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A. Introduction

A. Introduction

1 Overview

In 2019 the Center for Drug Evaluatioand Research of thd.S. Food and Drug Administration
(CDER, FDA) approved 4toveldrugsso far including 29 small molecule (71%).! This emphasizes
the invariablehigh importance of small moleculesimoderndrug discovery.The biological activity,
for example the binding to target receptors, of these asuagdinedby theirthreedimensionastructure

In the past, several incidents showed that two enantiomers of a sulzstahage drastically different
biological effecs, causing severe danger to the human body, as in the cases of thaflomide
penicillaminé®. As a consequencstereochemical contrgs an essential aspeictpharmaceuticalrug
design nowadays to assure the desired biological effectivness Rivaroxaban Xarelto®,
Johnson&Johnsonanticoagulant ibrutinib (Imbruvica®, Abbvie, protein kinase inhibitgr and
pregabalin L yrica®, Pfizer, anticonvulsant and anxiolydicfor example are administered asingle

emantiomers andmongthe top sellingsmall molecule pharmaceuticais2018(see Figurd).®

O}/o
(S)
N\)‘\ Me Me
o NH
0 OH
N (S
- (e}
o S H,N
Cl
rivaroxaban ibrutinib pregabalin

Figure 1: Structure otthe chiral drugsivaroxaban, ibrutinib and pregabalin

In this caontext, he development of new synthetic methods for the preparation of chiral substances and
theirfurtherfunctionalization is of great interest for organic synthesimake new drugs availablehe
use of organometallic reagentand transition metal caalysis provides a wide range dafynthetic

strategies for théormation of chiral molecules

1 As of December 201%) L. UrquhardNat. RevDrug Discovery2019 18, 329. b)L. Urquhard Nat. Rev. Drug
Discovery2019 18, 575. c)L. Urquhard,Nat. Rev. Drug Discover3019 18, 816.
2a) T. Erikson, S. Bjorkman, B. Roth, P. HogluddPharm. PharmacoR00Q 52, 807 817. b) J. Peisach, W. E.
Blumberg,Mol. Pharmacol1969 5, 200 209
3a)C. W. Lindsley ACS Chemical Neuroscien2619 10, 1115 1115.b) B. J. Snellgrove, T. Steinert, S. Jaeger,
CNS Drug=2017, 31, 891 898.
4 a) C. ElschenbroichQrganometallics Wiley, 2016 b) A. H. Cherney N. T. Kadunce, S. E. Reisma@hem.
Rev.2015 115 9587 9652.

1



A. Introduction

2 Access toStereodefinedM olecules

In general, lhetwo main strategiefor theacces®f enantioenrichedholecules are chiral resolution and
asymmetric synthesi$he separation of a racemic mixture can be performed via chiral chromatography,
crystallization or chemical resolution. These procedures are important tools for the preparation of
optically active drugs. However, the yield of chiral resolution is lintivagp to fifty percent. In contrast,
enantioselective synthesis is an excellent method to access chiral molecules in high optical purity and
high yields.Once a singleenantiomer is accessed, there are several nucleophilic and electrophilic

reactiongo furtherfunctionaliz the chiral substate
2.1 Chiral resolution

Chiral Chromatography or Crystallization

Two enantiomers can be sepadadiele totheir different interactions with a chiral stationary phase
silica flashchromatography, high performance liquhromatography (HPLC) or gas chromatography
(GC)> Forexample, oxazepam wasieféntly resolved by supercritical fluid chromatograg®FC)in
2014 (see Figurg).t

H O
N

o
Cl —N
O oxazepam

Figure 2: Structure of theacemicbenzodiazepine, oxazepam

Nevertheless, the prexiredmethod of purificatioron large scal@n industryis crystallizatior’ By using
chiral N-propylglucosamine as precipitating agent, racemic naproxen can be sefeadiegl toboth
enantiomeré high yield. This procedurgignificantlyreduced the cost for the aimtflammatoryagent
(9-naproxen(see Schemg).®

\OH
Me Me HO O GR\Y)
(e vy i
MeO MeO OH

naproxen crsytaline salt

+

Me O .OH
O .OH R
"o ) RI"CO, Hop :
. ., 2 ' vy
SN - O o N
e
OH soluble salt

Schemel: Resolution of racemic naproxen \igystallization.

5 For a recent review, se&: Shen, Y. Okamot&hem.Rev.2016 116, 1094 1138.

6 K. De Klerck,Y. V. Heyden,D. Mangelings,). ChromatogrA 2014 1326 110/ 124.

"A. M. Schwartz, A. S. Mgrson, irHandbook of Industrial Crystallization (Second Editi¢&).: A. S. Myerson),
ButterworthHeinemann, Woburr£002 pp. 1 31.

8 P. J. Harrington, E. LodewijlQrg. Process Resk Dev. 1997 1, 72 76.
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Resolution

The principle ofkinetic resolution dependsalistinct reaction rates divo enantiomersvith a chiral
catalyst or reagenteading to a enantioenriched unreacted enantiomeraseparable side product. In
1980 B. Sharples®t al.reportedan enatioselective epoxidation of allylic alcohols by using a chiral
diethyl tartrate, titanium tetraisopropoxide arért-butyl hydroperoxide as oxidaht This
enantioselective kinetic resolutiomas often used for the preparation ofrahiallylic alcohols (see
Scheme?)'? and isan essential tool in natural product synthésis

Me Ti(O'Pr), (1.0 equiv) o Ve Me
n-Bu (+)-DIPT (1.2 equiv) MH-BU . R n-Bu
TBHP (0.6 equiv) z
OH DCM, -20 °C OH OH
rac erythro:threo = 98:2 >96% ee

Scheme2: Enantioselective epoxidation afacemic allylic alcohol as an example fondidic resolution.

The importance of this work was emphasized in the awarding of the Nobel prize in chemistty 2001

Sharpleséif or hi s wor k on c¢chir allhthe same yeal. $.Keodlesamdi d at i o

R. Noyoriwere also awarded f ogi rt hwor k on <chirally catalyzed

represents a classic asymmetric reaction (see next ch&pter).

2.2  Asymmetric synthesis
Isolation of natural products

A large variety of natural products are provided by biosynthetic processesnts,panimals or
microorganism. Historically, these biologically active substances were isolated and uskdgss®
For example, lkaloids such as morphine are extracted from the opium pppyereashe antibiotic,

penicillin G, is isolated from microorgamism Penicillium chrysogenurfungus see Figur).'®

9T. Katsuki, K. B. Sharpless, Am. Chem. So&98Q 102, 5974 5976.

0V, S. Martin, S. S. Woodard, T. Katsuki, Y. Yamada, M. lkeda, K. B. Shargdledsn.Chem. Soc1981, 103
6237 6240.

11a) T. R. Hoye, Z. YeJ. Am. Chem. So&996 118, 1801 1802. b) I. Paterson, C. De Savi, M. Tud@eg. Lett

2001 3,31493152.c)T. Sunazuka, T. Hirose, T. Shirahata, Y.

A. B. Smith,J. Am.Chem. Soc200Q 122, 2122 2123.

12K, B. Sharplessingew. Chem. Int. E@002, 41, 2024 2032.

13S. D. Sarker, L. Nahar, iNatural Products IsolatiofEds.: S. D. Sarker, L. Nahar), Humana Press, Totowa,
NJ, 2012 pp. 1 25.

4 a)H. N. Bennett, H. Tomas, W. R. Josephine, M. Johann, T. Biuk;. Org. Chem200Q 4, 343 362. b) S.
Galanie, K. Thodey, I. J. Trenchard, M. Filsinger Interrante, C. D. SanBtkence2015 349, 1095 1100.

15D. A. Dias, S. Urban, U. Roessndtetabolites2012 2, 303 336.

h
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Me

H
Oy s
S 1 Me
e
(o} B

J/—~OH
"

morphine penicillin G

Figure 3: Structure of morphinandpenicillin Gas examplefor drugs extracted from natural products.

In recent yeardrug development from natural products has declined due to unreliable, siyaplging
composition and environmental issuafsnatural product isolatiolf Thus,the focus shifted to the

optimization and development of asymmetric synthesis.

Asymmetric Reactions

Enantioselective synthesis has revolutionizaddernday chemistry and has drastically improved
synthetic efficiencyln 1966 R. Noyorireported the first asymmetric hydrogenation of ketarssg a
Ru(l)-BINAP catalyst’ The chiral alcohol(R)-1,2-propanediolwas later used for the industrial

synthesis of levofloxacin, an antibactelis¢ée Schema).1®

Me\N/\’ O/E’"\Me

0 RUCl,((R)-BINAP) (0.4 mol%) OH ! LN N
HO HO._ 7~ ‘
\)LMG MeOH, rt ~~T”"Me ! L on
: F
H (93 atm), 32 h quant. yield, 92% ee |

levofloxacin

Scheme3: Asymmetric hydrogenation of achiral ketones leading to chk&éabndary alcohols.

In 1977 W. S. Knowles applied the first enantioselective metal catalygigy the chiral phosphine
ligand,R,R-DIPAMP, in an industrial scatep synthesis of i{DOPA for Monsantgsee Schemé).t®

OMe MeO

artWle

P P

RN\_/(R)

MeO N COOH R,R-DIPAMP MeO COOH H,0* HO COOH
NHAc NH

ACO NHAc H,, Rh(DIPAMP)(COD)BF, ACO HO 2

quant. yield L-DOPA (95% ee)

Scheme4: Industrial synthesis of the amino acieDOPA.°

The CoreyBakshiShibata (CBS) reductiais a syntheti@lly powerful tool enabling the preparation of

a broad rangef chiral secondary alcoholsy using catalytic amounts of oxazaborolidines in the

163, W-H. Li, J. C. VederasScience2009 325, 161 165.
17a) H. Nozaki, S. Moriuti, H. Takaya, R. Noyofietrahedron Lett1966 7, 5239 5244. b) H. Nozk, H. Takaya,
S. Moriuti, R. Noyori,Tetrahedron Lett1968 24, 3655 3669.
8a)M. Kitamura, T. Ohkuma, S. Inoue, N. Sayo, H. Kumobayashi, S. Akutagawa, T. Ohta, H. Takaya, R. Noyori,
J. Am. Chem. So&988 110, 629 631.b) R. Noyori,Angew. Chem. InEd.2002 41, 2008 2022.
93) B. D. Vineyard, W. S. Knowles, M. J. Sabacky, G. L. Bachman, D. J. Weinkau§m.Chem. Socl1977,
99, 5946 5952.b) W. S. KnowlesAcc. Chem. Re4983 16, 106 112.¢) W. S. KnowlesAngew.Chem. Int. Ed.
2002 41, 1998 2007.
4



A. Introduction

presence of a borafd&This enantioselective reduction was useith@total synthesis afomplexnatural

products, such as dysidiolideokadaic aciéf or prostaglandin £3(see Schems).

Ph

H Ph
N-g’ ;
B (0.01 equiv) o COOH
I h-Bu | s) steps \/\/\
S catecholborane (3.0 equiv) HO H N s
toluene, =78 °C, 24 h HCS HO H

95% yield, 96% ee

prostaglandin E4

Scheme5: CBS reductiorin the total synthesis of prostaglandin®E

Recently McMillian and ceworkers reported the mict asymmetric alkylation of aldehydes by using

the photoredox catalyst, Ru(bp@)z, and achiral imidazolidinone organocatalyst (see Schépté

Ru(bpy)3Cl, (0.5 mol%)

o] CO,Et organocatalyst (20 mol%) O COEt ! o] NMe “HOTf
)K/\ * )\ : wt-B
H Ph  Br” “CO,Et 2,6-lutidine (2.0 equiv) H CO,Et | u
DMF, 23°C, 7 h Pome” N
rac 15 W fluorescent lamp Ph ; H
92% yield, 90% ee i organocatalyst

Schemeb: Asymmetric photoreax reactiorn?*

The developmestin asymmetric synthesisver the past decadeseformedthe understanding and

application of organic synthesis. These methods play a decisive role in life science 8f¢hatay.

2.3 Stereodefined reactions

Reactions atchiral carbon centsrcan lead toretention, inversion or ks of the stereochenaal
information. Depending a the substrate, nucleophile, solvent and leaving growgjeophlic
substitutiors can proceed in &1- or Sy2-reaction manne?® The S1 mechanism proceeds via an
achiral carbocation leading to a racemic product, whereassthm&hanism procesdia a concerted

anti-substitution affording the product with inverted stereochemisgg Schem@é). The Mitsunobu

20 3) A. Hirao, S. Itsuno, S. Nakahama, N. YamazdkiChem. Soc., Chem. Comma@8], 315317. § E. J.
Corey, R. K. Bakshi, S. Shibath,Am. Chem. So&987 109, 5551 5553. c) E. J. Corey, R. K. Bakshi, S. Shibata,
C. P. Chen, V. K. Singll. Am.Chem. Socl1987, 109, 7925 7926.
21E. J. Corey, B. E. Robert3, Am. Chem. Sot997, 119 12425 12431.
223, F. Sabes, R. A. Urbanek, C. J. ForsyttAm.Chem. Soc1998 120, 2534 2542.
23a)A. Rodriguez, M. Nomen, B. W. Spur;Ql.Godfroid Eur. J.Org. Chem.1999 1999 2655 2662 b) L. Kurti,
B. Czako,Strategic Applications of Named Reactions in Organic Synth@sis.: E. JCorey, K C. Nicolaoy,
Elsevier Inc., Burlington, MA2005 pp. 100i 101.
24D. A. Nicewicz, D. W. C. MacMillanScience2008, 322, 77i 80.
253) L. C. Bateman, M. G. Church, E. D. Hughes, C. K. Ingold, N. A. Tdh€hem Soc (Resumed) 94Q 979
1011. b) K. S. PetersChem. Rev. 2007, 107, 859873. c) T. A. Hamlin, M. Swart, F. M. Bickelhaupt,
ChemPhysChe2018 19, 13151330.
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reactiort®, Appel reactiod’” or Mukaiyama redoxcondensatiorr® are well known examp#eleading to

aninversion of the stereochemistry.

‘Nuc D)
—_ X---7---Nuc —_
X \R? 3 R2'Y “Nuc
R® R?
transition state Inversion

Scheme?: Reaction mechanism ofy&-substitition reactions.

Inallylicsystenst he nucl eophi |l i c sourbpesttionteadihgitodhe cocrespondong c u r i
Sv2- or Si2 -Bubstitutionproducts ¢ee Schem8).?° The regie and stereoselectivity dheseallylic
substitutionreactiors wereintensively investigated arallylic substitutions werextended to various

useful applicationg organic synthesi¥

Y o ‘Nuc Nuc
R/\/\X —_— R/\/\NUC + P
R
Sn2 Sn2'

Scheme8: Selectivity between &- and &2G6reactions in allyt systems.

The bimolecular electrophili&2 reactionproceeds, similar to thend mechanism, via a concerted
transition state. Howevethe approactof the electrophildhappens fronthe same sit as the leaving
group and thus the reaction proceeds wittention of the configuration. Theeapping of chiral

alkyltin-2* or lithium reagent® with electrophilesare examples for a retentive23eaction.

26 a) M. Oyo, Y. MasaakiBull. Chem. Soc. Jpi967, 40, 2380 2382. i) O. MitsunobuSynthesid981, 1981, 1i
28.For areview, see: §. FletcherQrganic Chemistry Frontier2015 2, 739 752.
2TR. Appel,Angew. Chem. Int. EA975 14, 801 811.
28 @) S Taichi, K. Wataru, M. TeruakBull. Chem. Soc. Jpr2003 76, 1645 1667. b) T. MukaiyamaAngew.
Chem. Int. Ed2004 43, 5590 5614.
29B. M. Trost, D. L. Van VrankerChem.Rev.1996 96, 395 422.
30 a) T. Graening, HG. SchmalzAngew.Chem. Int. Ed2003 42, 25862584. b) B. M. Trost, M. L. Crawley,
Chem.Rev.2003 103 29212944, c) Z. Lu, S. MaAngew. Chem. Int. E@008 47, 258 297.
31J. M. Fukuto, F. R. Jensefsicc. Chem. Re4983 16, 177 184.
32a) D. Hoppe, F. Hintze, P. Tebbeimgew. Chemint. Ed.199Q 29, 1423 1424.b) D. Hoppe, A. Carstens, T.
Kramer,Angew. Chem. Int. EA.99Q 29, 1424 1425.b) D. Hoppe, T. Henséingew.Chem. Int. EJ1997, 36,
2282 2316.
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3  StereodefinedOrganometallic Reagentsand Previous Efforts

3.1  Organometallic Chemistry

Organometalliceagets provide aversatile toolbox for thpreparation anéunctionalization of organic
molecules In general, organometallic species can be prepared via iogidasertion, halogemetad

exchange, transmetalation or diextimetalation (see ScherBg* Furthermore, lsiral organometallic
reagents can be prepared erantiospecific (steceetention) or eantioselective reactior{ase of chiral

ligands)?34

Met

R'-X _— R1-MetX oxidative insertion
; R2-Met ;
R'—=X R'—Met halogen-metal exchange
R2-Met?X
R'-Met'X —— R'-Met?X transmetalation
R2-Met
R'-H R'-MetX directed metalation

Scheme9: Prepardbn of organometallic reagents.

The reactivityof theseorganometallic reagesidepenan the ionic character of ttearbonmetal bond
and increaswith the difference of electronegativity (see Schdi)e®> Due to their small difference in
electronegativity, manoboror® -tin®” and ziné reagents have rather covalent carbeetal bond
showing a high stability but lowr reactivity. Grignardreagentspocessa more polarized carbon
magnesium bod andas a consequence ameore reactve.3® Organolithium reagents have an ionic
carbonlithium bond and show a very high reactivity, v stability and thereforeJower functional
group tolerance. However, organolithium reagemtswidely used in orgnic synthesis, due to their

exceptional high reactivity and commercial availabitfty.

33 P, Knochel itHandbook of Functionalized Organometall{&d.: P. Knochel)Wiley-VCH, Weinheim,2005
34a) S. R. Harutyunyan, T. den Hartog, K. Geurts, A. J. Minnaard, B. L. Feiga. Rev2008 108 2824
2852. b) A. Alexakis, J. E. Backvall, N. Krause, O. Pamies, M. DiédLizzim.Rev.2008 108 2796 2823.
35a) A. BoudierL. O. Bromm, M. Lotz, P. KnocheAngew.Chem. Int. Ed200Q 39, 4414 4435.b) E. Negishi,
Organometallics in Organic SynthesWiley, New York,1980
36a) A. Pelter, K. Smith, H. C. BrowrBorane reagentsAcademic Pres4,988 b) N. Miyaura, A. SuzukiChem.
Rev.1995 95, 2457 2483.c) S. R. Chemler, D. Trauner, S. J. Danishefglagew Chem. Int. EJ2001, 40, 4544
4568.d) A. J. J. Lennox, G. C. LloydonesChem. Soc. Re2014 43, 412 443.
37a) R. K. Ingham, S. D. Rosenberg, H. Gilm&mem. Rev196Q 60, 459 539.  A. G. Davies,Organotin
Chemistry Wiley, 2004
38 a) E. Franklandl.iebigs.Ann. Chem1849 71, 171. b)E. Negishi, L. F. Valente, M. Kobayasli, Am.Chem.
S0c.1980 102, 3298 3299. c) P. Knochel, R. D. Sing&hem. Rev1993 93, 2117 2188.
39.a) Grignard, V.Compt. RendAcad. Sci190Q 130, 1322. b)B. J. Wakefield, irOrganomagnesium Methods in
Organic SynthesiqEd.: B. J. Wakefield), Academic Press, Londd®95 pp. 2171. c) D. Seyferth,
Organometallic2009 28, 1598 1605.
40 a) J. ClaydenOrganolithiums: Selectivity for SynthesBlsevier ScienceRhiladelphia, 2002 pp.400.b) G.
Wu, M. HuangChem.Rev.2006 106 2596 2616.c) U. Wietelmann, J. KletZ. Anorg.Allg. Chem2018 644,
194 204.
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covalent character of M-C bond

3Li

12Mg

1.27

302n

0.84

SOSn

0.78

5B

0.49

- high stability
- low reactivity

- high reactivity

\ \ & & \N- 4
C—2ZnX C-MgX C L
<4 NV <4
- covalent Zn-C bond | |- polarized Mg-C bond - ionic Li-C bond

- exceptional reactivity

increasing reactivity

Scheme 10 Electronegativity difference ofarious metalorganic reagentsnd bond properties of
organozine, magnesiumandlithium reagents®

3.2

StereoselectivdPreparation of Chiral Alkyllithiums

Organolithiums have been known since the beginning of the 20th century and were first used for the

initiation of anionic polymerizationg.hey possess a highly polarized caritmum bond, ensuring a

high reactivity towards various electrophilic reagéhtsThese reactive organometallics were

popularized in organic synthesis ca. 196(f> and soomafterwardsa range of heteroatostabilized
organolithium reagents became availdBl8.e e b a c h

introduced the

concep

enables the performance of@bond formation by a formal inversion of polafftyand therefore,

considerably facilitates the retrosynthesis of complex organieauies?® A range of elegant methods

were developed for the preparation of optically enriched chiral heteresgdntized organolithium

reagentgP3246
In contrastthe I/Li-exchame reactioft of secondary alkyl iodides of tydeproceed with retention of

the configuratiorandleadsto chiral nonstabilized secondary alkyllithium reagents of t@g#&Reaction

conditions were foundallowing a stereoselective transmetalatior2ad either copper derivatives of

type 3 using the ether soluble salt CuBr-P(Q#t)or to zinc compounds of tygeusing he organozinc

salt MeSiCHZnBr-LiBr. Both transmetat#ions proceed with retention of configuration and the

resulting secondary alkyl organometallica, 3 and 4) react stereoselectively with appropriate

41 M. Majewski,et al: Science of Synthesis, 8a: Category 1, Organometalllisme,2005 pp.859.

42D. V. Collum, A. J. McNeil, A. RamireZAngew. Chemint. Ed.2007, 46, 30023017.

43 A. T. HaseUmpoled Synthons: A Survey of sources and Uses in SynflugsidViley & Sonsinc. New York,
1987 pp.104.

44D, SeebachSynthesi4969 1, 17 36.

4 D. SeebachAngew. Chenl979 91, 259 278.

46 D. Hoppe Synthesi®009 43 55.
47a) G. Wittig, U. Pockels, H. Droge, Chem. BE®3§ 71, 1903 1912. b) H. Gilman, W. Langham, A. Ladoby,
J. Am.Chem. Socl1939 61, 106/ 109. c) E. C. Ashby, T. N. Phand. Org. Chem.1987, 52, 1291 1300.d) P.

Beak, D. J. Allen]J. Am. Chem. So&992 114, 3420 3425.
48 3, Seel, G. Dagousset, T. Thaler, A. Frischmuth, K. Karaghiosoff, H. Zipse, Rh&hGhem. Eur. J2013

19, 4614 4622.

49K. Moriya, M. Simon, R. Mose, K. Karaghiosoff, P. Knoch&hgew. Chemrint. Ed 2015 54, 10963 10967.
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electrophiles (E3-X) providing a range of chiral molecules suctbag and7, which are of interest for

the preparation afiatural product$®

t-BuLi (2.2 equiv)

. o Li

inv. add., =100 °C, 10 s ET-X

Rh)\ R1\)\ _— R1\J\
H hexane:ether = 3:2 H H

R? : : R? R
1 5
2
P
™S )Z\" Me3SiCH,ZnBr - LiBr| CuBr - P(OEt), Gu-tL
Ty Ty
RR2 ~100 °C, 1 min ~100 °C, 1 min RRZ H
4 3
Pd-catalyst l E3-X E2.X l
E3 E2
R’I\)\H R1\J\H
R2 R?
7 6

Schemell: Stereoselectiveeactionsof chiral secondary alkyllithium reagents

The performance of an I/Li exchange on secondary alkyl iodides tBug is complicated by various
side reactins due to the exceptionally high reactivity of the resulting secondary alkyllithium reagents,
which are very close to the reactivity 6BuLi. Bailey showed that the reaction ais-4-tert-
butylcyclohexyl iodide ¢is-8) with t-BuLi at7 100°C in a hexandiethyl ether mixture (3:2) produced
the cyclic organolithium reagemts-9 in less than 7% vyielel. The main reaction products were the
cyclohexan€el0 generated by the reaction @g-9 with theiodide cis-8 (protonation reaction) and the
cyclohexene derivativ&l (elimination product otis-8). These side reactions may be minimized by
performing the reaction in the preserafea constant excess tBuLi. This can be experimentally
realized by performing an inverse addition. Under these conditions, the lithium resg@obuld be
generated in >75% vyield. Trapping with p#e at 1 100°C providal the thioethercis-12 with a
diastereoselectivity afis'trans= 90:10 (see Scheni®).*®

« direct addition

t-BulLi (2 2 equiv)
x {Z7 ~H / <7 =
t-Bu hexane ether = 3:2
-100°C, 5s
cis-8 cis-9: 7%

* inverse addition

| t-BuLi (2.2 equiv) Li SMe
inv.add. Me,S,
t-Bu H hexanewether =32 [BY H _100°c [BY H
-100°C,5s
cis-8 cis-9: >75% cis-12
cis:trans = 98:2 73% vyield

cis:trans = 90:10

Schemel2: Generation of the secoay alkyllithium reagentis-9 via inverse addition afBulLi.

50V, Morozova, J. Skotnitzki, K. Moriya, K. Karaghiosoff, P. Knochhgew.Chem.Int. Ed 2018 57, 5516
5519.
51W. F.Bailey, J. D. BrubakerK. P. JordanJ]. OrganometChem.2003 681,210/ 214.



A. Introduction

Further experiments demonstrated ttiat9 displayed much lower thermodynamic stability than the
corresponding diastereoisontesns-9 and fully equilibrated within h  a t °C. As@ Bonsequence,
starting from the cyclohexyl iodide#ans-8 allowed the preparation dfans9, which reactedwith
phenyl isocyanate or B8, affording thetransamide13 and the thioethetrans-14 in 85-87% yield

with very high stereoselectivity (dr up to 99:1; see Schegnhé?
H

PhNCO MNHPh
— t-Bu
-100 °C
o}
) . trans-13
H  tBuli(2.2 equiv) H 87% yield, dr <1:99
inv. add.
t-Bu ——— > B i —
! hexane:ether = 3:2 Y Li
-100°C,5s
trans-9: >90%
trans-8 H
Bu—282> t-Bu \M\SBU
-100 °C
trans-14

85% yield, dr = 1:99

Schemel3: Stereoselective preparationtedns9 and subsequent trapping with phenyl isocyanate and
dibutyl disulfide

Remarkably, these reactions can also be extermlextytclic norstabilized secondary alkyllithium
reagent$? Thus, dropwise addition of the functionalized alkyl iodidgs15 andanti-15to a stirred
solution oft-BuLi (2.2 equiv) in hexandiethylether ai 100°C over 10min afforded the coasponding
alkyllithium speciessynl6 and anti-16. Their acylation with various Weinreb amides gave the
corresponding ketond¥ and18 with high retention of configuration (dr: ratio afti/syn = up t096:4;

see Schemg4).

O
t-BuLi (2.2 equiv) )k
OTBS inv. add. in 10 min OTBS R” "N(OMe)Me OTBS (e}
| _ :
Me hexane:ether=3:2 Me L -100 °C, 5 min Me R
Me —100 °C, 10 min Me Me
syn-15 syn-16 syn-17, R = CF3
dr =2:98 65% yield; dr = 5:95
syn-18, R = Ph
0 68% vyield; dr = 6:94
t-BuLi (2.2 equiv) e
OTBS inv. add. in 10 min OTBS R” "N(OMe)Me OTBS %
/I L —
Me : hexane:ether =3:2  Me z -100°C,5min  Me T R
Me -100 °C, 10 min Me Me
anti-15 anti-16 anti-17, R = CF4
dr=98:2 67% yield; dr = 96:4

anti-18, R = Ph
67% yield; dr = 96:4

Schemel4: Stereoselective generation of secondary egiexin alkyllithium reagents and their retentive
trapping with Weinreb amides producing diastenerically enriched ketones

In asimilar approach a broad range of diastereomerically purestatnilized secondary alkyl iodides

were generate@nd in all casesa retentive I/Liexchange reaction took plackterestingly the

52G. Dagousset, K. Moriya, R. Mose, G. Berionni, K. Karaghiosoff, P. Knoglnglew. Cherint. Ed 2014 53,
1425 1429.
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generation o$yn16 or anti-16 occured without significant interaction of the remote silyl ether function
(OTBS) with the carbotithium bond. However, the diastereoselectivity of a lithium reagent is, in fact,
strongly influenced by an OTB§roup in a nearby position, as it is the case for the secondary alkyl
iodides syn and anti-19. Both lithium reagents, obtainedtex an l/Liexchange, provided in a
stereoconvergent mannte lithium speciesyn20. Here, an intramolecular interaction between the
silylether function and the lithium center takes place and provides a significant stabifizatioe.
prepared lithium organometallicyn20 reacted with various clhonyl derivatives, such as
cyclopropylcarbonyl chloride, ethyl chloroformate and pes@ame, furnishing the corresponding
adductssyn2la-c in 5570% yield. Also, the addition to triphenylethenylsilane led to the ségne

21d in 65% vyield. In all cases, the produsigr21a-d were obtained with diastereoselectiegihigher
than 96:4 (see Scherig).>?

TBSO Me t-BuLi (2.2 equiv) t-BuLi(2.2equiv)  18s0 Me

inv. add. TBSO L inv. add. H
—_—> /) -

Me ' o0cto-socc, M Ve 00°cros0cc, Me !
syn-19 hexane:ether = 3:1 syn-20 hexane:ether = 3:1 anti-19
dr=1:99 (=50 °C, 30 min) dr =99:1

COCI
TBSO Me V/ /\SiPh3 TBSO Me
Me 50 °C, 30 min | -50 °C, 30 min M€ SiPhs
o syn-21d
syn-21a 65% yield; dr = 1:99
67% yield; dr = 4:96
TBSO Me ont CICO,E Et,CO TBSO Me e
Me ~50°C, 30 min  —50 °C, 30 min Me e
syn-21b syn-21c
70% yield; dr = 3:97 55% yield; dr = 1:99

Schemels: Stereconvergent preparation of the chetibilized secondary alkyllithiusyn20and its
stereoselective reactions with various electrophiles

This approach canbe extee d t o a-OTB&suliptéuted dikyl todides. The epimeric mixtures
of iodidesrac-22-24 were stereoconvergently converted to the expected secondary alkyllithium reagents
syn25-27. Further reaction with ethyl chl oroformate

esterssyn28-30in good yields and with very high diastereoselectivities (see Schéme

53K. Moriya, D. Didier, M. Simon, J. M. Hamma, G. Berionni, K. Karaghiosoff, H. Zipse, Mayr, P. Knochel,
Angew.Chem. Int. Ed2015 54, 2754 2757.
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1) t-BuLi (2.2 equiv)

TBSO Me —-100 °C to -50 °C, TBSO Me TBSO Me
hexane:ether = 3:1 CICO,Et
| Li —_— CO,Et
Z 2)-50 °C, 30 min Z ' 50°C, 30 min Z 2
Bu Bu Bu
rac-22 syn-25 syn-28
dr = 50:50 57% yield; dr = 2:98
1) t-BuLi (2.2 equiv)
Bu OTBSMe —-100 °C to =50 °C, Bu OTBSMe Bu OTBSMe
N | hexane:ether = 3:1 S L CICO,Et X COLEt
2)-50 °C, 30 min ' -50°C, 30 min 2
rac-23 syn-26 syn-29
dr = 50:50 77% yield; dr = 3:97
1) t-Buli (2.2 equiv)
TBSO OTBSMe -100 °C to -50 °C, TBSO OTBSMe TBSO OTBSMe
hexane:ether = 3:1 CICO,Et
Me I - . Me i —————2——> Me CO,Et
rac-24 2) =50 °C, 30 min syn-27 =50 °C, 30 min syn-30
dr = 50:50 71% yield; dr = 4:96

Schemel6:St er e o c 0 nv er g-@TBSEsulssituied $eeondaryg alkgllithium reagesya25
27 and their stereoselective conversion to polyfunctional esters

Additionally, diastereoselective natmolecular carbolithiationsould be achievedtT 100°C, after an

I/Li -exchange witht-BuLi of the alkyl iodidesyn31l, if an alkynykilane was present in a remote
position. After quenching the lithiated alkenylsilangyn32 with a proton source, thexo
alkylidenecyclobutaneyn33 was obtained in 65% yield#/Z = 6:94 and dr 1:99(see Schem#7).>*

This method couldbe extended to the preparation of chiral tetrasubstituted cyclopentane exo
alkylidenes, such amnti-34. Thus, the treatment of the alkyl iodidati-35 (dr >99:1) with t-BuLi (2.5
equiv) indiethyl ether att 100°C followed by 15min of stirring ati 100°C afforded thealkyllithium
reagentanti-36. After cyclization to the cyclic lithiated alkenylsilarati-37 and reactionwith ethyl
chloroformate, the estanti-34 was obtained in 77% yield (see Schehiig®®

OTBS

Me OTBS t-BuLi (2.0 equiv) OTBS
inv. add., -100 °C H,0* ;(/
[ T — - i
W ether, Tmin N\ _siPh, Me N\ SiPh,
SiPh,
Li syn-33
syn-31 syn-32 65% yield; dr = 1:99
dr = 1:99 E/Z = 6:94
| TMS Li T™MS
)\/\/ t-BuLi (2.5 equiv) )\/\/
Me” ™ inv. add., ~100°C ~ Me” %
Me ether, 1 min Me
anti-35 anti-36

Schemel?: Intramolecular carbolithiation adlkynyl silanes.

\ -100 °C, 15 min

Me Me
Me,, CO,Et CICO,Et Me,, Li
— -100 °C —
T™MS TMS
anti-34 anti-37

77% yield; dr = 99:1

54 K. Moriya, K. Schwaerzer, K. Karaghiosoff, P. KnocHgynthesif016 48, 3141 3154.
55 M. Simon, K. Karaghiosoff, P. KnocheDrg. Lett 2018 20, 3518 3521.
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An OTBSg r o u p -positiort witle an additional methgroup in b e -po&ition, strongly disfavs
the stereoconvergent epimerization of these abain secondaralkyllithiums shown in Schem&s
and16. Thus, the reaction of both alkyl iodid&@8and39with t-BuLi in hexane/diethyéther ai 100°C
for 5min provided the corresponding organolithium reagé@end41. Quenching with B, afforded
the thioethersA2 (50% vyield; dr =97:3) and 43 (53% vyield; dr =3:97). Similarly, 38 could be
stereoselectively converted by this method (reaction tatLi, 1 100 °C followed by CICGEL) into
the diastereochemically pure es#dy which underwent lactozation, furnishingd5in 90% yield with
full control of three adjeent chiral centers (see Scheh@.*®

99:1 99:1 . 99:1 97:3
\\ Me/ t-BuLi (2.2 equiv) Me ‘NN Me
5 | inv. add. ~ A Bu2S; Mssu
n H B hexane:ether = 3:2 Bn z H -100°C, 55 Bn H g
TBSO Me 400 °C, 5 min TBSO  Me : TBSO Me
38 40 42
50% yield
99:1 1:99 . .
Me t-BuLi (2.2 equiv) Me 99:1 Me3'97
N I inv. add. NN Li Bu,S, . \, '/SBu
TBSOG M hexane:ether = 3:2 TBSO M -100°C, 5s n :
€ ~100 °C, 5 min e TBSO  Me
39 41 43
53% yield
99:1 99:1 1) t-BuLi, inv. add. X .
\ Me/ -100 °C, 5 min 99 Mme 99:1 oo
Bn/\)\/l hexane:ether = 3:2 Bn/\)\,’//COZEt MeSO3H Bn/\(—/\é
- 5 2) CICO,Et = z EtOH, 25 °C 99:17 & %
TBSO Me ) 2 TBSO Me Mé A\ Me
38 44 )
57% vyield 45 1:99
90% vyield

Schemel8: Stereoselective I/Lé x ¢ h a n-@EBS substituted kYl iodides38 and 39 bearing an
additional rAaoditiony | group in b

3.3  Preparation of StereodefinedSecondaryAlkylcopper Reagents

Although, the stereoselective preparation of secondarylitiiyms and their subsequent trapping with
electrophiles allows the preparation of numerous chiral molecules, it was found that several electrophilic
reagents react only unselectively with these reactive species. Subsequently, a range of transmetalation
reactions to new organometallics possessing a more covalent -cagtanbond w&reenvisioned. For
example, the acylation of organolithiums with acid chlorides is complicated by further addition reactions
to the generated intermediate. However, organocomgagents are known to react chemoselectively

with acid chlorides to produce the corresponding ketanetusively®’ Thus, the secondary alkyl

iodidessyn46 andanti-46 were converted into the corresponding atkyiper reagentsyn47 andanti-

56V. Morozova, K. Moriya, P. Mayer, P. Knoch€&hem. Eur. J2016 22, 9963 9965.
57a)N. Krause Modern Organocopper Chemistiyiley-VCH Verlag GmbH Weinheim2002 pp. 48 b) M. K.
Eberle, G. G. KahleTetrahedron Lett198Q 21, 2303 2304 c) C. Kim, G. M. Rubottom,J. Org. Chem1983
48, 1550 1552.
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47 by addition of the ether soluble copper salt CuBr-P(@Et) 1100 AC for <® min.
47 andanti-47wi t h b enz oyl °Cdohlh@roduadcthe&dtonsyd348 andanti-48in 48

62% yieldand dr>90:10. In addition, the copper reaganti-47 reacted smoothly with ethylene oxide

giving the alcohobnti-49in 57% yield and dr 92:8 (see Schem#9).

Me Me

CuBr - P(OEt); PhCOCI
Ph Li ———— > Ph Cu-L —— > Ph COPh
hexane:ether -30°C,1h
Me -100 °C, 10 min Me Me
syn-46 syn-47 syn-48
L = P(OEt); 48% yield; dr = 10:90
Me
PhcoCl  pn._L_corn
-30°C,1h :
Me
Me Me anti-48
CuBr - P(OEt 2% yield; dr = 96:4
Ph\)\/Li (OEt); Ph\)\/Cu L 62% vyield; dr = 96
H hexane:ether :
Me —-100 °C, 10 min Me
. . Me
anti-46 anti-47 0
VAN Ph\)\/\/OH
-30°C,1h Ve
anti-49

57% yield; dr = 92:8
Scthemel9: Stereoretentive transmetalation of alkyllithiums to the corresponding copper reagents using
CuBr-P(OEt).
Improved transmetalation procedures were further devef3p&iiwas shown, that a range of optically
enriched alcohols of typdR]-50 (95%-99% e€ could be convertethto the corresponding secondary
alkyl iodides §-51 with full inversion of configuratia. After a retentive I/Lliexchange reaction and
subsequent trapping with ethyl chloroformate, the corresponding ethyl &tB2nfere produced with

>90%ee(see Schem20).>°

1) t-BuLi (2.5 equiv), inv. add.
-100°C, 10's

5‘\2 PPhg, I, NMI R? hexane:ether = 3:2 82
R'SOH  CH,Cly, ~10°C, 15min R' I 2) CICO,Et R17>CO,E
-100 °C, 5 min
(R)-50 (S)-51 (S)-52
95-99% ee 37-86% yield 55-75% yield
up to 99% ee 90-97% ee

SchemeOEnant i os el e c t-dhiralestess)Bafroneoptically earichedlsecondary alkyl
alcohols R)-50.

Thus, the opticayl enriched secondary alkyl alcohdR){50a (>99% eg was converted into the
corresponding alkyl iodide§-51a with inversion of configuration. After an I/texchange and
subsequent transmes@ibn with CuBr-P(OEg) the intermediate alkylcopper reagent underwent a
carbocupration with et -angdturaedSeepters@adinad?%yjeld antl 9260r d i n g
ee®® Remarkably, theopening of chiral epoxides R)-53 and §)-53) with secondary alkylcopper
reagentsvas achieve® Thus, the optically enriched secondary alkyllithisym20 (see Schemé5)

was obtained in 99%efrom the alkyl iodiderac-54, which was prepared from commercially available

58 J. Skotnitzki, L. Spessert, P. Knoch&hgew.Chem.Int. Ed 2019 58, 1509 1514,
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A. Introduction

(R)-ethyl 3hydroxybutyrate §5). In the presence of 380l% CuB-P(OEt}, this chelate stabilized
lithium reagent triggered a smooth opening of eitli®¥ ¢r (S-propylene oxide )-53 and §)-53))
leading to the selectively protected di&l6 and57 as diastereomerically and enantiomerically pure
products (>99%eand dr = 99:1; see Scherg).*°

1) t-BuLi (2.2 equiv)

Me Me inv. add. -100 °C, 10 s Me
'/\/y\ PPhg, I, NMI H ether:hexane = 3:2 H _
B
OH CH,Cly, NI 2) CuBr - P(OEt)3 WCOZEt
An -10°C,15min AN 1 min, -100 °C An
3) H—=—=—CO,Et
(R)-50a (S)-51a ) 2 (S)-52a
>99% ee 86% vyield; 99% ee 47% yield; 92% ee

An = p-MeOCgH,
1) t-BuLi (2.2 equiv)

inv. add. -100 °C, 10 s
EtO C\/Mke 4 steps )Mi/'\'/l\e ether:hexane = 3:2 TBSO Li
t B —— Wy N1
2 OH > OTBS ~ 2)_50°C, 30 min TAe HMe
55 rac-54 syn-20
>99% ee 72% overall yield stereoconvergent
dr = 50:50
Me,, Me
\W4 \W4
Me Me Me O o Me Me Me
H B (R)-53 20 (S)-53 H
syn-
HO OTBS " CuBr - P(OEt), CuBr - P(OEt), HO OTBS
e vield: 56 1. 500 (30% mol) (30% mol) e vild 3T y
60% yield; dr = 99:1; >99% ee °C, 12 h _50°C, 12 h 58% yield; dr = 99:1; >99% ee

Scheme21: Stereoselective reactions of optically pure secondary alkylcopper reagents

56in particular, is of great interest as it can be used for the preparation of the pherbjrardo{ure
(58).%° Thus, after berylation, the silyl ether was cleaved usitgfran-butylammoniumfluoride
(TBAF) leading to59. Conversion of the free alcohol into the corresponding iodide followed by the
standard I/Liexchange sequence and subsequent transmetalation withPQDBt), furnished the
chelationstabilized secondary alkylcopper reagéft Opening of the epoxid@)-53led to the chiral
alcohol61 in 61% yield with retention of the configuration (dr = 9%md >99%¢ed. The secondary
alkylcoppper reagen®2 - prepared by an analogous iodination and-#kthange sequencewas
allylated leading to the desired prodé&in 57% yield. Reduction of the allylic system and cleavage
of the beaylic alcohol followed by formylation, produced the pheromanddrdolure58in 74% yield

with a dr>99:1 and 99%e(see Schemg22).

59 a) R.Des Mazery, M. Pullez, F. Lopez, S. R. Harutyunyan, A. J. Minnaard, B. L. Fedinda). Chem. Soc
2005 127,9966 9967.b) J. S. Yadav, S. Sengupta, N. N. Yadav, C. D. Narasimha,N.@hamdi, Tetrahedron
Lett 2012 53, 5952 5954.
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1) NaH, BnBr
Me Me Me )THF reflux, 48 h Me Me Me
~ ~ < <
HO OTBS 2) TBAF - 3 H,0 BnO OH
56 reflux, 24 h 59
60% yield; dr = 99:1; >99% ee 77% vyield; dr >99:1
1) PPha, I, NMI
CH,Cl,
2 ?150 [9‘('238 min ) 3) CuBr - P(OEt),
-BuLl .2 equiv in — o
inv. add. -100 °C, 0s | | MM ~100°C
ether:hexane = 3:2
CuBr - P(OEt)3 H H
Me Me Me Me (30% mol) Men | H
T < . _ o o M
BnO 8~ 8~ T"20H 50 °C, 12 h BnQ ﬁ\ e
Cu Me
Me,,
&1 AW
61% yield; dr(C4) = 99:1; 99% ee g 60
(R)-53
1) PPha, I, NMI
CH,Cl,
-10 °C; 30 min
2) t-Buli (2.2 equiv) .
inv. add. ~100 °C, 10s | °) 1C“B.r T&Ef)g
ether:hexane = 3:2 min, -
Me Me Me Me /\/Br Me Me Me Me ‘

AN _— p
BnO Cul  o0°cto-gocc BNO2T4T 68

62 1h 63
57% yield; dr(C8) = 97:3
1) Pd/C, Hy,
EtOAc, rt, 2 h
2) HCOH,
65°C, 1h

(-)-lardolure Q Me Me '\;/Ie Me

74% yield; dr >99:1; >99% ee Hko/\/\/\/\n-Pr
5.6 % overall yield 58

Scheme22: Iterative enantioselective synthesis of the pherombjiadolure(58).

In addition, &ylcopper derivatives can undergo crassiplings with bromoalkynesproviding a
range of functionalized alkynes in good yiettighus, the chiral secondary alkyl iodidgn64 was
converted into the corresponding copper derivasye65, which reacted with the bromoacetylene
derivative66, providing the chiral alkynsyn67in 56% yeld with dr =7:93(see Schem23).%*

1) t-BuLi (2.5 equiv)

~100 °C, 1 min TMS——=——Br
TBSO 5 | eterheiane =32 TBSO Y c %0 TBSO\/Mi/ "
u —_—
T 2 CuBr- P(OEY, ~Y -50°C,15h H
Me 5 min, 100 °C Me Me
syn-64 syn-65 syn-67
56% yield; dr = 7:93;
99% ee

Scheme23: Crosscoupling of the chiral alkylcopp&5 with a bromoalkyné&e.

60a) A. Commercon, J. F. Normant, J. Villierdgtrahedron198Q 36, 1215 21.b) M. C. P. Yeh, P. Knochel,
Tetrahedon Lett 1989, 30, 4799 802.c) P. Knochel, N. MillotA. L. Rodriguez, C. E. Tucke®rg. React 2001,
58, 417 731.d) G. Cahiez, O. Gager, J. Buenddaygew. Chemint. Ed 201Q 49, 1278 1281.
61 This project was commenced by J. Skotnitzki during histétabesis and finalized during his Ph.D. studies: J.
Skotnitzki, V: Morozova, P. KnocheQrg. Lett 2018 20, 2365 2368.
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A. Introduction

Thermal and configurational studibaveshown that hese secondamlkylcopperare configurational
stable in diethyl °Cddrdonyaghtrtemé&ne to up to 130

17



A. Introduction

4  Objectives

As statedearlierthe stability of ciral secondary alkyllithiumand coppereagents idimited to low
temperatures and to the use of diethyl ether/hexane as slVens,the configurational stabilitgnd
reactivity of chiral alkylcopper reagents in different solvewereto be investigated and rationalized.
Next, the regioselectivity ofiucleophilicsubgitutions of various allylic substrategasto be adjusted
by the choice of temperature, solvethg appropriate leaving group, and tbegyanometalliceagent.
Another task was the developmentantti-Sy2 -Substitutions of secondary alkylcopper reagerite w

chiral allylic substrates (see Scheg#.

X R
S
\/\'/
R2 Me
1/ki/\/R3
R
Sp2 R2
Me Me Me S\2-product
1o— L — X o
R" I R’ R" Cu
' Me
Sn2 .
;[ R
ZnCl, RY 72
anti R4 R®
RS} .H
—_ .R® Sn2'-product
R H=y"
X

Scheme24: Stereoselective preparation of chiral alkylcopper reagentsarskquendllylic Sy2- and
anti-Sy2 -Substitutions

Furthemore, the total synthesis of various chiral natural produittstwo adjacent stereocenterss
envisionedsee Schemb). Retrosynthetic analysis shethat these pheromones can be prepared from
the corresponding chiraglecondanalkyl iodides and allylic substratega stereoretentive allyliGu2-

substitutiorreaction

Me Me Me Me O
% OH !
Me)w Me X N Y H
Me Me
(+)-lasiol R =H: (+)-13-norfaranal

R = Me: (+)-faranal

Scheme25; Pheromonesét)-lasiol, (+}13-norfaranal and (+jaranal

As an extension the regioselective reaciof these organometallic reagents with chiral allylic epoxides
and propargylic substrates was to be investigated and optimiiiddthis method a variety of allylic

alcohols and axially chiral allengsuld beaccessible

18
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Me R*H
R1 N X OH
R?R3
Me Me Me Sy2' allylic alcohols

H
RS Me T
OLJ\'%./“MS
R1 7
R5

a-chiral allenes

Scheme26: Stereoselective preparation of chiral alkylcopper reagentssabsequent nucleophilic
substitutions leading to allylic alcohols and axially chiral allenes

Finally, the stereoretentive preparation of chiral secondary aikglreagntswas to be developedt
was assumed that these chiral organozinc reagemikl besuitable for astereoselectivealladium
catalyzedcrosscoupling reaction with alkenyl and aryl halidasge Schem@7).52 Thus, variouginc

transmetalatiomeagents and palladium catalysts were to be tested.

Me tBu Me R'ZnX Me

retention

reductive
elimination
Pd°L, oxidative

addition
X\/\/R2
e
overall

R Pd”L retention X
“PdlL,

TN

N R2 L‘\ P

~oe7 RZ
transmetalation Me

R1/'\ZnR'

Scheme27: Stereoselective preparation of chiral alkylzinc reagenteaagionecaladium-catalyzed
crosscoupling reaction

This mettodwould enableé h e s y n tchiral alkeses and aretesdth retention ofconfiguration,

which are widelyspread motifs in natural products and in pharmaceuticals.

62 This project was developed in cooperation with A. Kremsmair: see A. Kremsmair, Dissertation, LMU Munich.
D. Keefer conducted and allyzed the DFIcalculations.
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B. Results and Discussion

B. Results and Discussion

1 Regioc and Stereoselective Alllic Substitutions of Chiral Secondary

Alkylcopper Reagents

1.1 Introduction

Absolute sterewontrol in acyclic systems issabstantiabynthetic problem and of great interest for the
preparation of biologically active substandespecially the stereoseleatiformation of new € bonds

is useful for organic synthesis. In general, organocopper reagesnadely used for the formation of
organic molecules andasily undergo allylic substitutions leading to a variety of functionalized
alkenes$® Furthermore, coppercatalyzed anti-Sy2 -@llylic substitutios of organozinc reagents

represenain excellent method to build up chiral centers in cyclic and acyclic sy&tems.

Herein, we wish to report that chiral secondary alkylcopper reagents of3tymay undergo
regioselectivesy2- or Sy2 Bubstitutiors with various allylic electrophiles68A or 68B) leading to the
corresponding &-products69 or to the §2 fproducts70with high stereoselectivity (sescheme28).

The efficiencyof this methodwas demonstrated in the enantioselective synthesis of three pherpmones

namely(+)-lasiol 71,%%° (+)-13-norfaranal7 2 and (+)faranal73*<¢’,

a) M. van Klaveren, E. S. M. EPeB%shkhnal A Tetr@hedrom ¥ n | Kat |
Lett.199536, 3 059H)30%4.2. Al exakis, J. E. B?2ckyve&hemmRev.RD0§ Kr aus e,
108 2796c)28\M.3.P@&fl a-mMgssdl)|P. HFBos, A. Rudolph, S. R. Harutyunyan, B. L. FeriNgd,
Chem. 2011, 3, B37871 . d) M. P ®Mastml, V. Mornillds,aA] Rud@ph, P. H. Bos, S. R.
Harutyunyan, B. L. Fering&€hem. Eur. J2012 8, 11880011883.e ) V. Hornill os, S. Gudugl
F a 1 ahMaStsl, P. H. Bos, A. Rudolph, S. R. Harutyunyan, B. L. FerMat Protoc.2017, 12, 493 505. f) S.
S. Goth, S. Guduguntld,. Kikuchi, M. Lutz, E. Otten, M. Fuijita, B. L. Feringd, Am.Chem. Soc2018 140,
7052 7055.
64a) T. Ibuka, H. Habashita, A. Otaka, N. Fujii, Y. Oguchi, T. Uyehara, Y. Yamado@g. Chem1991, 56,
4370 4382 b) B. Breit, P. DemelTetrahedror200Q 56, 2833 2846.c) H. Malda, A. W.Van Zijl, L. A. Arnold,
B. L. FeringaOrg. Lett.2001, 3, 1169 1171. d) C. A. Cullis, H. Mizutani, K. E. Murphy, A. H. Hoveydagew.
Chem. Int. Ed2001, 40, 1456 1460. €) N. Harringtosrrost, H. Leuser, M. |. Calazg, F. Kneisel, P. Knochel,
Org. Lett.2003 5, 2111 2114. f) M. I. Calaza, E. Hupe, P. Knoch€lrg. Lett. 2003 5, 1059 1061. g) D.
Soorukram, P. KnocheDrg. Lett.2004 6, 2409 2411. h)B. Breit, P. Demel, C. Studté&ngew.Chem. Int. Ed.
2004 43, 37861 3789.i) J. E Campbell, A. HHoveyda,J. Am.Chem. So2004 126, 1113G11131,j) H. Leuser,
S. Perrone, F. Liron, F. F. Kneisel, P. Knocieglgew.Chem. Int. EJ2005 44, 4627 4631. k) D. Soorukram, P.
Knochel,Angew. Chem. Int. E@00G 45, 3686 3689 |) C. Falciola, K. TisseCroset, A. AlexakisAngew Chem.
Int. Ed.2006 45, 5995 5998.m) S. Perrone, P. KnocheDrg. Lett.2007, 9, 1041 1044.
55a) H. A. Lloyd, T. H. Jones, A. Hefetz, J. Tengetrahedron Lett199Q 31, 55595562 b)A.A.Vas i | 6 ev, O.
Vielhauer, L.Engman, M. Pietzsch, E. P. SerebtyakRuss Chem.Bull. 2002 51, 481 487. c) A. W. Van Zijl,
W. Szymanski, F. Lopez, A. J. Minnaard, B. L. FeringaQrg. Chem.2008 73, 6994 7002.d) J. Zhao, K.
Burgess,J. Am. Chem. So2009, 131, 13236 13237
56 . Poppe, L. Novak, P. Kolonits, A. Bata, C. Szanftrahedron 988 44, 1477 1487.
57a) S-Y. Wei, K. Tomooka, T. NakaiTetrahedron1993 49, 1025 1042.b) K. Mori, N. Murata,Liebigs Ann.
1995 2089 2092.c) T. Okochi, K. Mori,Eur. J. Org. Chem2001, 2145 2150.c) B. Ter Horst, B. L. Feringa, A.
J. MinnaardChem. Commur201Q 46, 2535 2547.
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Br\/\rR
AN
68A R? Me
a) Y R3
17/ X
Sp2 R
69 R’
Me Me Me Sn2-product
Lo— 1 — X (Snzproduct
R" I R’ R" “Cu
1 2 3 Sy2' Me ;
stable in THF P N R
at -50 °C ~ ZnCl RY 7,
anti R4 R®
REY .H
4'i' \\RG 70
R* H=y (SN2'-product)
68B OP(O)(OEt),
b) R’
Me Me Me Me O
% OH %
Mew Me X X 7Y H
Me Me
(+)-lasiol (71) R”=H: (+)-13-norfaranal (72)

R7 = Me: (+)-faranal (73)

Scheme28: a) Stereoselective allylic substitutions of chiral secondary alkylcopper re&@yéninsect
pheromone31-73.

1.2  RegioselectiveéSn2-Substitution Reactions

As shown inTablel, weconvertedsynalkyl iodidesynla (dr = 2:98) to the corresponding glkopper
syn3a by performing an l/Liexchange with-BuLi in diethyl ether/hexane (2.8quiv,i 100°C, 105s)
followed by a transmelation with CuBr-P(OE® (2.0 equiv,1100°C, 1 min). Treatment with allylic
phosphates8a (3.0equiv, 150°C, 1h) provided the &-product 6yn69a) in 47% vyield, it with
moderate regioselectivity (8/S\2 6 = 8 ©10:200. Afterdextensive experimentation, we found
that removing the solvent da after its formation and replacing it by THF a60°C led to a
configurationallystabk secondary alkylcopper reagewhich reacted witl68a with improved reg-
and stereselectivity (32/Sv2 & 95:5; dr=5:95; 56% yield; entry 1, Tabl®). Similarly, theanti-alkyl
copper reagerdnti-3a furnished, under the same conditions, #mti-alkeneanti-69a in 58% yield
(Sv2/Sv2 & 96:4; dr= 95.5; entry 2).Uponreplacing the phospha6&a with prenyl bromide §8b) the
S\2/S\206 rati o was §2662t0h e>r9 9i: Mip r oevnetdr i (@Bti-1,2Zdimatyld 4 ) .
substituted alkylcopper reageanti-3b reacted with68b with retention of configuration, affordintdpe
alkeneanti-6% (S\2/S5\2 6 >99:1; dr = 98:2; entry 5).

22
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Table 1: Diastereoselective synthesis of alke6@by all
species3 with allylic phosphat&8a and bromidesab.

ylic Sy2-substitutionof secondary alkylcopper

1) t-BuLi (inv. add.) 3) solvent switch to Me
R!' I ether/hexane, -100 °C R1\rCu THF at-50 °C R1\‘\/\/‘\Me
Me 2) CuBr - P(OEt)3, 1 min Me 4) X Me Me
-100 °C 3 N 69
. - 00- 68a-b
1; dr = 99:1 Retention stable in THF 75‘; e ':A: Sn2-product
at-50 °C '
entry alkylcopper electrophile product Sv2/S\2 6
Me Me
Me Me (Et0),P(0)0 Me : :
b - = X :'l Me .
10! Ph > "Ncu \/\M/e Ph/\/,\/\( 95:5
syn-3a 68a Me
4 syn-69a; 56%, dr = 5:95
Me Me I\E/Ie Me "
2 P " Cu 68a Ph N 96:4
. Me
anti-3a anti-69a; 58%, dr = 95:5
Me Me
Me Me Br. Me - :
0 = A, M
3¢ Ph "y \/\M/e PR ¢ >99:1
68b Me
syn-3a syn-69a; 60%, dr = 3:97
Me Me I\E/Ie Me y
= ! e .
4 Ph Cu 68b Ph S >00:1
) Me
anti-3a anti-69a; 63%, dr = 98:2
Me Me
/ M
5 ey 68b Ph“;)'\/\r ) >99:1
Me Me Me
anti-3b anti-69b; 73%, dr = 98:2
[a] The diastereoselectivity (danti/synratio) and the regioselectivity (8/S\2 6 ) was d e'li-MMRmi ne d
spectroscopy and GC analysis. ftithout solvent switch: /52 6 = 80: 20, dr = 10: 90,
solvent switch: 2/S5\2 6 = 95: 5, dr = 8:92, 56% yield.
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B. Results and Discussion

1.3 Regioselective & Gubstitution Reactions

As previously showf? the presence of zinc salts strongly favors @né-S\2 6 al | y I i.c
Therefore, we added ZnC[1.5 equiv) to the secondary alkylcopper reageht® prepare the
corresponding coppeainc reagents [RCu-ZnXL] (X = Br, Cl; L = P(OEt)) in situ. These new
organometallics enabled the performancaighly selectiveanti-Sy2 -Substitutionswith chiral allylic
phosphate&

Treatnent of the copper specisgn3a with ZnCh (1 30 °C, 10min) followed by the addition of prenyl
phosphate 8a, 130°C to i110°C, 12h) afforded the & -@roduct syn70a in 54% vyield
(SN2/S\2 & 5:95, dr = 5:95; entry 1, TabB. Startingfrom the anti-alkylcopper specieanti-3a, the
terminal alkenanti-70a was obtained in 58% yield (&Sv2 & 8:92, dr= 95:5; entry 2). Similarly, the
synOTBS-subgituted alkylcopper derivativeyn3d reacted with68a leading to the expecteth®-0
productsyn70b in 59% yield (8§2/Sv2 & 9:91, dr=9:91; entry3).

Furthermore, the opticallgnriched secondary alkylcoppE)-3e underwent aranti-Sy2 -Substitution
with the chiral allylic phosphate68c (99%Z, 99%eg5%i™ |eading to $4S70c in 53% yield
(Sv2/Sv2 &1:99, dr=95:5, 99%ee entry 4). Starting with the enantiomerally pure alkylcopper
species R)-3f and(9-3f, the alkenesR4S70d (Sv2/Sv2 &1:99,dr = 10:90; entry5) and $4S-70d
(Sv2/Sv2 &1:99, dr=90:10; entry 6) were obtained in 56% and%4yield. Chiral cycloallylic
phosphatéd'9k such a$8d and68e, also underwerdnti-Sy2 -Substitutions wit{R)-3f leading to the
chiral cycloalkenyl iodides3R,4R-70e and3R,4R-70f, in 59% and 5% yield (dr=90:10;entries 7 and
8).

subs:i

68 Allylic bromides were less selectiveN8S2 6 = 30:70) and allylic pentaflu

substitution product
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Table 2: Diastereoselectiveynthesisof alkenes70 by allylic Sy2 -Gubstitutionsof chiral secondary
alkylcopper reagent3with allylic phosphate$8.

1) t-BuLi (inv. add.) 4)  znCl R4 R3

RL‘/I ether/hexane, —100 °C RL‘/CU -30 °C, 10 min RH)\/\Rz
2) CuBr - P(OEt)3, 1 min 5) '

3
Me Cudr | I\/;e R® OP(O)OEY, Moo
=99: 3) solvent switch t 47X 2 .
1.dr=99:1  3) sobentswieh 1o stalein THF  R° "L R SZ-product
Retention at-50°C -30°Cto-10°C, 12 h
entry alkylcopper electrophile produci S\2/Sn2 0
Me Me Me Me
Ve M (Et0),P(0)0_~_Me Y
1 A g PR XN 5:95
Ph Cu Me
68a Me Me
syn-3a syn-70a; 54%, dr = 5:95
Me Me ’\;/Ie Me,
2 AN 68a Ph IR 8:92
Ph Cu
Me Me
anti-3a anti-70a; 58%, dr = 95:5
Me Me
Me Me !
3 e 68a N 9:91
TBSO TBSO Me Me
syn-3d syn-70b; 59%, dr = 9:91
Me Me
4 Me)\/\/z\(;u N5 Me n-Bu <1:99
(S)-3e 68c (99% eel®l) 35,4S-70c; 53%,
dr = 95:5, 99% ee
Me
Me (4 _Me
Ph Y :
S Ph/\/!\Cu 68c n-Bu <1:99
(R)-3f 3R,45-70d; 56%,
dr =10:90, 99% ee
Me
Me 4 _Me
6 A~ L <1:99
Ph 2>Cu 68c n-Bu )
25-3f 35,45-70d; 54%,
dr =90:10, 99% ee
Me |
OP(O)(OE), °
fb] Iy ! P TN
I S D s
(R)-3f 3R,4R-70e; 59%,
68d (999
(99% ee) dr = 90:10, 99% eel®!
Me |
Me QP(O)(OEt)z o La A
| 3 .
8 NN . @/ - <1:99
(R)-3f 68e (99% ce) 3R,4R-TOf: 54%,

dr=90:10, 99% ee

[a] The diastereoselectivity (danti/synratio) and theregioselectivity (32/S\2 6 ) was d e't-MMRmi ned b
spectroscopy and GC analysis. Tifje enantiomeric excess was determined by chiral GC analysis (for details: see
the ExperimentaPar).
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1.4  Total Synthesis of (+}Lasiol

Finally, alkylcopper reagen2S3S-3c®®5! underwent a highly selectivex&substitution with68b
leading b the chiral protected alcoh2R,3R-69c in 71% vyield &n2/Sv2 6 > 9 € 982,,99%a see
Scheme9). After TBS-deprotection using TBAF, the pheromone-i@iol (71) was obtained in 87%
yield (dr = 98:2, 99%¢€°; 6 steps, 21% overalisld starting from(R)-3-hydroxybutyrateR-74)).

1) LDA, —40 °C, 30 min;

PN fhon Wel, 076, 21 TBSO 1§ on el MM eso 1§ |
~(R ~(S,
EtO OH . ~& . oY
2) LiAH,, 0 °C, 15 h e -10°C,1h 5
(R)-74 3)NaH, rt, 1 h; then TBSCI, rt, 1 h
99% ee dr = 2:98 (25,35)-1c
56%, dr = 98:2
Me
=
1) #Buli, 100 °C | “!'es) c Br/\/‘\Me Me Me TBAF Me Me
(25,35)-1c SEcu TBSOWL HOWL
R, R
2) CuBr-P(OEt); v\LMre -50°C, 1h ® Me  THF Q) Me
Me Me
2528-3¢ 2R,3R-69c; 71%, (+)-lasiol (71); 87%,
dr =98:2; 99% ee dr =98:2; 99% ee

Scheme29: Stereoselectivpreparatiorof the ant pheromone (-tsiol (71).

1.5 Total Synthesis of (+}13-Norfaranal

Next, weusedthis allylic substitutiorfor the preparation of ant pheromones;{8)norfaranal {2) and
(+)-faranal 3, Scheme8b). Thus, ethly (R)-hydroxybutyrate R-74, 99% ee Scheme30) was
selectively methylaté@and Gbenzylation led to the protet este2R,3R-75 in 53% yield over two
steps (de=1:99, 99%ed. After LiAIH sreduction of R 3R-75 (leading to &3R-76, 88% yield,
dr=1:99, 99%ed, Swern aidation (leading to R,3R-77) and Wittigolefination with PBP=CH,, the
terminal alkene R,3S78 was isolated in 52% yield (cdr1:99, 99%e8.

% The eantiomeric excess was determined by converting the alcohol into the corresponding-é4testséfor
details, see the Experimental Part)
K. Micoi ne J AM..Chem:;So201Qri22r14064 14066
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O Me Me
9 Me ab )%/'\ c HO\/?\a/OBn
B — E 3 B B N
A, 0" ~¢o8n
Me Me
. o 2R,3R-75, 53% vyield, 2S,3R-76, 88% yield,
R-74,99% e dr = 1:99, 99% ee dr = 1:99, 99% ee
l g
Me ¢ Me . Me
HO 30BN . N2 0B OYZ\?OBn
Me Me H Me
3S,4R-79 2R,3S-78, 52% yield over 2R,3R-T7
2 steps
dr=1:99, 99% ee
9
Me h Me i Me
- ~2_OH - A
TBSO OB —— g0 E0 TBSO” Y
Me Me Me
3S5,4R-80, 49% vyield over 2R,3S-81, 89% yield, 38,4519, 53 % yield,
2 steps dr =1:99, 99% ee dr = 98:2, 99% ee
dr =1:99, 99% ee
l K (i-iii)
Me Me
/\/W
Me Me Me Br Me Me
A _ P 68f " 2 Cu
TBSO/\/:f\‘/\/‘\/\/LMe TBSOW
Me geranyl bromide Me
35,4R-82, 64% yield ~90°C, Th 25,35-3
,4R-0g, 0 yield, IO ,90-99
dr = 97:3, 99% ee Sn2-Substitution
1) Bi(OTf)3 (2 mol%) O Me Me Me
30 min, rt, MeCN X
H)WWME
2) TEMPO (5 mol%) Me
PhIO (1.5 equiv)
30 min, rt (+)-13-norfaranal (72)
one pot procedure 71% yield, dr = 97:3
99% ee

Scheme30: Enantioselective synthesis of the iodid®4%-1g and subsequeni3-substitution reaction
leading to (H)13-norfararal (72). Reagents and conditiores; LDA, HMPA-THF,140°C, 30min; then
Mel, 0°C, 2h. b) benzyl 2,2 2richloroacetimidate, triflic acid, hexane, rt, A0c) LiAlH4, THF, 0°C
to rt, 15h. d) oxalyl chloride, DM®, NE&, DCM, i 10°C, 10min. e)n-BuLi, PhPCH:Br, THF, rt,
10h. f) BHs- THF, diethyl ether, rt, 12h; then NaOH/HO,, 2.5h g) imidazole, TBSCI, DCM, rt, 16.
h) lithium naphthalenide, THF,© to rt, 1h. j) PPh, I, NMI, DCM, 110 °C, 1h. (K) (i) t-BuLi, inverse
addition,diethyl ethefiexang2:3), 1 100°C, 1 min. (ii): CuBr-P(OEt, diethyl ethetiexanej 100 °C,
1 min. (iii) solvent switch to THF &t50 °C.

Hydroboration of R,3S78 using BH-THF'! and a subsequent idative quench led to the primary
alcohol F4R-79, which was protected dert-butylsilyl ether3S4R-80 in 49% yidd over twosteps
(dr=1:99, 99%ee). After reductive debnzylation of3S4R-80 with lithium naphthalenid&,the syn
alcohol R,35-81 was obtained in 89% yield (eér1:99, 99%e€”). Finally, thesynalcohol R 3581

"1S. Honzawa, N. Takahashi, A. Yamashita, T. 8tagiM. Kurihara, M. A. Arai, S. Kato, A. Kittak@gtrahedron
2009 65, 7135 7145.
2 G. Sabitha, K. Yadagiri, M. Bhikshapathi, G. Chandrshekhar, J. S. Yad@wahedron: Asymmeti301Q 21,
25242529
3 The enantiomeric excess was determined by conggettti@ alcohol into the corresponding Moshsters(for
details see the Experimental Part).
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B. Results and Discussion

was converted into thenti-iodide 354S-1gin 53% yield (dr=98:2, 99%e¢€). The THF stable secondary
alkylcopper &3S3g was obtained by I/exchange reaction and transmetalation. Subsequent
quenching of 23S-3g with freshly prgpared geranyl bromidé (68f) led to the coupling product
3S4R-82 (64% yield, dr=97:3, 99%e6). After onepot Bi(OTf)s-catalyzed oxidative deprotectiGrof

the TBS etheBBS4R-82, the pheromone (+)3-norfaranal 72) was isolated in 71% vyield (dr97:3,
99%ee 11 steps, 2.6% overall yield starting fr¢gR)-74).

1.6  Total Synthesis of (+)Faranal

For the enantioselectiveynthesisof the pharaohan® grail pheromone, (+jaranal 73, the allylic
bromide68g (Scheme31) was prepred according to a modified literature procedére.

| Me Me
AlMes, TiCly TSCl, pyr
Mo N DCM —78 °C OH Hov oo OT:
o DCM,-78°C Me™ X DCM,0°C pme X S
83 84, 69% yield 85
Nal, acetone
reflux, 3 h
Me Cp,ZrCly, AlMe Me
s AMe, P22 TR
R DMSO 10 °C X |
- DCM -23°C Me
86, 53% yield
I over 2 steps
-23°Ctort 87, 43% yield

. Me :
_n-Buli_ Me PBry | Me !
- A AN :
-70 C N N OH diethyl ether, | Me Br !
gaseous 0°C 68g
t. T e, T

89, 79% yield CH20 90, 84% yield (quant) 11% yield

over 7 steps

Scheme31: Synthesis of the geranyl derivatiGég.

Therefore, the alcoh@3was converted aftditanium-mediated carbometalation (leadingBibin 69%
yield),"®tosylation (leading t85) andaFinkelstein reactiomto the iodide86 (53% yield over 2 steps).
The reaction H86 with lithium acetylide gave the alkyr&/ in 43% vyield. The zirconiursatalyzed
carbealumination of87 led to the intermediate alaB&, which afforded the iododier@9in 79% yield
after iodinatiorff® Subsequent I/Lexchange withn-BuLi followed by reaction with gaseous
formaldehyde furnished the allylic alcoHa0 in 84% yield’® After bromination 0fo0 with PBr’” in

guantitative yield, the geranyl derivati@8g was isolated in 11% overall yield.

"4 The use of commercially available geranyl bromide led to a lower yield and lower diastereoselectivity.
5 B. Barnych, JM. Vatéle,Synlett2011, 14, 2048 2052.
Q) T-S. Mei, H. H. Patel, M. S. SigmaNature2014 508, 340 344. b) S. Nowotny, C. E. Tucker, C. Jubert, P.
Knochel,J. Org. Chem1995 60, 2763 2772.
7S, A.Snyder, D. TreitlerAngew.Chem. Int. Ed2009 48, 7899 7903.
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Me
e, (i) Y e Me Me
u T om
TBSO Y —— | 1BSO” Y T Route A lﬁ9 TBSO NPONF ZMe
Me Me
Me

Me X
35,458-1g 25,35-3g Me 35.4R-91
o (no product isolated)
(99% ee) e ™
Me Br
Sn2-Substitution
(68g; -50 °C, 1h)
Me (-ii) Me Me Me Me
TBSO. A3 . | TBSO._A~Z2Cu Route B T g
\/2\‘/ \/3\‘/ TBSO 5 . = 7 Me
Me Me Me
28,3S8-1¢c 2S5,3S-3¢ 2R,3R-92, 49% yield,
(99% ee) dr=97:3,99% ee
TBAF, THF
rt, 12 h
M TsCl, DMAP
Me Me © Me Me Me
v NEt; Y
TsO 3 -~ ~3
S| 5 = = Me oM. 1 HO 5 = = Me
NaCN, DMSO Me 140 Me
50 °C, 10 h
2R,3R-94, 75% yield 2R,3R-93, 96% yield
Me Me
Me Me DIBAL-H, DCM O Me Me
NC. A4 _— "3
3 Z ZMe -10°C,3h H 2 Z ZMe
Me Me
3S,4R-95, 79% yield (+)-faranal (73), 79% yield

dr = 97:3, 99% ee
Scheme32: Enantioselective {&2-substitution reaction leading to the trail pheromonefgfanal 73).

() t-BuLi, inverse additiondiethyl ethetiexane(2:3), 1100 °C, 1min. (ii): CuBr-P(OEt)}, diethyl
etherhexanej 100 °C, 1 min. (iii) solvent switch to THF &50 °C.

Unfortunately, the reaction of éhchiral secondary alkylcopp86,3S-3g with the allylic electrophile
68g did not afford the dsired TBSprotected precurs@S4R-91 of (+)-faranal (Schem82). Thus, we
modified the synthetic de and the chiral alkylcopper reag@%3S-3c was reacted witl$8g giving
the related precurs@R,3R-92in 49% vyield (dr= 97:3, 99%¢e8. The protected alcoh@R,3R-92 was
converted to (+faranal 3) by using literature proceduré$45% vyield over 4 steps; with ¢r97:3).
After TBS-deprotection using TBAF, the alcohdR3R-93 was obtained in 96% yield. The tosylation
of 2R,3R-93 led to R,3R-94 in 75% yield, which reacted with sodium cyamitb the corresponding
nitrile 354R-95in 79% vyield. Finally, DIBAL-H (diisobutylaluminium hydride) reduce&3R-95 after
aqueous worlp to the natural product (faranal 73) in 79% yield (dr = 97:3, 99%e 12 steps, 6.9%
overall yield starting fronfR)-74).

8a) H. Zhai, M. Hrabar, R. @is, G. Gries, R. BrittorChem. Eur. J201622,61906 1 93 . b) A. A.

Engman, E. P. Serebryakal,Chem. Soc., Perkin Trarts.200Q 2211 2216.
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B. Results and Discussion

2  SterecselectiveSy2 -&Reactions of Secondary AlkylcoppeReagents

2.1 Introduction

Allenes are common intermediates in organic synthesis and founaniynatural producté’ They are

typically prepared by the substitution reaction of propargylic electrophiles with nucleogbiles,
exampleorganocopper reageritsThereby, these propargylic reagebear a good leaving group, such
asacetates, ethers, epoxides, phosphates or héfittesxially chiral allenes are generally peepd

from enantioenriched propargylic substré&tes by the use of chiral ligants The chirality transfer

from the chiral propargylic substrate to the allene depends on the nature of the electrophile and
nucleophile as well as on the solvent and temperatuHowever, the enantioselective preparation of
axially chiral al | e mpeoss i it ecabrinirrbgh Uaa | sl teenreesodc) e nitse rr aitn
a few examples have been repoff€i.her eb y , t he st epositioncdsdtsnfromtarr vy o f

asymmetric synthesis using chiral ligands.

Me

o
OR3 H
Me 2v// (R Me s
J\ R 926 /“Me
R >cu RV a
18

with retention of the configuration  _chjral allene (97)

Scheme33; Anti-Sy2 -Bubstitution with chiral propargylic phosphates leading to axially chiral allenes

Herein, we wish to report thenti-Sy2 -Bubstitution ofsecondaryalkylcopper reagent8 with chiral
propargylic phosphatés| e a d i -ohial allenes Of typ®7 with retention othe configuration (see
Scheme33). Remarkably, this overalanti-Sy2 -ubstitution reaction proceeded directly with the

alkylcopper reager with transfer of chirality from the propargylic substr@@to the allen®7.

9 a) Modern Allene Chemistry, Vol. 1 and 2, (Eds.: N. Krause, A. S. K. Hashmi), Wiy, Weinheim,2004

Forreviews see: b) A. HoffmarRoder, N. Krausé&ngew. Chem. Int. EQ004 43, 119611216. <c¢c) S.
Angew. Chem. Int. E@01251, 30741 3112,D.H FrankRACSKCataly§i€0i44, 5191528. ¢e)
Ye, S. Ma,Org. Chem. Fromh 2014 1, 121011224.

80a) P. RonaP. Crabbe). Am. Chem. So96890, 473371 4734 . b,N.LAVMacd&ald)JBx $.nk meye
Chem. Comml978 8761 877. c) ,B CzyZewskaDetrdthédson lettl@8§24r 55871 5590.
A. Alexakis, |.Marek, P. Mangeneyl. F. NormantTetrahedron Lett1989 30, 238712390. e) A.
Marek, P. Mangeneyl. F. NormantTetrahedronl991, 47, 167711696 . ,K X5 PihneyJAOrg. Mar s ha
Chem199358 71801 7184. g) hell Narek,Org. Left.B00G2e , 2B 49 KA 86 2.

81a) I. Marek, P. Mangeney, A. Alexakik F. NormantTetrahedron Lett198627, 549915502. b) A.
I. Marek, P. Mangeneyl. F. NormantJ. Am. Chem. S0d.99Q 112, 804218047. c, K. AM. T. C
Emmitte,J. Am. Chem. So2001,123 153371 15 3 4 ,A @ FallisJAngelveChdm. Int.eE@008 47,

5681 572. e) H. OhmiyaV. SaWwamurs#Qrd leeth.2011i13, .3 1A l6i3d& .

823) R. K. Dieter, N. CherV. K. Gore,J. Org.Chem.2006 71, 875518760. b) H. Li, D. Y
Alexakis,Org. Lett.201214, 588 015883. <c¢) D. QatLomm20178,9¥d., 2zZ. Lin, J
83 Extensive studies were done by S. Ma and others: a) M. O. Frederick, R. P. Hsung, R. ¢thLamb Mulder

M. R. Tracey,Org. Lett.20035, 26631 2666 . pS)Ma)ChemJEuraXe@Pg 14C. 9 61 9664 . C
Q. Li, C. Fy S. Ma,Angew. Chem. Int. E@012 51, 117831117 86S.MdAnge@..Chdmi Int. EQ . Fu
2014 53, 6 5514l &) J. Dai, X. Duan, J. Zhou, C.,Bu Ma,Chin. J. Chem201836, 3871 391. f) B.
X. Wang, X. Yin, W. Yu, Y. Liao, J. Ye, M. Wang. Liao,Org. Lett.2019 21, 391313917.

_>Q_—1
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B. Results and Discussion

2.2  Preparation of Chiral Allenes

In preliminary experiments, we have optimizéa teaving group of the propargylic electrophile for
achieving the desiredv3d Geaction. Thus, we prepared the secondary alkyllithium reager2a via
I/Li-exchange of the corresponding alkyl iodatdi-1a at 1 100°C in n-pentanediethyl ethemmixture
(3:2) usingt-BuLi (2.2 equiv) followed by subsequent treatment with CuBr-P({3E{) equiv) leading
to alkylcopper reageranti-3a (seeTable3). This alkylcopper reagent was configurationally stable in
THF atup toi 50 °C and thus, we performed a solvent switch at this tempeftBulsequent addition
of the propargylic bromid& (96a, 3.0 equiv) furnished only traces of the desired al@mte97a (see
Table3; entry 1) after stirring for h ati 50 °C. The use of propargylic aceta@i§)®> showed a similar
result (entry 2). Switching to pentafluorobenzod&6c)®* or diphenylphosphate96d)®™ as leaving
groups afforde@nti-97ain good yields, but with moderate stereoretention§@% yield, dr up to 93:7;
entries 3and 4).

Table 3. Stereoretentivereparatiorof secondary alkylcopper reagetti-3a and subsequent reaction
with various propargylic substrat8s leading to thelleneanti-97a.

1) t-BulLi (inv. add.)

o v T [ e | W wewe
Ph™ > "1 ) CuBr-P(OE), Ph Cul Boequiv) Ph 7
ant-1a (2.0 equiv.), 1 min anti-3a 50°C,1h anti-97a
(dr = 98:2) 3) solvent switch to
THF at -50 °C
entry electrophile yield ofanti-97a (%)  dr of anti-97a?

1 96a: R = Br traces -
2 96b: R = OAC 5% 90:10
3 96c: R = OCOGFs 48% 91:9
4 96d: R = OP(O)(OPh) 50% 93:7
5 96e: R = OP(O)(OEY 5% 98:2

[a] The diastereoselectivity (danti/synratio) was determined by G&nalysis using dodecane as internal standard.

84 The reactivity and configurational stabiliye considerably highein THF. For details, see: J. Skotnitzki, L.
Spessert, P. Knochelngew. Chem. Int. E@01958, 150971 1514.
85 a) Propargyl bromide is commercially available as a solution in toluene. b) Propargyl acetate is commercially
available (Sigma&Aldrich). c) N. N.Solodukhin, N. E. Borisova, A. V. Churakad. V. Zaitsev,J. Fluor. Chem.
2016187, 15123. d) J. Eisenbl aet t e,C,BarhkerkKoviblikyPolym.Chem. Fe hr e n
20134, 240671 2413. e) M. Hoj o, Rhem Sankn @00l g B 5785350kaber A
seethe Experimental Part
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B. Results and Discussion

Table 4: Stereoselectivpreparatiorof diastereomericallpure allene87a-e starting from alkyl iodides
1a, 1b, and1h.

/\OP(O)(OEt)2

1) t-BuLi (inv. add.) ) R2
R | ~100 °C, 1 min R cu | R R!
\l/ \l/ 96 .YH
Me 2) CuBr-P(OEt); Me e-g Me
-100 °C, 1 min (3.0 equiv.) H
syn-or anti-1  3) solvent switch to  syn- or anti-3 -50°C,1h syn- or anti-97a-e
THF at -50 °C
entry alkylcopper electrophile96 product
Me Me H
v Me Me
: /\OP(O)(OEt)Z !
1 Ph cu W o Ph)\/\%')\"'
. e
anti-3a anti-97a, 55% yield, dr = 98:2
H
Me Me Me Me )\
2 Ph Cu 96e Phw. H
syn-3a

3 : /\OP(O)(OEt)z
Ph Cu

Me

syn-97a, 46% yield, dr = 6:94

Ph

Me Me ;\
)\/Y' H

96f
anti-3a Me
anti-97b, 65% yield, dr = 97:3
" OP(0)(OEt) H
Me Me = 2 Me Me él\
4 z T™MS = . H
Ph Cu 96g Ph
anti-3a T™MS
anti-97c, 61% yield,! dr = 75:25
H
We ve |
T
5 Ph/\l/\cu 96e Ph/\l/v
Me Me
anti-3b anti-97d, 58% yield, dr = 98:2
H
Me Me )\
6 Ph Cu 96e PhW. H
Me Me
syn-3b syn-97d, 42% yield, dr = 6:94
H
Me Me )\
Me s Me A’ H
71 \l/\/\Cu 966 \l/\/v
OTBDPS OTBDPS
anti-3h anti-97e, 50% vyield, dr = 95:5
H
y Me Me )\
e .
8 Cu 96e MeM H
OTBDPS OTBDPS
syn-3h syn-97e, 44% yield, dr = 4:96

[a] The diastereoselectivity (danti/synratio) wasdeterminedby H- or 13C-NMR analysis[b] The yield was
determined b GC-analysis using dodecane as internal standard.

However, using the propargylic diethyl phosph@ée®* as electrophile significantly increased the

stereoretention dhe secondary alkylcopper centan{-97a, 59% yield, dr = 98:2)The same reaction
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affordedanti-97ain only 40% yield and dr = 92:8 when no solvent switch was perfordesionstring

the necessity of THF as solvewith these results in hand, we have performed stereoselective reactions
with various diastereomerically pure alkyl iodidasy or anti-1la-d and propargylic phosphat8ge-g
leading to allene87a-e in 42-65% yield and with dr higher than 95:5 (see Tahldn most cases, a
high retention of configuration was observddowever using the TMSsubstituted propargylic
phosphat®6g as electrophile led talleneanti-97c in 61% yield with moderate diastereoselectivity (dr
= 75:25; entry 4). The reactiom anti-3a with the propargylic phospha®sf, which contains terminal
methylgroup led to the methysubstituted allenanti-97b in 65% yidd and dr = 97:3 (see Table
entry 3). Furthermore, the ts2ibstituted secondary alkylcopper reagents andsyn3b reacted with
96e to the coresponding allenesnti-97d (58% yield, dr = 98:2; entry 5) arsyn97d (42% yield, dr =
6:94; entry 6). The OTBSubstituted alleneanti-97e (50% vyield, dr = 95:5; entry 7) arsyn97e (44%
yield, dr = 4:96; entry 8) were prepared with high méta of configuration as well.

In addition, thisanti-selective substitution was extended to optically enrichedalgper reagentsf,i

(see Tablé). Thus, the reaction of the secondary alkylcopper reaBg3f (vith propargylic phosphate
96efurnished R)-97f in 41%yield and er 7:93(see Tablé; entry 1). Analogously, the corresponding
(9-enantiomer H-97f was pepared in 48% yield and er €0:10 (entry 2). To our delight, chiral
alkylcopper reagents reacted also with higher substituted chiral propargylic pho§ghatesading to
axially chiral allenes bearing a stereoeent i #positidm éseeJTablb; entries 38). Thus, the reaction

of the alkylcopper R)-3f with enantioenriched propargylic phosphai-96h, prepared from the
corresponding ®utyn2-0l,21 e d t-ahirat disubstitited allend(S)-97¢%” in 43% yield with high
anti-Sy2 Bubstitution ratio (de 92:8; er=99:1, entry 3). Similarly, the allen&§)-97g was prepared

from organocopperg-3f and the chiral phosphat®)¢96h in 49% vyield (dr = 12:88; er 99:18'
entry4). Moreover, R)-oct-3-yn-2-yl diethyl-phosphate R)-96 was prepared according to literature
from the corresponding optically enriched propargylic alcé¥oi®® Subsequent reaction of
alkylcopper R)-3f with phosphateR)-96i f u r ni s kclairdl trisubsttuted allendRr(S)-97h in 59%

yield (dr = 91:9, er 99:1; entry 5). It was also possible to convert the metisorhstituted secondary
alkyl iodide R)- and §)-1i to the corresponding alkylcopper reage®s &nd §)-3i after reaction with
(R-96nt h ehirél disubstituted alleneR©)-97i (52% vyield, dr = 93:7, er = 99:1; entry 6) ar®ig-

97 (54% vyield, dr = 12:88, er = 99:1; entry 7) were obtaifedthermore, the retion of (R)-3l with

(R)-96i led to the trisubstituted allen&,§)-97 in 51% yield and good diastereoselectivity (dr = 92:8,
er=99:1; enty 8). Unfortunately, the preparation of tertiary propargylic phosphates was unsuccessful
although the subsequent preparation of axially chiral tetrasubstituted allenes would have been of high

interest for organic synthesis.

86 (R)-(+)-3-Butyn-2-ol is commercially available (TCI; er >99:1)
87 The enantiomeric ratiavas determined by chiral GC analysis or chiral HPLC analysis. Foilsjetaethe
Experimental Part
88 The enantiomeric ratiavas determined by chiral GC anakysFor details, see referensé.
33



B. Results and Discussion

Table 5: Stereoretntive preparation of chiral allen8%f-j via anti-Sy2 -Gubstitution reaction of chiral
alkylcopper reagentdf and3i with propargylic phosphatéXe, (R)-96h and R)-96i.

1) t-BuLi (inv. add.) R® e
; -100 °C, 1 min OP(O)YOE
R I R _cu F (O)(OEY), Rl‘/g 3
T 2) CuBr-P(OEt), T R? 96 \‘
Me R . Me Me
-100 °C, 1 min ~50°C,1h H
1 3) solvent switch to 3 97f-j
THF at -50 °C
entry chiral alkylcopper electrophile96 productof type 971!
e /\OP(O)(OEt) Ne ;\
2 o
1 Ph/\/kCu W PhW H
96e
(R)-3f (R)-97f, 41% yield, er = 7:93
Me Me i
2 Ph/\/\Cu 96e Phw' H
(S)-3f (S)-97f, 48% yield, er = 90:10
Me Me 'j
Ve /\/k/ %M
. e
3 Ph/\/kCu y = (r) OP(O)(OEt), Ph s
(R)-3f (R)-96h (R,S)-97g, 43% yield
(er=99:1) (dr = 92:8; er = 99:1)
H
Me H
Me /\/?\/-%Me
4 Ph/\/\cu (e(:?z_ggh‘]) Ph (S) = ()
(S)-3f ’ (8,5)-979, 49% vyield,
(dr = 12:88; er = 99:1)
Me Me H
Me A Ve
_ - OP(O)(OE), Ph R ()
5 Ph/\/kCu o Bu Z (R (L_Bu
-96i
(R)-3f (R) o (R.S)-97h, 59% yield,
(er =98:1) (dr = 91:9; er = 99:1)
MeO H
MeO Me ° Me ;.
Me ZMe
6 c y  (r) OP(O)(OEt), R )
(R)-3i (R)-96h (R,S)-97i, 52% yield,
(er=99:1) (dr = 93:7; er = 99:1)
MeO " H
MeO Me :
° Me \©\/\/j\/.%Me
7 : (R)-96h s
Cu (er =99:1)
(S)-3i (S,5)-97i, 54% yield,
(dr = 12:88; er = 99:1)
MeO we M
MeO ;
© Me . -%Me
8 (R)-96i (R) ®)
Cu (er = 99:1) n-Bu
(R)-3i (R,S)-97j, 51% vield,

(dr =92:8; er = 99:1)

[a] The diastereoselectivity (danti/synratio) was determined Byd- or 13C-NMR analysis[b] Theenantiomeric

ratio (er) was determined by chiral G@nalysis.
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To get a better understandinfj the regioselectivity, w@repared the racemic phosphé&, which

containsa propargylicand allylic moeity(see Schem84).8° The nucleophilic organocopper reagent
rac:3fcan under go a S ub-pdsiiioh (fR-$ wms teii tt thteiron no ft- hteh eJ p |
positon(S2<@tt ack on t he {positop @& -@ttadck onahe allylit site). Interestirmlg,

the reaction of3f with 9§ afforded the allen®7k, the Sy2-product971 and the alken®7m in 58%
yieldwitharat o of 2.6:1.0:6.4 = o0:U:206. This selectiyv
U-position and favoured direck88 ub st i t ut i on of -pdsiton)admpayediothe phos p

propar gyl -positomoi ety (2

1) t-BuLi (inv. add.)
M (2.2 equiv.) M
®  _100°C, 1 min e
Ph N Ph/\/‘\cu solvent switch to THF
2) CuBr-P(OEt), at -50 °C
rac-1f (2.0 equiv.) rac-3f
OP(O)(OEt),
gl
H Z4 96j (3.0 equiv.)
-50°C,1h
l y-attack a-attack l y'-attack

Me P M
e
/\/MC/ NS Ph ~ W
Ph 7z P Ph

97k: 15% vyield 971: 5% yield 97m: 37% yield

ratio 97k:971:97m = 2.6:1.0:6.4
(58% overall yield)

Scheme34: Regioselective addition afecondaryalkylcopper reagen8f to allylic and propargylic
moiety containing phospha®s.

2.3  Computational Calculations

Furthermore, DFFcalculations were performed to rationalize the high configurational stability of these
chiral secondary alkylcopper reagettsSolvation effects were accounted for by tRelarizable
Continuum Mode(PCM)22First, we determined the structuresgfcondary alkylcopper reageantti-

3ain solution. Thus, we calculated the free energiemtif3a with coordination to all possible ligands,
namely triethyl phosphite (P(OEtanti-98), tetrahydrofuran (THFanti-99) and diethyl ether (ED;
anti-100, see Schema5, (1-2)).23 These calculations emphasized thati-98 is the thermodynamicall

most stable structure. Comparison of the free energiestsB8 with the free energies ainti-99

showed that the coordination to P(QE$) thermodynamically more stableeeG = + 4ol;6ee kcal / n

89 A, Czepa,T. HofmannJ. Agric. Food Chen00452, 450871 4514 .
90 The yield was determined by Gahalysis using dodecane as intéstandard.
91 This project was realized in cooperation with D. Keefer and Fu&apel, who conducted and anagzthe
DFT-calculations.
92 a) M. J.Frischet al. Gaussian16 Revision B.02016 b) for details of calculations, s#fee Experimental Part
93 Coordination of more than one solvent molecule decreased the free energy. For detdilsEgperimental
Part
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B. Results and Discussion

Schemes5, (1)) Similar results were obtained for the substitution of P(QEith EtO ( &G = +6 .
kcal/mol, (2)) showing again the high affinity of phosphor to copper. The direct comparianti-@®
andanti-100shows that the THF coordinated struct@gds 3.9 kcal/mol more stable compared to the
EtO coordinated structurg00. In adlition, the bond energies and bond lengths of the cacbpper
bond for anti-98 (53.9 kcal/mol, 198.pm), anti-99 (51.3 kcal/mol, 195.pm) andanti-100 (506
kcal/mol, 195.8m) were determined showing that the carbopper bond is most stable when the
copper is coordinated to P(OEYf Comparison of the free energiesaniti-98 and syn98 showed that
theanti-isomer is thermodynamically more stablee G = kcat/idal; 9ee Schen&5). This result is

in agreement with previous reported findifgs.

Structure determination

AGgply = +4.6 kcal/mol

anti-99 P(OEt);

AGgply = +6.8 kcal/mol

Epimerization

@ C
o H
@ O
@ Cu
@ P

ts-98

DGy, = +51.9 keal/mol ™.

) syn-98
A(-:’scl\/ = +2.9 kcal/mol 4 Me

anti-98

AGq,, = 0 kcal/mol

Scheme35: Theoretical calculations for thetructuredetermination oéinti-3a and the epimerization of
secondary alkylcopper reageariti-98 to syn98.

%4 A detailed description of the theoretical methodology, along with optimized structures and energies of all
investigated compounds can be fdun thethe Experimental Part
9 J. Skotnitzki, A. Kremsmair, D. Keefer, Y. Gong, R. de ViRedle P. KnochelAngew.Chem. Int. Ed202Q
59, 320 324.
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B. Results and Discussion

Next, we investigated the epimerizationaoiti-98 to the correspondingyrisomersyn-98via cleavage

of the carborcopper bond or a planar transition ste88 (see Schem®5). The high carbomopper
bond energy of 54.Rcal/mol as well athe transition state energy of 5k&al/mol corroborate the high
stability ofanti-98 towards epimerization &60 °C. However, the slight epimerization of the secondary
alkylcopper reagents may be due to polymolecularaxgh reactions between these copper reagents.
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B. Results and Discussion

3  Sterecselective &2 -®Reactions ofSecondary Alkylcopper-Zinc Reagents

3.1 Introduction

Metalcatalyzed §2- and 2 -8ubstitutions of allylic substrates are common methods for the
preparation of chiral moleculé$® Thereby the chirality depends on the use of chiral lig&hds the

use of chiral allylic substrates, which react according tar@iSy2 Substitutior* In addition, the
control of regioselectivity of allylic substitutions is of high importance for organic synthesis and was

intensively investigatet.

Herein, we report the stereoselective reaction of secondary @ipdezinc reagents with allylic
epoxides 101) leading to chiral allylic alcohols of ty2 (Scheme36), which are a common motif in
organic synthesis and natural products.

anti
2
R) H\H \R4

3TN

N G G
 » e Y
R1WOH
R R R ~Cu Sy2"-substitution R2R3
1 2 3

102

Scheme36: Stereoselective preparation of chiral alkylcopper reag@tand subsequeminti-Sy2 -6
substitutions with allylic poxides(101).

An example for ahiral cyclic allylic alcohol is the natural product zingibererddl3j (see Figuraf).®®

Of eight possible stereoisomers only two exist in natur&§6R79- and (F6S79-zingiberenol.
Retrosynthetic analysis eWwed that (§6R,79-zingiberenol {03 can be prepareda an anti-S\2 6
substitwion reaction of the chiral allylic epoxidE4 and the copper reageb®5 (prepared from the
corresponding alkyibdide 106, see Figurd). Starting from zingiberenol, several other natural products
can be prepared using literature known transformati®eaction of zingiberenol with Abnix-U a n d

subsequent epoxidatioraldsto the pheromone of the brown marmorated stink bug, murgah@dl.®

9% a) F. Bertozzi, P. Crotti, B. L. Feringa, F. Macchia, M. PineSynthesi®001,3, 4 8 3 1 Q& &.€ullis, bl)
Mizutani, K. E. Murphy, A. H. HoveydaAngew.Chem. Int. Ed2001, 40, 1456 1460. c)B. M. Trost, M. L.
Crawley,Chem. Rev2003 103 292171 2 B.¢ampbelld A. H. Hoveydal. Am.Chem. Soc2004 126
1113011131. e) A. W. van ZijIw. Szymanski, F. Lopez, A. J. Minnaard, B. L. Feringarg. Chem2008 73,
699P74002. f) A. Alexakis, J. E. BThekh\Wwal200D8108N. 2 K9 au2&230.
g) M. Welker,S.Woodward, A. AlexakisQrg. Lett.201Q0 12,57 6 1 5hy® S. Goth, S. Guduguntla, T. Kikuchi,
M. Lutz, E. Otten, M. Fujita, B. L. Feringd, Am.Chem. Soc2018 140, 7052 7055. ) Q. Cheng, C. TuH.-F.
Zheng,J-P.Qu, G. Helmchen, SL. You, ChemRev.2019119 185571 1969.
97 a) F. Gini, F. Del Moro, F. Macchia, M. PineschiTetrahedron Lett2003 44, 8559 8562. b)M. PineschiF.
Del Moro, P. Crotti, V. Di Bussolo, F. Macchia]. Org. Chem2004 69, 2099 2105. c)C. Falciola,K. Tissot
Croset, A. AlexakisAngew. Chem. Int. E@Q00] 45, 5995 5998. d)M. PerezM. FananadMastral,P. H.Bos,A.
S.Rudolph,R. Harutyunyan, B. L. Feringd&jature Chem2011,3, 37771 381.
% a)M. W. Morais de OliveriaM. Borges,C. K. Z.Andrade R. A. LaumannJ. A. F.Barrigossi, M. C. Blassioli
Moraes,J. Agric.Food Chem2013 61, 7 7 7 71 A Khirdian, SbShirali, F.J. GuzmanNat. Prod.2015
784 307113074. c¢) S. Shirali, TerahedGul2tB61A58 D20 &€61 2VMed & r |,
99 a) A. Khrimian, A. Zhang, D. C. Weber, H. Ho, J. A. Adrich, K. E. Vermillion, M. A. Siegler, S. Shirali, F.
Guzman, T. C. Leskeyl. Nat.Prod. 2014 77, 170871 1717. SbShiralAK. E. Kdrmiliiom M.aAn ,
Siegler, F. Guzmark. Chauhau, J. A. Aldrich, D. C. Webegk,ChemEcol.2014, 40, 1260 1268.
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B. Results and Discussion

Further dehydration using sulfuric acichdet o  tslsquipliellandrenel@8 and the monocyclic

@ 175)
®

sesquiterpene zingibererkD@).*®

(3R.,6S,7R,10S)- (6R,7S)-p-sesquiphellandrene (108)  (6R,7S)-zingiberene (109)
murgantiol (107)

Figure 4. Retrosynthetic analysis of $BR,79)-zingiberenol {03. Structures of murgantiollQ7),
b-sesquiphdhndrene 108, and zingiberenelQ9).

3.2  Regioselectiveésn2 -&Reactionsof Allylic Epoxides

In preliminary experiments, the regioselectivity @RSSubstitution reactions of various allyliceepdes

with chiral alkylcopper reagents was examined. Therefore, the diastereomerically enriched alkyl iodide
synla (dr = 98:2) was treated withBuLi (2.2 equiv) at 100°C in n-pentanadiethyl ether affording

the coresponding alkyllithium reagesyn2a. Subsequent treatment with CuB(OELt} (1.5 equiv) led

to the organocopper reagenti3a (seeTable6). This alkylcopper reaant is configurationally stable

THF and thus, a solvent switaeras performeati 50 °C%0546 Theaddition of ZnC} (1.5 equivy 30 °C,

10 min) and subsequent treatment with the allylic epokii (3.0 equiv,i 30 °C toi 10°C, 12 h)
furnished the allylic alcohayn102a in 46% yield with retention of configuration (dr&:94 E/Z =

86:14; entryl). Interestingly, the ratio ofil@ & u b s t i {pasition) bork2-{ Wb s t i -position)o n (9
was higher than 95:5. In the same way, the correspoaditigllylic alcohol @nti-102a) was prepared

with retention of configuration and highB-&electivity (54% yield; dr 91:9; U: &/Z=884%: 5 ;
entry2).
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B. Results and Discussion

Table 6: Optimizationreactiondor the opening of allylic epoxidel)1

1) t-BuLi (inv. add.)

M ether/pentane, 4) ZnCl, 3
J\e -100°C, 10s T\e ~30 °C, 10 min Me R
RN
R 2) CuBr - P(OEt) R'"Cu 5) ¢ AN x R1WOH
1 -100 °C, 1 min 3 R2 R?
=08: 3) solvent switch to -
dr=98:2 ) e stable in THF R3 102a-c
] at —50 °C 101a-d (X = O, NTs) ay = up to 95:5
Retention -30°Cto-10°C, 12 h
entry alkylcopper electrophile productof type 1023
Me Me . , Me Me
N
= >
1 Ph Cu /\/0 Ph ' OH
: 101a syn-102a, 46%, dr = 6:94,
syn-3a oy = 955, E/Z = 86:14
Me Me . , Me I\E/Ie o
= = I,’
2 Ph Cu /No Fh ' o
. 101a anti-102a, 54%, dr = 91:9,
anti-3a oy = 95:5, E/Z = 88:12
Me Ph
Me a Y
= o] /\/‘\'/\/‘\
3 Ph/\/kCu Ph ; OH
3 Ph 102b, 43%, o1y = 80:20,
101b E/Z = 99:1
Me
Me [¢3 U H
Ph 7
4 Ph/\/‘\Cu @0 Lo
3f 101¢c H
102c, 51%, a.y = 95:5
Me
Me o Y ,
_ Ph ;
5 Ph/\/‘\Cu @N Ts /\/k\@
NTs
3f 101d

102d, traces, oy = n.a.

[a] The diastereoselectivity (danti/synratio) was determined y4- or 13C-NMR analysis.

To further investigate the stereand regioselectivity, thanti-Sy2 -Gubsttution was performed with

higher substituted allylic substraté®1b-d. Thus, 2phenyt3-vinyloxirane 101b was prepared and

reaction with the chiral secondary alkytqeer reagen8f led to the racemic allylic alcohdl02b in

moderate yield (43%) and88 el ect i vi ty

(U: 9

= E/ZBrdtio (2901) entrydh).u t

The observe#t/Z-ratios by usind.0la or 101b as electropies are rationalized in Scher&. Theanti-

substitutionvia conformer101A affords theE-product, whereas the substitution of conforrh@éiB

results in theZz-product. Depending on the 1aBylic strain, one conformer is more favoured. If the

residue Rof the allylic epoxide is bulky, such as the phenyl group of electropbile, the substitution

proceedwia conformerl01A due to steric reasons. Thus, the rearctf alkylcoppeanti-3a with 101a
led to a mixture oE- andZ-products E/Z = 88:12, sed able6), whereas the reaction 8f with 101b
led exclusively to th&-product £/Z =99:1).
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B. Results and Discussion

anti ant_i___\H
Me -7 rotation Me .-~ =)t
oo e 2 o I w R
R Scu t H/:\(%‘\ R" “Cu 4
1 101A “0 1 101B “0
Zn-mediated Zn-mediated
anti-Sy2' anti-Sy2'
substitution substitution
Me
Me R? )
R S
2
E-product R OH
(favoured if R? = bulky group) Z-product

Scheme37: Sy2 -Busbtitution reactiomia two different conformerd&01A or 101B leading to thee- or
the Z-product.

Switching to the cyclic allylic epoxidelOlc increased the regioselectivity significant({02,

51%yi el d, U : Tables, edtr§ 4).5Me assuee that the2S8ubstitution ofL01c proceeds in

a highly anti-Sy2 -#ashion leading tdl0Z as shown inTable 6 (hydroxyl group and hydrogen atom

have asynorientation). Furthermore, the cyclic allylic aziridid®1d was prepared according to
literature from cyclohexadieri€’ However, all attempts to open this allylic aziridine were unsuccessful.

These preliminary experiments shedv that the anti-Sy2 -Gubstitution of allylic epoxides is
regioselectivfgUa = 95: 5) and proceeds with retention of
reagent.

3.3  Total Synthesis 0of(3S,6R,7S)-Zingiberenol

o o 1) (R)-diphenylprolinol OH

B(OMe); |
d I,, PDC ijil THF, 1 h, rt
—_—
CH,Cl, 2) borane N,N-diethylaniline
Me  16h, 1t Me THF, 1h, rt Me
110 11 12
81% yield 88% yield, 98% ee
OH
t- BuL| @ mCPBA
12 (o)
EtzO CH2C|2 %
30 min, -78 °C 0°C, 15 min Me
13 114
95% vyield, 80% vyield
98% ee 98% ee

Scheme38: Enantioselective synthesis of the precurksbt

Having these results in hand, the enantioselective synthesis of the chiral elfdkidas performed
Thus, the commercially availabld-methylcyclohex2-en-1-one 110 was conveed to the iode
derivative 111 (81% yield) usinga pyridinium dichromate (PDC) mediated iodinatiqsee
Schemes8).1%* The bulky iodesubstituent allowed an enantioselective @B8uction of 111,
furnishing the chiral alcohdl12in 88% yield and 98%e'°! Removal of the iodingia I/Li-exchange

and subsequent protonolysis afforded the chiral allylic alcdh8lin almostquantitative yield (95%

0D, Sureshkumar, S. Maity, S. Chandrasekala@rg. Chem2006 71, 1653 1657.
1015, Demay, K. Harms, Knochel, Fletrahedron Lett1999 40, 4981 4984,
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B. Results and Discussion

yield) and 98%ee Stereoselective directed epoxidatiodd8using mMCPBA afforded the chiral epexy

alcohol114in 80% yield (98%g€).1%2

Table 7: Enantioselective eliminatioof the alcohol leading to the chiral allylic epoxitié4

Route C ¢

R !
O
;Me
115

route B
- (o)

OH
route A
(e}
"Me

114,
98% ee

(S)-116

Me

route D
- . o
;Me
104,
98% ee

route entry reagents, conditions product; yield(%)®
A 1 MsCI (4.5881',\|/i|v)_|.,1l\(l)E°¢é6.0 equiv), 115, R = OMs 80%
2 TsCl (4.588l'J\}IV)_I, 1\I05°t((:2.2 equiv), 11%, R = OTs 49%
(PhSe) (4.0 equiv%, NaHBH
3 (4.0equiv), AcOHZASlh. equiv), DMF, 1l15atol1%, R =SePh42%
rt,
B 1 Nal (10 equ_li_\|/_)|i:NgI5—|§:é)(20 equiv), 115at0 116 62%
2 Nal (10 equ1i_\|/_)|i:NgI5—|g:é)(20 equiv), 115 to 116, 48%
3 H20. (2.0 equiv), DCM, 0 °C to rt 115c direct to104, traces
12 (1.6 equiv), PPH(1.6 equiv), NMI
c 1 (1.6 equiv), DCMi 10 °C,’1 h 118 traces
Cls (1.1 equiv), PPh(1.1 equiv), NMI
2 (1.1 equiv), DCM, 0 °C, 1 h 116 traces
D 1 DBU (5.0 equiv), THF, 60 °C, 12 h 104, 60%
2 NaOEt (1.5 equiv), EtOH, 60 °C, 12 104, traces
3 TBD (5.0 equiv), THF, 60 °C, 12 h 104, traces

The elimination of the hydroxyl containing epoxitie4to the desired allylic epoxidEd4 proved to be

rather challengig (seeTable7). Direct elimination using the Burgess reactfdar eliminationvia the

corresponding phenylselenid&was unsuccessfurhus, we envisioned a synthetic route, in which the

hydroxygroup is converted into a good leaving groud B5(route A) followed by §2-substitution to

the iodidel16 (route B and C) and subsequent elimination leading to the allylic epb8i{goute D).

After intensive screening of variousakeng groups, the preparation of the mesyl4iga (80% yield, R

102K, Mori, J. I. J. Ogochd,iebigs AnnChem.1988 903 905.

103, M. BurgessH. R. J.PentonE. A. Taylor,J. Am. Chem. So&97Q 92, 5224 5225.
104G, Blay, L. CardonaA. M. Collado,B. Garcia, J. R. Pedrd, Org.Chem.2006 71, 4929 4936.
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B. Results and Discussion

= OMs) followed by a Finkelstein reaction led to the desired iotlidg62% yield) withinversionof
configuration §R = 80/20)1% Subsequent elimination reaction with Hi@zabicyclo[5.4.0Jundee-
ene (DBU) as base furnished the desired epok@itein 60% yield and with excellent enantiomeric
excess (98%¢).16

o]
LAR)
“Me
Ve (R)-53 Me Me PPhs, I, NMI Me Me
Me/‘\/\MgCI M /WOH e — M /W|
Cul (10% mol) V€ ®) CH,Cly, © s)
17 -50°Ctort,12h 118, 85% yield -10°C. 1h 106, 73% yield,

98% ee

Scheme39: Enantioselective Synthesis of the iodi.

Next, the optically enriched iodid&06 was preparedinsertion of magnesium into commercially
available ichloro-3-methyl2-butene ld to 117. Subsequent coppeatalyzed epoxide opening of
(R)-53led to chiral alcohol18in 85% yield. After inversion of the configuratiera anAppelreaction

the enatiomerically pure iodidd06was obtained in 73% yiefd.

dr=81:19
) ¢ Me
(iv) dr=99:17 XM
Me Me (i) Me Me ZnCl, g
Me ! Me (s) Cu R) Me
106 (5)-105 o Me™ Me
104 Me (3S,6R,7S)-zingiberenol (103),
98% ee 61% yield,

dr(C3-C6) = 99:1, dr(C6-C7) = 81:19
Scheme40: Synthesis of zingiberend(i) t-BuLi (2.2 equiv), inverse addin, pentanadiethyl ether =
3:2,1100 °C, 1 min. (ii): CuBr-P(OE#f)1.5 equiv), pentane: diethyl ethé,00 °C, 1 min. (iii) solvent
switch to THF at 50 °C. (iv) ZnC} (1.5 equiv), 30 °C, 10min; then104(3.0 equiv), 30 °C tai 10°C,
12h.
Finally, the secondary alkyl iodid&06 was convertednto the corresponding alkylcopper reagent
(9-105 underthe conditionsmentionedabove(see Schae40). Subsequent zirmediatedanti-Sy2 -0
substitution with allylic epoxidd04 led to (3S,6R,79-zingiberenol {03) in 61% yield (dr(C3,C6) =
99:1; and dr (C6,C7) = 81:19) with moderate selectivity at thest&Zocente¥” All attemps to
improve the stereoselectiviuring the reaction by variation of conditions or additives, like:BE®
were unsuccessfuHowever, the substitutioof allylic epoxidel04 proceeded in a highlginti-Sy2 -0
fashion leading to theynorientation of the hydroxygiroup and the proton §6R) of zingberenol (dr
= 99:1; see Schem#)). This emphasizes the previoassumption that opening of allylic epoxides

proceedwia ananti-Sy2 -Substitution reaction.

105K, Mori, B. G. Hazra, R. Pfeiffer, A. K. Gupta, B. S. Lindgreetrahedronl 987, 43, 2249 2254.
106 The enantiomeric excesgas determineslia chiral GC analysis. For details, sibe Experimental Part
07 The stereochemistry wassigned according to literatut®.
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4  StereoselectiveCsp>-Csp? Cross-Coupling Reactions of Chiral Secondary

Alkylzinc Reagentswith Alkenyl and Aryl Halides

41 Intr oduction

Transitionmetalcatalyzed crossoupling reactions are widely used for the construction of complex
organic molecule¥’® Although a range of §p*-Csp? coupling reactions have been developed, only a
few are stereoselectivel® In this context, highly stereoretentive crasaiplings of enantioenrichéd

chiral alkylzinc reagents are desirable as these reagents are known for their broad functional group
tolerance. However, their preparation proved to bdatging since oxidative addition of zinc powder

into the carborhalogen bond proceeds with a loss of stereoinformatfdA.stereoselective palladium
catalyzed crossoupling reaction after hydroboration astbstituted alkenes followed by a botzinc
exchange reaction has been reported, but proved to be of limited'$toely, a diastereoselective
palladiumcatalyzed crossoupling reaction of cyclic alkylzinc reagenits which the stereoselectivity

of the crosscoupling isthermodynamically controlledhas been reportédt This method leads to high
selectivities only with cyclic substrates, which drastically limits the utility of such stereoselective
palladiumcatalyzed crossouplings.So far, the pregration of norstabilized optically pure opechain
organometallic reagents is a challenge for organic synthesis. Recently, we have reported that chiral
secondary alkyllithium® can be readily prepared from the cor@spdi ng opt i echirbll y enr
secondary alkyl iodidesl via a stereoretentive likexchange reaction (see Schefde The
configurational stability of these secondary alkyllithiumsather moderate (ca.H ati 100 °C in a
hexanediethyl ether mixturef®%¢ However, transmetalation to the corresponding secondary
alkylcopper reagents significaytincreases this configurational stability (several hours5&°C in

THF). These chiral alkylcopper organometallics react with activated alkynes, epoxides)dalkynes

and allylic halides with high retention of configurati§f2¢! Furthermore, these organocopper reagents

were used in the total synthesis of several pherorftiesth high control of all stereocenters.

108 3) E.-I. Negishi,Handbook of Organopalladiur@hemistry for Organic Synthesig¢/iley-Interscience: New
York, 2002 b) A. De Meijere, S. Brase, M. OestreidiletalCatalyzed Cros€oupling Reactions and Mare
Wiley-VCH, Weinheim,2013 c) for a review see: R. Jana, T. P. Pathak, M. S. Sig@ham.Rev. 2011, 111,
141711492.
1093) Y. Hatanaka, T. Hiyamd, Am. Chem. So¢990 112 77 93L)7 7.4 .H° | zer , ChBm. W. Hof
Commun2003 73271 733. c¢) T. Ofg. LetB20T1 d3 394R397. & L. LiGsa Zhdoely Joshi
Pangu, M. DianeM. R. BiscoeJ. Am.Chem. Soc2014 136, 14027 14030. e) C. Sandford, V. K. Aggarwal,
Chem. Commur2017 5481 5494. f) J. P. G. Rygus, C. M. CrudddnAm. Chem. So2017, 139, 18124 18137.
g) S. Zhao, T. Gensch, B. Murray, Z. L. Niemeyer, M. Sn&ig, M. R. BiscoeScience2018 362, 670 674.
110A, Boudier, P. KnochelTetrahedron Lett199940, 68 71 6 90 .
11T, Thaler, B. Haag, A. Gavryushin, K. Schober, E. Hartmann, R. M. Gschwind, H. Zipse, P. Mayer, P. Knochel,
Nat.Chem20102, 12571 130.
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R'ZnX
Me ¢-Bu /I\'/I\e 119 Me
R’ - R! K R "ZnR
retention retention
1 2 4
reductive
elimination PdOL oxidative
addition
x\/\/R2
e
overall 120
R’ Pd”L retention X
“Pd'lL,
r"’\
U\ o N
TNR? b
123 T NR2
\( 122
transmetalation Me
R "ZnR'

4

Scheme4l Stereoretentivgreparation of secondary alkylzinc reagehnd subsequent palladium
catalyzed crossoupling reaction with alkenyl or aryl halid&20.

Nevertheless, the configurational stability of these chiral secondary alkylcoppertsdagestricted to

low temperature reactions. Thus, we envisioned the performance of a stereoretentive transmetalation of
chiral alkyllithiums of typ€2wi t h an appropriate et 1@ leadingtbtheb| e 2z i
mixed dialkylzinc reagents of typé(see Schemél). These chiral mixed dialkylzinc reagents may
undergo a stereoselective palladigatalyzed crossoupling with alkenijand aryl halides of typ&20,

whi ch wo uichiral prédiicts ofdypdl2l To achieve such a stereoselective camsgpling

several regirements should be fulfilled:) both the transmetalation step (conversiohZ#to 123) and

the reductive elinmiation step (converting23to 121) of the catalytic crossoupling cyte have to be
stereoselective?) the secondary dialkylzinc reagehimust be configurationally stable at the cross
coupling temper at ur group tha dossmat partidipateasilginh the catalyic R 6
cycle. After several preliminary experimeft$, we chose MgSICHZnBr-LiBr (119) as
transmetalating zinc reagent since it is highly soluble in diethyl ether and readily prépaedur

delight, these conditions allow a highly stereoselective arospling of chiral norstabilized open

chain secondary alkylzinc readsmwith various alkenyl and aryl halid&s the first time

12 For a detailed screening table, seeExperimental Part

1133) S. H. Bertz, M. Eriksson, G. Miao, J.$hyder,J. Am.Chem. Socl996 11§ 1090
F. Langer, C. Lutz, P. Knochel, T. A. Mobley, C. K. Reddygew.Chem. Int. Ed1997, 36,
Lutz, P. KnochelJ. Org. Chem1997, 62,7895 7898.
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B. Results and Discussion

4.2  Palladium-Catalyzed Cross-Coupling Reactions

Hence, we treated the diastereomerically enriched secondary alkyl mdida® with t-BuLi (2.2
equv) in a 3:2 mixture of pentandiethyl ether ati 100°C for 10s leading to an intermediate
alkyllithium speces (sedable8). Addition of MeSIiCH.ZnBr-LiBr (119%; 0.95M in diethyl ether,
1.05equiv) ati 100°C provided the mixed dialkylzinc specisgn4a. For performing a subsequent
stereoselective palladivoatalyzed crossoupling, the choice of the palladiumatalyst proved to be
essential.

Table 8: Optimization forpalladiumcatalyzed crossoupling reaction of racemic secondary alkylzinc
reagensyn4a.

1) +-BuLi (inv. add.)
(2.2 equiv), 100 °C, 10 s catalyst
Me Me pentane:ether = 3:2 Me Me (5 mol%) Me Me
N =
Ph 1 2) TMS” ™ ZnBr-LiBr Ph Zn TMS I\%\n-hex Ph n-hex
syn-1a 119a syn-4a 120a syn-121a
dr =2:98 (1.05 equiv) (3.0 equiv)
—-100 °C, 1 min -50°Cto-25°C,12h

entry catalyst yield of syn121a® dr of syn121a®

1 Pd(PPh) 39% 11:89

2 Pd(OACY/CPhos 51% 8:92

3 PdPEPPSIiPent 60% 4:96

4 Pdul2(Pt-Bus)2 58% 2:98

[a] The yield and diastereoseladty (dr; anti/synratio) was determined by GC analysis using dodecane as internal
standard.

Addition of 5mol% Pd(PP%$). and E)-1-iodooctl-ene (20g8; 3.0equiv) as a typical substratei &0 °C
followed by waming toi25°C and stirring for 12 at this temperature provided the desired eross
coupling producsyn12lawith a diastereoselectivity aiti/syn=11:89(entry 1)}*Using the catalytic
system Pd(OAgJCPhos itroduced by Buchwald for the coupling of secondary alkylzinc halides
improved the stereoselectivity of the crassipling toanti/syn= 8:92(entry 2). A further improvement
was observed with the NHRased catalyst PEEPPS{iPent reported by OrgaSwhich provided the
desired producsyn12la with a dr =4:96 (entry 3). Finally, the Petatalyst Pel(Pt-Bus). used by
Schoenebedk’ affordedthe produckyn12la with comgete retention of configuration (entry 4; dr =

2:98). In order to obtain a deeper insight into the configurational stability of these chiratatulizved

114 Nickel catalysts afforded dntraces ofsyn121a; Fora detailed screening table, ¢be Experimental Part
1153) C. Han, S. L. Buchwald, Am. Chem. So2009131, 753271 7533. b) Y. Yang, K.
L. Buchwald,Org. Lett.2014 186, 463814641.
116 3, Calimsiz, M. G. OrgarChem. Comm2011, 5181 5183; PdPEPPSIiPr affordedsyn121a in 23% yield
and dr =9:91; for details se¢he Experimental Part
117a) I. Kalvet, T. Sperger, T. Scalin, G. Magnin, F. Schoenebedkpgew. Chem. Int. E@017, 56, 7078 7082.
b) S. T. Keaveney, G. Kund&. Schoenebeckngew. Chem. Int. E@018 57, 12573 12577.
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B. Results and Discussion

secondary alkylzincs of typ& we preparedgynda ati100°C and kept it at various temperaturés (
50°C to 25°C) for a certain time, followed by the stereoselective ecosgpling with120a, leading to
syn121a (see Tabl®). We observed high stability of the zinc spedgs4a up toi 10°C (dr ofsyn
121a = 3:97). Furthermore, keeping the glkinc reagentsynda at 25°C for 1h and performing a
palladiumcatalyzed crossoupling providedynl21awith dr =4:96. However, stirringgyn4a at 25°C
for 4 h led to a minimal epimerization (dr syn121a = 11:89). This indicated a high configurational
stability of these chiral secondary mixed dialkylzinc reagents (several hourS@}. 28ith ths result
in hand, we slightly modified the experimental procedure to the effect that thecorgdsg reaction
could be performed at room temperature. Under these conditiofiR-PESIiiPent showed super
results compared to the 'Riimer catalyst regyding b-hydride elimination and formation of side

products such as dimerizatiés.

Table 9. Stability of racemic secondary alkylzinc reaggyrt4a and subsequentosscoupling reaction
with alkenyl iodidel20a.

1) t-BuLi (inv. add.)
(2.2 equiv), 100 °C, 10's Pdaly(Pt-Bus),
Me Me pentane:ether = 3:2 Me Me (5 mol%) Me Me
N =
Ph I 2) TMS”ZnBr-LiBr Ph Zn~ "TMS I\%\n-hex Ph n-hex

syn-1a 119a syn-4a 120a ‘ syn-121a

dr=2:98 (1.05 equiv) time, temperature (3.0 equiv)
-100 °C, 1 min -50°Cto-25°C,12h

entry temperature time yield of syn121a® dr of syn121a®

1 150 °C 10 min 61% 3:.97

2 130 °C 10 min 58% 3:97

3 110 °C 10 min 50% 3:.97

4 25 °C 60 min 51% 4:96

5 25 °C 240 min 53% 11:89

[a] The yield andliastereoselectivitgdr; anti/synratio) was determined by GC analysis using dodecinternal
standard.

In a typical procedure, the chiral mixed dialkylzinc reagefrisc] were generated as described above
and subsequently warmed to room temperature ovatiifsee Tabld0). The dialkylzinc reagent was
then added dropwise to a stirring solution ahél% PAPEPPSIiPent and the alkenyl iodide of type
120(3.0equiv) in toluene. After stirring for i at room temperaturethee¢ r e s p echirdlicrosg U
coupling products were isolated in up to 52% yield and with high retention of configuration (dr up to
98:2). In this way, the stereodefined alkersg®121a''® and anti-121a were prepared from the
corresponding iodides in 43% and 39% yieldpessively (dr = 2:98 and dr 85.5). Interestingly, the
thermodynamically more stable alkylzinc reaganti-4a afforded he correpondingE-alkeneanti-

121ain lower yield and with less retention of configuration compared teyh@roduct. In most other

118The use of octenyl bromide as electrophile afforsigg121a in 23% yield and dr 6:94
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B. Results and Discussion

cases a high retention of configuration (dr 284vas achieved. Thereby, tB&Z-configuration of the

alkenyl iodides of typd20turned out to be highlymportant. All attempts to uséalkenyl iodides as

crosscoupling partners were unsuccessful presumably due to steric hindrancepiall#agum(ll)

intermediated 22 and123112

Table 10. Stereoretentive crosupling reactions of racemic secondary alkylziragents4 with
alkenyl iodidesl 20a-f leading toU-chiral alkened.21a-h.

1) t-BuLi (inv. add.)

(2.2 equiv), —100 °C, 10 s

Pd-PEPPSI-iPent

j/l\e pentane:ether = 3:2 )M\e (5 mol%) j"i/\
—_—mT ’
1 S 17X g2
R | 2) 1Ms” > ZnBrLiBr R'" ~“zn” "TMS |\/\R2 R" R
1 (1.05 equiv) 4 120a-f (3.0 equiv) 121a-h
dr = 2:98 ~100 °C, 1 min room temperature toluene
then rt, 15 min stable i, 1h
entry alkylzinc electroghile product of typel 21
Me Me Me Me
P N N [
1 Ph Zn TMS Ph /
120a
syn-4a syn-121a, 43%, dr = 2:98
Me Me Me Me
A PN ~ (Z
2 Ph Zn TMS 120a Ph /
anti-4a anti-121a, 39%, dr = 95:5
I Me Me
Ph *F
3 syn-4a
120b
syn-121b, 45%, dr = 6:94
| Me Me
= ,
Ph K
4 syn-4a
120c
syn-121c, 52%, dr = 2:98
| OTMS I
J OTMS
. ) n
5 syn-4a e Me Me Me
120d
syn-121d, 39%, dr = 6:94
| cl Me Me
\/\/\/ [/ = Cl
6 syn-4a Ph /
120e
syn-121e, 44%, dr = 2:98
| oB Me Me
NN n /
7 syn-4a Z Ph ; Z OBn
120f
syn-121f, 43%, dr = 4:96
Me Me Me Me
A~ A~~~
8 TBSO Zn "TMS TBSO n-hex
) 120a
syn-4j syn-121g, 43% yield, dr = 7:93
OTBDPS OTBDPS
Zn TMS \ N
~ X n-hex
9 Me 120a Me '
Me Me
syn-4h syn-121h, 46% vyield, dr = 4:96

[a] The diastereoselectivity (danti/synratio) was determined B§4-NMR spectroscopy and GC analysis.
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B. Results and Discussion

These conditions were broadly applicable. Hence, we perfammsctosscoupling reaction with other
secondary alkylzinc reagegh (see entn8 and 9. The 1,3functionalized secondary alkyl iodide
rac-1j was prepared according to literature procedure, followed by amtéhange reaction, which
after epimerization i60°C, 30min) led to the chelatestabilized lithium species. Subsequent
transmetalation to the corresponding dialkylzinc reaggnj followed by crosscoupling with120a
afforded the silyprotected alkenesyn121g in 43% vyield (dr =7:93. Furthermore, the 1,4
functionalized dialkylzinc reagestyn4h was suitable for crescoupling reaction leading ®yn121h

in 46% yield and dr #:96

Sincemany pharmaceuticals and natural products contain aromatic moieties, the preparation of chiral
arenes and heteroarenes is of great interass, we extended our method to palladicatalyzed cross
couplings with aryl bromides of typE24 leading to the corresponding chiral azerand heteroarenes

(see Schemd?2). Various aryl bromides with electratonating and electron withdrawing substituents
were used, leading to produdt®li-n (38 59% vyield; dr up to 98:2). Thus, the crassupling reaction

of synda with bromothiophea derivative¥'® afforded syn121k-l in 38/59% vyield and with high
retention of configuration (dr up to 98:2). In additionbrbmonaphthalene was used for the cross
coupling reaction with the dialkylzinc reagesys-4a andsyn4h| e a d i -ohiral riaghthdllenesyn

121j andsyn121m in good yields (5556% yield)and high stereoretention (dr up to 97:3). This cross
coupling was also extended to optically enriched alkylzinc reagerdssa di ng t o t he corr
chiral arenesR)-121o, (9-121o and R)-121p (up to 76% vyield, er = 9:922° To demonstrate the
synthetic utility of the method, we performed the natural product synthesis of the two enantiomers of
Ucurcumenel25, an aromatic sesquiterpelféBoth enantiomers can be found in nature, e.g. in
essential oils or in the pheromone produced by thesedlder stink bug’? Starting from the readily
available chiral secondary alkyl iodid&){ or (R)-1e,*° the corresponding chiral secondary alkylzinc
reagents §- or (R)-4e were prepared. Subsequent palladicetalyzed crossoupling reactin with
4-bromotoluene afforded the natural producBs-qurcumene[(9-125 50% vyield; er = 93]/ and
(R)-curcumene(R)-125 46% yield; er = 7:93]

1191n this point, 2bromothiophenes and-heterocyclic halides were not suitable for crosapling reactionFor
a detailed screening table, she Experimental Part
120 The enantiomeric ratiavas determined by chiral Génalyss or chiral HPLC analysis. Th&)yenantiomer of
121p was abo prepared: 54% vyield, er = 83:Far details, sethe Experimental Part
1213) B. Rao, J. L. Simonsed, Chem. Socl928 2496 2505. b) L. Wu, 3C. Zhong, SK. Liu, F.-P. Liu, Z-D.
Gao, M. Wang, QH. Bian, Tetrahedron: Asymmet3016 27, 78 83.
1223) G. Uhde, G. Ohloffdelv. Chim. Acta 972 55, 2621 2625. b) H. L. McBrien, J. G. Millar, R. E. Rice, J. S.
McElfresh, E. Cullen, F. G. Zalond, ChemEcol.2002 28, 1797 1818.

49



B. Results and Discussion

1) t-BulLi (inv. add.)

(2.2 equiv), =100 °C, 10 s Pd-PEPPSI-iPent
Me pentane:ether = 3:2 Me (5 mol%) JM\e
; ’ N _ 17 A
R | 2) 1ms” > znBrLiBr R Zn~ "TMS Br—Ar . R . r
124 (3.0 equiv) 121i-p
1 ; 4
dr=98:2 (1.05 equiv) room temperature toluene, t, 1 h up to 76% yield,
-100 °C, 1 min tabl dr = up to 98:20
then rt, 15 min stable
Me Me Me Me
Ph Ph <
CO,Et CO,Et
syn-121i, 46% yield, dr = 6:94 anti-121i, 41% yield, dr = 91:9 syn-121j, 56% yield, dr = 6:94
Me Me Me Me OTBDPS O
PhMQEQ Ph 7 A Me X
s IS Me
syn-121k, 38% vyield, dr = 3:97 syn-1211, 59% yield, dr = 2:98 syn-121m, 51% yield, dr = 3:97
OTBDPS COEt
Me <

syn-121n, 50% yield, dr = 4:96

MeO

CO,Et
(R-125) (S-125)
(R)-121p, 46% yield, er = 9:91 (R)-curcumene (S)-curcumene
46% yield, er = 7:93 50% vyield, er = 93:7

Schemed2. Crosscouplingreactionof chiral alkylzinc reagents with aryl bromidesl24, leading to
Uchiral arenes and heteroarenek21{-p). [a] The diastereosettivity (dr;anti/syn ratio) was
determined byH-NMR spectroscopy and GC analysis.

4.3  Computational Calculations

Furthermore, DFicalculatons were performed to gain insight into the high retention of configuration

of secondary alkylzinc reagerfs. Therefore, the configurational stability of the chiral alkylzinc
reagentsynda andanti-4a was investigated. Solvation effects were accounted for bip dkezrizable

Continuum Mode(PCM) as well as by explicit treatment with diethyl ether molectil€mparison

of the free energies heeen the two isomers showed thati-4ais thermodynamically more stable than

the corresponding alkylzinc reageyntda( &G = +2. 7 kcal / mol ). Coordinat
(diethyl ether) to the zinc site leads to a marginal rise of energy botkyfeta and anti-4a, which

suggests that solvent coordination is not relevant for the epimerization pathway. THidsrasul

agreement with the fact that the craessipling reaction proceeded also in other solvents, such as toluene

123 This project wasealizedin coopertion with D. Keefer, who conducted and analyzed the & Eulations.
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B. Results and Discussion

or THF, with high retention of configuratidtWe examined two possible pathways, which cdeddi
to epimerization fronsyn4a to anti-4a and vice versa, nameiya a planar transition stats-4a (see
Schemet3) or by cleavage of the carbatinc bond. Both théransition state energy of 95kgal/mol
and the carbozinc bond energy of ca. 35 kcal/mol corroborate the high stabiliacfowards
epimerization at 28C. Another impornt step in this catalytic crossupling cycle,in which
stereoretention is crucial, is the cigufrational stability of the Pdintermediatel23 (see Schemél).
We performed an anagous analysis of potential epimerization channel$28using PAPEPPSI. To
stay within the computational feasibility of our quantum chemical method, we simplified the catalyst by
replacing the four experimentallged isopentyl residues in fREPPSiiPent with methyl groups. This
allows slightly more steric flexibility, while the electronic nature aroundRde and the carbon
stereocenter is unaltered. Starting from a tetrahedral geometry of the four ligandsthefdh center,

the optimization ends in an energetic minimum which exhibits a nearly planar tetragonal stfucture.

ts-4a

DGy, = +95.9 kcal/mo]"~._

v

syn-4a

anti-4a %
AGq,, = +2.7 kcal/mol

AG,,, = 0 kcal/mol

anti-123a anti-123b
AG,,, = 0 kcal/mol AG,,, = +4.3 kcal/mol

NHC ligand

Structure R?

syn-123a syn-123b
AG,,, = -0.4 kcal/mol AG,, = +6.1 kcal/mol

3-Chloropyridyl

Scheme43. Theoreticakalculationof the epimerization of secondary alkylzireagenanti-4a to syn
4a andPd' intermediates of typ&23 Mol ecul ar geomet r i edinsolutbn. Gi bbs
Top: Stabilities ofanti-4a andsyn4a. Bottom: Stabilities ofsyn andanti-123a and123b.
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Thus, there are four possible spedtsl23 with either thesyn or theanti-isomer incis (123) ortrans

(123) position to the alkene (see Sche#® A comparison of configurational stabilities of the four
species showed that tleées-conformerl23a is more stable than theans-conformer123b, which is
encouragingsince reductive elimination can only occur from tieconfiguration123a. Onceagain
thecalculatedhigh energy of the transition statesl23a (41.8 kcal/molanti-123a to syn123a) andts-

123 (39.7 kcal/molanti-123 to syn123p) and carborpalladium bonding energies syn123a (47.7
kcal/mol), anti-123a (47.2 kcal/mol), syn123 (41.6 kcal/mol), andanti-123b (40.1 kcal/mol)
corroborate the experimentally found retention of configuration. Interestingly, the energy barrier is
significantly lower forts-123a andts-123 than it is forts-4a, which suggests that a potential loss of
stereoinformation occurs more likely at tRd' intermediatel23 Nevertheless, we presume that the
minimal epimerization of the secondary alkylzinc reagents may be due to polymolecular exchange

reactions between these zinc reagents, which may involve the salts LiBr and Lil.
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5 Summary

In this thesis the preparation of chiral secondary atkgananetallic reagents antheir application in
organic synthesis was addresseédrst, regioselectiveallylic substitutions of chiral secondary
alkylcopper reagentsevedescribed (see Schemé, ab). These chal alkylcoppers underwers2-
subgitutions with allylic bromidesThe addition of ZnGland the use of chiral allylic phosphates allows
to switch the regioselectivity towas@&26-substitutions. This method was extended to the regioselective
substitution of allylic epoxides leadjnto chiral allylic alcoholswith retention of configuration
(Schemetd4, c). Finally, anti-Sy2 -Bubstitdions of chiral alkylcopper reagents with propargylic
phosphates were described affordimgjally chiral allenes (Schem&d, d). DFT-calculations were
performed to determine the structure of these alkylcopper reagents and rationdlizeighe

configurational stability in THE?

Br* ~ Y _R3
X
e Me
R? , RS
R : X (a)
Sn2 R2

anti
RZI,)/ H R4
R poye

OP(O)(OEt), Me

. X R4
ZnCl, RJ?\(V ®)

R2R?
gﬂ\e t-Bu Me  CuBr- P(OEt); gﬂ\e _| anti,
R"™ -100°C R! -100 °C R cu Rz,) Hy ge
N7 we
. R1WOH ©
ZnCl, R2 R3
Me
o
Y = (r OP(O)(OE), H
R? ,/‘Me
R (d)
retention
RZ

Sp2'

Scheme44: Stereoretentivepreparationof chiral secondary alkylcopper reagerdsd subsequent
nucleophilic substitutions

Furthermore, palladiurnatalyzedCsp-CsF crosscoupling reactions of chiral secondary dialkylzinc
reagensg with alkenyl and aryl halidet 25°C were developed (see Sched®. This method provided
U-chiral alkenes and arenes with very higrerall retention of configuration (dr up to 98:2) and good

overall yields (p to 76% 6r 3 reaction steps)

I\/\Rz Me
1) t-BuLi (inv. add.) Me 3) Pd ——— R / R?
Me .
B I O NN L L T
R I pentane/ether toluene retention
-100°C m,1h

Me
room temperature _—
retention stable Bre_~ R 7V R3
T S
|
N

Scheme 45; Stereoretentivegoreparationof chiral secondarydialkylzinc reagents and subsequent
palladiumcatalyzedcrosscoupling reactions
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These methods were digal in efficient total sythese of various natural produaiemonstratingheir
synthetic utility. The three ant pheromonesl@siol, (+)13-norfaranal and (+jaranal (see Schend®)
were prepared in higHiastereoselectivity (dr up to 98:ahdin high enantioselectivity (99% ¢ by
allylic Sy2-substitution reaction of the corresponding alkylcopper reagétiisallylic substrates

Me
w Me Me Me O Me Me O
XN [ OH )\/\w ,
Me Me 7Y H Me N AN % H
Me Me Me
(+)-lasiol (+)-13-norfaranal (+)-faranal
dr =98:2, 99% ee; dr =97:3, 99% ee; dr =97:3, 99% ee;
6 steps, 21% overall yield 11 steps, 2.6% overall yield 12 steps, 6.9% overall yield
Me Me Me Me
Me/‘\/m Me/‘\/\ﬁ)&@\
Me Me
(3S,6R,7S)-zingiberenol (S)-curcumene (R)-curcumene
9.7% yield over 8 steps; er =93:7 er=7:93
dr(C3-C6) = 99:1; dr(C6-C7) = 81:19 31% vyield over 3 steps 28% yield over 3 steps

Schemed6: Natural products preparaih eithernucleophilic substitutio of chiral alkylcopper reagents
or palladiumcatalyzed crossoupling reactions of chiral alkylzinc reagents.

The anti-Sy2 -Bubstitution ofchiral epoxideswas used in a total synthesis of the natural product
(3S6R,79-zingiberenolin 8steps and 9.% overall yield starting from commercially available
3-methyl2-cyclohexenone. Finally, the palladiuratalyzed crossoupling reaction of chiral alkylzinc
reagents was applied in the total synthesis of the sesquitsi{@nend R)-curcumene witlabsolute

control ofstereochemistry.
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5.1 Regio and Stereoselective Allylic Substitutions of Chiral Secondary Alkylcopper
Reagents

The regie and stereoselective allylic substitution of chiral secondary alkylcopper reagents was
investigated The reaction of thesghiral alkylcopper reagestwith allylic bromides in THF provided
exclusively the §2-products(up to >99% K2-regioselectivity;see Schem4?). Theefficiency of this
methodwas demonstrated the preparation of the three gufteromones (+asiol (dr=98:2, 99%ee

6 steps, 21% overall yield), (#orfaranal (de=97:3, 99%ce 1llsteps,2.6% overall yield) and
(+)-faranal (dr=97:3, 99%ee 12steps, 6.9% overall yield) starting from commercially available ethyl

(R)-hydroxybutyrate.

1) t-BuLi (inv. add., 2.5 equiv) 3) solvent switch to Me
R | ether/hexane, -100 °C, 10 s R'__cCu THF at -50 °C R\ _— M
—_— \ e
Me  2) CuBr - P(OEt); (2.0 equiv) Me 4) Br. Me Me

100 °C, 1 min g

dr=99:1 . Me Sn2-product

Retention stable in THF (3.0 equiv) NEP

at-50 °C -50°C,1h

Me Me Me Me he y
: / = 2L Me 0 X e
PhMMe Phw Ph/\g)\/\r
Me Me Me

Me
63% vyield, dr = 98:2 60% vyield, dr = 3:97 73% vyield, dr = 98:2
e TBAF Me
i S STl I
Me Me ’ Me Me
71% yield, :
— 08-9- 09, (+)-lasiol
dr = 98:2; 99% ee 87% yield, dr = 98:2
99% ee
S N ,
Me 7 H Me™ X N H
Me Me
(+)-13-norfaranal (+)-faranal
dr = 97:3, 99% ee; dr = 97:3, 99% ee;
11 steps, 2.6% overall yield 12 steps, 6.9% overall yield

Schemed7: Sy2-substitutionreactionsof chiralsecondanglkylcopper reagents.

The addition of ZnCland the use of chiral allylic phosphates allows to switch the regioselectivity
towards Sy2 -Gubstiutions (up to >99% &R -degioselectivity) These conditions enable therformance

of highly selectiveanti-Sy2 -Bubstitutions with absolute control of two adjacent stereocenters (see
Schemesd).
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1) t-Bu

B. Results and Discussion
(inv. add., 2.5 equiv) 4) ZnCl, (1.5 equiv) R* R3
R1 | hexane/ether, —100 °C, 10 s R!' Cu -30 °C, 10 min RH)\\/A ,
R R
2) CuBr - P(OEt);3 (1.5 equiv) 5) o3
M M
e ~100 °C, 1 min e R\ OP(O)(OEt), Me
dr =99:1 3) solvent switch to THF . R4 R2 Sy 2'-product
at —50 °C stable |8 T(I:-IF (3.0 equiv) NEP
Retention at-5 -30°Cto-10°C, 12h
Me Me Me Me Me Me
B , z ) X N _Me
Ph R Phw\ Me ;
Me Me Me Me n-Bu
58% yield, dr = 95:5 54% yield, dr = 5:95 53% yield, dr ='95:t-'>, 99% ee
(Sn2/Sy2' = 8:92) (Sn2/S\2' = 5:95) (Sn2/Sy2' <1:99)
Me Me | Me |
! M PN
Ph A Me Ph :
n-Bu
56% yield, dr = 10:90, 99% ee

: Ph XN\

59% yield, dr = 90:10, 99% ee 54% yield, dr = 90:10, 99% ee
(SN2/SN2' <1:99) (SN2/SN2' <1:99) (SN2/SN2' <1:99)
Schemed8: Zinc-mediated §26-substitution reactions of chiral alkylcopper reagents.
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5.2 Stereoselectivanti-Sy2 -&ubstitutions of Secondary AlkylcopperZinc Reagents with
Allylic Epoxides

Thestereoselectiv&y2 -Gubstitution of secondalkylcopperzinc reagents with allylic epoxides was
described. The reaction proceedgioselectivelyUa > 95: 5) and with retenti
Schemet9). By using chiral cyclic epoxides highinti-Sy2 -Gubstitutions were performed.

anti
2
R//(’:% \R4
. ) RGNl
1) t-BuLi (inv. add., 2.2 equiv) Vo ZnCI2. + R Y Me R H
gﬂ\e -100°C, 10 s J\ (1.5 equiv) (3.0 equiv) L
. RS OH
R'" ™1 2) CuBr-P(OEt); (1.5 equiv) R" “Cu Sy2*-substitution AT
-100 °C, 1 min -10°C,12h
stable in THF
Me Me Me Me
Ph X SN"0oH Ph K N"0oH
46%, dr = 6:94, 54%, dr = 91:9,
oy = 95:5, E/Z = 86:14 ay =955, E/Z = 88:12

Schemed9: Stereoselectivanti-Sy2 -8ubstitutions of chiral allylic epoxides

The method was used in the total synthesisRf6R 79-zingiberenol ir8 steps and 9.®6 overall yield
(dr (3S6R) =99:1; dr(6R,7S =81:19) starting from commercially available -rBethyl2-cyclo-
hexenondsee Schemg0).

1)  (R)-diphenylprolinol, OH
Q 0 B(OMe)s, §H
ij\ I, PDC [ THF, 1 h, rt @i' t-BuLi
i ili Et,O
CH,Cl, 2) borane N,N-diethylaniline 2
Me 1t 16h Me THF, Me  _7g-c, 30 min Me
81% yield rt,1h 88% vyield, 95% yield,
98% ee 98% ee

! OMs OH
DBU . Nal, NaHCO; MsCI , NEtg
(¢) - 0O —-«——— 0O <=—————— (o)
P THF, & THF, o CH,Cly,
Me  65°C,12h Me  65°C,10h Me -10°C,1h Me
62% yield, 62% yield 80% yield 80% yield,
98% ee 98% ee

dr=81:19

¢ Me
dr= 99:1/\ H\ 7)
Me Me 1) \

I, N PR
Me™ X | s~ HO=

(s) 2) CuBr-P(OEt); | Me

Me 61% yield,
98% ee (3S,6R,7S)-zingiberenol

Schemeb0: Stereoselectivpreparation of3S6R,79)-zingiberenal
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5.3 Regio and DiastereoselectivdReactions of Chiral Secondary Alkylcopper Reagents with

Propargylic Phosphates

The preparation of axially chiral allené®aring a Uchiral centerwas performed byanti-Sy2 -0
substitution reaction ofthiral secondary alkylcopper reagents with enantioenriched propargylic
phosphates (see Schebf®. DFT-calculations emphasized that timeost stable structure of the
alkylcopper reagent iseing coordinatetly P(OEt}instead of diethyl ether or THF he computational
calculations corroborate the high stability of these alkylcopper reagemésd® epimerization at
i50°C%t

R3
1) t-BuLi (inv. add., 2.2 equiv) /OP(O)(OEt)z R2
R!' I -100°C, 10 s R!' Cu R? 3.0 equiv R
T i T 00 eauty) R
Me 2) CuBr-I:é(glfgg :20 equiv) Me THE Me \l‘-l
—1R L, hmin ~50°C,1h
3) solvent switch to THF up to 65% vyield,
at-50 °C dr up to 98:2

selected examples: H
H H Me Me )\
Me Me )\ Me Me )\ W H

Ph o7 H PP H

55% yield, dr = 98:2 46% vyield, dr = 6:94 65% yield, dr = 97:3

H H
Me Me H
: -)\H Me : -)\H Me P
Ph/Y\/ PhW ) Me
Me OTBDPS
43% yield
dr =92:8; er = 99:1

H
y H Me > MeO " H
e - 2~ e -
Y I~ . Me H ~
LA Phw ®) \©\/\/\/ Me
P N "s) C Bu S"s)

58% yield, dr = 98:2 50% yield, dr = 95:5

49% yield, 59% vyield, 54% vyield,
dr =12:88; er = 99:1 dr=91:9; er = 99:1 dr =12:88; er = 99:1
MeO H
Me /* MeO Me H
./\ N
® ®) e \G\/W-%Me
Bu ®
51% vyield, 52% yield,
dr =92:8; er = 99:1 dr=93:7; er = 99:1

DFT-calculations:

e e e Ce
o

syn-alkylcopper reagent

anti-alkylcopper reagent
e AG,,, = +2.9 kcal/mol '{ Me

AG,,, = 0 keal/mol

Schemes1: Preparation of chiral allenesd DF Fcalculations
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54 StereoselectiveCsp*-Csp? Cross-Couplings of Chiral Secmdary Alkylzinc Reagents

The palladiurcatalyzed crossoupling reaction of opeahain chiral secondargtialkylzinc reagents

with alkenyl and aryl halidekas been developed. The configurational stability of these chiral non
stabilized dialkylzinc reagentsas determined and exceeded several hours d&.25FT-calculations

were performed to rationalize the high configurational stability of these dialkylzinc reagents and
stereoretention during the catalyticcyt#®y usi ng t hi s-chirabdkénesdandwaees i o u s
were prepared in up to ¥Gyield and dr up to 98:2 (see Schebhp

1) t-BulLi (inv. add.)

(2.2 equiv), =100 °C, 10 s Pd-PEPPS|°|/-iPent Me
Me pentane:ether = 3:2 Me (5 mol%) MRZ
R1J\| 2) e 1J\Zn/\TMs X o~ R? R™ Y7
TMS” >ZnBr-LiBr R NN .
ar-ee (1.05 equiv) room temperature L\\\‘\“'U‘ t 76"/v ield
_ . : ) up to 6 yield,
100°C., 1 min stable (3.0 equiv) dr = up to 98:2
toluene, rt, 1 h
Me Me Me Me OTBDPS\ “ N
s n-hex
% ! OB 5
Ph X hex Ph K " Me
Me
43% yield, dr = 2:98 43% yield, dr = 4:96 46% yield, dr = 4:96
Me I\:/Ie Me Me Me Me
CO,Et S S
41% yield, dr = 91:9 59% yield, dr = 2:98 38% vyield, dr = 3:97

Me Me Me Me

M e/wl'\@\
Me M

(R)-curcumene 46% yield, er = 7:93 (S)-curcumene 50% yield, er = 93:7

e

(R): 62% yield, er = 9:91
(S): 76% yield, er = 91:9

Scheme52: Stereoselective cros®upling eactiors| e a d i -ohial dlkenes &hd arenes.
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C. Experimental Part

1 General

All reactions were carried out with magnetic stirring and under argon atmosphere in glassware dried
with a heat gun. Syringes which werged to transfer anhydrous solvents or reagents were purged with
argon three times prior to use. Unless otherwise indicated, yields as stated are isolated yields of
compounds and are estimated to be >95% pure as determirtedNWR (25°C) and capillary ga
chromatography. The ratio of diastereomgsti/synratio) was determined byH-NMR, *C-NMR
spectroscopy or capillary GC.

1.1 Solvents

All solvents were dried according to standard methodfidiiflation over drying agents as stated below
and were storednder argon atmosphere. Solventsflash columnchromatography were distilled on a

vacuum evaporator prior to use.
Dichloromethanewas predried over Cagand distilled from Cakbl
EtOH was treged with phthalic anhydride (2%L) and sodium, heated tofltex for 6 h and distilled.

Diethyl ether was predried over calcium hydride and dried with the solvent purification system SPS
4002 from INNOVATIVE TECHNOLOGIES INCor purchased from Acro99.3% extra dry over

molecular sieve)

M ethanol was heated to riefx over magnesium methoxide and distilled.

n-pentanewaspurchased from Acros (99+%, extra dry over molecular sieve)

THF was continuously refluxed and freshly distilled from sodium benzophenone ketyl under nitrogen
or purchased from Acrd99.5%, extra dr over molecular sieve)

Triethylamine was dried over KOH and distilled.

Toluenewas purchased from Acros (99.858%tra dry over molecular sieve).

1.2 Chromatography

Gas chromatographywas performed with machines AgilentTechnologies 7890, using a colunmin o

type HP 5 Agilent 5% phenylmethylpolysiloxane; length: 15 m; diameter: 0.25 mm; film thickness:
0. 25 #Hew)ettPaakard6890 or 5890 series I, using a column of type HPI&wWlettPackard

5% phenylmethylpolysiloxane; length: 15 m; diameter: 0.25;m f i | m t hi ckness: 0.

Chiral gas chromatography (GC) was performed on the following colusin
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C. ExperimentaPart

- Column A: ChirasitDex CB, Varian, CP7502 (25.0 m x 260 x 0.25m), Average velocity
20, H-flux.
- Column B: -Dix 120, Supelco, (30.0 m x 260 x 0.2%m), Average velocity 40, Hflux.

Flash column chromatographywas performed using S¥00.04Q 0.063 mm, 230400 mesh ASTM)

from Merck if not specially indicated.

Thin layer chromatography (TLC) was performed using Sire-coated aluminium plates (Merck 60,
F-254). The chromatograms were examined byr284JV irradiationand/or by staining with PMA (10
g phosphormolybdic acid in 160L EtOH) followed by heating with a heatgun

Preparative HPLC: For purification, an Agilent Technologies 1260 Infinity HRIS§sten was used,
consisting of two prepumps (acetonitrile/water, no additives), a MWBtector (210 nm wavelength,
40 nm bandwidth, refvavelength 400 nm, réfandwidth 100 nm) and a fraction collector. Three

different columns were used:

- Kinetix EVO C185 m c¢ o | wihr50(mmedimmeter: 10 mm).
-Kinetix EVO C18 5 em column (Il engt h: 150 mm,
-Waters XBridge Pr egh 188nmpdiameter: 80arimy mn (| e

Chiral HPLC was performed on the following columns:

- Chiracel ODH (length: 250mm, diameter: 4.6nm)
- Chiracel OdH (length: 250mm, diameter: 4.6nm)

- ChiracelAD-H (length: 250mm, diameter: 4.6nm)
- ChiracelOB-H (length: 250mm, diameter: 4.6nm)

1.3 Reagents

All reagents were obtained from commercial sources aed usthout further purification unless
otherwise stated. Liquid reagents were distilled prior to use.

n-BuLi solution inn-hexane was purchased from Albemarle (Chemetall).

t-BuLi solution inn-pentane was purchased from Albemarle (Chemetall).

The concentrigon of t-BuLi (ca. 2m in n-pentaneppndn-BuLi (ca. 2.4m in n-hexane)was determined

by titration with dry 2propanol and 1,2phenanthroline as indicator in THFt  9C.7 8

CuBr-P(OEt) s was prepared according to literat&t@he solution was prepared under Ar to obtain 3
solution in diethyl ether. A dry and Alushed 100nL-Schlenkflask was charged with a magnetic
stirring bar, freshly distilled triethyl phosp#i{4.98g, 30mmol, 5.1mL) and toluene (3énL). Copper
(I) bromide (4.3@, 30mmol) was added portion wise and stirred fdr dtrt. The light green solution

was stirred 3@nin at 80°C. The cool solution was filtrated to obtain a clear solution of CuBr-P§{OEt)
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To the solution was addédhexare (20 mL) and the solvent was removed under high vacuum. This step

was repeated three times to obtain the purified complex without residues of toluene.
MesSiCH.Li solution inn-pentane was purchased from Sigma Aldrich (camls0lution).

ZnCl; solution was prepared by drying Zn{68.2g, 500mmol) in aSchlenkflask under vacuum for
5h at 140°C. After coolingto 25°C, THF (500mL) was added and stirring was continued until the salt
was dissolved.

1.4  Analytic Data

'H-NMR and **C-NMR spectra were recordesh VARIAN Mercury 200, BRUKER ARX 300,
VARIAN VXR 300 S and Bruker AMX 600 instruments. Chemical shifts are reportégvakies in
ppm relative to the solvent peak in CRQkesidual chloroformti 7.26 ppm forH-NMR, U 77.0 ppm

for *C-NMR). Abbreviatims for signal coupling are as follows: s (singlet), d (doublet), t (triplet), q
(quartet), quint (quintet), m (multiplet).

Mass spectroscopyMS): High resolution (HRMS) and low resolution (LRMS) spectra were recorded
on a FINNIGAN MAT 95Q instrument. El&on impact ionization (EI) was conducted with an

ionization energy of 70 eV.

Infrared spectra(IR) were recorded from 45@f? to 650 cmon a PERKIN ELMER Spectrum BX

59343 instrument. For detection a SMITHS DETECTION DuraSHrpIDiamond ATR sensowas

used and the absorption bands are reported in wavenumbers. The abbreviations for intensity are as
follows: vs (very strong; maximum intensity), s (strong; above 75% of max. intensity), m (medium;

from 50% to 75% of max. intensity), w (weak; below 508max. intensity) as well as br (broad).

Optical rotation values were recorded onPaerkin Elmer241 orAnton Paar MCP500 polarimeter.

The specific rotation is calculated as follows:

The wavelength o is report edd«in°G Urepresents the rechréed me a s u
optical rotation, ¢ the concentration of the analyte in 10 mg/mL and d the length of the cuvette in dm.
Thus, the specific rotamn is givenin 10'.deg-crigt. Usage of t he =58chm)juisn D | i
indicated by D instead of the wavelength in nm. The respective concentration as well as the solvent is

reported at the relevant section of EhgerimentalPart

63



C. ExperimentaPart

2 Regio and Stereoselective Allylic Substitutions ofSecondary Alkylcopper

Reagents

2.1  Typical Procedure for the Sv2-Substitution Reactiors (TP1)

1) t-BuLi (inv. add.) 3) solvent switch to Me
R1\r| ether/hexane, —100 °C R1YCU THF at-50 °C RNM
% e
Me 2) CuBr - P(OEt)z, 1 min Me 4) X Me Me
2100 °C R \/\r 69
68a-b
1 : Me Sy2-product
stable in THF _50°C.1h NEP

at-50 °C

A dry and Arflushed Schlenktube was cooled t0100 °C and charged with a soluti of t-BulLi
(0.50mmol, 2.5equiv) together with a mixture of diethyl ether (1r@0) andn-pentane (1.5@1L). A
solution ofalkyl iodide (0.20mmol, 1.0equiv) in diethyl ether (0.40L) was added dropwise for 1
min. After stirring for 10 sec, a solutiaf CuBr-P(OEt} (0.13mL, 3M in diethyl ether, 0.4Gmol,
2.0equiv) was added and the reaction mixture was stirred for 1 mih0f°C to observe the color
change from yellow to green. Ti&chlenkube was transferred to a cooling baib@°C) and the
solvent was pumped away under high vacuum. Aftenit precooled THF (21L) and then the allylic
electrophile (0.6@Gnmol, 3.0equiv) were added. The reaction mixture was stirred farati 50 °C.
After quenching the reaction mixture with ag. Nédlution, the reaction mixture was extracted with
diethyl ether (3« 10 mL). The combined organic phases were dried over Mg@®@ the slvents were
evaporated. The obtained crude product was purifieitalbin columnchromatography on silica gel to

afford alkenes of typ69.

2.2  Typical Procedure for the Si2 -®ubstitution Reactions(TP2)

1) t-BuLi (inv. add.) 4)  ZnCl, R* R3
1 ether/hexane, -100 °C 1 -30 °C, 10 min 10
R\‘/I RYCU R _— R?
Me 2) CuBr; P(OEt)3, 1 min Me 5) R3 OP(O)(OEt), Me
-100 °C 3 70
1 = . 3) solvent switch to VIQS 2 '
, dr =99:1 THE Bt 50 °C stable in THF R 683_5 Sn2'-product
at-50 °C

-30°Cto-10°C,12h

A dry and Arflushed Schlenkiube was cooled t0100 °C and charged with a solution teBuLi
(0.50mmol, 2.5equiv) together with a mixture of diethyl ether (1r@0) andn-hexane (1.50nL). A
solution of iodide (0.20nmol, 1.0equiv) in diethyl ether (0.46L) was added dropwise for 1 min.
After stirring for 10 sec, a solution of CuBr-P(O£(D.10 mL, 3w in diethyl ether, 0.30 mmol,
1.5equiv) was added and the reaction mixture was stirred for 1 niihQf°C to observe the color

change from yellow to green. Ttgchlenkube was transferred to a dimg bath { 50°C) and the
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solvent was pumped away under high vacuumn(it). Precooled THF (L) was added and after
10sec, ZnGi(0.30mmol, 0.30mL, 1.0M in THF, 1.5equiv) was added dropwise. The reaction mixture
was warmed t@ 30 °C and stirred fo 10 min. The allylic phosphate (dissolved in 0/®8Q THF) was
added and the reaction mixture was warméd@5C. After 12h, the reaction mixture was quenched
with ag. NH solution and extracted with diethyl ether{30mL). The combined organic phaseere
dried over MgS®@and the solvents were evaporated. The obtained crude product was purffeeshby
columncolumn chromatography on silica gel to afford alkenes of Tgpe

2.3  Typical Procedure for Mosher Ester Analysis (TP3)

(S)-MTPA or
R OH (R)-MTPA R o Ph OMe
Y T Oyeor,
Me DCC, DMAP Me O

30k
The correspondind/osher ester were prepared according to literature proc&déredry and Ar
flushed rounebottom flask was charged with the alcohol (1.0 equiv), 8reof (R)-Mo s her 6s aci d
methoxyUtrifluoromethylphenylacetic acid, MTPA; 3.0 equiv) and dichloromethaneM&dlution).
DCC (3.0 equiv) and DMAP (3.0 equiv) were added subselyuandl the reaction mixture was stirred
for 10h at rt. After quenching with lme, the reaction mixture was extracted with diethyl ether
(3x 10mL). The combined organic phases were dried over M@®@ the solvents were evaporated.
The obtained crude product was purified flash column chromatography-bexane/ethyl acetate =

40/17) on silica gel to afford th®osher ester of typé/.

1243) T. R. Hoye, C. S. Jeffrey, F. Shatat. Protoc.2007, 2, 24512458.b) J. M. Seco, E.Quio 8, R. Ri guer
Chem.Rev.2004 104, 17117.
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2.4  Preparation of Starting Materials
2.4.1 Secondary Alkyl lodides

Thealkyl iodides gynl1a®, anti-1a®, anti-1b%%, 253S-1c%, syn1d*, (9-1€*, (R)-1f*°, (9-1f%°) were
prepared from the corresponding secondary alkyl alcohols and are literature known.

2.4.2 Preparation of Chiral Allylic Phopshates

Preparation of the electrophile 68a:

(EtO)zP(O)O\/\r Me

Me
68a

Diethyl (3-methylbut-2-en-1-yl) phosphate 68a): A solution of 3methylbut2-enrl1-ol (1.72g,
20mmol, 1.0equv), DMAP (0.24g, 2.0mmol, 0.10equiv) and pyridine (1.86L, 22mmol,
1.1equiv) in dichloromethane (20rGL) was cooled to OC. After addition of diethyl chlorophosphate
(3.19mL, 22mmol, 1.1equiv), the solution was allowed to warm to rt and stifoed.5h. The reaction
mixture was extracted with diethyl ether{300mL) and purified byflash columrchromatography on
silica gel withi-hexane/ethyl acetateH1 to afford68a (2.53g, 11mmol, 57%yield) as a colorless oil.

'H-NMR (CDCl3, 400MHz): U [ppm] = 5.40 (tJ = 7.2 Hz, 1H), 4.54 (1) = 7.8 Hz,2H), 4.16 4.05

(m, 4H), 1.76 (s, 3H), 1.71 (s, 3H), 1.33)& 7.1 Hz, 6H).

13C{'H}-NMR (CDCl3, 100 MHz). G [ppm] = 139.5, 119.4, 64.2, 63.25.9, 18.2, 16.3.

IR (ATR): 0[cm?] =2982 (w), 2934 (w), 2912 (w), 1740 (vw), 1674 (vw), 1478 (vw), 1446 (w), 1386
(w), 1260 (m), 1206 (w), 1166 (w), 1122 (w), 1100.

Preparation of the electrophile 68c:

Oct-3-yn-2-ol: A dry and Argon flushedSchlenkilask was charged with hekyne (11.8mL,
100mmol, 1.0equiv) in THF (200mL) and cooled td 78 °C. n-BuLi (41.8mL, 2.63M in n-hexane,
110mmol, 1.1equiv) was added usy a syringe pump (rate: 100L/h ) and the solution was stirred for
2.5h. A solution of acetaldehyde (6.08., 110mmol, 1.1equiv) in THF (40mL) was added (rate:
120mL/h). The solution was gradually warmed to rt and stirred fdr. l&fter quenchingvith sat. ag.
NH4CI solution, the reaction mixture was extracted with diethyl ether (3 X200 The combined

organic phases were dried over MgS&hd the solvents were evaporated. The crude product was
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purified byflash columnchromatography on silica beith n-pentane/diethyl ether = 3/1 to afford -oct
3-yn-2-ol (11.8g, 93.7mmol, 94% yield) as a yellow oil.

IH-NMR (CDCl3, 400MHz): i [ppm] = 4.51 (qJ = 6.6 Hz, 1H), 2.202.12 (m, 2H), 1.541.44 (m,
2H), 1.43 (d,J= 6.5 Hz,3H), 1.43 1.32 (m,2H), 0.91 (t,J = 7.2 Hz,3H).
13C{H}-NMR (CDCl3, 100 MHz); ti [ppm] = 84.9, 82.3, 58.8, 30.9, 24.9, 22.1, 18.5, 13.7.

AK Amano Lipase

OH Vinylacetate OH ?AC
T . +
/ Me n-hexane / Me / Me
n-Bu 28°C,6h n-Bu n-Bu

(S)-Oct-3-yn-2-ol: A dry and Ar flushedchlenkilaskwas charged with molecular sieves (333 A)
andn-hexane (400nL). Oct3-yn-2-ol (6.66g, 52.8mmol, 1.0equiv) and AK Amano Lipase (3.38
0.5 w%) were added. Vinyl acetate (1816, 211 mmol, 4.0equiv) was added dropwise and the
reaction mixture was stirred for 6 h at ZBwhile monitored by chiral GC analysis. The reaction mixture
was filtered and the solvent was evaporated. The crude product was purifitastycolumn
chromatograpy on silica gel witm-pentane/diethyl ether 10/1 (ther3/1) to afford the corresponding
alcohol §-oct-3-yn-2-o0l (2.19¢g, 17.3mmol, 33% yield, >99% 8@ as a yellow oil and the corresponding
acetate R)-oct-3-yn-2-yl acetate (4.38, 25.7mmol, 49% yeld) as a pale yellow oil.he eeof (S-oct
3-yn-2-ol was determined by chiral GC analysis

GC (ChirasitDex CB), 100°C (const.);tr (min) = 29.3 R-enantiomer; minor), 30.45{enantiomer;
major). >99%ee(for chromatogram se&ppendiy.

(S)-Oct-3-yn-2-0l:

H-NMR (CDCl3, 400MHz): U [ppm] = 4.51 (gJ = 6.5 Hz, 1H), 2.282.15 (m, 2H), 1.541.44 (m,

2H), 1.42 (dJ = 6.5 Hz, 3H), 1.481.33 (m, 2H), 0.91 (t}= 7.2 Hz, 3H).

13C{'H}-NMR (CDCl3, 100 MHz). G [ppm] = 84.9, 82.3, 58.8, 30.9, 24.9, 22.1, 183.7.

IR (ATR): 0[cm?] = 3336 (w), 2978 (w), 2958 (m), 2932 (m), 2874 (m), 2248 (vw), 1456 (m), 1432
(w), 1408 (w), 1370 (m), 1330 (m), 1288 (w), 1252 (w), 1214 (vw), 1200 (vw), 1154 (s), 1106 (w), 1074
(vs), 1048 (m), 1008 (m), 986 (w), 968 (w), 998,(930 (w), 894 (m), 860 (w), 778 (w), 752 (w), 728
(w), 706 (m).

MS (El, 70eV): m/z (%):111 (45), 97 (100), 93 (32), 91 (64), 84 (13), 83 (11), 81 (18), 79 (61), 77
(41), 69 (65), 67 (39), 55 (24), 55 (11), 43 (13), 41 (10).

HRMS (El) for CgH140: calc.[M*i H]: 125.0972; found: 125.0961.
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(R)-Oct-3-yn-2-yl acetate:

IH-NMR (CDCls, 400MHz): i [ppm] = 5.44 (qJ = 6.6 Hz, 1H), 2.242.15 (m, 2H), 2.06 (s, 3H),
1.55 1.47 (m, 2H), 1.45 (d] = 6.7 Hz, 3H), 1.481.33 (m, 2H), 0.90 ()= 7.2 Hz, 3H).

13C{H}-NMR (CDCl3, 100 MHz). i [ppm] = 170.2, 85.7, 77.5, 61.0, 30.7, 22.1, 22.0, 21.3, 18.3, 13.

IR (ATR): 0[cm] = 2988 (vw), 2960 (), 2936 (), 2874 (), 1740 (s), 1454 (w), 1434 (w), 1370 (m),
1340 (w), 1310 (w), 1230 (vs), 1168 (m), 1110 (w), 1058 (m), 1046 (m), 1016 (m), 968 (w), 956 (w),
942 (m), 846 (w), 718 (vw).

MS (El, 70eV): m/z (%9: 126 (31), 125 (38), 111 (37), 97 (100), 93 (80), 91 (98), 84 (77), 83 (41), 79
(73), 77 (70), 69 (88), 67 (29), 55 (24).

HRMS (EI) for CioH1602: calc. [Mfi H]: 167.1078; found: 167.1066.

n-Bu OH

Me

(5,2)-Oct-3-en-2-ol: A dry and Agon flushedSchlenkflask was charged with§-oct-3-yn-2-ol

(2.26g, 10mmol, 1.00equiv) in methanol (1061L). Palladium on BaS©(35mg) and quinoline
(2.00mL, 8.5mmol, 0.85equiv) were added. The flask was flushed with hydrogen several times. After
stirring for 25 min under a hydrogen atmosphere, the reaction mixture was filtered and the solvent was
evaporated. The crude product was purified flagh columnchromatography on silica gel with
n-pentane/diethyl ether 4/1to afford §2)-oct-3-en2-ol (1.27g, 9.9mmol, 99%yield) as a coldess

oil. The ee of (S2)-oct-3-en-2-0l was determined by chiral HPLC analysis of the corresponding

pentafluorobenzoate.

HPLC (column: ODH; n-heptaneZ-propanol= 5999:1, 0.6nL/min): tr (min) = 8.5 R), 8.7 8.
>99% ee(for chromatogram se&ppendiX).

!H-NMR (CDCl 3, 400MHz): U [ppm] = 5.485.36 (m, 2H), 4.684.60 (m, 1H), 2.182.04 (m, 2H),
1.381.27 (m, 4H), 1.24 (d] = 6.3 Hz, 3H), 0.90 (1) = 7.2 Hz, 3H).

13C{'H}-NMR (CDCl3, 100 MHz). G [ppm] = 133.9, 131.664.0, 32.0, 27.4, 23.8, 22.4, 14.1.

n-Bu OP(O)(OEt),

X
Me

68c

(S,2)-Diethyl oct-3-en-2-yl phosphate 68c): According to literaturé?®a solution of §2)-oct-3-en-2-
ol (513mg, 4.0mmol, 1.0equiv), DMAP (49.0mg, 0.4mmol, 0.1lequiv) and pyridine (0.361L,
4.4mmol, 1.1equiv) in dichloromethane (5rL) was cooled to 0C. After the addition of diethyl

chlorophosphate (0.6#L, 4.4mmol, 1.1equiv), the solution was allowed to warm to rt andeirfor

125H. Ohmiya U. Yokaobori Y. Makida, M. SawamuralJ. Am.Chem. Soc201Q 132, 28952897.
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C. ExperimentaPart

19 h. The reaction mixture was quenched with water and extracted with diethyl ett5r8.) and
purified byflash columnchromatography on silica gel withpentane/diethyl ether 1/2 to afford68c
(820mg, 3.1mmol, 77%yield, 99%e¢€ as a coldess oil.

IH-NMR (CDCl3s, 400MHz): U [ppm] = 5.6G5.18 (m, 2H), 5.375.11 (m, 1H), 4.213.94 (m, 4H),
2.192.07 (m, 2H), 1.37 (d] = 6.3 Hz, 3H), 1.3771.25 (m, 10H), 0.89 (t] = 6.9 Hz, 3H).

13C{1H}-NMR (CDCl3, 100 MHz): & [ppm] = 132.8, 130.071.5, 63.6, 31.8, 27.5, 22.9, 22.5, 16.3,
14.1.

Synthesis of the electrophilé8d: 4

(0]
ij/

2-lodocyclohex2-en-1-one: According to literaturd®® PDC (2.82g, 7.5mmol, 0.3equiv) and 4
(6.359, 25mmol, 1.0equiv) were added in one portion to a solution of cyclehex-1-one (2.27mL,
25mmol, 1.0equiv) in dichloromethane (158L). The reaction mixture was covered in aluminioi
and stirred att overnight. The reaction mixture was filtered and the filtrate was washed-péhtane.
The organic phase was washed witia PICI, with sat. agNaHCGQ;, with sat. agq. N&5,0s; and with
brine. The combined organic phases were dried BMgSQ, and concentrated. The crude product was

purified by flash column chromatography on silica gel withentane/diethyl ether 7/3 to afford 2
iodo-cyclohex2-ent1-one (4.27g, 19mmol, 76%yield) as a slightly yellow solid.

IH-NMR (CDCls, 400MHz): U[ppm] = 7.77 (tJ = 4.4, 1H), 2.692.64 (m, 2H), 2.44 (td] = 6.0, 4.4,
2H), 2.132.05 (m, 2H).
13C{*H}-NMR (CDCls, 100 MHz). i [ppm] = 192.3, 159.5, 104.0, 37.4, 30.1, 23.00.

OH

®/I
(S)-2-lodocyclohex2-en-1-ol: A flame dried roundbottom flask was charged with a solution of
(R)-diphenylprolinol (244ng, 0.96mmol, 0.05equiv) and B(OMe)(0.01mL, 0.96mmol, 0.05equiv)
in THF (20mL). The mixture was stirred forfi atrt. BoraneN,N-diethylaniline (3.5ImL, 19.2mmaol,
1.00equiv) and Zdodocyclohex2-en-1-one (4.27y, 19.2mmol, 1.00equiv; dissolved in 2énL THF)
were added dropwise. The reaction mixture was stirred forafid then quenched with methanol
(20mL). The solvent was removed under reduced pressure and tiveedbiteude product was diluted

with diethyl ether. The organic phase was washed with 7% a.Q¥aol., 10% aq. KHS&sol. and

brine. The organic phase was dried oves3@ and concentrated under reduced pressure. The crude
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product was purified by flastolumn chromatography on silica gel witkpentane/diethyl ether 3:1
to afford ©§-2-iodo-cyclohex2-en-1-ol (2.83g, 12.7mmol, 66%yield, >99%e¢ as a white solid.

IH-NMR (CDCls, 400MHz): ti [ppm] = 6.50 (t,J = 3.8, 1H), 4.19 (tJ = 5.0, 1H), 2.182.05 (m, 2H),
1.97 2.03(m, 2H), 185 1.97(m, 1H), 1.821.62 (m, 2H).
13C{H}-NMR (CDCl3, 100 MHz); i [ppm] = 192.4, 159.6, 104.0, 37.4, 30.1, 23.0.

OP(O)(OEt),
X I
®/ 68d

(S)-Diethyl (2-iodocyclohex2-en-1-yl) phosphate 68d): N-methylimidazole (0.76nL, 9.6mmol,
2.4equiv) was added to a solution eid2locyclohex2-en1-ol (896mg, 4.0mmol, 1.0equiv) in diethyl
ether (7.50mL). The reaction mixture was cooled t© and diethyl chlorophosphate (1.4,
9.6 mmol, 2.4equiv) was added dropwise. The reaistmixture was allowed to warto rt within 2h
and then quenched with brine. The reaction mixture was extracted with aigthyl(3x 10 mL). The
combined organic phases were dried ovesS@a and concentratesh vacua The crude product was
purified by flash column chromatography on AlOx (grade Ill) witpentane/diethykther=1/1 to
afford 68d (976 mg, 2.7mmol, 67%yield, >99%eg as a colorless oillhe eeof 68d was determined
by chiral HPLC analysis.

HPLC (column: OJdH; n-heptan&Z-propanol= 99:1, 0.6mL/min): tr (min) = 21.7 R), 26.4 §.
>99%ee(for chromatogram se&ppendix).

IH-NMR (CDCl3, 400MHz): U [ppm] = 6.66 6.61 (m, 1H), 4.904.84 (m, 1H), 4.284.17 (m, 2H),
4.18 4.09 (m, 2H), 2.241.92 (m, 4H), 1.861.64 (m,2H), 1.47i 1.30(m, 6H).

13C{*H}-NMR (CDCl3, 100 MHz): U [ppm] = 144.1, 95.4, 78.3, 64.4, 64.0, 31.3, 29.4, 16.6, 16.3.

Synthesis of theelectrophile 68e:%4

(0]
r
2-lodocyclopent-2-en-1-one: PDC (2.25g, 6.0mmol, 0.3equiv) and 4 (5.06g, 20mmol, 1.0equiv)
were added to a solution of cyclopgéhén-1-one (1.643, 20mmol, 1.0equiv) in dichloromethane
(120mL). The reaction mixture was covered in aluminimh and stirred &rt for 12h. The reaction
mixture was filtered and washed wittpentane. The organic phase was washed wtHHZI, with sat.

ag. NaHCG;, with sat. ag. N&2Q; and with brine. The organic phase was dried over Mgd@

concentratedn vacuo The crude pduct was purified by flash column chromatography on silica gel
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with n-pentane/diethyl ether 7/3 to afford 2iodocyclopeni2-en1-one (3.153y, 15mmol, 76%yield)

as colorless oll.

IH-NMR (CDCl3, 400MHz): Ui [ppm] = 8.02 (tJ = 2.9, 1H), 2.78 (ddd] = 7.4, 2.9, 2.0, 2H), 2.53
2.50 (m, 2H).
13C{H}-NMR (CDCls, 100 MHz); ti [ppm] = 204.1, 169.6, 103.1, 31.2, 1.2.

OH

@/|
(S)-2-iodocyclopent2-en-1-ol: A flame dried rounéottom flask was charged with a solution of
(R)-diphenylpolinol (207mg, 0.82mmol, 0.05equiv) and B(OMe)(0.01mL, 0.82mmol, 0.05%equiv)
in THF (16.4mL). The mixture was stirred forLatrt. Borane\,N-diethylaniline (2.99nL, 16.4mmol,
1.00equiv) was added and theridtlo-3-methylcypent2-en-1-one (3.2 g, 16.4mmol, 1.00equiv;
dissolved in 16nL THF) was added dropwise. The reaction mixture was stirred Foaidd then
guenched with methanol. The solvent was removed under reduced pressure and the obtained crude
product was diluted in diethyl ether. §lorganic phase was washed with 7% agC@asol., 10% aqg.
KHSO, sol. and brine. The organic layer was dried ovesSa and concentrated under reduced
pressure. The crude product was purified by flash column chromatography on silica gel with
n-pentane/dithyl ether (3:1) to affordS-2-iodo-3-methylcyclopen2-en1-ol (2.35¢g, 11.2mmol,
>99%e6 as a white solidThe ee of (9-2-iodocyclopemi2-en1-ol was determined by chiral HPLC

analysis.

HPLC (column: OBH; n-heptaneZ-propanol= 90:10, 0.6nL/min): tr (min) = 13.8 R), 17.8 §.
>99%ee(for chromatogram se&ppendiX).

'H-NMR (CDCl3, 400MHz): U [ppm] =6.29 (td,J = 2.5, 1.0, 1H)4.811 4.59 (m, 1H) 2.55 2.44 (m,
1H), 2.38 2.26 (m, 2H), 1.9111.81 (m, 2H)

13C{*H}-NMR (CDCl3, 100MHz): U[ppm] = 1428, 100.4, 82.4, 32.9, 31.6.

OP(O)(OE),

|
@/ 68e

(S)-Diethyl (2-iodocyclopent2-en-1-yl) phosphate 68e): N-methylimidazole (0.4™L, 6.0mmol,
2.4equiv) was added to a solution ofidtlogyclopent2-en-1-ol (525mg, 2.5mmol, 1.0equiv) in
diethyl ether (5.0nL). The reaction mixture was cooled t6@ and diethyl chlorophosphate (0.81,
6.0mmol, 2.4equiv) was added dropwise. The reaction mixture was warmed to rt withan@ then
guenched with brine. The reaction mixture was extracted with diethyl ethet@3nL). The combined

organic phases were dried over,8@ and concentrateith vacuo.The crude product was purified by
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flash column chromatography on AlOx (grade lll) wittpentine/diethyl ether (1/1) to affor@8e
(787mg, 2.3mmol, 91%yield, 99%e8@ as a colorless oil.

IH-NMR (CDCls, 400MHz): ti [ppm] = 6.44 (dg,) = 2.5, 1.7, 1.3, 1H), 5.35.25 (m, 1H), 4.264.17
(m, 2H), 4.164.10 (m, 2H), 2.602.49 (m, 1H), 2.482.18 (m, 2H), 2.1i71.90 (m, 1H), 1.36 (dtd] =
9.4,7.1, 1.1, 6H), 1.20 @,= 7.0, 2H).

13C{H}-NMR (CDCl3, 100 MHz); ti [ppm] = 146.2, 93.6, 88.0, 64.3, 64.0, 33.1, 31.0, 16.3
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2.5 Optimization Reactions

Table 11: Optimization Reactions: Variation of the leaving group.

) . Me
Ve 0s e Ny
/\/’Yl\e (inverse addition) THE ZnCl, 68 Me
uBr - . -50° 30°C, —10°C, X
o 2 C(Z?O eqFl’J(i?)Et) solvesn(: stvitch 10 min 11(; hC Ph/\/M‘?ie\
—-100 °C, 1 min
Entry X = Yield®  Sy2 ®roducl! Sv2-Produch!
1 OAc 0% - -
2 Br 65% 70 30
4 OCOGFs 9% 90 10
5  OPO)OEf  70% 90 10

[a] determined by capillary GC with undecane as internal standard.

Table 12 Optimization Reactions/ariation of the lewis acid additives

1) t-BuLi (2.5 equiv)
-100 °C, 10 s

Me (inverse addition) THE Lowis Acd 68a Me
N Cupr POED, 00 e oo PR
—100 °C, 1 min

Entry Lewis acid Yield®  Sy2 #®roducll  Sy2-Produch!
1 Znl,P! 28% 74 26
2 Zn(OPiv} solid 45% 80 20
3 Zn(OPiv)-2LiCl®! 68% 90 10
3 ZnCl! 70% 90 10
4 no additive 65% 8 92
5 LaCls 61% 15 85
6 BF:-E,O 48% 5 95

[a] determined by capillar§sC with undecane as internal standdiodl 1 m

solution in THF.
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Table 13 Optimization Reactions/ariation of the solvent

1) t-BuLi (2.5 equiv)

-100°C, 10s
Me (inverseaddiion) 2ncl, 68a Me
LAF OB POE e Cn om0 P“m
—100 °C, 1 min
Entry Solvent Yield® Sv2 ®roducll  Sy2-Producl!
1 Hexanediethyl ether = & 15% 66 34
2 toluené” 57% a0 10
3 THF/NMP = 24" 63% 89 11
4 THFP! 70% 90 10

[a] determined by capillary GC with undecane as internal standard. [b] solvent sw

150 °C.

Table 14: Optimization Reactions/ariation of the temperature

1) t-BuLi (2.5 equiv)
-100°C, 10's

/\/'Yl\e (inverse addition) THF ZnCl, 68a Me
uBr - s _50° T, _10°c, Ph X
o ' 2 C(2.BO eun(i?)Et) solvei?si/itch 10 min 11% hC m
-100 °C, 1 min
Entry Temperature, time Yield®  S\2 #®roduck! Sv2-Produch
150°C, 10min 57% 85 15
2 7140°C, 10min 48% 84 16
3 130°C, 10min 70% 90 10
4 120°C, 10min 61% 89 11
5 i50°C, 10min; add68a 29% 67 33
theni50°C, 12h

6 i 30°C 10min, add68a 51% 88 12

theni30°C. 12h

[a] determined by capillary GC with undecane as internabstal. [b] solvent switch at
750 °C.
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Table 15: Optimization Reaction€quivalents

1) t-BuLi (2.5 equiv)
Me (in;legeogésgiin) T (ngc?tlﬁv) o8 Me
PN o rerr e e e 0N
—-100 °C, 1 min
Entry X equiv CuBr Y equiv ZnCh Yield® SN2 &2

1.2 1.2 72% 82:18
2 1.2 15 73% 91:9
3 15 1.1 67% 80:20
4 15 15 71% 93:7
5 15 1.7 76% 91:9
6 15 2.0 75% 91:9
7 15 3.0 46% 87:13
8 1.7 1.7 70% 88:12
9 2.0 1.1 80% 75:25
10 2.0 15 76% 87:13
11 2.0 2.0 70% 90:10
12 2.0 4.0 8% 40:60

[a] determined by capillary GC with undecane as internal atand

Table 16: Optimization of the reaction conditions

Entry Temperature Yield® Sv2 &2 dr @
130°C. 1h 66% 90:10 92:8

2 120°C. 1h 73% 87:13 92:8
3 110°C. 1h 73% 86:14 89:11
4 0°C. 1h 65% 83:17 88:12
5 110°C, 10h 62% 78:22 81:19
6 rt, 10h 69% 78:22 82:18

[a] determined by capillary GC with undecane as internal standard.

75


































































































































































































































































































































































