ,C12H23
PPh; (0.4 mol%) PhNH, (1.2 equiv.) o-P—N
THF, RT, -50 °C Ph)lll

ph™ N 0co,Me
Scheme 3.6Combination of palladium catalysis and iridiumatgsis'®

In 2007, Nishibayasheét al. reported deracemization of secondary benzyliohats by
a two-step process with the combination of twoeddht chiral ruthenium catalysts in the
oxidation and reduction steps. The first step vmasselective oxidation of tH&enantiomer of
the racemic alcohd.16to the corresponding keto3el8 by chiral ruthenium comple3.17.
Then the keton8.18 was enantioselectively reduced to Renantiomer3.20 by the second

chiral ruthenium cataly$.19 (Scheme 3.7’

61 5. Shekhar, B. Trantow, A. Leitner, J. F. HartwigAm. Chem. So2006 128 11770-11771.
My, Shimada, Y. Miyake, H. Matsuzawa, Y. Nishibdya€hem. Asian 2007, 2, 393-396.
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3.20, 99"‘A), 92% ee

Q \:N i-PrONa,
Fe P —/PPhg i-PrOH

@ Ru
Ph, | ~c

3.19 (0 5 mol%)

|||O

KOH
acetone
Ph

3.17 (1 mol%)

Scheme 3.7Combination of two different ruthenium complex@s.

|||O

3.1.2. Tandem Reactions Catalyzed by the Combinatoof Gold and

Organocatalysts

The combination of transition metal catalysis witiganocatalysis has become a useful
strategy for the development of new and valuabdetiens; it is still a challenge to develop a
tandem reaction catalyzed by the combination oftiypes of catalysts. While organocatalysis
is dominated by Lewis-basic catalysts, such as @sninarbenes, and tertiary phosphines, a
metal catalyst usually needs to have an empty @matidn site to interact and activate a given
substrate to facilitate a reaction. Nevertheldssiet have some examples of tandem reactions
catalyzed by gold and organocatalysts.

In 2008, Kirschet al have shown that formyl alkynes undergo previoustknown
cyclizations on activation with catalytic amounts @ Au(l) complex and an amine, thus
opening a new entry into the direcfunctionalization of aldehydes with unactivatelyales.

In fact, treatment of formyl alkyn8.21 with both PRBPAuSbFk (10 mol%) and-PrL,NH (20
mol%) in CDC} at 70 °C resulted in the formation of the cyclaatproduct3.22 in 82%
isolated yield. With R= Me, reactions afbranched aldehydes should be conducted utilizing
[(AuPPh);0]BF, aszn-acidic catalyst; in the presence of 20 mol% of HRK)(c-Hex) at 70 °C

in CDCl;, the cyclization produ@.23is formed in 71% isolated yield (Scheme ¥8).

B T, Binder, B. Crone, T. T. Haug, H. Menz, S. Fskh,Org.Lett.2008 10, 1025-1028.
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Ol L e
N OHC
H

(20 mol%)
[(AuPPh3)30]BF,4 (10 mol%)

18 h, 70 C, CDCl 3

71%
R =Me

MeO,C CO,Me
OHC._ _R || 3.23

MeO,C~ ~CO,Me }N OHC

301 H (20 mol%)
' Ph3PAuUSbFg (10 mol%)

6 h, 70 C, CDCl 3

82%
R=H

MeO,C CO,Me
3.22

Scheme 3.8Combining gold catalysis with enamine cataly8is.

In 2009, Dixonet al. have shown am situ enol lactone-forming by gold(l)-catalyzed
cycloisomerization of alkynoic acid3.27 and a chiral Brgnsted acid-catalyzed dehydrative
condensation of an enol lactone and an an8i8 Alkynoic acids were treated with
gold(Dtriphenylphosphine triflate (0.5 mol%) angenh tryptamine3.28 in the presenceRj-
TPS-BPA (10 mol%), and the cyclized produt29 were isolated in good yields and with
high ees (Scheme 3.9

O

CO3H 0.5 mol% PhzPAuCI
/ 0.5 mol% AgOT, o
toluene, RT, 1 h R/d
3.27
7 N 3.28 go ¢, 24 h AN o

then (R)-TPS-BPA, N
110 C, 24 h

R

R

3.29, 96%, 95% ee

Scheme 3.90ne-pot cycloisomerizatioNfacyliminium cyclization reactiol!

BI'wm. E. Muratore, C. A. Holloway, A. W. Pilling, R. Btorer, G. Trevitt, D. J. Dixon]. Am. Chem. So2009
131, 10796-10797.
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Also in 2009, Gongpt al reported an Au-catalyzed intramolecular hydroatiam of a
C-C triple bond combined with a chiral phosphor@idecatalyzed enantioselective transfer
hydrogenation reaction. The transformation of 2¥@pynyl)aniline 3.30 bearing either
aromatic or aliphatic substituents on the propyngiety into tetrahydroquinoline€.32 using
a binary catalyst system consisting of;®AuCH; (5 mol%) and Brgnsted acid.31 (15
mol%) were developed in high yields (82->99%) wékcellent enantioselectivity ranging
from 94% to >99%ee (Scheme 3.10}

RO,C CO.R

X Ph3PAUCH; AN II SN
| N Gmom” | N o 1 e
és = NH R Toluene, 25 © css = /

1
RZ 2 R2 O H R
o~ OH
3.30 3.32, 82->99%,
Ar: 9+ phenanthrenyl 94->97% ee

3.31 (15 mol%)

Scheme 3.100ne-pot hydroamination/transfer hydrogenation tieaé™”

Almost at the same time, Cle¢ al applied the same strategy to the one-pot syrgludsi
chiral secondary amines through tandem intermoéeculhydroamination/transfer
hydrogenation of alkynes using a cooperative ctitafystem composed of a gold(l) complex
and the chiral Brgnsted acB33 Various aryl, alkenyl and aliphatic alkynes weampled
with anilines to afford chiral secondary ami®i84in up to 98% vyield and up to 96&&under
mild conditions (Scheme 3.1%§

EtO,C CO,Et
R J'\/\'L R?
(t-Bu),(o-diphenyl)PAUOT N H HN™
RI-NH, + R2—— (1-2 mol%) )|\ J\
5A MS, benzene, 40-60 °C R2 ' i- R2

R1= Aryl R?= Aryl, alkenyl, alkyl 3.34, 98%, 96% ee

i-Pr
3.33 (5-10 mol%)

Scheme 3.11Combination of gold catalysis with Brgnsted achatysisi™!

[10]

Z.Y.Han, H. Xiao, X. H. Chen, L. Z. Gondg, Am. Chem. So2009 131, 9182-9183.
(11]

X. Y. Liu, C. M. CheOrg. Lett.2009 11, 4204-4207.
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In 2009, Alexakiset al investigated a one-pot reaction consisting oéaantioselective
organocatalytic Michael addition of aldehyd®85to nitroenyne3.36 and a subsequent gold-
catalyzed tandem acetalization/cyclization of tleeresponding adduc.37 which leads to
nitro-substituted tetrahydrofuranyl ethe3s38 with high diastereo- and enantioselectivities
(Scheme 3.12§2

R2
| | PhsPAUCI (5 mol%) RO o R?
H (10 mol%) (0] AgBF, (5 mol%) _
/ / CHCI3 -10 T NO, | P-TSOH (25 mol%)
H R%OH (1.2 equiv.) R!?
Rl CHCl3, -10 C, 3 h NO
2
3.35 3.36 = 3.37 ~ 3.38

Scheme 3.12Enantioselective one-pot organocatalytic Michaelitah/Gold-catalyzed tandem
acetalization/cyclizatioH?

3.1.3. Tandem Reactions Catalyzed by the Combinahoof Gold and

Enzymes

The first example for the combination of enzymed gold catalysts is based on the
Burkholderia cepacia (PS Amano SD) lipase-cataljkirdtic resolution of racemig-allenic
acetates3.39 and the HAuC}catalyzed cycloisomerization of the resulting ditanerically
enrichedo-hydroxyallenes3.40to the corresponding 2,5-dihydrofuraBgll in one pot. The
one-pot kinetic resolution/cycloisomerization affed 2,5-dihydrofuransRj-3.41 as well as
unreacted starting materid@)¢3.39 with 28-50% isolated yield and 86-988&™

R1 y\rw R2 Lipase, HZO RL /\‘\\R RY /\r

R OAc [Au OAc
3.39 (S) -3.39 (R) -3.40
NS <—/
Rl (@) R2
(R)-3.41

Scheme 3.13Combination of gold catalysis with enzynt&s.

t2lg, Belot, K. A. Vogt, C. Besnard, N. Krause, A. AlkisaAngew.Cherm2009 121, 9085-9088Angew. Chem.

Int. Ed.2009 48, 8923-8926.
3w, Asikainen, N. Krauseidv. Synth. CataR009 351, 2305—-2309.
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3.1.4. Tandem Reactions Catalyzed by the Combinaticof Gold and
Other Metal Catalysts

In the field of gold catalysis, only two reportsvitnich gold and another transition metal
were used in one pot have appeared so far. dkal have published a 1,3-rearrangement of
propargyl alcohol$.42to o,f-unsaturated carbonyl compour@lg3 with the combination of
1 mol% each of Mogacac), PhPAUCI and AgOTTf. It has provided good to excellent
isolated yields of unsaturated ketones from primaggondary, and tertiary propargyl alcohols
(Scheme 3.14§%

R! OH MoO,(acac), 1
PhsPAUCI-AgOTF R O

R2 (1 mol% each) M
\\ RN s

organic solvent
3 RT, 0.25-3 h
342 R 3.43,61-97%
R1, RZ=H, alkyl, aryl
R3 = H, alkyl, aryl, OPh, N(Bn)Ts

Scheme 3.14Combination of gold catalysis and molybdenum gataf**!

Shi et al. have reported that a combination of (RMeCl and Yb(OTf) catalyzes the
domino isomerisation of epoxy alkynes to give fimmlized indene derivatives in good
yields under mild conditions. They envisaged a a&dscreaction using epoxy alkynes as
substrates, that ketone-substituted epoxi8e®} in the presence of acid might undergo
isomerization to give 1,3-diketones and subsequntrgmolecular cyclization could occur via
nucleophilic addition of an oxygen or a carbon atmmthe alkyne to give3.45 (Scheme
3.15)1)

(0] Rl
(0]
Yb(OTf)3 (5 mol%),
R (PMe3)AuCI (5 mol%) O‘ R?

CH3NO,, 50 C, RT

A \

R2
HO
3.44 3.45

Scheme 3.15Combination of gold catalysis and ytterbium cagis{®

4 M. Egi, Y. Yamaguchi, N. Fujiwara, S. Akadrg. Lett.2008 10, 1867—1870.

(151 3) L. Z. Dai, M. ShiEur. J. Org. Chem2009 3129-3133: b) L. Z. Dai, M. ShChem. Eur. J201Q 16, 2496—
2502.
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3.2. PRESENT STUDY

Our interest in the synthesis of 2,5-dihydrofuraftem alkynyl oxiranes by
S\2’-substitution and subsequent cycloisomerizatidfers a unique opportunity for the
development of such a new tandem or one-pot pranges/ing gold and a second transition
metal.

2,5-Dihydrofurans are the structural subunits #rat found in an abundance of natural
products and pharmacologically active moleculeg dévelopment of synthetic approaches to
functionalized 2,5-dihydrofurans is of major inte®”’ Our group has developed a highly
efficient and stereoselective synthesis of 2,5dibfurans by gold-catalyzed
cycloisomerization ofi-hydroxyallenes3.46"" a method that has found various applications

in target-oriented synthe&f (Scheme 3.16).

R3 R3
H
Rl""/°)ﬁ;R4 Au(l) or Au(lll) R%,@H
F‘; OH R O R
3.46

Scheme 3.16Gold-catalyzed cycloisomerization @fhydroxyallenes.

a-Hydroxyallenes which are the starting materials tfie 2,5-dihydrofurans are also
versatile building blocks for organic synthesisdagse of the inherent reactivity of their axially

chiral backbon&? The a-hydroxyallenes are normally prepared by copperiated®® or

[16] a) Review on synthesis of dihydrofuran: T. G. Kyr@. P. O’Sullivan, P. J. Guingur. J. Org. Chem2005
4929-4949; b) A. Buzas, F. Istrate, F. Gag@m. Lett.2006 8, 1957-1959; c) Y. Liu, F. Song, Z. Song, M.
Liu, B. Yan,Org. Lett.2005 7, 5409-5412.

1 a) A. Hoffmann-Rdder, N. Kraus®rg. Lett. 2001 3, 2537-2538; b) N. Krause, A. Hoffmann-Rdéder, J.

Canisius,Synthesi®002 1759-1774; c) C. Deutsch, B. Gockel, A. Hoffmanrd&® N. KrauseSynlett2007,

1790-1794; d) O. Aksin, N. Krausidv. Synth. CataR008 350, 1106-1112; e) M. Poonoth, N. Kraugelv.

Synth. Catal2009 351, 117122; f) C. Winter, N. Krause&3reen Chem2009 11, 1309-1312; g) N. Krause, V.

Belting, C. Deutsch, J. Erdsack, H.-T. Fan, B. GocRelHoffmann-Réder, N. Morita, F. Vol&ure Appl.
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-catalyzeff"! S\2’-substitution of alkynyl oxiranes and relatedottephiles which takes place
with high anti-selectivity in most cases-Allenols are also synthesized witi-selectivity in
the presence of organozifie,stannan&’ and -boron reagertd or carbon monoxid@' from
propargylic oxiranes under palladium catalysis.

In contrast to this, the rhodium-catalyzed2Ssubstitution of alkynyl oxiranes with
boronic acids developed recently by Murakami andar&er$® permits the construction of
synconfigureda-allenols with high levels of diastereoselectivityder mild conditions. A pre-
coordination of the oxirane oxygen atom is likely tontribute strongly to the high

stereoselectivity and reactivity observed in thimsformation (Scheme 3.17).

Me Ph
Ve S _
= ) 9 '/‘Ph R
+ PhB(OH), 2.5 mol% [Rh(nbd)Cll, . e
(0] 0.6 equiv. KOH
THF, RT,2h
81% OH OH
3.47a 3.48a 3.49aa, syn 3.49aa, anti

(syn/anti =99:1)

Scheme 3.17Rh(l)-catalyzed reaction of an alkynyl oxiranewithenylboronic aciff®

Krause et al and Murakamiet al applied this rhodium-catalyzed addition of
arylboronic acids to alkynyl oxiranes together wille gold-catalyzed cycloisomerization of
the corresponding allenol and the iridium-catalyhgdrogenation to achieve a total synthesis

of (+)-boivinianin B in a traditional multi-flaskesjuence (Scheme 3.18).
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Me 4-MeCgH4B(OH); (2.6 equiv.) Mme e
O JoMe  rhnbd)cil, (2.5 moi%) \©
OH Y
Z KOH (0.6 equiv.) "//

Dioxane, RT, 4.5 h
then (HOCH,CH,)NH

Me

Oun

41% (dr = 95:5)

[Au(l)] (5 mol%)

CH,Cl,, -20C
T,k O A e
76% (dr = 94:6) 75% (dr = 94.6)

(x)-Boivinianin B

Scheme 3.18Traditional multiflask sequence in the synthegithe natural product (+)-Boivinianin B.

Multiple catalysts operating simultaneously in qu could circumvent the time and
yield losses associated with the isolation and fisation of intermediates in multistep
sequences. The examples where two catalysts pesegorential organic transformations in a
single vessel are significantly increasing in régears. In many aspects, this approach of one-
pot or tandem catalysis makes the processes mon®mical and time saving compared to the
traditional one-catalyst one-reaction routes. Néhebess, tandem/one-pot reactions with gold

and other frequently used transition metals (PdefRl) are still the field to examine.

_ " _
R! z R2
Y N
2 7 Rh R2 . Ar | 1A
R + AB(OH) —— B R T\
e} solverll\,til_base, RT D /
N 4 1
R3 RS OH H (@) R
3.47 3.48 L 3.49 _ 3.50

Scheme 3.19Proposal: One-pot rhodium/gold-catalysis sequence.

In this respect, our aim is to synthesize 2,5-dibfurans3.50 by a sequential one pot
reaction consisting of a rhodium-catalyze@'Ssubstitution of alkynyl oxirane8.47 with
arylboronic acids3.48 to furnish a-allenols 3.49 followed by cycloisomerization of the
a-allenols 3.49 by gold catalysis (Scheme 3.19). This two-stepe-pot formation of the
2,5-dihydrofurans3.50 would represent the first example of combined nnodgold catalysis
and an ecological and economical way to accessl mmk complex molecules from simple,

readily available starting materials.
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3.3. RESULTS AND DISCUSSION

In order to examine the compatibility of the rhadiuand gold-catalyzed step in one-
pot, we first investigated the reaction of alkyoyirane3.47awith phenylboronic aci®.48a
which should afford bicyclic dihydrofura®50aavia a-hydroxyallene3.49aa(Table 3.1).

We performed the rhodium-catalyzed step by adogtiegMurakami’'s method with the
only difference that KOH was added as an aquedusiao (THF:water 100:1) to simplify the
addition of small amounts of KOH to reaction mix@uihe conversion &&.47awas complete
as determined by TLC analysis. Subsequently 5 mai%dAuCl, - 3 HO was added to the
reaction mixture to achieve the cyclization stemfdgtunately, the cycloisomerization was
slow and yielded only 39% &.50aa(Table 3.1, entry 1). The cycloisomerization wastér
and yielded 71% ad8.50aawhen we increased the gold amount to 8 mol% (Taldleentry 2).
When 1,4-dioxane was used as solvent, the rhodatalyzed {2’-substitution was much
slower and did not go to completion (Table 3.1ne8).

We assumed that the base could be detrimental fog gold-catalyzed
cycloisomerization of the allenol. It is known tH&h]-OH species is formeah situ with
[Rh(nbd)CIL and KOH?®! From that knowledge, to eliminate the base eftecithe gold-
catalyzed step, preformed [Rh(cod)QKHB% Rh, cod: cycloocta-1,5-diene) complex was used
for the allenol formation in THF without additionahse. Under these conditions, both the Rh-
and Au-catalyzed step were fast and yielded 369.85Daawith side products (Table 3.1,
entry 4). When THF:ED (100:5) was used, the overall yield was decrets@8% (Table 3.1,
entry 5). It is observed that the amount of watamportant for the one-pot reaction. With 1%
or 0.5% of HO in the reaction mixture, better yields of the-@ibydrofuran (50-58%) were
obtained (Table 3.1, entries 6-8). 1,4-Dioxaneiohldroethane turned out to be not effective
solvents for the one-pot reaction (Table 3.1, entfi and 10).

In the presence of the [Rh(cod)OMelkomplex (5% Rh) in MeOH with
HAuUCI, - 3 HO, 3.50aa was obtained in an NMR vyield of 46% (Table 3.1, entr§).1
However, [Rh(cod)OMg]in THF was less effective then in MeOH, and bdid Rh- and Au-
catalyzed step were rather slow with low yield (Eah1, entry 12).

Since the base-free conditions did not offer anaathge, we turned back to the
previous procedure. When,®0O; was used as a base to eliminate the side produogafion
with [Rh(cod)OH}, nearly no change was observed compared to tlitiaes without base
(Table 3.1, entry 13).

75



3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

Table 3.1. Optimization of the % step (Rh catalysis) of the one-pot synthesis of
2,5-dihydrofurar8.50aafrom alkynyl oxirane3.47ausing phenylboronic acig.48a®

_ ve ]
P Me =
/
= 5 mol% Rh '/‘Ph 5-9 mol% Au
+ PhB(OH), > E—— —\ Ph
solvent, base, RT RT
OH H\\ (@) /Me
3.47a 3.48a L 3.49aa _ 3.50aa

Au-catalyzed

Rh-catalyzed S n2'-substitution - o
cycloisomerization

Entry Rh (5 mol%) Base (equiv.) Solvent Time (h)  Time (h) F:E%)(:?a
1 [Rh(nbd)Cl] KOH (0.6) THF:H,0 (100:1) 1 23 39
2l [Rh(nbd)Cl] KOH (0.6) THF:H,0 (100:1) 1 15 71
3l [Rh(nbd)Cl] KOH (0.6) Dioxane:H,O (100:1) 17 — —

4 [Rh(cod)OH],  — THF 2 0.75 36
5l [Rh(cod)OH],  — THF:H,0 (100:5) 22 0.5 29

6 [Rh(cod)OH],  — THF:H20 (100:1) 1 0.5 58

71 [Rh(cod)OH],  — THF:H,0 (100:1) 2 1 50

8 [Rh(cod)OH],  — THF:H20 (100:0.5) 1 0.5 55
ol [Rh(cod)OH],  — Dioxane:H,O (100:1) 4 0.5 41
10" [Rh(cod)OH],  — DCE:H,0 (100:1) 7 — —

11 [Rh(cod)OMel, — MeOH 1 0.5 46
12! [Rh(cod)OMel, — THF 3 0.5 23

13 [Rh(cod)OH];  K»COs (0.6) THF:H20 (100:1) 1 0.5 58
14®  [Rh(cod)Cl], KOH (0.6) THF:H,0 (100:1) 47 24 17

15 [Rh(nbd)Cl] K3POy4 (1) THF:H20 (100:1) 1 24 53

16 [Rh(nbd)Cl] CsOH - H,0 (0.4) THF:H,O (100:1) 1 24 52
17 [Rh(nbd)Cl] NBuU4OH (0.6) THF:H20 (100:1) 1 24 —
18 [Rh(nbd)Cl] » KOH (0.4) THF:H20 (100:1) 2 0.5,10,21 73-80

[a] Reaction conditions: 0.2 mmol of 3.47a, different amount of bases in different amounts of H,O (or without), 0.3
mmol of phenylboronic acid 3.48a, 5 mol% of Rh in 2.0 mL solvent at RT under Ar. When the alkynyl oxirane 3.47a is
consumed (TLC control), 5-9 mol% HAuCl, - 3 H,O was added. [b] Calculated by 'H NMR relative to an internal
standard (1,3-dimethoxybenzene). [c] With 5 mol% of HAuCI, - 3 H,0. [d] With 8 mol% of HAUCl, - 3 H;O. [e] The 1%
step was discontinued and gold catalyst was added to reaction mixture. [f] 5-6 mol% AuBr; was used instead of
HAuUCI, - 3 H;0.

Interestingly, the analogous [Rh(cod)CHomplex proved less effective in basic THF

solution, indicating that nbd is a better ligandrtttod for this reaction (Table 3.1, entry 14).
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reactibat twe obtained with
[Rh(nbd)CIL/KOH in a THF:HO solvent system (Table 3.1, entry 2), we investigahe
effect of bases for the second step, the goldycaddl cycloisomerization of the allenol, to

Based on the best result for the one-pot

increase the overall yield in shorter reaction 8me

Bases like KPO, (1 equiv.) or CsOH - ¥ (0.4 equiv.) afforded complete conversion
in the Rh-catalyzed step, but the gold-catalyzedoiyomerization stopped after 24 h (Table
3.1, entries 15 and 16). Even NBH (0.6 equiv.) was an effective base for Rh cataly
however the Au-catalyzed cycloisomerization did tadte place at all (Table 3.1, entry 17).
Unfortunately, other bases like ££O; (1 equiv.), NaOH (0.4 equiv.), XOs; (lequiv.) or
LiOH - H,O (0.4 equiv.) yielded only 12-30% 8f50aaafter incomplete conversion 8f47a
in the first step. When 0, (0.4 equiv.) was used, the Rh-catalyzed step didvook at all.
Coming back to KOH as a base, lowering the amororh f0.6 to 0.4 equiv. afforded short
reaction times in both Rh- and Au-catalyzed stejtls promising yields. The reactivity of the
gold-catalyzed cycloisomerization strongly depeodsthe quality of the catalyst; whereas a
fresh sample of HAuGl- 3 HO gave complete conversion &#9aato 3.50aawithin 30 min,
older samples required up to 21 h. Yields, howenesnained constant (Table 3.1, entry 18).

Table 3.2. Effect of gold precatalysts on the one-pot syrithe$ 2,5-dihydrofurar3.50aa
from alkynyl oxirane3.47ausing phenylboronic acigl48awith [Rh(nbd)CIL.?

_ Me Me
Z 2.5 mol% [Rh(nbd)Cl]; A enl 1Al
+ PhB(OH), =\ ph
o THF:H,0 (100:1), RT ¥ /
KOH, RT S :
OH H © Me
3.47a 3.48a 3.49aa n 3.50aa

Entry [Au] (5 mol%) Time (h) NMR Yield 3.50aa [%] ™
1 HAUCI 4 - 3 HO 0.5, 10, 21 73-80

2 HAUCI, - 3 H20 (9%) 0.5 77

3 NaAuCl, 21 10

4 AuCls 24 32

5 AuCl 24 14

6 PhsPAUCI/AgOTf 24 3

7 AulPrCl/AgOTf 24 6

8 AUBT 3 3 72

[a] Reaction conditions: 0.2 mmol of 3.47a, 0.08 mmol of KOH in 20 pL H,O, 0.3 mmol of 3.48a, 2.5 mol% of
[Rh(nbd)ClI], (5 mol% of Rh) in 2.0 mL THF at RT under Ar. When the alkynyl oxirane 3.47a was consumed (2 h, TLC
control), 5 mol% of gold catalyst was added. [b] Calculated by 'H NMR relative to an internal standard (1,3-

dimethoxybenzene).

77



3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

In contrast to this, the allene formation did nairkvat all with just 0.2 equiv. of KOH.

From this base screening, KOH (0.4 equiv.) in THRH100:1) emerged as the best
system for the rhodium-/gold-catalyzed reactiorome-pot. Next, we tested different gold(l)
and gold(lll) precatalysts (5 mol%) to solve thelgem of inconsistent reaction time which
we had with HAuGJ - 3 HO (Table 3.2, entry 1).

Increasing the gold amount from 5 mol% to 9 mol%péd the consistency of reaction
time. The reaction was over after 0.5 h with 77%d/iof 3.50aa(Table 3.2, entry 2). When
we tried NaAuC] instead of HAuGCJ- 3 HO, the yield of3.50aadecreased dramatically to
10% (Table 3.2, entry 3). A similar behavior was@tyed when AuCl and AugWwere used
(Table 3.2, entries 4 and 5). Cationic gold sodike PrPAU'OTf (from PhPAuUCI and
AgOTf) and the gold complex bearing awheterocyclic carbene ligandN,N'-bis(2,6-
diisopropylphenyl)imidazol-2-ylidene) turned outlie not efficient in this cycloisomerization
(Table 3.2, entries 6 and 7). On the contrary, 3%nof AuBr; was found to be a highly
effective precatalyst for the cycloisomerizationtlogé allenol in a one-pot reaction with 72%
NMR vyield in 3 h (Table 3.2, entry 8). This is moeéficient then the use of 9 mol% of
HAuUCl, - 3 HO.

We investigated the cycloisomerization also witlesi catalysts in one-pot. After the
complete conversion d.47awas observed in the optimized rhodium-catalyzexttien, 5

mol% of AgNG; was added, but no conversionoséllenol 3.49aawas observed.

(PhBO)s 3.51 Me
[Rh(nbd)Cl], z AuBrg
(2.5 mol%) AN Phl (5 mol%s)
.
THF:H,0 (100:1) RT —\ Ph
KOH, RT y y
P Me OH H © Me
= 3.49aa 3.50aa, 60% NMR
(@]
0.2 mmol PhBF3K 3.52 Me
3.47a [Rh(nbd)CI], -
(2.5 mol%) N
X * Ph
THF:H,O (100:1)
with/without KOH,
RT OH
3.49aa

Scheme 3.200ne-pot reaction with different organoboranes.

We also changed the organoboron type from arylbora@tid to arylboroxine.
Unfortunately, the Rh-catalyzed reaction betweeengtboroxine3.51 (0.5 equiv., 0.1 mmol)

and 3.47awas not completed after 17 h, subsequent adddfos mol% AuBg to reaction
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mixture afforded 60% 08.50aa(NMR). In contrast, when potassium phenyltrifluoocate
(PhBRK) 3.52was used as phenyl source, the Rh-catalyz@dssibstitution did not proceed
(Scheme 3.20).

After optimizing the one-pot reaction, the nextpsteas to determine the reliability of
the NMR vyield; the isolated yield of 2,5-dihydrofur3.50aa (72 mol%) was same as the
NMR vyield.

When the rhodium-catalyzed step was performed uaieno oxirane conversion was
observed. However, after performing the rhodiunadyaed reaction under argon, the reaction
medium was exposed to air for the gold-catalyzedotyomerization, and 69% 8f50aawas
isolated.

We then compared the efficiency of the one-pot eage with the traditional multiflask
sequence. The rhodium-catalyzedy2Ssubstitution of alkynyl oxirane 3.47a with
phenylboronic acid3.48a afforded 92 mol% isolated yield af-allenol 3.49aa under the
optimum conditions. The allen8l.49aaunderwent cycloisomerization in the absence oébas
with 5 mol% AuBg to afford 86% of 2,5-dihydrofuraB.50aain 30 minutes (Scheme 3.21).
Thus, the overall yield of the traditional multdla sequence was 79%50aa which was
slightly higher than that of one-pot Rh/Au seque(®@%, isolated yield).

Me

2.5 mol% [Rh(nbd)Cl], .
+ PhB(OH),
o THF:H,O (100:1),
0.4 equiv. KOH,
RT,2h OH
3.47a 3.48a 3.49aa, 92%

s

Ph

Me

P~ Ph 5 mol% AuBrg =\ pn
(:/E THF:H,0 (100:1), < /
OH

RT, 30 min H\ O Me
3.49aa 3.50aa, 86%

overall yield based on 3.47a: 79% 3.50aa in 2 steps

Scheme 3.21Traditional multiflask sequence to obtain 2,5-difgfuran3.50aa

Another alternative to perform the one-pot reacti@s the neutralization of base which
we have assumed to decrease the reactivity of dlte @atalyst. For that purpose, the allenol
formation reaction was carried out using 0.2 mnid.d73 0.6 equiv. of KOH in 20 uL D,
0.3 mmol 0f3.483 2.5 mol% of [Rh(nbd)C}](5 mol% of Rh) in 2.0 mL THF at RT under Ar.
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When the alkynyl oxiran&.47awas consumed, KOH was neutralized with 16L7 (0.5
equiv.) of HCI and then 5 mol% HAugC! 3 HO was added to reaction mixture which yielded
72% (NMR) of3.50aain 80 minutes (Scheme 3.22).

Me I\:/Ie
= [Rh(nbd)Cl], (2.5 mol%) s _
KOH (0.6 equiv.) Ph | 1. HCI (0.5 equiv.) — pn
o PhB(OH), 3.48a 2. HAUC, - 3 H,0 { y
THF:H,0 (100:1) OH (5 mol%), 80 min No %
0.2 mmol H Me
2h, >99% conversion
3.47a L 3.49aa . 3.50aa, 72% (NMR)

Scheme 3.22Neutralization of base to accelerate the cycloedzation step.

With the optimized conditions for the one-pot réactin hand, we investigated the
scope of the reaction with the oxiraB&7aand various arylboronic aci@48in the presence
of [Rh(nbd)CI} in THF/H,O with KOH at RT for the first step. After completi of the allenol
formation; 5 mol% of AuBywas directly added at RT to the reaction mixtdrab(e 3.3).

As shown in Table 3, the one-pot rhodium/gold-catadl reaction of3.47a with
different substituents ow-, m and p-positions of the phenyl ring of boronic acids and
heteroarylboronic aci@.48 was achieved with stereoselectivities higher @110, except in
the case of the sterically hinderedolylboronic acid.

Strongly electron withdrawing groups on the pheriyy of the boronic acid such as
4-(trifluoromethyl)phenylboronic acid3.48c afforded 79% of 2,5-dihydrofurarB.50ac
formation in one-pot. The electron-poor 4-acetyiptieoronic acid 3.48d and
4-fluorophenylboronic aci@.48ealso gave good isolated yields of 90¥8di0adand 78% of
3.50ae respectively (Table 3.3, entries 3-5).

When electron-rictp-substituted arylboronic acids48b and3.48f were used, 80% of
3.50ab and 68% of3.50af were isolated with high selectivity (Table 3.3tré&as 2 and 6).
Expectedly, the basic medium lowered the activitydehydroxyphenylboronic aci®.48g
towards oxirane3.47a and also resulted in low 2,5-dihydrofuran vyieldhedt with high
diastereoselectivity. When we changed the [Rh(nljg)talyst to [Rh(cod)OH](7.5% Rh)
in the absence of KOH, 68% @ 50agwas isolated and diastereoselectivity decreased to
76:24(Table 3.3, entries 7 and 8).

The reaction of sterically hindered 3-chloropheoytimic acid 3.48h with 3.47a
required a higher Rh concentration (7.5%) to affarchigh yield of the corresponding
2,5-dihydrofuran3.50ah Reaction conditions also tolerated tngormylphenylboronic acid
3.48i, and 77% oB.50aiwas formed selectively (Table 3.3, entry 9-11).
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Table 3.3.Scope of one-pot rhodium/gold-catalyzed reacfon.

Me ]
Me -
Z [Rh(nbd)Cl], A | AuBrg
(2.5 mol%) (5-6 mol%)
(0] + ArB(OH), —_ —\ Ar
THF:H,0 (100:1) on RT < /
KOH, RT 09 Me
3.47a 3.48 L 3.49 _ 3.50

Au-catalyzed cycloisomerization

Entry ArB(OH) , 3.48 Time (h) Isolated Yield 3.50 [%] ( dr)
1 3.48a Ar= Ph 3 3.50aa 72 (99:1)
2 3.48b Ar= 4-MeCgH, 3 3.50ab 80 (99:1)
3 3.48c Ar= 4-F3CCgH4 5 3.50ac 79 (99:1)
4 3.48d Ar= 4-MeOCCeHq 2 3.50ad 90 (99:1)
5 3.48e Ar= 4-FCgHa4 2 3.50ae 78 (99:1)
6 3.48f Ar= 4-MeOCgH, 2 3.50af 68 (99:1)
70 3.48g Ar= 4-HOCgH4 3 3.50ag 36 (97:3)
gl 3.48g Ar= 4-HOCgH4 1 3.50ag 68 (74:26)
9 3.48h Ar= 3-CICeH4 2 3.50ah 60 (99:1)
10" 3.48h Ar= 3-CICeHa 2 3.50ah 79 (99:1)
11 3.48i Ar= 3-HOCCgH, 4 3.50ai 77 (99:1)
128 3.48j Ar= 2-MeCgHa 30 3.50aj 50 (56:44)
131 3.48j Ar= 2-MeCgHa 48 3.50aj 63 (56:44)
14 3.48k Ar= 2-FCgH4 2 3.50ak 78 (99:1)
15 3.48l Ar= 2-thiophene 4 3.50al 64 (90:10)
16 3.48m Ar= 2-Naphthyl 6 3.50am 76 (99:1)

[a] Reaction conditions: 0.2 mmol of 3.47a, 0.08 mmol of KOH in 20 pyL H,O, 0.3 mmol of 3.48, 2.5 mol% of
[Rh(nbd)ClI], (5 mol% of Rh) in 2.0 mL THF at RT under Ar in 2-5 h. When the alkynyl oxirane 3.47a was consumed
(TLC control), 5-6 mol% of AuBr; was added to reaction mixture. [b] 7.5 mol% Rh. [c] 7.5 mol% Rh, [Rh(cod)OH]; in
the absence of KOH. [d] 7.5 mol% AuBrs;, 12% of corresponding allenol was recovered. [e] For 3.50aj, it is not clear
that the ratio 56:44 represents atropisomerism or cis/trans isomerism.

Reaction of sterically hinderastolylboronic acid with3.47aentailed higher Rh and Au
concentrations (7.5%) to afford a moderate yielthefcorresponding 2,5-dihydrofur@rb0aj
in longer reaction times than other arylboroniaadiTable 3.3, entries 12 and 13). However,
one-pot reaction ob-fluorophenyl boronic aci®.48k with 3.47asucceeded to give 78% of
3.50ak(Table 3.3, entry 14).

Moderate to high yields were also obtained with etwdrylboronic acide.g,
2-thiopheneboronic acid.48l, and 2-napthaleneboronic a@d8m (Table 3.3, entries 15 and
16).

It must be noted, thathydroxyphenylboronic acid failed to undergo cystomerization

of the allenol which was formed by Rh-catalysis.den the optimized one-pot reaction
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conditions, only 40% of the corresponding allenaswecovered. Even when 7.5 mol% of Rh
and 5 mol% of HAuCl- 3 HO were used, 48% of the corresponding allenol wasvered,
and the gold-catalyzed cycloisomerization did mocped.

Table 3.4.Scope of the one-pot rhodium/gold-catalyzed reaét

_ I
z 2
I [Rh] R A [Au] )
R3/<'%R1+ArB(OH)2—> — > R3_ /7 \ Ar
R2 THF:H,0 (100:1), RT R %
KOH, RT S0 Rt
R3” YOH H R
3.47 3.48 3.49 3.50
Au-catalyzed cycloisomerization
Entry  Alkynyl oxirane 3.47 ArB(OH) ,3.48 Time (h) Isolated Yield 3.50 [%] ( dr)
1 3.48a Ar= Ph 8 3.50ba 73 (99:1)
o
2 . 3.48a Ar= Ph 8 3.50ba 78 (99:1)
——C4H,
3 3.47b 3.48b Ar= 4-MeCgH4 5 3.50bb 75 (99:1)
4 3.48d Ar= 4-MeOCCgH4 4 3.50bd 70 (99:1)
5 Me o 3.48a Ar= Ph 6 3.50ca 64 (53:47)
6 & 3.48b Ar= 4-MeCgH4 6 3.50ch 66 (56:44)
M
7 ®  347c "OTBS 3484 Ar= 4-MeOCCeHs  7-19 3.50cd 65 (44:56)
8 Me 3.48a Ar= Ph 4 3.50da 76 (99:1)
o}
9 — 3.48b Ar= 4-MeCgH4 4 3.50db 81 (99:1)
~ 3a7d OT°°
10 Me ’ 3.48d Ar= 4-MeOCCgH4 5 3.50dd 70 (99:1)
Me
11 o 3.48a Ar= Ph 5 3.50ea 86 (99:1)
= OMe
12 Me 3.47e 3.48d Ar= 4-MeOCCgH4 9 3.50ed 64 (99:1)

[a] Reaction conditions: 0.2 mmol of 3.47, 0.08 mmol of KOH in 20 yL H,O, 0.3 mmol of 3.48, 2.5 mol% of [Rh(nbd)Cl],
(5 mol% of Rh) in 2.0 mL THF at RT under Ar in 2-5 h. When the alkynyl oxirane 3.47 was consumed (TLC control), 5-
6 mol% of AuBr; was added to reaction mixture. [b] 7.5 mol% Au.

As shown in Table 3.4, the one-pot rhodium/golalyaed reaction of different alkynyl
oxiranes 3.47 with substituted phenylboronic acid3.48 also took place with high
diastereoselectivities (99:1), except in the cdsbeZ-configured acyclic substrai47c

Substrate3.47b with an eight-membered-ring structure gave theeesve products
3.50bg 3.50bband3.50bdstereoselectively in high yields (Table 3.4, esgrl-4). In addition,
the E-configured acyclic substrat8.47d also reacted with high yields (70-81%) and

stereoselectively with electron-poor and -rich loybnic acids (Table 3.4, entries 8-10).
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Reaction of methyl ether d&-configured acyclic substrag®47ewith 3.48aand3.48d
afforded 84% of3.50eaand 64% of3.50ed with high selectivity, respectively (Table 3.4,
entries 11 and 12).

Interestingly, theZ-configured acyclic substraB47calso reacted with high yields but
while the gold-catalyzed reactions were performeghimerization took place and
approximately 1:1-mixtures of diastereomers wemdaied (Table 3.4, entries 5-7). We
examined the gold precatalyst effect on the epiaéidn and have found out that the reaction
of Z-configured acyclic substrat8.47c was accompanied by epimerization even in the
presence of AuCl or HAuGt 3 HO "™

Unfortunately, five-membered-ring substr8td7ghad failed to undergo gold-catalyzed
cycloisomerization of the allenol which was formadhe Rh-catalyzed step (7.5% Rh), and
58% of the corresponding allenol was recovered. obgwosition occurred when the
cycloisomerization of the corresponding allenoBaf7gwas performed with 5 mol% AuBin

CH,CI,. Alkynyl oxiranes3.47hand3.47igave complex mixtures (Scheme 3.23).

0 0 0
< ; — o /Q/\ OTBS /Q/\ OBn
3.47¢ Me 3.47h Me

3.47i

Scheme 3.23Alkynyl oxiranes which were not efficient.

Reaction of unprotected alkynyl oxiraBe47j with phenylboronic aci®8.48avyielded
12% of corresponding the 2,5-dihydrofurdi0jain the presence of 7.5% Rh and 10 mol%
Au, respectively. Possible formation of a cycliadimate which was formed by esterification
of the allenediol did not permit efficient formatiof the 2,5-dihydrofuraB.50ja. To achieve
the synthesis of 2,5-dihydrofuraB.50ja, the cyclic boronate should be cleaved with
diethanolamine to furnish the free diol for the loj@omerization (Scheme 3.245,

PhB(OH), 3.48a

@) [Rh(nbd)CI] — —  AuBr
@75mo%)  [Me, P >"SoH @omoiey  Me [/\ H
= oH &7 Y Toquomaby e T
Me THF:H,O (100:1), : OH RT 4 o oH
KOH, RT, 6 h Ph P
3.47j 3.49ja 3.50ja, 12% (NMR)
13.48a
N\
Mer™ T P
Eh 0—B,
" Ph|

Scheme 3.24The one-pot reaction between unprotected alkyriyaoe3.47jand phenylboronic acid.



3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

It was shown that the one-pot synthesis of 2 5dtibfurans from different alkynyl
oxiranes with various arylboronic acids via combindgodium-gold catalysis carried the
diastereoselective information to next step witfhhyields.

Moreover, reaction of enantiomerically enrichedyald oxirane3.47f (84.5%e¢ with
3.48aafforded the 2,5-dihydrofura®.50fa(83.3%e€ with almost complete chirality transfer
(Scheme 3.25).

Me

Me PhB(OH); 3.48a Me OMe
0 [Rh(nbd)Cl], H AuBrs  Me /~—{ H
9 “, N
/<'/\0Me (2.5 mol%) . 3 (5 mol%) 2 8
= THF:H,0 (100:1) y H 7hRT o O OMe
Me KOH, RT |\/|eun<
3.47f Ph 3.50fa, 60%, 83.3% ee

Scheme 3.25Chirality transfer in the one-pot conversion dfyalyl oxirane3.47fto dihydrofuran
3.50fa

We also investigated the simultaneous additiorhefrhodium and gold catalyst to the
reaction flask together from the beginning of reactHowever, the reaction was rather slow,
compared to the sequential one-pot reaction; intet@@ddition of phenylboronic ackl48a
to 3.47ato form3.49aaand complete cyclization of allendl49aato 2,5-dihydrofurar8.50aa
(26%) were achieved with [Rh(nbd)&[5% Rh) and HAuGI- 3 HO (5% Au) in basic THF
solution in 3 days (Scheme 3.26).

Me

= [Rh(nbd)Cl], (2.5 mol%)
HAuUCl, - 3 H,O (5 mol%) —\ Ph
+ PhB(OH = - +
0 O = kR0 @oo) / 3.47a
o>

KOH, RT, 3days z 2
H Me

3.47a 3.48a 3.50aa, 26%

Scheme 3.26Rhodium/gold tandem reaction.

Without base and with [Rh(cod)OHJAUBT; catalysts the reaction preferred to provide
furan3.53(27%) by direct gold-catalyzed cycloisomerizataroxirane3.47a*

When we changed the gold source from AuRr HAuCl, - 3 HO, alkynyl oxirane
3.47awas consumed in 2 h and furarb3 formation was observed in TLC, accompanied by
traces of 2,5-dihydrofuraB.50aa(Scheme 3.27).

(28] A, S. K. Hashmi, S. Pradiptadv. Synth. Catal2004 346, 432—438.
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Me

7 [Rh(cod)OH], (2.5 mol%)
. 0,
o + PhB(OH), HAUCI, - 3 H,0 (5 mol%) A .\ =\ pn
THF:H,0 (100:1) = 4
RT,2h (o) Me E o
H Me
3.47a 3.48a 3.53 3.50aa, traces

Scheme 3.27Rhodium/gold-catalyzed reaction in the absendzase.

3.4. CONCLUSION

In summary, an efficient, one-pot synthesis of dBrdrofurans was developed by
sequential rhodium-gold catalysis with high yietdsl selectivities under mild conditions. The
one-pot procedure can be applied to various oxéramel arylboronic acids. The crucial issue
is the highsynselectivity of the rhodium-catalyzeq ,8-substitution which was transferred to
the 2,5-dihydrofuran in the subsequent gold-catalyzycloisomerization with center-to-axis-

to-center chirality transfer.

3.5. EXPERIMENTAL PART

General Remarks:

Reactions were performed under an argon atmospheret noted otherwise. Gold
precatalysts were purchased from commercial sode®s, Sigma-Aldrich and Chempur)
and used without further purification. [Rh(nbd)&f] was purchased from Sigma-Aldrich and
purified based on the literature. Rhodium complepis(cod)CI%, [Rh(cod)OH}*" and
[Rh(cod)OMe}*" were synthesized according to the literature. @alchromatography was
carried out with Macherey-Negel silica gel 8-NMR and**C-NMR spectra were recorded
with Bruker DRX 400 or DRX 500 spectrometers igDg as solvent. Chemical shifts were
determined relative to the residual solvent pe&gbl{ 6 = 7.16 for protonsy = 128.06 for
carbon atoms). The signals of the major componeat mroduct mixture are marked with an
asterisk (*).Reactions were monitored by both TLC and GC amalyGiC analyses were
carried out with a Carlo Erba Instruments GC 8@j0gas chromatograph on a CP-SIL-5 CB

[29]
[30]
[31]

E. W. Abel, M.A. Bennett, G. Wilkonsod, Chem. Sod.959 3178-3182.
G. Giordano, R. H. Crabtremorg. Synth1979 19, 218-220.
R. Uson, L. A. Oro, J. A. CabeZaprg. Synth1985 23, 126—-130.
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capillary column (30 m x 0.32 mm x 0.28) with helium as the carrier gas. GC-MS analyses
were carried out with an Agilent HP 6890 as gaswiatograph on a HP-5MS column (25 m x
0.2mm x 0.33um) and an Agilent HP 5973 as mass spectrometerh-kHigolution mass
spectral analyses were performed on a Thermo Blesiystem. IR spectra were obtained with
a Nicolet Avatar 320 FT-IR spectrophotometer agjaid film between NaCl plates. Optical
rotations were measured on Perkin Elmer Polarin@tér Melting points were recorded on a

Reichert Thermovar melting point apparatus anduao®rrected.

3.5.1. Synthesis of Alkynyl Oxiranes

3.5.1.1. Synthesis of 1-(Prop-1-ynyl)-7-oxa-bicyd1.0]heptane (3.47a)
OH o}

___ 1.POCl; Pyridine, RT R "
2. n-BuLi, THF, -78 °C then CHsl, RT — Ve
3. m-CPBA, Na,HPO, CH,Cl, ice bath
3.54

Step 1: Preparation of enyné®? To a stirred solution of alkynyl alcoh8l.54 (4.97 g, 40
mmol) in pyridine (21.5 mL) was added PQ(®.7 mL, 61.6 mmol) at 0 °C, and the stirring

was continued for 5 h at RT. Ice was added to imaahixture at 0 °C and layers were
separated and the aqueous layer was extracted=w@h The combined extracts were washed
with 10% HCI, water and sat. NaHG@@nd dried over anhydrous Mg$énd the solvent was
evaporated under reduced pressure. The crude eesikipurified by column chromatography

on silica gel with cyclohexane.

Step 2: Methylation of enyné®® 1-ethynylcyclohexene (2.5 g, 23.6 mmol), and dHFT(26
mL) was added to flask. The flask was cooled to°€8and 2.5 Mn-BuLi in hexanes (9.7
mL, 24.1 mmol) was added via syringe. After thectiem stirred for 1 h at -78 °C,
iodomethane (1.52 mL, 24.1 mmol) was added dropwike reaction was allowed to warm to
room temperature and stirred an additional 2 h.eMabas added to reaction and extracted with
Et,O then dried with MgS@ Distillation under reduced pressure afforded pheduct as
colorless oil (2.2 g, 77% yield, b.p. 33 °C_0.2 ).

[32]
[33]

M. Yoshida, M. Hayashi, K. Shishid®rg. Lett.2007, 9, 1643—-1646.
C. Cao, Y. Li, Y. Shi, A. L. OdonChem. Commur2004 2002—2003.
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Step 3: Preparation of alkynyl oxirane.To a stirred solution of enyne (2.2 g, 18.3 mmol) i
CH,CI, (60 mL) was addeth-CPBA (6.3 g, 27.4 mmol) and BaPC, (3.1 g, 22 mmol) in an
ice bath, and stirring was continued for overnighhe reaction mixture was diluted with
saturated agqueous solution of 8&;, Na&S,0;, NaOH (2 N) and extracted with GEl,. The
combined extracts were washed once more with &8,8;, brine and dried over anhydrous
MgSQ, and the solvent was evaporated under reducedupee3she crude residue was purified
by column chromatography on silica gel (cyclohexgt@Ac, 18:1) afforded 1.37 g (55%) of

3.47aas colorless oil.

3.5.1.2. General Procedure for Synthesis of 1-(Hekynyl)-6-oxa-bicyclo[3.1.0]
hexane (3.47g) and 1-(hex-1-ynyl)-9-oxa-bicyclo[6Qlnonane (3.47b)

0 1a. n-BuLi, TMEDA, THF, -78 °C (o)
—C4Hg _ — C,H,
2a. POCl3 Pyridine, RT
n 3a. m-CPBA, Na;HPO4 CH,Cly, ice bath n
n=1 3.55 n=1 3.47g
n=4 3.56 n=4 3.47b

Step 1a: Preparation of alkynyl alcohol$®® To a stirred solution of 1-hexyne (2.9 mL, 24.1
mmol) in THF (61 mL) were added 1.6 M hexane sohlutdf n-BuLi (16.3 mL, 26.1 mmol)
and TMEDA (3.6 mL, 24.1 mmol) at -78 °C. After sitig was continued for 1 h, cyclic
ketone 3.55/3.56 (20 mmol) was added dropwise to the reaction mixtat the same
temperature, and stirring was continued for 2 thatsame temperature. The reaction mixture
was diluted with water and then extracted with E€OAhe combined extracts were washed
with brine and residue obtained when the organierlawas separated and dried over
anhydrous MgS@and the solvent was evaporated under reducedypeesthe crude residue

was purified by column chromatography on silica gel

For step 2a and 3asee 3.5.1.1. Synthesis of 1-(Prop-1-ynyl)-7-oi@io[4.1.0]heptane
(3.479.
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3.5.1.3. General Procedure for Synthesis &- and Z-((3-Methyl-3-(prop-1-ynyl)
oxirane-2-yl)methoxy)t-butyl)dimethylsilane (3.47d and 3.47c)

Me Me
/éfw\ NaHMDS, THF, -78 °C__ ? N
Z oTBS Crish RT = oTBS
E-or Z- Me E-or Z-
3.57 or 3.58 3.47d or 3.47c

For synthesis oE- andZ-alkynyl oxirane; see Chapter 2, 2.5.1.Synthesisldf/droxyallenes.

Methylation of E- and Z-alkynyl oxirane. To a stirred solution of alkynyl oxirar®57/3.58
(678 mg, 3 mmol) in THF (4 mL) were added NaHMDSBLmML, 3.1 mmol) at -78 °C. After
stirring was continued for 1 h, iodomethane (0.2, 1811 mmol) was added dropwise to the
reaction mixture at the same temperature. The iotaatas allowed to warm to room
temperature and stirred an additional 5 h. Thetimamixture was diluted with water and then
extracted with E©O. The combined extracts were washed with brine ra&silue obtained
when the organic layer was separated and dried aeydrous MgS@and the solvent was
evaporated under reduced pressure. The crude eesiakipurified by column chromatography

on silica gel (isohexane/EtOAc, 20:1).

3.5.1.4. General Procedure for Synthesis dE-2-((Benzyloxy)methyl)-3-(prop-1-
ynyl)oxirane (3.47h)

1. NaH, BnBr, THF, 0 °C-RT, 2d (0]
///\\/\OH 2. n-BuLi, THF, -78 °C then CHgl, RT, overnight /Q/\OBn

3.50 3. m-CPBA, Na;HPO, CH,Cl, ice bath Me 3.47h

Step 1: Benzylation ofE-enynol. To a suspension of NaH (60% disp. in oil, 204 &g,
mmol) in THF (10 mL) was3.59 added at 0 °C and stirred for 30 min. Then at room
temperature, BnBr (700 mg, 3.9 mmol) was added. réaetion mixture was stirred at room
temperature for 2 d then was quenched with aqsséition of NHCI. After extraction with
Et,O, the organic layer was dried with Mg&Sénd concentrated under vacuum. The residue

was used for the next steps.

For step 2 and 3 see 3.5.1.1. Synthesis of 1-(Prop-1-ynyl)-7-oiatio[4.1.0]heptane
(3.479.
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3.5.1.5. General Procedure for Synthesis ofE-(3-(Prop-1-ynyl)oxiran-2-
yl)methanol (3.47i)

« 1. p-TsOH, 3,4-dihydropyran, RT, 30 min O
2. n-BuLi, THF, -78 T then CH3l, RT, 5 h P OH
WOH 3. p-TsOH, CH,Cl,, 30 min then NEt3 Me/Q/\
3.59 4. m-CPBA, Na,HPO,4, CH,Cl,, ice bath 3.47i

Step 1 and 22 To a solution of commerci&-pent-2-en-4-yn-1-08.59(1.6 g, 20 mmol) and
3,4-dihydropyran (2.2 mL) was addpdoluenesulfonic acid (44 mg, 0.02 mmol) and stirre
for 30 min at room temperature. Then the mixtures waduted with 40 mL dry THF under
argon and cooled to -78 °C. At that temperatureM..8-BuLi in hexanes (16 mL, 24 mmol)
was added via syringe. After the reaction stired30 min at -78 °C, iodomethane (2.5 mL,
40 mmol) was added dropwise. The reaction was alio warm to room temperature and
stirred an additional 5 h. Quenched with sat.,8lHand extracted with ED and washed with
water. The organic layer was dried over MgSé€iltered, and concentrated under reduced

pressure. The residue was used in the following sithout any other purification.

Step 3% A solution of the preceding crude compound in meth&0 mL) was treated with
p-toluenesulfonic acid (1.2 g, 6 mmol) and stirredR@ for 30 min. Then triethylamine was
added (1.8 mL), and the solution was concentrateibiureduced pressure. The mixture was
taken in dichloromethane and washed with water. dérabined extracts were washed with
brine, dried over MgS§) filtered, and concentrated under reduced pres&tudfication by
column chromatography on silica gel (isohexane/EtOA1) gave corresponding enynol (1.66

g, 86%, for 3 steps) as light yellow oil.

For step 4 see 3.5.1.1. Synthesis of 1-(Prop-1-ynyl)-7-oiado[4.1.0]heptane 3.473.
Purification by column chromatography on silica isbhexane/EtOAc, 7:1) gade47i(166.2
mg, 21%) as a light yellow oil.

B4y F, Betzer, F. Delaloge, B. Muller, A. PancrazRrinetJ. Org. Chem1997 62, 7768-7780.
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3.5.1.6. General Procedure for Synthesis ofE-((3-(Prop-1-ynyl)oxiran-2-
yl)methoxy)(tert-butyl)dimethylsilane (3.47j)

) 0

/Q/\OH DMAP, NEts, TBDMSCI,
/ OTBS
Me ~ CH,Cl, RT /Q/\

Me 3.47]

A solution 0of3.47i (199 mg, 0.89 mmol) in Ci&l, (4 mL) was treated with DMAP (5 mg,
0.04 mmol), triethylamine (108 mg, 1.07 mmol) anBDMSCI (148 mg, 0.98 mmol),
respectively. The reaction mixture was stirred @inn temperature for overnight then was
guenched with ag. sat. solution of M (10 mL). After extraction with CKCl, (3 x 25 mL),

the organic layer was dried with Mgs@nd concentrated under vacuum. The residue was
purified by column chromatography on silica gebfiexane/EtOAc, 15:1) to giv&e47j(135.3

mg, 67%) as a yellow oil.

3.5.1.7. General Procedure for Synthesis oE-3-(Methoxymethyl)-2-methyl-2-
(prop-1-ynyl)oxirane (3.47e)

Me 1. m-CPBA, Na,HPO,4, CH,Cl,, icebath Me 4
N
/KA OH 2. NaHMDS, THF, -78 °C then CHal, /Q/\ OMe
3.60 RT, overnight Me 3.47e

For step 1 see 3.5.1.1. Synthesis of 1-(Prop-1-ynyl)-7-oi@tdo[4.1.0]heptane3 479 and
for step 2; see 3.5.1.3. Synthesis & and Z-((3-Methyl-3-(prop-1-ynyl)oxiran-2-
yl)methoxy)¢-butyl)dimethylsilane §.47dand3.479. Purification by column chromatography
on silica gel (cyclohexane/EtOAc, 12:1) ga@d7e(713.6 mg, 51%, for 2 steps) as a light

yellow oil.
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3.5.1.8. General Procedure for Synthesis 02R,3R)-3-(Methoxymethyl)-2-methyl-
2-(prop-1-ynyl)oxirane (3.47f)

/M\e/\ 1. Ti(Oi-Pr),, D-(-)-DET, Me 4
A t-BuOOH, CH,Cl,, -23TC, 4 Days
y OH 2Clz y /Q/\OMe
2. NaHMDS, THF, -78 Tthen CH3l,  Me
3.60 RT, overnight 3.47f

Step1® To a suspension of powdered, activated molecigaes (4A, 2 g) in CkCl, (35
mL) were D-(-)-DET (0.495 g, 2.4 mmol) and Ti¢Pr), (0.4 mL, 2.0 mmol) added at -30 °C.
After being stirred at -30 °C for 20 min wa$0(1.1 mL, 10.0 mmol) added dropwise over 10
min. The mixture was stirred for additional 40 nain-30 °C then cooled to -50 °€Butyl
hydroperoxide (TBHP, 3.8M solution in toluene, 16.,n60 mmol, predried with 1.6 g
powdered, activated molecular sieves 4A) was slaadged over a period of 10 min. The
reaction mixture was further stirred at -30 °C fonh before it was put in fridge with an inner
temperature of -23 °C. After 5 days the reactiortune was transferred in a bigger flask at
0 °C, the molecular sieves should not be trandeifr@ossible. To this mixture a precooled
(with ice bath) solution of FeSO 7 HO (60 g, 216 mmol) and tartaric acid (1.2 g, 8 mmol
H,O (240 mL) was added. The mixture was stirred & @or 1 h then allowed to warm up to
room temperature. After extraction with,8t(6 x 100 mL), was the organic layer dried with
MgSQO, and concentrated under vacuum (up to 300 mba#®. cfade product, which was a
solution mainly of alkynyl oxiran@nd D-(-)-DET in toluene, was direct applied in thext

step.

For step 2 see 3.5.1.3. Synthesis d&- and Z-((3-Methyl-3-(prop-1-ynyl)oxiran-2-
yl)methoxy)¢-butyl)dimethylsilane §.47dand3.479. Purification by column chromatography
on silica gel (isohexane/EtOAc, 12:1 to 8:1) g8w/f (523.3 mg, 38%, for 2 steps) as a light

yellow oil.

B 120 Sun, Ph.D Thesis, Dortmund University of Textbgy.
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3.5.2. Characterization Data of Alkynyl Oxiranes

1-(Prop-1-ynyl)-7-oxa-bicyclo[4.1.0]heptane (3.47a)

OAA3PT
'H-NMR (400 MHz, GD¢): 3 3.24 (d,J= 3.8 Hz, 1H), 2.20-2.14 (m, 1H), 1.95-1.88 (m, 1HpB7-1.60
(m, 1H), 1.44 (s, 3H), 1.45-1.37 (m, 1H), 1.31-1(42 2H), 1.01-0.92 (m, 1H), 0.88-0.78 (m, 1H)

13C-NMR (100 MHz, GDy): 6 81.0, 78.2, 59.5, 50.4, 30.6, 24.5, 19.8, 192, 3.
IR (VmadcmY): 2940, 2861, 2252, 1774, 1435, 1384, 1358, 1292612122, 960, 848, 761

HRMS (m/z, [M]): 136.0883 (calculated), 136.0880 (found)

1-(Hex-1-ynyl)-6-oxa-bicyclo[3.1.0]hexane (3.47Q)

(0]
——C4Hy
3.47¢g

OAB3T
Purification by column chromatography on silica ¢®lclohexane/ethyl acetate, 20:1) afforded 1.33 g

(40%) of3.47gas colorless oil.

'H-NMR (400 MHz, GDg): § 3.43 (s, 1H), 2.09 (dd= 13.8, 8.0 Hz, 1H), 2.02 (3= 6.8 Hz, 3H), 1.67-
1.59 (m, 2H), 1.36-1.21 (m, 5H), 1.18-1.09 (m, 261}5 (t,J= 7.2 Hz, 3H)

13C-NMR (100 MHz, GDy): 6 84.9, 77.9, 64.5, 56.0, 32.5, 30.9, 27.7, 22.%5,188.8, 13.7

IR (Vmadcm®): 3024, 2958, 2933, 2873, 2242, 1773, 1727, 14684,18403, 1382, 1328, 1296, 1263,
1213, 1096, 1053, 938, 876, 855, 794

HRMS (m/z, [M]"): 164.1196 (calculated), 164.1191 (found)
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1-(Hex-1-ynyl)-9-oxa-bicyclo[6.1.0]nonane (3.47b)

o)
=—C4H,

3.47b

OAC3
Purification by column chromatography on silica gebhexane/ethyl acetate, 42:1) afforded 0.435 g
(42%) of3.47bas colorless oil.

'H-NMR (400 MHz, GDe): & 3.06 (= 9.7, 4.1 Hz, 1H), 2.23 (dd= 13.4, 3.4 Hz, 1H), 2.00 (= 6.8
Hz, 2H), 1.91-1.79 (m, 2H), 1.56-1.05 (m, 13H),9(7, J= 7.0 Hz, 3H)

13C-NMR (100 MHz, GDy): 6 83.0, 81.1, 63.3, 53.8, 31.5, 31.0, 27.6, 26.74,285.5, 22.2, 18.7, 13.7
IR (VmadcmY): 2957, 2929, 2858, 2244, 1728, 1469, 1383, 13267,12195, 1159, 1118, 928, 879, 849

HRMS (m/z, [M+H]"): 207.17434 (calculated), 207.17431 (found)

E-((3-Methyl-3-(prop-1-ynyl)oxiran-2-yl)methoxy)(t-butyl)dimethylsilane (3.47d)

Me
(0]

Z oTBS
Me 3.47d

OAEOX2/OAEOX3T
Yield: 0.344 g (48%) 08.47das light yellow oil.

'H-NMR (400 MHz, GDq): & 3.64-3.54 (m, 2H), 3.44 (8= 5.4 Hz, 1H), 1.41 (s, 3H), 1.37 (s, 3H),
0.93 (s, 9H), 0.03 (s, 3H), 0.01 (s, 3H)

¥C-NMR (100 MHz, GD¢): 6 80.6, 78.4, 64.2, 62.0, 50.9, 26.0, 19.2, 184,-5.1, -5.3

IR (Vma/cmi®): 2956, 2930, 2886, 2858, 2247, 1472, 1463, 13882,18258, 1132, 1090, 1070, 838,
778

HRMS (m/z, [M+H]"): 241.16183 (calculated), 241.16190 (found)
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Z-((3-Methyl-3-(prop-1-ynyl)oxiran-2-yl)methoxy)(t-butyl)dimethylsilane (3.47c)

Me
(0]

Z
Me
347c O1BS
OAZM

Yield: 570 mg (58%) 08.47cas light yellow oil.

'H-NMR (400 MHz, GDg): & 4.10-3.95 (m, 2H), 2.95 (8= 5.2 Hz, 1H), 1.38 (s, 3H), 1.37 (s, 3H),
0.99 (s, 9H), 0.12 (s, 3H), 0.11 (s, 3H)

¥C-NMR (100 MHz, GDe): 6 80.9, 77.7, 64.3, 63.9, 52.0, 26.1, 23.8, 185, 5.0, -5.1

IR (Vmadcm®): 2956, 2930, 2885, 2858, 2245, 1726, 1472, 14680,18361, 1309, 1255, 1136, 1091,
838, 778

HRMS (m/z, [M+H]"): 241.16183 (calculated), 241.16193 (found)

E-2-((Benzyloxy)methyl)-3-(prop-1-ynyl)oxirane (3.41)

o)

/V\OBn

3.47h

Me

OAG
Yield: 131.6 mg (22%) 08.47has light yellow oil.

'H-NMR (500 MHz, GDg): § 7.20-7.06 (m, 5H), 4.24 (s, 2H), 3.25-3.17 (m, 38{)L1-3.08 (m, 1H),
1.38 (s, 3H)

13C-NMR (125 MHz, GDy): 6 138.6, 128.6, 128.4, 127.8, 80.4, 76.6, 73.3,,88%, 43.3, 3.2

IR (Vmadcm™): 3063, 3030, 3001, 2919, 2858, 2242, 1772, 17296,14453, 1384, 1363, 1318, 1240,
1096, 877, 739

HRMS (m/z, [M]"): 202.0988 (calculated), 202.0981 (found)
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E-(3-(Prop-1-ynyl)oxiran-2-yl)methanol (3.47i)

OAHT
Yield: 166.2 g (21%) 08.47ias light yellow oil.

'H-NMR (500 MHz, GDq): § 3.28-3.22 (m, 2H), 3.12-3.11 (m, 1H), 2.098-2.67 {H), 1.38 (s, 3H),
1.14 (s, 1H)

¥C-NMR (125 MHz, GD): 6 80.5, 76.5, 60.6, 59.9, 43.1, 3.2
IR (VmadCmi™): 3442, 2996, 2921, 2857, 1620, 1453, 1384, 13304,12161, 1073, 1025, 878

HRMS (m/z, [M]"): 112.0519 (calculated), 112.0518 (found)

E-((3-(Prop-1-ynyl)oxiran-2-yl)methoxy) -butyl)dimethylsilane (3.47))

o)

/Q/\OTBS

Me 3.47)

OAIT
Yield: 135.3 mg (67%) 08.47j as light yellow oil.

'H-NMR (400 MHz, GD¢): & 3.49-3.45 (m, 1H), 3.37-3.33 (m, 1H), 3.29 (s, 1315 (m, 1H), 1.37 (s,
3H), 0.90 (s, 9H), -0.01 (s, 6H)

¥C-NMR (100 MHz, GD¢): 6 80.3, 76.7, 62.4, 60.1, 43.2, 25.9, 18.5, 3.3 -5.

IR (Vmadcm®): 2956, 2929, 2886, 2857, 1472, 1463, 1439, 13862,18255, 1135, 1100, 1045, 1006,
949, 882, 837, 778

HRMS (m/z, [M+H]"): 227.1389 (calculated), 227.14618 (found)
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E-3-(Methoxymethyl)-2-methyl-2-(prop-1-ynyl)oxirane (3.47¢)
Me

0
/Q/\OMe

Me 3.47e

OAKT
Yield: 713.6 mg (51%) 08.47eas colorless oil.

'H-NMR (400 MHz, GDg): & 3.42 (t,J= 5.1 Hz, 1H), 3.24-3.14 (m, 2H), 3.03 (s, 3H),8.(3, 3H),
1.35 (s, 3H)

¥C-NMR (100 MHz, GD¢): 6 80.5, 78.4, 70.6, 62.4, 58.6, 50.3, 19.2, 3.1

IR (Vma/Cmi'): 2987, 2923, 2823, 2246, 1450, 1383, 1360, 12697,11127, 1096, 1073, 1042, 947,
922, 846, 777

HRMS (m/z, [M]"): 140.0832 (calculated), 140.0834 (found)

(2R,3R)-3-(Methoxymethyl)-2-methyl-2-(prop-1-ynyl)oxirane (3.4 7f)

Me

@)
/w\OMe

Me 3.47f

OAJT
Yield: 523.3 mg (38%) 08.47fas colorless oil.

'H-NMR (500 MHz, GDg): & 3.42 (t,J= 5.0 Hz, 1H), 3.21-3.17 (m, 2H), 3.04 (s, 3H),8.(3, 3H),
1.35 (s, 3H)

¥C-NMR (125 MHz, GD¢): 6 80.6, 78.3, 70.6, 62.4, 58.7, 50.3, 19.2, 3.1

IR (Vmadcm™): 2986, 2921, 2895, 2857, 2823, 2389, 1380, 13364,12197, 1129, 1098, 1073, 1043,
825, 813

HRMS (m/z, [M+H]"): 141.09101 (calculated), 141.09075 (found)

Optical rotation (589 nm, d = 10 cm)o]*’, = + 10.8 ¢ 1.52, CHC})
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3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

3.5.3. General Procedure for the Rhodium- and Gol&atalyzed One-
Pot Synthesis of 2,5-Dihydrofurans from Alkynyl Oxranes with
Arylboronic Acids

In a Schlenk flask flushed with Ar, 2.5-3.75 mol%[Bh(nbd)CI} (5-7.5 mol% Rh,
0.01-0.015 mmol) and arylboronic acid (1.5 equlv3 mmol) were dissolved in THF (1 mL,
Argon purged). After that KOH (0.4 equiv., 0.08 nijma H,O (20 uL, Argon purged) was
successively added and the mixture was stirred~@rminutes. Then the corresponding
alkynyl oxirane (0.2 mmol) dissolved in THF (1 miwas added. The reaction mixture was
stirred at room temperature until the complete aonsion of alkynyl oxirane was monitored
by Thin Layer Chromatography (TLC). When the alkdyoyirane was consumed, 5-7.5 mol%
of gold catalyst was added to reaction mixture.rEweomplete conversion of the alkynyl
oxirane was observed in 24 h, the gold catalyst added. The reaction was monitored by
TLC until the complete conversion of allenol to -2jfydrofuran. The solvent was removed
under reduced pressure and the residue was purifigd column chromatography
(isohexane/EtOAc, 12:1) to give 2,5-dihydrofuran.

3.5.4. Characterization Data of 2,5-Dihydrofurans

2,4,5,6,7,7a-Hexahydro-2-methyl-2-phenylbenzofura¢8.50aa)

o

I,
=\
o

3.50aa
R194/R205/R206/R215

Yield: 72% of3.50aaas light yellow oil.

'H-NMR (400 MHz, GDs): & 7.56 (d,J= 8.0 Hz, 2H), 7.24 (t)= 7.8 Hz, 2H), 7.10 (t)= 7.3 Hz, 1H),
5.33 (s, 1H), 4.62-4.58 (m, 1H), 2.24-2.17 (m, 2HY5-1.68 (m, 1H), 1.66 (s, 3H), 1.44-1.36 (m, 2H)
1.33-1.27 (m, 1H), 1.05-0.94 (m, 1H), 0.92-0.81 {ii)

13C-NMR (100 MHz, GD¢): & 148.5,140.5, 128.4, 126.6, 125.3, 125.0, 90.3, 84.2, 38916, 27.2,
26.8, 23.5

IR (Vma/cm™): 3085, 3061, 3025, 2970, 2934, 2857, 1672, 1609318445, 1365, 1338, 1254, 1191,
1073, 1051, 1028, 951, 900, 821, 761

HRMS (m/z, [M+H]"): 215.14304 (calculated), 215.14300 (found)
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3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

2,4,5,6,7,7a-Hexahydro-2-methyl-p-tolylbenzofuran (3.50ab)

OAR210/0AR222
Yield: 80% of3.50abas colorless oil.

'H-NMR (400 MHz, GDg): & 7.50 (d,J= 8.0 Hz, 2H), 7.09 (d)= 7.8 Hz, 2H), 5.37 (s, 1H), 4.64-4.60
(m, 1H), 2.26-2.18 (m, 2H), 2.16 (s, 3H), 1.76-1(@1, 1H), 1.69 (s, 3H), 1.46-1.39 (m, 2H), 1.376L.3
(m, 1H), 1.07-0.84 (m, 2H)

13C-.NMR (100 MHz, GD¢): & 145.6, 140.4, 135.8, 129.1, 125.4, 125.2, 90.32,836.2, 29.6, 27.2,
26.9, 23.6, 21.0

IR (Vma/cm®): 3090, 3063, 3022, 2969, 2934, 2857, 2360, 1672015445, 1364, 1338, 1321, 1254,
1186, 1089, 1075, 1052, 1020, 951, 935, 900, 816

HRMS (m/z, [M+H]"): 229.15869 (calculated), 229.15862 (found)

1-(4-(2,4,5,6,7,7a-Hexahydro-2-methylbenzofuran-2Bphenyl)ethanone (3.50ad)

OAR223
Yield: 90% of3.50adas white solidMP: 75-76 °C

'H-NMR (400 MHz, GDs): & 7.86 (d,J= 8.5 Hz, 2H), 7.48 (d)= 8.5 Hz, 2H), 5.25 (s, 1H), 4.60-4.56
(m, 1H), 2.24-2.17 (m, 2H), 2.14 (s, 3H), 1.74-1(65 1H), 1.59 (s, 3H), 1.46-1.39 (m, 2H), 1.3221.2
(m, 1H), 1.05-0.94 (m, 1H), 0.91-0.80 (m,1H)

¥*C-NMR (100 MHz, GDg): & 196.3, 153.3, 141.2, 136.1, 128.6, 125.3, 124013,%84.4, 36.1, 29.5,
27.2,26.8, 26.2, 23.5

IR (Vma/cmi®): 3063, 2970, 2935, 2858, 1683, 1606, 1446, 14087,18269, 1075, 1052, 1015, 953,
901, 834

HRMS (m/z, [M+H]"): 257.15361 (calculated), 257.15359 (found)
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2,4,5,6,7,7a-Hexahydro-2-methyl-2-tolylbenzofuran (3.50aj)

dr 44 : 66
3.503j

OAR224/0AR230
Yield: 63% o0f3.50ajas yellow paste.

'H-NMR (400 MHz, GDg): & 7.83*7.72 (d,J= 7.8 Hz, 1H), 7.10-7.06 (m, 3H), 5.71*/5.65 (s,)1H
4.58-4.54%/4.37-4.33 (m, 1H), 2.482%/2.478 (s, 38)29-2.22%/2.14-2.11 (m, 2H), 1.77-1.59 (m, 1H),
1.71/1.69* (s, 3H), 1.49-1.29 (m, 2H), 1.26-1.17 (H), 1.06-0.80 (m, 2H)

BC-NMR (100 MHz, GDg): & 146.4%14509, 141.7%/141.6, 134.5/134.3*, 132.32D8*
126.99/126.91*, 126.07*/126.04, 126.02/125.99* 92R23.3*, 91.3*/90.7, 83.7*/83.0, 36.8/35.9*%
30.3/29.3*, 27.3*/27.2, 26.91*/26.87, 23.6*/23.£2.2+/21.9

IR (Vmadcm™): 3060, 3015, 2967, 2933, 2857, 1673, 1483, 14483,18364, 1338, 1293, 1234, 1090,
1075, 1051, 951, 035, 901, 818, 758

HRMS (m/z, [M+H]"): 229.15869 (calculated), 229.15863 (found)

2-(3-Chlorophenyl)-2,4,5,6,7,7a-hexahydro-2-methydnzofuran (3.50ah)

OAR225/0AR229

Yield: 79% of3.50ahas colorless oil.

'H-NMR (400 MHz, GDg): 8 7.69 (s, 1H), 7.27 (dl= 6.8 Hz, 1H), 7.08-7.06 (m, 1H), 6.91 Jt 7.8
Hz, 1H), 5.15 (s, 1H), 4.54-4.50 (m, 1H), 2.19-2(69 2H), 1.69-1.61 (m, 1H), 1.51 (s, 3H), 1.396L.3
(m, 2H), 1.26-1.16 (m, 1H), 0.99-0.88 (m, 1H), G®BB5 (M, 1H)

¥C-NMR (100 MHz, GDy): 6 150.8, 141.1, 134.5, 129.8, 126.8, 125.7, 12423,4, 89.9, 84.3, 36.0,
29.4,27.1,26.7,23.4

IR (Vma/cm™): 3069, 2970, 2935, 2858, 1596, 1571, 1471, 1448418366, 1247, 1190, 1075, 1052,
952, 936, 901, 822, 784

HRMS (m/z, [M+H]"): 249.10407 (calculated), 249.10418 (found)
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2,4,5,6,7,7a-Hexahydro-2-methyl-2-(thiophen-2-yl)bezofuran (3.50al)

DgP SR

Me

)

I

Ty,
w
@

dr90:10
3.50al
OAR226

Yield: 64% of3.50alas yellow oil.

'H-NMR (400 MHz, GDg): & 6.90-6.89 (m, 1H), 6.84-6.83 (m,1H), 6.79-6.77 (iH), 5.27/5.23* (s,
1H), 4.61-4.47/4.53-4.49* (m, 1H), 2.23-2.17 (m,)2#.75/1.72* (s, 3H), 1.69-1.63 (m, 1H), 1.58-1.51
(m, 1H), 1.48-1.42 (m, 2H), 1.02-0.94 (m, 2H)

¥C-NMR (100 MHz, GD¢): 5153.6, 141.0, 126.9/126.85*, 125.1%/124.6, 124.34D, 122.3%/122.0,
88.3, 84.4, 36.9/36.3*, 30.1/28.8*, 27.1*/27.0,986.8*, 23.5*/23.4

IR (Vma/cm): 3107, 3072, 2972, 2936, 2857, 2269, 1619, 1448418330, 1246, 1158, 1075, 1044,
951, 899, 812

HRMS (m/z, [M+H]"): 221.09946 (calculated), 221.09946 (found)

2-(4-(Trifluoromethyl)phenyl)-2,4,5,6,7,7a-hexahydo-2-methylbenzofuran

(3.50ac)
: _CF3
H © Me
3.50ac
OAR227

Yield: 79% of3.50acas colorless oil.

'H-NMR (400 MHz, GDy): 5 7.43-7.36 (m, 4H), 5.18 (s, 1H), 4.56-4.52 (m, 1R{P2-2.12 (m, 2H),
1.72-1.66 (M, 1H), 1.51 (s, 3H), 1.45-1.40 (m, 2HP2-1.14 (m, 1H), 1.03-0.93 (M, 1H), 0.90-0.81 (M
1H)

3C-NMR (100 MHz, GDg): & 152.4 (d,J= 1.9 Hz), 141.3, 125.6, 125.4 (@ 10.6 Hz), 124.0, 90.0,
84.4,36.1, 29.5, 27.1, 26.7, 23.4, 22.8, 11.7

IR (Vma/cm): 3072, 2971, 2936, 2860, 1618, 1447, 1408, 1398718327, 1164, 1124, 1074, 1053,
1016, 953, 901, 843, 821

HRMS (m/z, [M+H]"): 283.13043 (calculated), 283.13057 (found)
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2-(4-Fluorophenyl)-2,4,5,6,7,7a-hexahydro-2-methydmzofuran (3.50ae)

OAR228

Yield: 78% of3.50aeas colorless oil.

'H-NMR (400 MHz, GDg): & 7.34-7.31 (m, 2H), 6.90-6.86 (m, 2H), 5.23 (s, 1#57-4.54 (m, 1H),
2.24-2.13 (m, 2H), 1.73-1.67 (m, 1H), 1.56 (s, 3HX5-1.40 (M, 2H), 1.27-1.19 (m, 1H), 1.04-0.95 (m
1H), 0.92-0.83 (m, 1H)

3C-NMR (100 MHz, GDy): & 162.1 (d,J= 242 Hz), 144.2 (d)= 3.9 Hz), 140.7, 127.0 (d= 7.6 Hz),
124.8, 115.0 (dJ= 21 Hz), 89.8, 84.2, 36.1, 29.4, 27.1, 26.8, 23.5

IR (Vmadcm®): 3067, 2970, 2935, 2858, 1602, 1507, 1446, 13886,18251, 1228, 1156, 1090, 1075,
1052, 1014, 951, 900, 834, 821

HRMS (m/z, [M+H]"): 233.13362 (calculated), 233.13352 (found)

2,4,5,6,7,7a-Hexahydro-2-methyl-2-(naphthalen-3-yenzofuran (3.50am)

OAR231
Yield: 76% of3.50amas white solidMP: 52-55 °C

'H-NMR (400 MHz, GDs): 5 8.10 (s, 1H), 7.75-7.70 (m, 2H), 6.67-7.64 (m, 2HB0-7.24 (m, 2H),
5.44 (s, 1H), 4.69-4.65 (m, 1H), 2.28-2.24 (m, 2HY;8-1.70 (m, 1H), 1.75 (s, 3H), 1.46-1.32 (m, 3H)
1.08-0.97 (m, 1H), 0.95-0.83 (m, 1H)

®C-NMR (100 MHz, GDg): & 145.9, 140.9, 134.1, 133.0, 128.5, 126.2, 125248, 124.6, 123.4,
90.5, 84.436.2,29.6, 27.3, 26.8, 23.6

IR (Vma/cm): 3057, 3019, 2968, 2933, 2856, 1672, 1631, 1600515444, 1366, 1351, 1338, 1271,
1127, 1089, 1076, 1051, 951, 901, 855, 817, 746

HRMS (m/z, [M+H]"): 265.15869 (calculated), 265.15870 (found)

101



3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

3-(2,4,5,6,7,7a-Hexahydro-2-methylbenzofuran-2-ylgnzaldehyde (3.50ai)

%

e
(0]

CHO

I
o)

3.

o
=3
]

OAR232
Yield: 77% of3.50aias yellow oil.

'H-NMR (400 MHz, GDg): 5 9.74 (s, 1H), 8.04 (s, 1H), 7.65 @ 7.8 Hz, 1H), 7.45 (d)= 7.6 Hz,
1H), 7.09 (tJ= 7.7 Hz, 1H), 5.20 (s, 1H), 4.57-4.53 (m, 1H),22213 (m, 2H) ,1.71-1.63 (m, 1H), 1.55
(s, 3H), 1.43-1.37 (m, 2H), 1.28- 1.18 (m, 1H),2t@91 (m, 1H), 0.89-0.77 (m, 1H)

13C-NMR (100 MHz, GD¢): 6 191.6, 149.5, 141.2, 137.2, 131.0, 129.0, 12624,2, 90.0, 84.3, 36.1,
29.4,27.1,26.7,23.4

IR (Vma/cm™): 3065, 2970, 2934, 2857, 2725, 1698, 1600, 1588614383, 1338, 1205, 1158, 1075,
1052, 953, 935, 899

HRMS (m/z, [M+H]"): 243.13796 (calculated), 243.13805 (found)

2,4,5,6,7,7a-Hexahydro-2-(4-methoxyphenyl)-2-methyénzofuran (3.50af)

OMe

OAR237

Yield: 68% of3.50afas colorless oil.

H-NMR (400 MHz, GD): & 7.48 (d,J= 8.8 Hz, 2H), 6.87 (d}= 8.8 Hz, 2H), 5.35(s, 1H), 4.64-4.60
(m, 1H), 3.34 (s, 3H), 2.28-2.19 (m, 2H), 1.77-1(i#1, 3H), 1.69 (s, 3H), 1.48-1.31 (m, 3H), 1.0870.8
(m, 2H)

*C-NMR (100 MHz, GDg): & 158.9, 140.6, 140.3, 126.6, 125.4, 113.8, 90.01,884.8, 36.2, 29.4,
27.2,26.9, 23.6

IR (Vma/cm™): 3061, 3037, 2967, 2933, 2856, 2835, 1611, 1516218444, 1301, 1244, 1177, 1074,
1050, 1035, 951, 935, 900, 829, 807

HRMS (m/z, [M+H]"): 245.15361 (calculated), 245.15355 (found)
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2-(2-Fluorophenyl)-2,4,5,6,7,7a-hexahydro-2-methynzofuran (3.50ak)

OAR238
Yield: 78% of3.50akas colorless oil.

'H-NMR (500 MHz, GDs): 5 8.02-7.98 (m, 1H), 6.97-6.94 (m, 1H), 6.90-6.81 @H), 5.88 (s, 1H),
4.59-4.55 (m, 1H), 2.20-2.15 (m, 2H), 1.79 (s, 3HY0-1.64 (m, 1H), 1.42-1.34 (m, 2H), 1.28-1.2Q (m
1H), 1.02-0.93 (m, 1H), 0.83-0.74 (m, 1H)

3C-NMR (125 MHz, GDy): & 159.3 (d J= 242 Hz), 141.1, 135.8 (d= 14.3 Hz), 128.5 (dJ= 8.6 Hz),
127.4 (d,J= 4.8 Hz), 124.5 (dj= 2.9 Hz), 123.2 (d)= 4.8 Hz), 115.7 (dJ= 22.9 Hz), 88.9 (dJ= 3.8
Hz), 84.1, 36.2, 29.0 (3= 2.9 Hz), 27.2, 26.7, 23.5

IR (Vmadcm®): 3082, 3037, 2971, 2935, 2859, 1673, 1614, 15822,14443, 1384, 1366, 1339, 1292,
1269, 1212, 1187, 1109, 1090, 1076, 1053, 1031, B&2, 821, 758

HRMS (m/z, [M+H]"): 233.13362 (calculated), 233.13361 (found)

4-(2,4,5,6,7,7a-Hexahydro-2-methylbenzofuran-2-yljpenol (3.50ag)

Qj@%

O Me
g

)

T,

3.50a
OAR260

Yield: 36% and 68% o03.50agas light yellow oil.

'H-NMR (500 MHz, GDg): & 7.38 (d,J= 8.8 Hz, 2H), 6.59 (dJ= 8.4 Hz, 2H), 5.30 (s, 1H), 4.60-4.57
(m, 1H), 4.21 (s, 1H), 2.25-2.16 (m, 2H), 1.76-1(68 1H), 1.65 (s, 3H), 1.45-1.41 (m, 2H), 1.368L.2
(m, 1H), 1.05-0.96 (m, 1H), 0.96-0.86 (m, 1H)

¥C-NMR (125 MHz, GDg): & 155.1, 140.2, 128.4, 126.7, 125.4, 115.1, 90.11,8%6.2, 29.3, 27.2,
26.9, 23.6

IR (Vma/cm): 3437, 2969, 2935, 2857, 1673, 1613, 1594, 1518514384, 1368, 1338, 1227, 1173,
1070, 1048, 1034, 951, 935, 831

HRMS (m/z, [M+H]"): 231.13796 (calculated), 231.13801 (found)
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3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

((2,5-Dihydro-3,5-dimethyl-5-phenylfuran-2-yl)methoky)(t-butyl)dimethylsilane
(3.50ca)

TBSO

dr 53 : 47
3.50ca

OAR235

Yield: 64% of3.50caas colorless oil.

'H-NMR (400 MHz, GDe): & 7.53/7.48 (dJ= 7.6 Hz, 2H), 7.26-7.21 (m, 2H), 7.12-7.08 (m, 1617
(s, 1H), 4.80/4.67* (s, 1H), 3.79-3.65 (m, 2H), 8@.61 (s, 3H), 1.59/1.52* (s, 3H), 0.99*/0.91 (s,
9H), 0.10%/0.010 (s, 3H), 0.10%/-0.03 (s, 3H)

¥C-NMR (100 MHz, GDg): & 148.3%/148.1, 136.0%/135.4, 130.4*/130.3, 128.26171/126.69*,
125.4/125.1*, 90.0*/89.8, 88.4*/88.0, 65.9/65.66.3*/29.7, 26.2*/26.1, 18.9*/18.5, 12.9/12.6%, -b.1
5.2/-5.4

IR (Vma/cm™): 3061, 3026, 2956, 2928, 2897, 2857, 2388, 1724818493, 1471, 1462, 1446, 1385,
1362, 1330, 1254, 1137, 1084, 1028, 1007, 898, 8B3, 777, 761

HRMS (m/z, [M+H]): 319.2088 (calculated), 319.2089 (found)
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3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

((2,5-Dihydro-3,5-dimethyl-5p-tolylfuran-2-yl)methoxy)(t-butyl)dimethylsilane
(3.50cb)

TBSO

dr 56 :44
3.50ch

OAR236
Yield: 66% of3.50cbas colorless oil.

'H-NMR (400 MHz, GDe): & 7.47/7.43* (d,J= 8.3 Hz, 2H), 7.10-7.06 (m, 2H), 5.50 (s, 1H),
4.81/4.70* (s, 1H), 3.80-3.67 (m, 2H), 2.16-2.15; @H), 1.71%1.64 (s, 3H), 1.61/1.54* (s, 3H),
1.00%/0.93 (s, 9H), 0.10%/0.03 (s, 3H), 0.09*/-0.(& 3H)

C-NMR (100 MHz, GDg): & 145.4%1452, 135.95/135.92* 135.9/135.3*, 130180.5,
129.1*/129.0, 125.5/125.1*, 89.9*/89.7, 88.4/88.066.1/65.6*, 30.3*/29.6, 26.2*/26.1, 21.0,
18.6*/18.5, 12.9/12.6*, -5.1/-5.2/-5.3/-5.4

IR (Vmadcm®): 3062, 3023, 2955, 2928, 2898, 2857, 2738, 27097,17@67, 1511, 1471, 1462, 1446,
1384, 1362, 1254, 1137, 1084, 1020, 1006, 898, 8BS, 776

HRMS (m/z, [M+H]): 333.22443 (calculated), 333.22452 (found)
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3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

((2,5-Dihydro-3,5-dimethyl-5-(4-acetylphenyl)furan2-yl)methoxy) {-butyl)di
methylsilane (3.50cd)

TBSO

dr 44 : 56
3.50cd COMe
OAR249

Yield: 65% of3.50cdas white solidMP: 90-95 °C

'H-NMR (400 MHz, GDg): & 7.89%/7.86 (dJ= 8.5 Hz, 2H), 7.48%7.41 (dl= 8.3 Hz, 2H), 5.40%/5.39
(s, 1H), 4.76%/4.64 (s, 1H), 3.79-3.63 (m, 2H), ®/2.13 (s, 3H), 1.62*/1.56 (s, 3H), 1.55/1.51* (s,
3H), 1.00/0.88* (s, 9H), 0.102/0.002* (s, 3H), 0010.03* (s, 3H)

¥C-NMR (100 MHz, GDy): & 196.2, 153.0/152.9*, 136.5/136.2*, 136.0, 129.6/52, 128.7/128.5*,
125.4%/125.1, 89.9/89.8*, 88.6/88.2*, 65.6*/65.8.3/29.6*, 26.2/26.1*, 26.0, 18.9/18.4*, 12.8*/12-5
5.2/-5.3/-5.38/-5.40

IR (Vma/cm): 2984, 2928, 2857, 1686, 1606, 1471, 1463, 1446414384, 1360, 1268, 1137, 1082,
1014, 898, 837, 777

HRMS (m/z, [M+H]"): 361.21935 (calculated), 361.21941 (found)

((2,5-Dihydro-3,5-dimethyl-5-phenylfuran-2-yl)methoky)(t-butyl)dimethylsilane
(3.50da)

OAR239
Yield: 76% of3.50daas colorless oil.

H-NMR (500 MHz, GDs): 6 7.53 (d,J= 7.3 Hz, 2H), 7.24 ()= 7.7 Hz, 2H), 7.10 (t}= 7.3 Hz, 1H),
5.48 (s, 1H), 4.79 (s, 1H), 3.73-3.66 (m, 2H), 1($13H), 1.60 (s, 3H), 0.91 (s, 9H), 0.02 (s, 318)03
(s, 3H)

¥C-NMR (125 MHz, GDg): & 148.1, 136.1, 130.4, 128.4, 126.7, 125.4, 89.9),886.0, 29.6, 26.1,
18.5,12.8, -5.4

IR (Vmadcm®): 3086, 3062, 3027, 2955, 2928, 2898, 2857, 1494114463, 1446, 1385, 1362, 1254,
1138, 1085, 1028, 1006, 895, 837, 776

HRMS (m/z, [M+H]"): 319.20878 (calculated), 319.20889 (found)

106



3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

((2,5-Dihydro-3,5-dimethyl-5p-tolylfuran-2-yl)methoxy)(t-butyl)dimethylsilane
(3.50db)

OAR240
Yield: 81% of3.50dbas colorless oil.

'H-NMR (500 MHz, GDg): 5 7.47 (d,J= 8.0 Hz, 2H), 7.08 (dJ= 8.0 Hz, 2H), 5.51 (s, 1H), 4.81 (s,
1H), 3.76-3.68 (m, 2H), 2.16 (s, 3H), 1.64 (s, 3HB1 (s, 3H), 0.92 (s, 9H), 0.03 (s, 3H), -0.013¢)

¥C-NMR (125 MHz, GDy): & 145.3, 136.0, 135.9, 130.6, 129.0, 128.4, 1255,888.0, 66.1, 29.6,
26.1,21.0, 18.5, 12.9, -5.32, -5.34

IR (Vma/cm): 3094, 3060, 3022, 2954, 2927, 2899, 2856, 1667215471, 1462, 1445, 1385, 1362,
1253, 1183, 1137, 1113, 1084, 1020, 1005, 895, 8B4, 775

HRMS (m/z, [M+H]"): 333.22443 (calculated), 333.22451 (found)

((2,5-Dihydro-3,5-dimethyl-5-(4-acetylphenyl)furan2-yl)methoxy) {-butyl)di
methylsilane (3.50dd)

OAR258
Yield: 70% of3.50ddas colorless oil.

'H-NMR (400 MHz, GDg): & 7.89 (d,J= 8.6 Hz, 2H), 7.48 (dJ= 8.3 Hz, 2H), 5.40 (s, 1H), 4.77 (s,
1H), 3.67-3.66 (m, 2H), 2.15 (s, 3H), 1.57 (s, 3HE5 (s, 3H), 0.89 (s, 9H), 0.003 (s, 3H), -0.833H)

¥C-NMR (100 MHz, GDy): & 196.3, 152.9, 136.5, 136.2, 129.5, 128.5, 12548,888.2, 65.6, 29.6,
26.2, 26.0, 18.4, 12.3, -5.39, -5.40

IR (Vmadcm®): 3065, 2954, 2928, 2897, 2857, 1685, 1606, 14763,14446, 1405, 1385, 1359, 1268,
1189, 1137, 1083, 1015, 946, 896, 837, 777

HRMS (m/z, [M+H]"): 361.21935 (calculated), 361.21943 (found)
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3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

2-Butyl-2,4,5,6,7,8,9,9a-octahydro-2-phenylcycloab]furan (3.50ba)

OAR254P
Yield: 78% of3.50baas colorless oil.

'H-NMR (400 MHz, GDg): & 7.54 (d,J= 7.5 Hz, 2H), 7.26 (t)= 7.7 Hz, 2H), 7.09 (t)= 7.4 Hz, 1H),
5.56 (s, 1H), 4.92-4.91 (m, 1H), 2.32-2.25 (m, 12402-1.74 (m, 5H), 1.53-1.46 (m, 2H), 1.42-1.22 (m
9H), 1.16-1.12 (m, 1H), 0.85 @= 7.1 Hz, 3H)

¥C-NMR (100 MHz, GDe): 6 147.6, 142.5, 129.3, 126.4, 125.4, 92.0, 87.24,4R.4, 28.3, 27.7, 26.9,
26.8,25.7,235,22.6,14.4

IR (Vma/cm): 3084, 3059, 3024, 2929, 2855, 1600, 1492, 1468614378, 1181, 1084, 1056, 1030,
988, 832, 761

HRMS (m/z, [M+H]"): 285.22129 (calculated), 285.22125 (found)

2-Butyl-2,4,5,6,7,8,9,9a-octahydro-2-(4-acetylphebhgycloocta[b]furan (3.50bd)

COMe

OAR256PT
Yield: 70% of3.50bdas colorless oil.

'H-NMR (400 MHz, GDs): & 7.88 (d,J= 8.3 Hz, 2H), 7.46 (d)= 8.3 Hz, 2H), 5.46 (s, 1H), 4.89-4.88
(m, 1H), 2.31-2.24 (m, 1H), 2.12 (s, 3H), 2.00-1(®4 1H), 1.89-1.72 (m, 4H), 1.50-1.08 (m, 12H),
0.86 (t,J= 6.9 Hz, 3H)

®C-NMR (100 MHz, GDg): §196.3, 152.4, 143.1, 135.9, 128.6, 125.4, 92.03,843.1, 32.3, 28.3,
27.7,26.8, 26.7, 26.2, 25.6, 23.5, 22.6, 14.4

IR (Vmadcmit): 2929, 2855, 1683, 1605, 1462, 1404, 1384, 1355812181, 1059, 956, 836

HRMS (m/z, [M+H]"): 327.23186 (calculated), 327.23181 (found)
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3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

2-Butyl-2,4,5,6,7,8,9,9a-octahydro-p-tolylcycloocta[b]furan (3.50bb)

OAR257P
Yield: 75% of3.50bbas colorless oil.

'H-NMR (400 MHz, GDs): 5 7.47 (d,J= 8.0 Hz, 2H), 7.09 (dJ= 8.0 Hz, 2H), 5.59 (s, 1H), 4.93 (s,
1H), 2.24-2.27 (m, 1H), 2.15 (s, 3H), 2.05-1.75 &Hl), 1.59-1.49 (m, 2H), 1.44-1.26 (m, 9H), 1.18-
1.14 (m, 1H), 0.86 (t}= 7.3 Hz, 3H)

*C-NMR (100 MHz, GDg): & 144.7, 142.2, 135.5, 129.5, 129.0, 125.4, 92.01,8%3.5, 32.4, 28.4,
27.8,26.92, 26.87, 25.7, 23.6, 22.6, 21.1, 14.4

IR (Vma/cmi®): 3089, 3053, 3022, 2929, 2855, 1511, 1462, 1448418183, 1109, 1058, 1041, 988,
816

HRMS (m/z, [M+H]"): 299.23694 (calculated), 299.23697 (found)

2,5-Dihydro-5-(methoxymethyl)-2,4-dimethyl-2-phenyfuran (3.50ea)

OAR278P

Yield: 86% of3.50eaas colorless oil.

'H-NMR (500 MHz, GDe): 5 7.53 (dd,J= 8.4, 1.2 Hz, 2H), 7.23 (= 7.6, 2H), 7.12-7.09 (m, 1H),
5.45-5.44 (m, 1H), 4.90-4.88 (m, 1H), 3.40-3.32 i), 3.08 (s, 3H), 1.61 (s, 3H), 1.52 (s, 3H)

C-NMR (125 MHz, GDg): & 148.2, 135.9, 130.2, 128.3, 126.7, 125.4, 90.05,865.4, 58.9, 29.6,
12.6

IR (Vmadcm®): 3085, 3061, 3025, 2973, 2922, 2879, 2827, 16691,16493, 1446, 1365, 1277, 1239,
1197, 1130, 1087, 1028, 997, 944, 824, 761, 700

HRMS (m/z, [M+H]"): 219.13796 (calculated), 219.13803 (found)
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3 Combined Rhodium/Gold Catalysis: From Propargylr@xes to 2,5-Dihydrofurans in One Pot

2,5-Dihydro-5-(methoxymethyl)-2,4-dimethyl-2-(4-actylphenyl)furan (3.50ed)

OAR281P
Yield: 64% of3.50edas colorless oil.

'H-NMR (500 MHz, GDy): & 7.86 (d,J= 8.5 Hz, 2H), 7.47 (dl= 8.5 Hz, 2H), 5.37-5.36 (m, 1H), 4.85-
4.83 (m, 1H), 3.33-3.32 (m, 2H), 3.08 (s, 3H), 2(443H), 1.54 (s, 3H), 1.50 (s, 3H)

¥C-NMR (125 MHz, GDy): & 196.3, 152.9, 136.3, 136.2, 129.5, 128.5, 12549,886.7, 75.1, 58.9,
29.5,26.2,12.6

IR (Vma/cm): 3061, 2973, 2923, 2882, 2362, 1683, 1606, 1568318404, 1358, 1268, 1197, 1129,
1081, 998, 957, 834, 813

HRMS (m/z, [M+H]"): 261.14852 (calculated), 261.14846 (found)

(2S,5R)-2,5-Dihydro-5-(methoxymethyl)-2,4-dimethyl-2-pheglfuran (3.50fa)

OAR279P

Yield: 60% of3.50faas colorless oil.

'H-NMR (500 MHz, GD¢): § 7.53 (dd J= 8.3, 1.3 Hz, 2H), 7.24 (8= 7.7 Hz, 2H), 7.12-7.09 (m, 1H),
5.45-5.44 (m, 1H), 4.90-4.87 (m, 1H), 3.40-3.31 i), 3.08 (s, 3H), 1.61 (s, 3H), 1.52 (s, 3H)

¥C-NMR (125 MHz, GDg): & 148.2, 135.9, 130.3, 128.3, 126.7, 125.4, 90.05,865.4, 58.9, 29.6,
12.6

IR (Vma/cm™): 3085, 3061, 3025, 2972, 2922, 2879, 2827, 1670118493, 1446, 1365, 1278, 1239,
1197, 1130, 1087, 1028, 997, 944, 824, 762, 700

HRMS (m/z, [M+H]"): 219.13796 (calculated), 219.13800 (found)

Optical rotation (589 nm, d = 10 cm)[a]*’; = + 30.5 ¢ 1.17, CHCY)
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CHAPTER 4

Summary

The thesis entitled 2,5-DIHYDROFURANS: NEW APPROACHES BY
RECYCLABLE OR COMBINED CATALYSIS ' describes new routes to synthesize 2,5-
dihydrofurans by transition metal catalysis witlythiyields and selectivities. The result of our
investigations on the synthesis of 2,5-dihydrofgraras summarized in each chapter as each
approach.

Chapter 2 deals with a recyclable, efficient, and@nmentally benign catalytic system
for the synthesis of 2,5-dihydrofurans. We achievdeB4% vyield of 2,5-dihydrofurad.32b

over 5 cycles using a AuBionic liquid system without loss of activity.

Me
H Me
Me,, . . 0 —
T ""Sorgs LIMRABERT, Me,, /T N oras
OH

H Me~ N@ N~ gu H o H

PFg
2.31b 6 2.32b, 74-84%, 5 cycles

Othera-hydroxyallenes also showed similar reactivityhe AuBg/ionic liquid catalytic
system over 3 cycles. Even when the AdliBnic liquid solution was exposed to air for saler
days, no drop in reactivity of the recyclable cgblas observed. The reaction can also be

applied to the cyclia-hydroxyallenes.

Me Me
2 AuBrs, RT
1 ubrs, 1 -

R 2 \\‘\\\OR4 2 R o, W s
. S oV
H OH Me’N\/N\n-Bu H H

231 PFe 2.32, 50-89%, 2 or 3 cycles

R!= Me, n-Bu, i-Pr, t-Bu, Ph, 2-MeOCgH,

R*= TBS, Bn

Chapter 3 deals with a one-pot synthesis of 2,gdtitfurans by sequential rhodium-

gold catalysis. This combined metal catalysis ie-pot offers an efficient and economical



Summary

route to synthesize complex molecules from simpetiag materials. The one-pot procedure
was applied to various substituted- and heterdsarghic acids3.48 and afforded the desired
2,5-dihydrofurans with high yields (63-90%) andesgiivities under mild conditions.

_ e ]
Me =

= [Rh(nbd)Cl], AN | Aubry
(2.5 mol%) (5-6 mol%)

o + ArB(OH), -~ (5-6 mole) —\ A

THF:H,0 (100:1) o RT < /
KOH, RT 50 e
3.47a 3.48 - 349~ 3.50, 63-90%

Ar=Ph, 4-MeCgHy, 4-F3CCgHy, 4-FCgHg,
4-MeOCCgHy, 4-MeOCgHy, 4-HOCgHy,,
3-CICgHy4, 3-HOCCgHy,
2-MeCgHy, 2-FCgHgy,
2-thiophene, 2-Naphthyl

This method was also applied to various oxiranes, most cases with high
diastereoselectivitydf >99:1) and 64-86% vyield.

dr>99:1 dr>99:1 R dr>99:1 R
R=H, 3.50ba, 78% R=H, 3.50da, 76% R=H, 3.50ea, 86%
R= Me, 3.50bb, 75% R= Me, 3.50db, 81% R= COMe, 3.50ed, 64%
R= COMe, 3.50bd, 70% R= COMe, 3.50dd, 70%

An important issue was the higsynselectivity of the rhodium-catalyzedy3-
substitution which was transferred to 2,5-dihydrafu in the subsequent gold-catalyzed
cycloisomerization. The enantiomerically enrichdklyayl oxirane 3.47f afforded the 2,5-

dihydrofuran3.50fawith complete chirality transfer.

Me PhB(OH), 3.48a Me OMe
o] [Rh(nbd)Cl], H AuBrs  Me
0, %,
/<'/\0Me (2.5 mol%) (5 mol%) .,

. . . OH
THF:H,O (100:1 7h, RT
J ( ) Meuu/ Ph

OMe
Me KOH, RT

3.47f, 84.5% ee Ph 3.50fa, 60%, 83.3% ee
In conclusion, the new approaches for the synthdgiharmaceutically and industrially

important 2,5-dihydrofuran that we present in tiiesis may inable industry to reduce the
production cost.
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Zusammenfassung

Die Arbeit mit dem Titel 2,5-DIHYDROFURANS: NEW APPROACHES BY
RECYCLABLE OR COMBINED CATALYSIS ' beschreibt die moglichen Wege zur
Synthese von 2,5-Dihydrofuranen mittels Ubergangalikatalyse mit hohen Ausbeuten und
Selektivitaten. Die Ergebnisse unserer Untersuchmngeziglich der Synthese von 2,5-
Dihydrofuranen sind fur jedes Kapitel jeweils zusa@mgefasst.

Kapitel 2 ist einem recyclisierbaren, effizientemdwmweltfreundlichen katalytischen
System fur die Synthese von 2,5-Dihydrofuranen dewit. Das katalytische System aus
AuBrs; und der ionischen Flussigkeit [BMIM][BFwurde funf mal zur Bildung des 2,5-
Dihydrofurans2.32bmit 74-84% Ausbeute ohne Aktivitatsverlust verwend

Me
)‘\(H e
Me W 0 —
/,///- WMWY 1 mol% AUBI’S, RT Me// w
‘/ OTBS ‘r A\ \OTBS
H OH

I\
Me~ N\G-)/ N~n.Bu H o H

PFe
2.31b 6 2.32b, 74-84%, 5 cycles

Andere a-Hydroxyallene zeigten tber drei Cyclen ahnlichealReitéaten gegentber
dem katalytischen System aus AwBINd einer ionischen Flussigkeit. Selbst das mgly#a
Aussetzen der Katalysatorlésung gegeniber Luft tedichtigkeit verursachte keinen
Reaktivitatsverlust. Auch cyclische-Hydroxyallene werden bei den Reaktionsbedingungen

mit hohen Ausbeuten umgesetzt.

Me
1 H AuBr3, RT — v
\ upBrs, 1
R//,//- (AN \OR4 3 - RO’/U\\‘\“\OR4
' =)
H OH "

@N\n—Bu H o H

PFg¢

e-N

2.31
R!= Me, n-Bu, i-Pr, t-Bu, Ph, 2-MeOCgH,
R*= TBS, Bn

2.32,50-89%, 2 or 3 cycles

Kapitel 3 behandelt die Eintopfsynthese von 2,5yibfuranen aus Propargyloxiranen
und Arylboronsdure durch sequentielle Rhodium-Gtddialyse. Diese kombinierte Eintopf-
Metallkatalyse bietet eine effiziente und OkonornesdRoute zur Synthese von komplexen

Molekiilen aus einfachen Startmaterialien. Das pivierfahren findet Anwendung auf



Zusammenfassung

zahlreiche ArylboronsaureB.48 die die gewunschten 2,5-Dihydrofura@e50 mit hohen
Ausbeuten (63-90%) und Selektivitaten unter milBedingungen ergaben.

_ e
Me =
= [Rh(nbd)Cl], AN | Aubry
(2.5 mol%) (5-6 mol%)
(0] + ArB(OH), - — = —\ ,Ar
THF:H,O (100:1) OH RT S 2
KOH, RT H 9 e
3.47a 3.48 - 3.49 - 3.50, 63-90%

Ar=Ph, 4-MeCgHy, 4-F3CCgHy, 4-FCgHg,
4-MeOCCgHy, 4-MeOCgHy, 4-HOCgHy,,
3-CICgHy4, 3-HOCCgHy,
2-MeCgHy, 2-FCgHgy,
2-Thiophen, 2-Naphthyl

Diese Methode konnte zudem auf zahlreiche Epoxidertiagen werden. In den

meisten Fallen liefert sie eine Diastereoselekitwbndr>99:1 sowie Ausbeuten von 64-86%.

dr>99:1 dr>99:1 R dr>99:1 R
R=H, 3.50ba, 78% R=H, 3.50da, 76% R=H, 3.50ea, 86%
R= Me, 3.50bb, 75% R= Me, 3.50db, 81% R= COMe, 3.50ed, 64%
R= COMe, 3.50bd, 70% R= COMe, 3.50dd, 70%

Eine wichtige Eigenschaft ist der Transfer der def Rhodium-katalysierteny3-
Substitution erzielten hohersynSelektivitat auf das 2,5-Dihydrofuran wéhrend der
anschlielenden Gold-katalysierten Cycloisomerigigru Das enantiomerenangereicherte
Epoxid3.47flieferte das 2,5-DihydrofuraB.50faunter vollstandigem Chiralitatstransfer.

Me PhB(OH), 3.48a Me OMe Me
(o) [Rh(nbd)Cl], H AUBI;  Me H
0 “,
/('AOMG (2.5 mol%) ' (5 mol%)
7 THF:H,0 (100:1) / OH 7hRT o O OMe
Me KOH, RT Me""<
3.47f, 84.5% ee Ph 3.50fa, 60%, 83.3% ee

Schlussfolgernd lasst sich sagen, dass die Zugamg&ynthese von pharmazeutisch
und industriell wichtigen 2,5-Dihydrofuranen, die dieser Dissertation beschrieben werden,
fur die Industrie zur Senkung der Produktionskostetscheidend sind.
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APPENDIX

Chiral GC Analysis (Chapter 3)

E-3-(Methoxymethyl)-2-methyl-2-(prop-1-ynyl)oxirane (3.47¢)

Chrom-Card Strip-Chart

11.00 | e
| n m
ﬁ IS
~N
-
8.80 ~
CH;
\f o}
6.60 - | \; \ =7 OCH,
i g H,C
(mVolt) r :
4.40 f
o
[
2.20 [
A
0-90 755700 FEERrT Tie80 132.20 127.60 133.00
Time (min)
Filename C:\WCC\DATA\OZGE\OAKTE.DAT
Sample name :OAKT Analysed :19.04.10 16:02
Chrom-Card Report
Operator ID ¢ Peri Company Name : AK Krause
Method Name : Ozge Method File : OZGECHI1.MTH
Analysed : 19,04.10 16:02 Printed : 23.04.2010 14:38
Sample ID : OAKT Channel : Channel C
Analysis Type : UnkNown (Area) Calc. Method : Area %

Chromatogram : C:\WCC\DATA\OZGE\OAKTE.DAT

Warning Chromatogram has been subjected toc manual integration.

Peak Number # Area % Ret.Time Area BC
it 47.1664 131957 3089520 mi
2 52.8336 120.32 3460732 mi

Totals 100.0000 6550252

Column: Hyhdodex-beta-3P 25m,0.25mm ID
Detektor: FID, 280°C
Injektor: 280°C
Oven program: Isotemp.l: 40°C, Isotimel:45 min,
Ratel:0.3°C/min, Isotemp.2:100°C/min, Isotime2: O min

Ratel:40°C/min, Isotemp.2:200°C/min, Isotime2: 0 min
Split: 35



Appendix

(2R,3R)-3-(Methoxymethyl)-2-methyl-2-(prop-1-ynyl)oxirane (3.4 7f)

Chrom-Card Strip-Chart

8.000
m
o
o
-
-
6.400
| CH,
4.800 | i» é OCH;,3
HsC
(mvolt)
3.200 (
1.600 } N
- [\
0.000 5760 To8.80 1660 70 132,20
Time (min)
Filename C:\WCC\DATA\OZGE\OAJTB.DAT
Sample name :OAJT Analysed :21.04.10 18:47
Chrom-Card Report
Operator ID Peri Company Name : AK Krause
Method Name dzge Method File : OZGECHI1.MTH
Analysed 21.04.10 18:47 Printed : 23.04.2010 14:41
Sample ID OAJT Channel : Channel C
Analysis Type UnkNown (Area) Calc. Method : Area &
Chromatogram C: \WCC\DATA\OZGE\OAJTB. DAT

Warning Chromatogram has been subjected to manual integration.

Peak Number #

Area % Ret.Time Area BC

92.4901 119.63 1939803 mi

7.5099 120.35 157506 mi
100.0000 2097309

Column: Hyhdodex-beta-3P 25m,0.25mm ID
Detektor: FID, 280°C

Injektor: 280°C

Oven program: Isotemp.l: 40°C, Isotimel:45 min,

Split: 35

Ratel:0.3°C/min, Isotemp.2:100°C/min, Isotime2: 0 min
Ratel:40°C/min, Isotemp.2:200°C/min, Isotime2: 0 min

116

J
140.00



Appendix

2,5-Dihydro-5-(methoxymethyl)-2,4-dimethyl-2-phenyfuran (3.50ea)

Chrom-Card Strip-Chart

20.00 ey
s =
>
o o«
<+ ™
™
I
16.00 - iih
I | Ha
| | H ™\ CHs
I
12.00 ¢ il o
1 H,CO
(mVolt) r {‘; }\
e
8.00 o
a
m
4.00 - i 11
‘Hi
.
L J,J | - o
0.90 55500 33360 @720 36080 37440 388.00
Time (min)
Filename C:\WCC\DATA\OZGE\OAR278PA.DAT
Sample name :oar278pa Analysed :30.03.10 14:37
Chrom-Card Report
Operator ID : Peri Company Name : AK Krause
Method Name : bzge Method File : OZGECHI1.MTH
Analysed ¢ 30,03.10 14:37 Printed ¢ 23.04,2010 14:28
Sample ID 1 oar278pa Channel : Channel C
Analysis Type : UnkNown (Area) Calc. Method : Area %

Chromatogram : C:\WCC\DATA\OZGE\OAR278PA.DAT

Warning Chromatogram has been subjected to manual integration.

Peak Number # Area % Ret.Time Area BC
1 49.4780 346.09 6336773 mi
2 50.5220 347.90 6470479 mi

Totals 100.0000 12807250

Column: Hyhdodex-beta-3P 25m,0.25mm ID
Detektor: FID, 280°C
Injektor: 280°C
Oven program: Isotemp.l: 40°C, Isotimel:15 min,
Ratel:0.2°C/min, Isotemp.2:130°C/min, Isotime2: 0 min
Ratel:20°C/min, Isotemp.2:200°C/min, Isotime2: 5 min
Split: 35
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Appendix

(2S,5R)-2,5-Dihydro-5-(methoxymethyl)-2,4-dimethyl-2-pheglfuran (3.50fa)

Chrom-Card Strip-Chart

61.00 I
I‘.
48.80 |
36.60 J
(mVolt) - f
24.40 ¢ ‘
|
IR
|~
"
12.20 | /“
_ 1
I
000 5575 5192 ErS T 3.8 3858 408.0
Time (min)
Filename C:\WCC\DATA\OZGE\OAR279PA.DAT
Sample name :oar279pa Analysed :30.03.10 22:38
Chrom-Card Report
Operator ID : Peri Company Name : AK Krause
Method Name : bzge Method File : OZGECHI1.MTH
Analysed i 30.03.10 22:38 Printed : 23.04.2010 14:32
Sample ID : oar279pa Channel : Channel C
Analysis Type : UnkNown (Area) Calc. Method : Area %

Chromatogram : C:\WCC\DATA\OZGE\OAR279PA.DAT

Warning Chromatogram has been subjected to manual integration.

Peak Number # Area % Ret.Time Area BC
1 91.6446 346.55 37900960 mi
& 8.3554 347.21 3455504 mi

Totals 100.0000 41356470

Column: Hyhdodex-beta-3P 25m,0.25mm ID

Detektor: FID, 280°C

Injektor: 280°C

Oven program: Isotemp.l: 40°C, Isotimel:15 min,
Ratel:0.2°C/min, Isotemp.2:130°C/min, Isotime2: 0 min
Ratel:20°C/min, Isotemp.2:200°C/min, Isctime2: 5 min

Split: 35
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Appendix

NOE (Chapter 3)

((2,5-Dihydro-3,5-dimethyl-5-phenylfuran-2-yl)methocy)(t-butyl)dimethylsilane
(3.50da)

OAR239PT in CDC13; 1D-NOESY; date
: 22.Jan.2010

Archive directory: /export/home/vnmr3/vnmrsys/data
Sample directory: OAR239PT_22Jan2010
File: NOESY1D_4_75p

Pulse Sequence: NOESY1D

Solvent: CDC13
Temp. 27.0 C / 300.1 K
INOVA-600 “eden"

Relax. delay 2.500 sec
Pulse 90.0 degrees

Mixing 0.800 sec

Acq. time 1.888 sec

Width 6000.6 Hz

64 repetitions

OBSERVE ~ H1, 599.8311671 MHz
DATA PROCESSING

Line broadening 1.0 Hz
FTsize 3278Y T ] i
Total time 5 min, 55 sec

W

9 8 7 6 5 4 3 2 1 0 ppm
Spectrum - 1 OAR220FT in CDCIZ; 1D-NOESY
Acquisition Time (sec) 18883 Comment OARZ30PT in COCIZ; 1D-NOESY, date | Date Jan 22 2010
Date Stamp Jan 22 2010 File Name CINMR GERMANYYOARZIOPT 22Jan201MMNOESYID 4 Thp
Frequency MHz) 5ERE3 Nucleus iH Humber of Transiens 64 —[ Oviginal Points Counr 11331
Points Count 16334 Puise Sequence MNOESYID Receiver Gain 40.00 | Selvent CHLOROFORM-d
m Offset (Hz)  2687.7800 Sweep Widsh (Hz) B0D0.E0 [degree C} 27.000 |
Spectrum : 2
Acquisition Time (sec) 18383 Comment OARZI0PT in COCI3: 1D-NOESY. date Daze Jan 22 2010
Dare Stamp Jan 22 2010 Fie Name CANMR GERMANYOARZZEFT 22.Jan200PROTON Frequency (MHz) 5e0.e3
Nucleus 1H MNumber of Transients 18 Oviginal Points Count 11331 Points Count 16334
Pulse Sequence s2pul Receiver Gain 3200 Solvent CHLOROFORM-d
Spectrum Offser (Hz) 2607 7705 Sweep Width (Hz) 600060 Te ree CJ 27.000
NOESY esp
0.10
R
008
T
T
‘
T3
Tz f |
g 2 i L |
E 0o | — LS J Wt p 'L__‘_ _J] b
g
g 0.01
Tz
003, 1 {
Ty | 1 i
1 _'\I |
008
Bl
an a5 a0 75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 o

" Chamical Shit iom
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Appendix

2,4,5,6,7,7a-Hexahydro-2-(4-methoxyphenyl)-2-methyénzofuran (3.50af)

Spectrum : 1 OARZITPN in CEDE: 1D-MOESY
Acguisition Time (sec) 1.8883 Commenz OARIITPN in CADE: 10-NOESY: date: [ Date Jan 22 2010
Date Stamp Jan 22 2010 Fie Name CANMR GERMANYWOARZITPN_22an201NCESYID 4 S8p
Hz) 5B8.83 Nucieus 1H Mumber of Transients 54 Original Points Counr 11331
Poirts Count 16384 Pulse Sequence NOESYID Receiver Gain .00 Solven: Benzene
Spectrum Offset (Hz) 26202030 Sweep Width (Hz) 5000.60 Temperature ree C) 27.000
Spectrum -2
Acguisition Time {sec) 1.8583 Comment OARZITFN in CEDE: 1D-NOESY: date: Dame Jan 22 2010
Dare Stamp Jan 222010 | File Name C.NMR GERMANY\OARZITPN 22Jan2010PROTON | Frequency (MHz)  529.83
Nueleis iH Number of Transients 18 Original Points Count 11331 Poinzgs Counz 16384
Puise uence | Receiver Gain 28.00 Solvent Benzens Spectrum Offser {Hz) 28002042
Sweep Width (Hz) 6000.50 Tes re C} 27.000
—__NONAMEDS
010
T8 - OCH;
e (O
e
Us
LLGE
TI53
LLCE
=
o T3¢
I |
5 =
5 U5 |
imr 2 I LW
E SRR | TN [TAN N U _,_.______h.l_.l‘_,_,_ - S LW R L
5 —
[1
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Compound Characterization Checklist

Compound,
structure, or r
[a'd c
table-entry c K% s = wn B S
number = 2 Q ; = (Z) " E % IS I
(@) ' [e) =)
z | ¢ |sS |2 |5 | |3 S | T D | 8 P
2.31a X X X X _
2.31b X X X Org. Lett.2007,
3, 2537-2538
2.31c X X X X _
2.31d X X X Green Chem2009
11, 1309-1312
2.31e X X X X _
2.31f X X X X J. Org. Chem2009
74, 6050—6054
2.31g X X X X Synlett2007,
5, 737-740
2.31h X X X X _
2.32b X X X X Org. Lett.2007,
3, 2537-2538
2.32¢ X X X X _
2.32d X X X Green Chem2009
X 11, 1309-1312
2.32e X X X X _
2.32f X X X Synlet2007,
X 11, 1790-1794
2.32g X X X X _
2.32h X X X X _
2.34 X X X Angew. Chem. Int. Ed.
X 2003 42, 5355-5357
2.35 X X X X _
2.37 X X X X J. Org. Chem1993,
58, 3435-3443
2.38 X X X X J. Org. Chem2002,
67, 3930-3932
2.40 X X X Synlet2007,
X 5, 737-740
3.47a X X X X X J. Org. Chem199§
63, 6425-6426
3.47b X X X X X _
3.47c X X X X J. Org. Chem2009
X 74, 6050—6054
3.47d X X X X J. Org. Chem1994,
X 59, 1457—1464
3.47e X X X X Synlett2007,
X 5, 737—740
3.47f X X X X X X X _
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Compound,
structure, or

x |E =
table-entry S g | = = 0w 8 S
number 2 2 | a 2215 |le |2 B £ 5
z | |= |2 |5 | F |9 > | I D« p
3.47¢g X X X X X _
3.47h X X X X X _
3.47i X X X X X _
3.47j X X X X X —
3.49aa X X X X Angew. Chem. Int. Ed.
X 2007, 46, 7101-7103
3.50aa X X X X X —
3.50ab X X X X X —
3.50ac X X X X X —
3.50ad X X X X X X —
3.50ae X X X X X —
3.50af X X X X X —
3.50ag X X X X X —
3.50ah X X X X X —
3.50ai X X X X X —
3.50aj X X X X X —
3.50ak X X X X X —
3.50al X X X X X —
3.50am X X X X X X —
3.50ba X X X X X —
3.50bb X X X X X —
3.50bd X X X X X —
3.50ca X X X X X —
3.50cb X X X X X —
3.50cd X X X X X X —
3.50da X X X X X —
3.50db X X X X X —
3.50dd X X X X X —
3.50ea X X X X X —
3.50ed X X X X X —
3.50fa X X X X X X —
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