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Summary

The use of catalysts able to engage in hydrogen bonding interactions with a given
reagent opens up as a useful strategy in the area of organocatalysis. Chiral BINOL-based
phosphoric acids and derivatives have demonstrated their proficiency as versatile
catalysts for a wide range of synthetic transformations. In this context, our group has
started to use those strong Brgnsted acids to catalyze different organocatalytic reactions.

The present manuscript compiles the study and development of diverse
enantioselective organocatalytic reactions. In this context, investigations were directed
to the use of allenamides as oxyallyl cation precursors in the (4+3) cycloaddition with a
wide range of electron-rich dienes, catalyzed by BINOL-based chiral Brgnsted acids.
Under the optimal conditions a complete regioselective reaction furnishes 8-
oxabicyclo[3.2.1]octane scaffold with four new stereogenic centers in high yields and
excellent stereoselectivities.

Additionally, as a part of a short stay in the laboratories of Prof. Andrei V.
Malkov in Loughborough University and a later collaboration between both research
groups, the optimization of the kinetic resolution of racemic secondary allyl boronates
has been studied with the aim to use these enantiopure allyl boronates in the allylation
reaction of primary imines via chirality transfer. This leads to the formation of chiral
homoallylic primary amines which are very interesting chiral building blocks.






Resumen

El uso de catalizadores capaces de involucrarse en interacciones mediante enlaces
de hidrégeno con un determinado reactivo abre una nueva y Util estrategia en el area de
la organocatélisis. Los acidos fosforicos quirales derivados de BINOL han demostrado
su gran capacidad versatil en un gran numero de transformaciones sintéticas. En este
contexto, nuestro grupo se ha iniciado en la utilizacion de este tipo de &cidos de
Bransted fuertes para catalizar diferentes reacciones organocataliticas.

El presente manucrito compila el estudio y desarrollo de diversas reacciones
organocataliticas enantioselectivas. En este contexto, las investigaciones fueron
dirigidas al uso de alenamidas como precursores de cationes oxaalilicos en la
cicloadicion (4+3) con una gran variedad de dienos ricos en electrones catalizado por
acidos de Brensted quirales derivados del BINOL. Bajo las condiciones éptimas se
consigue una reaccién completamente regioselectiva para dar estructuras tipo 8-
oxabiciclo[3.2.1]octano con cuatro nuevos centros estereogénicos con altos
rendimientos y excelentes estereoselectividades.

Adicionalmente, como parte de una estancia breve en los laboratorios del Prof.
Andrei V. Malkov en la Universidad de Loughborough y una posterior colaboracion
entre ambos grupos de investigacion, se estudio la optimizacion de la resolucion cinética
de alilboronatos secundarios racémicos con el fin de utilizar los alilboronatos
enantiopuros en la reaccion de alilacion con iminas mediante transferencia de quiralidad

para obtener aminas primarias homoalilicas quirales como estructuras interesantes.






Laburpena

Hidrogeno-loturen bidez nahasteko gai diren katalizatzaileak erreaktibo jakin
batekin estrategia berri eta baliagarri bati hasiera eman diote organotakalisi arloan.
Transformazio sintetiko askotarako eraginkor eta erabilera anitzeko katalizatzaileak
direla egiaztatu dute azido fosforiko kiralak. Testuinguru honetan, gure taldea Brgnsted
azido gogor hauekin hasi da lanean erreakzio organokatalitiko ezberdinak katalizatu ahal
izateko.

Eskuidatzi honek erreakzio enantioselektibo organokatalitiko ezberdinen ikasketa
eta garapena biltzen ditu. Testuinguru honetan, alenamiden erabilerara bideratu zen
ikerketa katioi oxalilikoen aurrendari bezala lan dezakete elektroi aberatsak diren dieno
ugariekin BINOL deribatuen Brgnsted azido kiralengandik Kkatalizatuta den (4+3)
zikloadizio erreakzioa. Erreakzioa guztiz erregioselektiboki funtzionatzen du lau zentru
estereogeniko berri dituzten 8-oxabiziklo[3.2.1]oktano estrukturak etekin altuekin eta
estereoselektibitate bikainekin lortzeko.

Bestela ere, egonaldi motz baten emaitzaz Prof. Andrei V. Malkoven laborategian
Loughborough Unibertsitatean eta ikerketa talde bien artean ondorengo kolaborazio
baten emaitzaz, alilboronato sekundario razemikoen erresoluzio zinetiko baten
optimizazioan lan egin zen. Geroago, alilboronato enantiopuruak eta iminak alilazio
erreakzioan erabili ziren kiralitate-transferentziaren bidez interesgarriak diren amina
primario homoaliliko kiralak lortu ahal izateko.
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Introduction 3

1. ASYMMETRIC ORGANOCATALYSIS

Asymmetric catalysis is one of the most importard efficient methodologies in organic
synthesis for the preparation of chiral compounmda stereoselective manner. Control over the
stereochemical outcome of organic reactions hag lmen recognized by multiple sectors of
synthetic chemistry and proof of this is the NoBeize to Knowles, Sharpless and Noyori in

2001 for their work on the use of chiral catalystshighly enantioselective transformations.

Organocatalysis is one of the three general suisfighat, along with enzymatfcand
metal-catalysi$, comprises the whole area of asymmetric catalysis based on the use of
substoichiometric amounts of small organic molestiat do not contain any metal atom in their
active site to catalyze a wide range of organiadfarmations. Although asymmetric catalysis
has been governed by bio- and metal-catalysisnoagalysid has gathered importance as it is

indicated by the large number of publications dyitine last two decadés.

Although the first examples that illustrate the ligbiof small organic molecules to
catalyze an enantioselective organic reaction weperted several decades ago with the works
of Marckwald (1904§, Bredig and Fiske (1912)and Pracejus (1960),the area of

enantioselective organocatalysis has became a foaus of research only recently. In fact,

1 Enzymatic catalysis: (afnzyme Catalysis in Organic ChemistBf ed.; .Drauz, K., Gréger, H., May, O., Eds.;
Wiley-VCH: Weinheim, 2012. (b) Tao, J.; Zhao, LaiR N.Org. Process. Res. De2007, 11, 259. (c) Benkovic, S.
J.; Hammes-Schiffer, Science2003 301, 1196. (d) Bruice, T. CAcc. Chem. Re2002 35, 139.

2 Metal-catalysis: (aMetal Catalyzed Reactions in Wat&ixneuf, P. H., Cadierno, V., Eds.; Wiley-VCH: Wheim,
2013. (b)Homogeneus Catalysis with Metal Complexeamkin, O. N., Ed.; Springer: Berlin, 2012. {&ansition
Metals for Organic Synthesi€™ ed.; Beller, M., Bolm, C., Eds.; Wiley-VCH: Weinhej 2004. (d)Catalytic
Asymmetric Synthesig" ed.; Ojima, 1., Ed.; Wiley-VCH: New York, 2000.

3 For the first-time introduction of the term “orga catalysis” see(a) Langebeck, WAngew. Chenil928 41, 740.
(b) Langebeck, WAngew. Chem1932 45, 97. (c)Die Organiche Katalysatoren und ihre Beziehungerden
FermentenLangebeck, W., Ed.; Springer-Verlag: Berlin, 1949

4 General reviews in organocatalysis: (a) Donslihds.; Johansen, T. K.; Poulsen, P. H.; HalskavS K Jgrgensen,
K. A. Angew. Chem. Int. EQ015 54, 13860. (b) Akiyama, T.; Mori, KChem. Rev2015 115 9277. (c) Flanigan,
D. M.; Romanov-Michailidis, F.; White, N. A.; Rovi§. Chem. Rev2015 115, 9307. (d) Marson, C. MChem. Rev.
2012 41, 7712. (e) Jacobsen, E. N.; MacMillan, D. W. R&oc. Natl. Acad. SciUSA 201Q 107, 20618. (f)
Asymmetric Organocatalysis:From Biomimetic Concept\pplications in Asymmetric SynthedBerkessel, A.,
Groger, H., MacMillan, D. W. C., Eds.; Wiley-VCH: &hheim, 2005. (h) MacMillan, D. W. Qlaturg 2008 455,
304. (i) Yang, J. W.; List, BScience2006 313 1584. (j)Stereoselective Organocatalysis. Bond Formation and
Activation ModesRios Torres, R., Ed.; Wiley-VCH: Weinheim, 20XR) Asymmetric Organocatalysis in Natural
Product Synthesediaser, M., Ed.; Springer: Heidelberg, 2012. @fganocatalytic Enantioselective Conjugate
Addition Reactions: A Powerful Tool for the Stermucolled Synthesis of Complex Molecul€gario, J. L., Badia,
D., Carrillo, L., Reyes, E., Eds.; RSC Publishi@gmbridge, 2010.

5 Marckwald, W.Ber. Dtsch. Chem. Ge$904 37, 349.

6 (a) Bredig, G.; Fiske, P. 8iochem. 21913 46, 7. (b) Bredig, G.; Fiske, P. Shem- Ztg1912 35, 324.

7 Pracejus, HJustus Liebigs Ann. Chet96Q 634, 9.
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between 1968 and 1997, there were only a few repsitbwing the use of small organic
molecules as catalysts for asymmetric reactionsbaisly being the most famous the Hajos-
Parrish-Eder-Sauer-Wiechert reacfidhat was established in the context of the intiecwar

aldol reaction catalyzed by L-proline, that was duse the preparation of chiral precursors

required for the synthesis of steroids (see Schedje

{P~con
(0] o) (6]

H
(3 mol%)
DMF, rt o
(e} OH

99%
93% ee

Scheme 1.1

In these early publications there was not a stremghasis on the potential benefits of
using these small organic molecules as catalystt ware focused only on individual
transformations. This situation began to changé wifportant contributions to this field such as
the enantioselective epoxidation of simple alkersdalyzed by enantioenriched ketones realized
by Shi and Yand,and by the first examples of hydrogen-bonding lgais in the asymmetric
Strecker reaction by Jacobsen and Corey betweed 489 1999° However, it was not until
2000 when chemists realized that the use of organiecules as chiral catalysts could become a
whole field of research within the area of asymimetynthesis that occurred with the publication
of the key seminal examples by List, Lerner andbBarlif* on the L-proline catalyzed aldol
reaction and by Ahrendt, Borths and MacMiffaon the imidazolidinone-catalyzed Diels-Alder

reaction®®

8 (a) Hajos, Z. G.; Parrish, D. R. Org. Chem1974 39, 1615. (b) Hajos, Z. G.; Parrish, D. Rerman PatenDE
2102623, 1971. (c) Eder, U.; Sauer, G.; WiecherAiyew. Chem. Int. EA971, 10, 496. (d) Eder, U.; Sauer, G.;
Wiechert, RGerman PatenDE 2014757, 1971.

9 (@) Tu, Y.; Wang, Z.; Shi, YJ. Am. Chem. Sot996 118 9806. (b) Yang, D.; Yip, Y.-C.; Tang, M.-W.; Wonlgl.-
K.; Zheng, J.-H.; Cheung, K.-K.. Am. Chem. Sott996 118 491.

10 (a) Sigman, M.; Jacobsen, E. N.Am. Chem. So0&998 120, 4901. (b) Corey, E. J.; Grogan, MQ¥xg. Lett.1999
1, 157.

11 |st, B.: Lerner, R. A.; Barbas Ill, C. B. Am. Chem. So200Q 122, 2395.
12 Aprendt, K. A.; Borths, C. J.; MacMillan, D. W. @. Am. Chem. So200Q 122, 4243.
13 MacMillan, D. W. C.Nature2008 455, 304.
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The contribution of List, Lerner and Barbas Il wagnificant because they reported the
first enantioselective intermolecular aldol reastizetween acetone and a variety of aldehydes
catalyzed by L-proline supporting that the mechanisf Hajos-Parrish reaction could be
extended to other transformations with higher aapibns. Mechanistic studies demonstrated
that enamine intermediates were present as nudlesph the reaction (see Scheme 1.2). At the
same year, MacMillan introduced the iminium actisatconcept in the first enantioselective
organocatalytic Diels-Alder reaction catalyzed bghiral imidazolidinone salt. He reported that
the imidazolidinone catalyst would activatgp-unsaturated carbonyl compounds through
condensation furnishing the corresponding iminiem, iwhich consequently lowered the energy
of its LUMO, becoming activated as dienophile tosgrthe Diels-Alder cycloaddition with

electron-rich dienes (see Scheme 1.2).

-

N

Q‘COzH N)<
H 0 Ph H-Hcl
CH
Q Q (30 mol%) o OH N ! (5-20 mol%) 1 ~CHO
A+ H)LR R T R
DMSO, 1t " MeOH/H,0, rt R2
54-97% 72-90%, 83-96% ee
60-96% ee exo/endo: 35:1 to 1:5
Scheme 1.2

After these seminal works, the field has experidnee impressive growth with the
emergence of new activation mechanisms and theplicapion to multiple organic
transformations. The number of publications on tbpic has impressively increased and
organocatalysis is nowadays commonly viewed agtting pillar of asymmetric catalysis, with
the other two being biocatalysis and metal catalySther important contributions to this field
also took place between the last decades of tHe@tury and the first one of the21n which
other activation manifolds were also reported sashphase-transfer cataly$fsH-bonding

catalysist® NHC' and the use of chiral Brgnsted acids to catalggenanetric transformations.

14 (a) Dolling, U.-H.; Davis, P.; Grabowski, E. JJJAm. Chem. So&984 106, 446. (b) Hughes, D. L.; Dolling, U.-

H.; Ryan, K. M.; Schoenewaldt, E. F.; Grabowski,JEJ.J. Org. Chem1987 52, 4745.

(a) Sigman, M. S.; Jacobsen, E. MAm. Chem. So&998 120, 4901. (b) Tanaka, K.; Mori, A.; Inoue, &.0Org.
Chem.199Q 55, 181. (c) Sigman, M. S.; Jacobsen, E. MAm. Chem. S0d998 120 4901. (d) Hiemstra, H.;
Wynberg, HJ. Am. Chem. So&981, 103 417.

Selected reviews on NHC: (a) Flanigan, D. M.; Raov-Michailidis, F.; White, N. A.; Rovis, Them. Re\2015
115, 9307. (b) Dwivedi, S.; Gupta, S.; DasCaurr. Organocatal2014 1, 13. (c) Bugaut, X.; Glorius, FGChem.

15

16
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The most important progress for the success ofnmggtalysis has been the classification
of the generic modes of catalyst activation, inguctnd reactivity. These models can be further
used as templates in new synthetic transformatituesto their simplicity and broad scope of
application. Moreover, this has lead to the develept of new catalysts that are useful in a wide

range of asymmetric reactions.

There are two main ways to classify organocatalydepending on the interaction
between substrate and catalyst in the transiti@ie s(namedcovalent and non-covalent

catalysis)?C or according to their acid/base reactivity (seguFé 1.1).

Covalent catalysisepresents those reactions in which the catabatisate the substrate
forming a covalent bond. This method of activatiomplies that reversible chemical reactions
have to be available for the attaching and detachirthe catalyst to the substrate/final product
in order to allow activation and catalyst turnov@hiral amines or aminocatalysts belong to this
group participating in many reactions by the forgmtof azomethine compound (enamine,
iminium ion or iminium-radical cation, also knowrs &8OMO catalysis)® N-heterocyclic
carben&® or those involving the formation of ylides and phbinium salt§ are other important
catalysts. On the other hanthn-covalent catalysiss based on weaker interactions between the
catalyst and the substrate. One of the most impbatetivation mechanism is that involving the
formation of catalyst-substrate complexes by threnfion of hydrogen bond8.The formation
of chiral ion pair§' and the use of tertiary amines as chiral Brgnbisk catalyst$ are also

other important methodologies included in this grou

Soc. Rev2012 41, 3511. (d) Enders, D.; Henseler,@hem. Rev2007, 107, 5606. () Marion, N.; Diez-Gonzélez,
S.; Nolan, S. PAngew. Chem. Int. EQ007, 46, 2988. (f) Enders, D.; Balensiefer,Acc. Chem. Re2004 37, 534.

17 (a) Rueping, M.; Parmar, D.; Sugiono, ASymmetric Brgnsted Acid Catalyswiley-VCH: Weinheim, 2016. (b)
Akiyama, T. Hydrogen-Bond Catalysis or BrgnstedeACiatalysis? General ConsiderationsHydrogen Bonding
in Organic Synthesj$ihko, P. M., Ed.; Wiley-VCH: Weinheim, 2009.

18 For reviews in aminocatalysis: (a) Nielsen, MoMull, D.; Zweifel, T.; Gschwend, B.; Bertelsen; $rgensen, K.
A. Chem. Commun201], 47, 632. (b) Bertelsen, S.@gthensen, K. A.Chem. Soc. Rex2009 38, 2178. (c)
Melchiorre, P.; Marigo, M.; Carlone, A.; Bartoli,. @ngew. Chem. Int. E®R008 47, 6138. (d) List, B.Chem.
Commun2006 819.

19 selected reviews on chiral phosphine catalyaisXiao, Y.; Sun, Z.; Kwon, OBeilstein, J. Org. Chen2014 10,
2089. (b) Wei, Y.; Shi, MChem. Asian 2014 10, 2720. (c) Xu, L.-WChemCatCherg013 5, 2775. (d) Wei, Y.;
Shi, M. Acc. Chem. Re201Q 43, 1005.

20 (a)Hydrogen Bonding in Organic Synthedfhko, P. M., Ed.; Wiley-VCH: Weinheim, 2009. (b)\YM.; Wang, W.
Chem. Asian J2008 3, 516. (c) Doyle, A. G.; Jacobsen, E. Ghem. Rev2007, 107, 5713. (d) Taylor, M. S.;
Jacobsen, E. MAngew. Chem. Int. EQ006 45, 1520. (e) Schreiner, P. Rhem. Soc. Re2003 32, 289.

21 (a) Brak, K.; Jacobsen, E. Angew. Chem. Int. EQ013 52, 534. (b) Kaneko, S.; Kumatabara, Y.; Shirakawa, S
Org. Biomol. Chem2016 14, 5367. (c)Shirakawa, S.; Maruoka, Kkngew. Chem. Int. EQ013 52, 4312. (dJew,
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A) Covalent catalysis

Aminocatalysis: enamine, iminium,
SOMO

B) Non-covalent catalysis

Hydrogen bond catalysis
CF3

2
FsC N)LN"\Q

H

COzH

Bn'

N-Heterocyclic carbene catalysis

es L )=N
75 LK

N~ar

Others: tertiary amines, phosphines,
ylides...

Figure 1.1

Another way to categorize organocatalysts is adngrtb their acid/base reactivify.In
this sense, organocatalysts can be classified agslacids, Lewis bases, Brgnsted bases and
Brgnsted acids. Although Lewis acid catalysts amrmonly associated to metal catalysis, these
are also organic catalysts used to activate eleltiles under this type of acid/base interactiins.
Electrostatic coordination of the metal-free Leatsd through Coulomb and dispersion forces to
a lone pair of electrons results in the withdrawfatlectron density and thereby in the activation
of the electrophile toward nucleophilic atte€kThe most important ones are phase-transfer

catalysts (PTC) in which tipically chiral cationreicted catalysts, such as quaternary ammonium

S.; Park, HChem. Commur2009 7090. (e)Asymmetric Phase Transfer Catalydi#aruoka, K., Ed.; Wiley-VCH:
Weinheim, 2008. (f) Ooi, T.; Maruoka, Kingew. Chem. Int. EQ007, 46, 4222. (g) Hashimoto, T.; Maruoka, K.
Chem. Re\2007, 107, 5656. For ACDC: (h) Mahlau, M.; List, B\ngew. Chem. Int. E@013 52, 518.

22 palomo, C.; Oiarbide, M.; Lopez, Rhem. Soc. Re2009 38, 632.

23 geayad, J.; List, BOrg. Biomol. Chen2005 3, 719.

24 For reviews on Lewis acid organocatalysis: (ayaa, K.; Ooi, TChem. Rev2003 103 3013. (b) O'Donnell, M.
J.Acc. Chem. Re2004 37, 506. (c), Shi, YChem Re2004 37, 488. (d) Yang, DAcc. Chem. Re2004 37, 497.
(e) Ooi, T.; Maruoka, KAngew. Chem. Int. EQ007, 46, 4222. (f) Sereda, O.; Tabassum, S.; WilhelmT&pics
Current Chem2009 291, 86. (g) Wang, X.; Lan, Q.; Shirakawa, S.; MarudkaChem. Commur201Q 46, 321.

25 Cooperative Catalysis: Designing Efficient Catatykir Synthesjdeters, R. Ed.; Wiley-VCH: Weinheim, 2015.



8 Chapter 1

or phosphonium salts, have been used in reactibmeka two substances located in different
immiscible phases where a hydrophobic conterioniseste transport phenomenth.
Analogously, Lewis base catalysts can be use toaraeh the nucleophilicity or the
electrophilicity of a reagent. These activate thissratevia nucleophilic addition which
undergoes a reaction and then releases the pradddhe catalyst for further turnover. Different
modes of activation depend on the selected Lews® lmnverting the substrates either into
activated nucleophiles (e.g. enamine catalysisglectrophiles (e.g. iminium catalysi$) The
crucial effect of Lewis acids and Lewis bases om bactivity is associated with changes in
frontier orbital energies of the reaction composemtd consists of a lowering of the energy of
the LUMO of the electrophile and an increase of ¢nergy of the HOMO of a nucleophile,
respectively. On the other hand, Brgnsted basemtpt¢hrough a partial deprotonation of a
pronucleophile substrate providing new species vwiitiproved nucleophilicity due to the
formation of an ion-pair that maintains the chiemlvironment during the reactiéh.Finally,
Brgnsted acid activation takes place through tledopation of the substrate gia H-bonding
interactions for the activation of the electropfileThe weak nature of these interactions is

capable to decrease the electronic density oflétrephile favouring the nucleophilic attack.

In the following section methodologies involving édisted acid activation will be

presented due to their direct relationship withrémearch presented in this manuscpript.

26 (a) Kaneko, S.; Kumatabara, Y.; ShirakawaQ®&). Biomol. Chem2016 14, 5367. (b) Shirakawa, S.; Maruoka, K.
Angew. Chem. Int. E@013 52, 4312. (c) Jew, S.; Park, Bhem. Commur2009 7090.

27 Akiyama, T.; Itoh, J.; Fuchibe, dv. Synth. CataR00§ 348 999.
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2. BRZNSTED ACID CATALYSIS: BINOL-DERIVED CHIRAL BR@NS TED
CATALYSTS

As mentioned, Brgnsted acids interact with the satess (a Lewis base) releasing
electronic density and favouring the activation aoss nucleophilic attack. These have
demonstrated that are highly efficient and versatitatalysts for relevant synthetic
transformation$® Brgnsted acids are classified into two categoriesik Bransted acids, such as
ureas?® thiourea?’ and diol derivatived® which are also called H-bonding catalysts; andhen
other hand, stronger Brgnsted acids, such as pbosphcids, sulfonic acids and related

derivatives.

The use of catalysts incorporating multiple hydrogmnd donors opens up as a useful
strategy resulting in an increase of enthalpic inigdaffinities between the catalyst and the
substrate which provide better organization inttla@sition states and as a consequence, better
stereoselectivities. Thioureas have emerged asobrtbe most efficient classes of catalysts
working under H-bonding activation, with a superadility than ureas due to the higher N-H

acidity and lower tendency to self aggregation.

The first example of chiral Brgnsted acid catalysiads reported by Jacobsen in the
enantioselective Strecker reaction catalyzed by haalc thiourea and represented a real
breakthrough in the field, demonstrating the enarsngower of H-bonding activaticf.
Computational studies showed that the thiourealysitavas able to interact with the imine
electrophile by formation of a double H-bonded raty which resulted in a rigid transition state
that in the presence of bulky substituents at lfothamino acid position and the 3-position of the
salicylimine moiety accounted for the high enardlestivity observed (see Scheme 1.3). This
seminal work indicated that a chiral Brgnsted aeihbles discrimination between the

enantiotopic faces of an imine substrat& hydrogen bonds, opening a new way in

28 parmar, D.; Sugiono, E.; Raja, S.; RuepingQiem. Rev2014 114, 9047.
29 Wenzel, A. G.; Lalonde, M. P.; Jacobsen, ESjnlett2003 12, 1919.

30 For reviews on chiral thiourea catalysts: (a) drakto, Y.Org. Biomol. Chem2005 3, 4299. (b) Connon, S. J.
Chem. Eur. J2006 12, 5418.

31 seebach, D.; Beck, A. K.; Heckel, Angew. Chem. Int. EQ001, 40, 92.

32 (a) Sigman, M. S.; Jacobsen, E.INAm. Chem. So&998 120, 4901. (b) Sigman, M. S.; Vachal, P.; Jacobsen, E.
N. Angew. Chem. Int. E@Q00Q 39, 1279. (c) Vachal, P.; Jacobsen, EJNAmM. Chem. So2002 124, 10012.
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enatioselective catalysis without the use of chinatal catalysts. Later in 2003 Schreiner used

thioureas as catalysts for diastereoselective Bitder reactions>

g
\/NI)(\H)LH\Q

N

(2 mol%) HO]%)\
Bu OCOBu le]
NN 1) toluene, -78 °C, 24h QN>
‘ +  HCN FsC /"'l\
R” H 2) TFAA R™ CN
65-99%
77-97 ee%
Scheme 1.3

Rawal reported the use of TADDOL as chiral Brgnstacid catalyst on the
enantioselective hetero-Diels-Alder reactiértle showed that a simple chiral diol uses H-
bonding to catalyze an important family of [4+2kctyaddition reactions between aminosilyloxy
dienes and different aldehydes. Diols functionthansame way as Lewis acids, by activating the
carbonyl group through hydrogen bonding. After timeent with acetyl chloride to remove the
TBS group and the dimethylamino groups, dihydropgo were obtained in excellent

enantioselectivities and yields (see Scheme 1.4).

Ar_ Ar

o
e
TBSO AF Ar TBSO R )(1 o R
\i\ N )‘O (20 mol%) \@’ o @z
R toluene CH_Cly/toluene 0

AN N -78°C

52-97%
86-98 ee%

Scheme 1.4

The use of BINOL as chiral Brgnsted acids in thantioselective asymmetric Morita-
Baylis-Hillman reaction between cyclohexenone andelaydes has been demonstrated by
Schaus® The catalyst serves to promote the conjugate iaddittep of the reaction, and then

remain hydrogen-bonded to the resulting enolatthénenanioselectivity-determining aldehyde

33 (a) Schreiner, P. R.; Wittkopp, &hem. Eur. J2003 9, 407. (b) Schreiner, P. R.; Wittkopp, @rg. Lett.2002 4,
217.

34 Huang, Y.; Unni, A. K.; Thadani, A. N.; Rawal, K. Nature2003 424, 146.
35 McDougal, N. T.; Schaus, S. E.Am. Chem. So2003 125 12094.
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addition step. Presumably, the chiral Bransted-atadilized enolate formed after addition of the

trialkylphosphine would act as the nucleophilehia &ddition reaction.

_-H-B* 0] OH O
Oo-- j -
R R
®
Et;P
s 39-88%
67-96 ee%

Scheme 1.5

These landmark works have strongly influenced a@ndbvelopment of chiral Brgnsted
acid catalysis. However, the acidity of the thi@uead alcohol functionalities is rather weak; and
consequently, the activation capacity of theselysttis low*® Due to the necessity of stronger
Brgnsted acids for activating wider range of swisy and compensate this limitation, Terada
and Akiyama have evaluated different organic adlust are shown in Figure 1.2, which

incorporated strong acidic functionalities.

O, - / -0,
Q. $0° 6 Q. Oy H
g
sulfonic acids carboxylic acids sulfinic acids
high acidity, free rotation low acidity, free rotation free rotation

Figure 1.2

Initially, sulfonic acids were surveyed but duetheir too strong acidity they probably
could not keep H-bonding interactions between dopated substrate and the conjugated base.
These would generate non stable ionic pairs, whiobld lead to diastereomeric TS and low

enantioselectivities. Carboxylic and sulfinic acids/e appropriate acidity; however, it would be

36 Thiourea and urea: Bordwell, F. G.; Algrim, D.Harrelson Jr., J. Al. Am. Chem. So&988 110, 5903. Aliphatic
alcohols: (a) Bordwell, F. G.; McCallum, R. J.; Glmad, W. NJ. Org. Chem1984 49, 1424. (b) Olmstead, W. N.;
Margolin, Z.; Bordwell, F. GJ. Org. Chem198Q 45, 3295. K, values: For (thio)urea: (c) Li, X.; Deng, H.; Zltan
B.; Li, J. Y.; Zhang, L.; Luo, S. Z.; Cheng, J.€¢hem. Eur. J201Q 16, 450. (d) Jakab, G.; Tancon, C.; Zhang, Z.
G.; Lippert, K. M.; Schreiner, P. Rrg. Lett.2012 14, 1724. For squaramides: Ni, X.; Li, X.; Wang, Zheng, J.-
P.Org. Lett.2014 16, 1786. For DIOL derivatives: Ni, X.; Li, X.; Li, ZCheng, J.-POrg. Chem. Front201§ 3,
1154. For TADDOL derivatives: (e) Seebach, D.; Be&kK.; Bichsel, H.-U.; Pichota, A.; Sparr, C.; Wich, R.;
Schweizer, W. BHelv. Chim. Act2012 95, 1303. (f) Christ, P.; Lindsay, A. G.; Vormittag, S.; Neudorfl, J.-M.;
Berkessel, A.; O’'Donoghue, A. Chem. Eur. J2011, 17, 8524.
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difficult to provide and efficient chiral environmedue to their free rotation around the single
bond. Phosphoric acids were found to be interesting to the possibility to introduce two
substituents at the phosphorous atom three atorag ftam the acidic proton. This means that a
chiral environment can be design closer than inctiee of sulfonic, carboxylic or sulfinic acids.
Under these premises, Akiyama and Terada put #tintion on phosphoric acids due to their
structural and chemical features and in 2004 indeépetly presented BINOL-derived phosphoric
acids in Mannich reactiori$.They were selected as chiral sources due to thedlly chiral
molecule havingC,-symmetry which is crucial in the catalytic desligrause it supposes that the
same catalyst molecule is generated when the agidion migrates to the phosphoryl oxygen.
They showed an adequate acidity to generate stdbtdrostatic interactions and due to their
chiral environment, the acidic group is more restd (sed-igure 1.3). A chirapocketis formed
and free rotation is avoided when the phosphordosnaand the BINOL framework are
connected by two P-O bonds. There is also the Ipitigsito change stereoelectronic effects
introducing diverse subtituents (G) on the ringteysconferring different chiral environments as
necessity. However, the most innovative charadieris probably its bifunctionality; the
phosphoryl oxygen (P=0) contains two free elecpairs giving to the molecule Brgnsted base

functions making phosphate group with acid and Ipasperties.

"Chiral pocket" 1) Appropriate acidity
substrate recognition site 2) Bifunctionality
3) More compact and restricted chiral environment
4) Different stereoelectronic effects with G group

_0: <Brensted basic site
“p?
R

! ...t dual function by monofunctional catalyst
o@ <{—=oBrensted acidic site

" <7:1 Stereo & electronic effect
Figure 1.3

There is an important relationship between thelgitaactivity and the acidity of the
phosphoric acid and surprisinglyKpstudies are relatively scarce. A general study puddished
by O’Donoghue and Berkessel with soni€’p in DMSO of chiral phosphoric acids ahd
triflylphosphoramideg.7f They concluded that the differences in aciditywmsstn the different
catalysts were not large and that the relativeiyoid the catalyst may not be the only factor that

influences their catalytic performance. Howevehas to be pointed out that measurements of

37 (a) Akiyama, T.; Itoh, J.; Yokota, K.; Fuchibe, Kngew. Chem. Int. EQ004 43, 1566. (b) Uraguchi, D.; Terada,
M. J. Am. Chem. So2004 126, 5356.
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pK, values of highly acidic acids in DMSO can provaleost indentical i, values (near zero)
depending on the experimental procedure empld$@dsolution came from Rueping and Leito
in 2013 when they reported a full study on establig an acidity scale for the most widely used
Bregnsted acids which were conducted by using UVAgisctrophotometric methods in MeGN.

In addition, Cheng and Li reported a theoreticadgton the acidities of BINOL phosphoric
acids and other related derivatiVedrom the measurements that were conducted in M&CN
was found that these type of BINOL-based Brgnstedsacould be classified on three distinct
groups of varying acidity depending on their sttmet namely phosphoric acidkil-sulfonyl
phosphoramides and sulfonyl imides (Figure 1.4)didgenated versions of parent catalysts are

also commonly used and it is usual to find sevieaalsformations with these catalysts.

oy
Phosphoric acids phosphoramides Sulfonyl imides
Ar Ar Ar Ar
L L L L o
0. .0 0. .0 0. .0 (OIN
_PC _PC _PC NH
0" “oH 0" “oH 0" NHT O-g(
oS 99 99 Lo
Ar Ar Ar Ar
Ar= phenanthryl Ar= phenanthryl Ar= phenyl Ar= phenyl
pKa= 14 pKs=13.3 pK,=6.4 pK,=5.0

Figure 1.4pK, values in MeCN

The mechanism involved in the activation of theglgphile by this type of BINOL-based
strong Brgnsted acids is a subject of intense debhatl in many cases it has not clearly
established. In principle, there are three possilalgs for the Brgnsted acid to interact with the
substrate through Brgnsted acid/Brgnsted baseasttens identified as mono-, dual- and
bifunctional activation (see Figure 1.5). For medbms including the monoactivation manifold
the reaction proceeds through a single H-bondirtgraction between the catalyst and the
substrate. In the case of dual activation, theesaaiditional interactions with the electrophilic
substrate that offer higher stabilization of theeimediates. This can imply the formation of a
Brognsted acid-substrate complex involving the paudition of the phosphoryl oxygen of the

catalyst as H-bonding acceptor, forming a secorttdgen bond with a Brgnsted-acid site at the

38 Koppel, I. A.; Koppel, J.; Pihl, V.; Leito, |.; hima, M.; Vlasov, V. M.; Yagupolskii, R. W.; TafR. W.J. Chem.
Soc. Perkin Trans. 200Q 1125.

39 Kaupmees, K.; Tolstoluzhsky, N.; Raja, S.; RugpM.; Leito, . Angew. Chem. Int. E@013 52, 11569.

40 Yang, C.; Xue, X.-S.; Jin, J.-L.; Li, X.; Chend;P.J. Org. Chem2013 78, 7076.
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substrate, establishing a network of two H-bondinigractions between the catalyst and the
electrophilic reagent or the exclusive participataf the proton and two Brgnsted basic sites of
the substrate in a bidentate fashion. Finally, rmfanal activation is probably the mechanistic
pathway that covers the largest proportion of taiwlysis and implies the activation of both the

electrophile and the nucleophile by the catalyst.

( s N I

RY, A ; \ R,
N 1 2 / N
R R / RZ
X Ao | X

R "R?

Double H-bonding
interactions

Bidentate H-bonding
interaction

bifunctional
activation

dual activation
. Z J
Figure 1.5

A good example of a phosphoric acid-catalyzed readnh which the catalyst operated
through the monoactivation manifold is the reportTerada in the context of aza-Friedel-Crafts
reaction betweehl-Boc imines and methoxyfuran (see Scheme *t.8he mechanistic proposal
involves the formation of the substrate-catalyshptex through the aforementioned single H-
bonding interaction followed by nucleophilic attackfuran. According to the model proposed
by Goodmari? configuration of E imine is maintained in the siion state and the geometry of
the complex would try to avoid steriashing between the Boc group and the large 3,3"-
substituents of the BINOL moiety. Addition of 2-rhekyfuran will take place through the less

hinderedReface affording the major enantiomer shown in Sahédns.

Ar
.Boc OO
N O« P’O

+

R)‘\H OO 0" oH NHBoc
Ar MeO~ O~
* DCE, -35 °C, 24h < Ar
O _oMe e 80-96%
@/ 86-97 ee%

Scheme 1.6

41 Uraguchi, D.; Sorimachi, K.; Terada, M.Am. Chem. So2004 126, 11804.

42 Reid, J. P.; Simon, L.; Goodman, J. Atc. Chem. Reg016 49, 1029.
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Motivated by the desire to activate a wider ranfjsubstrates, Yamamoto developed a
new type of catalysts which are more acidic thamsphoric acidé® They introduced the
strongly electron-withdrawing group triflylamide tin the phosphate moiety becoming very
powerful catalysts due to their higher acidity (fégure 1.5) and therefore being able to activate
unreactive substrates in the presence of phosphotits* In this context, an example ofN
triflyl phosphoramide catalyzed activation of etegtiles through the monoactivation approach
is the conjugate addition of indoles figy-unsaturated-ketoesters reported by Ruepifigrhe
investigation was started with the use of weak sacdich as carbonic acids or diphenyl
phosphate, but no reaction was observed resultinghé use of catalytic amounts oF
triflylphosphoramide crucial for the formation ¢iet final product (see Scheme 1.7).

SiPhg
Friedel-Crafts
0.9

P 1
NHTF R,

o
0o (5 mol%) CO,R?
gt SO S X
1 2 F
R CO.R N CH,Cly, -75 °C N 43.88%
Me T Me 8092 ee%
Iy (T e J
O—P*é) R! N N\—CO,R?
N, ~ Me
,Oj R® )RR THCR
H  CO.R? NO® N-P-0

@

Me

Scheme 1.7

A good example of a chiral phosphoric acid activagtithe substrate through dual
activation can be seen in enantioselective Mantyipb-reaction reported by Akiyama and co-
workers>"® In this report, 2-hydroxyphenyl imines reacted reiuselectively with silyl ketene
acetals in the presence of a catalytic amount BINOL-based chiral phosphoric acid to give
synMannich products (see Scheme 1.8). It was fouatlttieN-2-hydroxyphenyl substituent of
the aldimine was essential to fix its geometry mivihe reaction in order to obtain a range of

syndiastereoisomers generally in high yields and 8aoselectivities. The proposed dual

43 Nakashima, D.; Yamamoto, H. Am. Chem. So2006 128, 9626.

44 (a) Kaupmees, K.; Tolstoluzhsky, N.; Raja, S.eping, M.; Leito, ., Angew. Chem. Int. EQ013 125 11783. (b)
Johnston, J. NAngew. Chem. Int. EQR011 50, 2890. (c) Rueping, M.; Nachtsheim, B. J.; leavasowW.;
Atodiresei, I.Angew. Chem. Int. EQ011, 50, 6706. (d) Cheon, C.-H.; Yamamoto, 6hem. Commur2011, 47,
3043.

45 Rueping, M.; Nachtsheim, B. J.; Moreth, S. A.jtBoM. Angew. Chem. Int. EQ008 47, 593.
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activation manifold involved the participation diet acidic proton of the catalyst by protonation
of the imines nitrogen and the 2-hydroxy group wodibrm a hydrogen bond with the
phosphoryl oxygen to generate a zwitteronic ninenlmered cyclic transition state which is
attacked by the silyl enol ether. It was also reggabthat the transition state corresponding to the
si-facial attack is sterically less favoured than tidacial alternative due to sterically repulsive

interaction between 3,3"-aryl substituents and @gghing nucleophile.
Co;
O\P//O OH
0" “oH R@:
OO (10 mol%) NH
Ar

HO OoTMS ; s
R . H%ORQ’ Ar= 4-NO,CgH, R1’\/002R

j“\ 18 toluene, -78 °C, 24h R2
1
R" "H dual activation 65-100%

86:14-100:0 syn/anti
81-96 ee%

t

Re-face attack

Scheme 1.8

In a similar approach, Terada demonstrated thadxglgtes can also undergo anti-
selective hetero-Diels-Alder reaction with dienes give dihydropyran® The glyoxylate
aldehyde participates in a dual activation mandifehere the aldehyde proton is proposed to be
acidic enough to interact with the Lewis basic sifethe catalyst and, at the same time, an
interaction between the oxygen atom of the aldetayatkthe acidic proton on the catalyst would
occur generating a rigid substrate-catalyst complax one hand, different 3,3"-substituents on
the catalyst demonstrated that the reaction praskethexocalignment depending on the steric
demand of the catalyst leadingdgn selectivity (see Scheme 1.9). The use of non-bghoups

such as phenyl groups at the 3 and 3" positiorthetatalyst and the steric repulsion between

46 Momiyama, N.; Tabuse, H.; Terada, M.Am. Chem. So2009 131, 12882.
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the diene substituents and glyoxylate in¢helotransition state allow the diene to occupyean

orientation. On the other hand, facial selectivitydetermined by the steric hindrance between

the diene substituents and the phenyl group ofcttalyst, thus lead the attack of the diene

through theSiface of the glyoxylate.

Hetero-Diels-Alder OO Ph
0...0

P,
0" oH

OO (5 mol%)
Ph

toluene, rt

R1
TBSO H.__CO,Et
= + Y 2
XN (e}
ke

R1

TBSO CO,Et
1|0

Scheme 1.9

75-95%
anti:syn 95:5 to 99:1
97-99 ee%
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The dual activation by bidentate H-bonding intamacttis exemplified with the
enantioselective Nazarov cyclization witkalkoxyketones catalyzed by chiral Brgnsted aaids t
generate cyclopentenones reported by RueBing. this work, the necessity oR-triflyl
phosphoramides as more acidic Brgnsted acids wsendd; the acidic proton of the catalyst is
involved in a bidentate interaction between theskand the carbonyl group of the substrate as
it is shown in Scheme 1.10. Subsequent conrotatorglectrocyclization leads to an oxyallyl
cation intermediate which forms an enolate throtigea elimination of a proton. Successive
protonation of this enolate should results in Wwenation of the final product and regenerates the

catalyst.

Nazarov cyclization

R1 Ar
° \ \ R’
R2 CHCly, 0°C, 1-6h ]
dual activation R
X=0OH X=NHTf 1.5-9.3:1 cis/trans

45-88%
86-93% ee cis
90-98% ee trans

3.4:1 cis/trans  7:1 cis/trans
82% ee cis 86% ee cis
60% ee trans  94% ee trans

L0 .(Osp XH
(Ple (02 @P\\ *B-H
@ X-H (g,P‘ IS (I_C|)7

X" OH

™o 4n ; 0
Cf:)im conrot 0 R QoﬁR‘
R2 H R2 R2
Scheme 1.10

In spite of these previous selected examples ofomamd dual activation manifolds,
bifunctional activation covers the largest propmrtof BINOL-derived Brgnsted acid-catalyzed
transformations. As it is mentioned before, thisoines the participation of the phosphate
moiety as a bifunctional entity that interacts wiitle electrophile by donating the acidic proton
and simultaneously activates the pronucleophil¢heyparticipation of the phosphoryl oxygen as
Brgnsted basic site. A good example of this behavi® shown in Scheme 1.11. Terada and co-
workers showed their results simultaneously witliyAkna in the presence of Brgnsted acids in a

Mannich reaction between acetyl acetone WitBoc proteceted imines (see Scheme 1°171).

47 Rueping, M.; leawsuwan, W.; Antonchick, A. P.;dhesheim, B. JAngew. Chem. Int. E@007, 46, 2097.
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Thus, the phosphoric acid catalyst electrophilicalitivates the imine through the acidic proton,
and the Brgnsted basic phosphoryl oxygen intenaits the O-H proton of the enol tautomer
leading to secondary amine products enantiosetdgtin high yields. The protective group of
the imine was found to be crucial to achieve a laghntioselectivity observing that with a low
steric demand of the protecting group the ee wasiced. Later, Goodman and Sirfion
explained the final stereochemistry of the reactiporting a model for the enantioselectivity of
reactions with imines catalyzed by BINOL-phosphaaitids catalysts which is applicable for
other reactions. The model appears to work in @licdses evaluated and requires only of the
transition statee/Z configuration and the choice between type | aqb tif pathways. For the
lowest energy transition structure of reactionshwitany nucleophiles, the nitrogen substituents
of the imine is directed toward the empty sidetaf dbxygen to which it is H-bonded (type I).
Type Il pathway has a higher energy as a consegquehadditional steric interactions due to
imine substituent is directed toward the bulky graf the catalyst. This model explains the
enantioselectivity obtained for many nucleophiliflgion to imines.
Ar
- g

)N‘\ 0" “oH
Ar H OO Ar(2 mol%)

Ar= 4-(-Naph)-CgH,

bifunctional activation
O O

HN/Boc

Ac

— Ar

Ac

93-99%
90-98 ee%

Si-face favoured

'\\ Ar \\\1

Scheme 1.11

48 simon, L.; Goodman, J. M. Org. Chem2011, 76, 1775.
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Another representative reaction that shows thigkemt performance of phosphoric acids
as bifunctional catalyst is the transfer hydrogemél of imines or imine equivalents in the
presence of Hantzsch esters as hydride sottdasthis sense, the first enantioselective chiral
phosphoric acid-catalyzed hydrogen transfer reactid imines with a Hantzsch ester was
reported by Rueping in 2005 (see Scheme T4&%tivation of ketimine by protonation through
the catalyst was proposed to take place, leadinpecdformation of an iminium/phosphate ion
pair intermediate; and subsequent activation ofttydride donor would occwia H-bonding
interaction with the acidic N-H moiety of the dilmpgyridine substrate. Goodntdrand Himg?
have investigated the origin of the enantiocontrith generic transition state that can also be
used to explain other BINOL-derived phosphoric amathlyzed reductions of imines with
Hantzsch esters (see Scheme 1.12). Calculatiorsalexi that the less stabl@){minium
intermediate proceeded to react through the loemstgy transition state due to shortest H-bond
distance between the iminium cation and the phdspdmaion, and that th&) geometry confers
more compactness to the former, which is cruciarter into the binding pocket of the catalyst.
The most favourable attack takes place orRé&ace of the iminium ion, while other posibilities

present important steric repulsions between catalyd reactants.

[Transfer hydrogenation of imines]

\[\

_Ar
N\ . _0 0...0 ™
Ar)\Me - //P\
OH (,O Q@ _Ar
(20 mol%) | N HN

+

H N N E—
benzene, 60 °C | H (‘N® Ar o A Me
EtO,C CO,Et —— — N /)
m bifunctional activation R 4 Me= 46-91%
N H R 68-84 ee%

H Z-imine

Scheme 1.12

49 (a) Rueping, M.; Dufour, J.; Schoepke, F.Gteen Chem2011, 13, 1084. (b) Wang, C.; Wu, X.; Xiao, Chem.
Asian J.2008 3, 1750.

50 Ouellet, S. G.; Walji, A. M.; MacMillan, D. W. Gicc. Chem. Re2007, 40, 1327.

51 (a) Rueping, M.; Sugiono, E.; Azap, C.; Theissmah; Bolte, M.Org. Lett.2005 7, 3781. (b) Rueping, M.; Azap,
C.; Sugiono, E.; Theissmann, Synlett2005 2367.

52 simén, L.; Goodman, J. M. Am. Chem. So2008 130, 8741.

53 Marcelli, T.; Hammar, P.; Himo, Ehem. Eur. J2008 14, 8562.
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The bifunctional activation manifold can also operan other mechanistically different
reactions such as in the enantioselective allylatib aldehydes with allylboronates shown in
Scheme 1.13 reported by Antifth.These reactions proceed via cyclic, six-membeiad r
chairlike transition states involving the interactiof the carbonyl group with the boron atom.
Mechanistic insights suggested that the reactivalites both H-bonding interaction from the P-
O-H group to the pseudoaxial oxygen of the cyclicamate (the nucleophile) and a stabilizing
interaction from the phosphoryl oxygen to the fotmtydrogen of the aldehyde (the
electrophile® This second stabilizing interaction provides rigjidn the transition state that
could be responsible for the high levels of enaatiectivity observed. The reaction is favoured
by Reface ovelSiface due to the unfavorable steric interactionveen the pinacol ester methyl
groups and the large aromatic group of the catalysth disfavors the TS coffering the R)-

homoallylic alcohols.

[Allylboration of aldehydes]

9/§< { 0, -0
B 0" “oH

"0

(5 mol%)
toluene, -30 °C

(0]
i bifunctional activation

R H

+

91-99%
73-99 ee%

Scheme 1.13

However, it has to be pointed out that in additionthese three possible ways for a
Brgnsted acid to activate the electrophile disalisgsfore, there is a fourth possibility that has
been more recently proposed and developed. Thibeisnfhe possibility for the formation of an
ion pair after the catalytst protonates the elgdtiiac substrate. This additional mode of
activation is defined as counterion catalysis amtlves the capacity of the chiral phosphate
counteranion to exert stereoinduction of the reacticcurring at the protonated substrate. In this
sense, it must be taken into account that the foomaf a chiral contact ion pair between the

chiral acid and the substrate will depend on thtemince in K, between the chiral Brgnsted

54 Jain, P.; Antilla, J. C1. Am. Chem. So201Q 132, 11884.

55 (a) Wang, H.; Jain, P.; Antilla, J. C.; Houk,&.J. Org. Chem2013 78, 1208. (b) Grayson, M. N.; Goodman, J. M.
J. Am. Chem. So2013 135 6142. (c) Grayson, M. N.; Pellegrinet, S. C.; Goan, J. MJ. Am. Chem. So2012
134, 2716.
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acid catalyst and the substrate during the actimatif the electrophile and that this will
determine the equilibrium between the formatioradfydrogen-bonded or an ion-pair specfes.
In particular, Rueping and Gschwind have been #@bldemonstrate that NMR spectroscopy is
the method of choice to distinguish between botlvation modes of hydrogen bonding and ion
pairing in Brensted acid catalysisThe study was performed with diphenyl phosphat’ax-
labeled imines observing the variationstiitNMR spectra under different reaction conditiois.
was found that the ratio between hydrogen bondmdjian pairing can be manipulated readily

by simply introducing substituents with differef¢&ronic properties.

H-B*
e €]
|
R R R)\R
H-bonding Contact
interactions ion-pair

56 Rueping, M.; Kuenkel, A.; Atodiresei, Chem. Soc. Re2011 40, 4539.
57 Fleischmann, M.; Drettwan, D.; Sugiono, E.; RmgpM.; Gschwind, R. MAngew. Chem. Int. E@011, 50, 6364.



Introduction 23

A good example of this activation pattern is théramolecular allylic alkylation of
substrate phenols reported by Rueping that leadisetdormation of chromenes undktriflyl
phosphoramide cataly¥.The process exhibits high compatibility with theegence of a wide
range of substituents at the aromatic rings instliestrate. The transformation was proposed to
proceedvia protonation of the allylic alcohol which subsedqiendehydrates to yield a
carbocation which is associated with the phosph@@mnion in a chiral contact ion pair assisted
by hydrogen-bonding interaction with the phenol etgi The allyl carbocation is formed in a
preferred anti,anti configuration, stabilized byramolecular-rn stacking interactions as well as

by intermolecular electrostatic interactions witke tatalyst.

Allylic alkylation 0.0
* P
\N/Tf
R2 OH H R?

(5-10 mol%)
1 7 Ar X
R toluene, -78 °C R3
OH Counterion activation 0~ Ar

_ _ 61-95%
R2 84-96 ee%
OAr
H
<?\I\Tf
s
|
Scheme 1.14

N-acyl iminium ions are another class of reactivectbphiles that have been used under
the counterion activation manifold. In particular;lactams were used by Huang &k
acyliminium precursors in the enantioselective Ntiictionalization of indoles (see Scheme
1.15)> The chiral phosphoric acid was involved in theggation of a chiral conjugate balse/
acyl iminium ion pair by protonation of thelactam in a reversible process which has

demonstrated by Deuterium-labelling experimenttd&ainderstanding of the mechanism was

58 Rueping, M.; Uria, U.; Lin, M.-Y.; Atodiresei, J. Am. Chem. So2011, 133 3732.
59 Xie, Y.; Zhao, Y.; Qian, B.; Yang, L.; Xia, C.ung, HAngew. Chem. Int. E@011, 50, 5682.
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obtained from in situ FTIR experiments observingttthe enol-typeN-acyiliminium ion was
most likely involved in the contact ion pair whisubsequently the free hydroxy group will
capture the conjugate Bronsted base by intermaeddtbonding. Assisted by the conjugate
base, the acidic N-H group of the indole will reatth the cyclicN-acyliminium ion througiRe

face nucleophilic addition.

[N—functionalization of indoles) R3

O
T A - TRIP (5-10 mol%) R2 \_n_ Bn
| NBn toluene, rt, 36h N
N R’ 0
Counterion catalysis

o 24-98 %
*(:))/ p” 80-95 ee%

O, /2> -H---0, O
0 P * (0] '), :
[STVARN /P\O Nu-H

Scheme 1.15

An alternative, yet analogous approach to this typactivation is the strategy kwon as
Asymmetric Counteranion Directed Catalysis (AC[?&').This methodology refers to “the
induction of enantioselectivity in a reaction prediang through a cationic intermediate by means
of ion pairing with a chiral, enantiomerically puemion provided by the catalyst”. A good
example of this strategy is reported by List whtakkshed the first steps on the field in a
enantioselective epoxidation aff-unsaturated enals catalyzed by phosphate amihdesaled
from a trifluoromethyl-substituted dibenzylaminedgrhosphate witkert-butyl hydroperoxide as
oxidant observing high yields, and stereoseleativit(see Scheme 1.18).The reaction is
thought to proceed through the conjugate additfaled-butyl hydroperoxide to the iminium-ion
intermediate, and therefore the formation of fhetereocenter can be assumed as a case of

ACDC without significant stabilization. The effeat TRIP in the formation of the stereocenter

60 wang, X.; List, BAngew. Chem. Int. E@008 47, 1119.
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is proven by the high enantioselectivities obtaineith B,B-disubstituted enal bearing two
identical substituents. In this case, the init@diition of the hydroperoxide to the chiral iminium-
TRIP ion pair will not generate a stereocenter, dhd departure oftert-butanol from
intermediatdl and formation of the C-O bond will become the ¢ivaletermining step leading
to the formation of chiral iminium-TRIP ion pdit . Enantioselectivities are only possible if the
achiral intermediatél is generated in a chiral conformation throughittfuence of phosphate
anion but chirality must be inducetgh H-bonding interaction due to the neutral natur¢hefll
intermediaté’ The potential of the reaction was proved with itngerovement on the obtained
results compared with those achieved with diaryiped silyl ether catalyst? so this system

provided the proof of principle for the feasibiliblf ACDC.

Epoxidation of enals o ®
*C);p(’ o AT N A
o R © H H L
2 (20 mol%)
J_L ore <7
H R BUOOH, dioxane or MTBE 60-95%
o = (]
0-35 °C, 24-72h 76-96 ee%
l ACDC
Ar Ar " Ar Ar
® t enantio- ) o, _
Ar/\N)@ O\\P/ BuOOH Ar/\N) o. determining KN)@ /P\(C)D* H,O
[ 0" S \ :P\/g* step | O
H = H-0 \ H
\ R oBu BUOH (o]
R* R I RO O [ R R
Scheme 1.16

In summary, BINOL-derived chiral Brgnsted acidséatiown to be highly efficient for a
wide range of transformations forming C-C, C-H aeaken C-X bonds in enantioselective
fashion. Their utility is not only limited to theacidic character, they have become powerful
counterions for an increasing list of reactionswideer, we are far from understading of how the
catalysts function, for that reason experimental e@mputational studies are required for further

progress in the field.

61 Merten, C.; Pollok, C. H.; Liao, S.; List, Bngew. Chem. Int. EQ015 54, 8841,
62 Marigo, M.; Franzén, J.; Poulsen, T. B.; Zhuaig, Jgrgensen, K. Al. Am. Chem. So2005 127, 6964.
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3. BACKGROUND: PREVIOUS REPORTS OF THE GROUP

Our research group has been focussed in the deweltpof new methodologies in
asymmetric synthesis. Originally, the chiral awadyi strategy was widely used to obtain the
required stereochemical control in a number of outions to enolate chemistfy, and

conjugate addition reactiofis.

More recently, the interest of the group moved fimvto asymmetric organocatalysis,
especially inaminocatalysis which suppose the activation of the correspondinigstratevia
condensation with a primary or secondary amine igding an azomethine intermediate
(enamine, iminium salt or their vinylogous versiprisirst steps in this field were taken in the
context ofenamine activatiomvith one example of a Michael reactions betweedetaydes anf-
nitroacrolein dimethyl acetal (see Scheme 1°17he obtained Michael adducts were directly

transformed into highly functionalized enantioehad pyrrolidines through simple

transformation§®
Michael addition
MeQ
R OMe
P Ph - i
H)H N Ph — EtO,C 33-60%
H OoTMms N (2 steps)
R MeO.__OMe H
(10 mol%)
* H,0 (2 eq) o7 NO, MeO
MeO._~ NO, DMF, 1t R R OMe
OMe @ 63-99% 51-81%
syn/anti: 2:1 to >20:1 H
ee: 92-99%
Scheme 1.17

63 Latest aldol reaction: (a) Ocejo, M.; Carrillo, Micario, J. L.; Badia, D.; Reyes, E. Org. Chem2011, 76, 460.
Latest Mannich reaction: (b) Iza, A.; Vicario, J; Carrillo, L.; Badia, DSynthesi®2006 4065. Latest electrophilic
amination reaction: (c) Vicario, J. L.; Badia, Qarrillo, L.; Anakabe, ETetrahedron: Asymmet®002 13, 745.
Aziridine ring opening reaction: (d) Vicario, J; Badia, D.; Carrillo, LJ. Org. Chem2001, 66, 5801.

64 Conjugated additions: (a) Ocejo, M.; Carrillo; Badia, D.; Vicario, J. L.; Fernandez, N.; Reyes). Org. Chem.
2009 74, 4404. (b) Reyes, E.; Vicario, J. L.; Carrillo; Badia, D.; Uria, U.; Iza, AJ. Org. Chem2006 71, 7763.
Aza-Michael reactions: (c) Etxebarria, J.; Vicardo,L.; Badia, D.; Carrillo, L.; Ruiz, NI. Org. Chem2005 70,
8790. (d) Etxebarria, J.; Vicario, J. L.; Badia, @arrillo, L. J. Org. Chem.2004 69, 2588. 1,4-Additiorni-
alkylation tdndem reaction: (e) Reyes, E.; Vicadiol..; Carrillo, L.; Badia, D.; Iza, A.; Uria, ©Org. Lett.200§ 8,
2535.

65 Reyes, E.; Vicario, J. L.; Badia, D.; Carrillo,@rg. Lett.2006 8, 6135.

66 Ruiz, N.; Reyes, E.; Vicario, J. L.; Badia, Dar@llo, L.; Uria, U.Chem. Eur. J2008 14, 9357.
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Simultaneously, th@minium activationapproach has been applied using chiral secondary
amines as catalysts in a wide range of transfoomatcomprising thg-functionalization of
aldehydes and,p-unsaturated ketones (see Scheme 1.18). In thisesd¢he group started
developing organocatalytic enantioselective azahislid-type reactions using tetrazoles and
tetrazolothiones as N-dondt¥sThe group also worked in enantioselective conjeigatditions
employing hydrazones as umpolung acyl anion eqeinta) providing a direct access to 1,4-
dicarbonyl compounds, or alternatively, usiniy-nitromethylphthalimides as masked
hydroxymoyl anion equivalents to get enantioenrithehydroxyiminoaldehyde® In other
cases, bis-nucleophilic substrates have been userhscade processes involving sequential

1,4/1,2-addition that finishes in the isolatiorheimiaminal-type products.

Formal g-Hidroximoylation

1) pvp Hydrazone addition
(0] |
ol N NHPMP
C N02 oN-_N 2 )\\ EtO,C.___N o
/\/O : o w Et0,C~ TH U
/\)k ‘ 2) Oxidation R™ OH
R1
Chem. Eur. J. 2011, 17, 6048 J. Am. Chem. Soc. 2012, 134, 11872
Michael/Hemiaminalization aza-Michael
, : 1) Ph Ph
o & 7 i 0 I
)\/,, TsHN N_ //N N_ _N
pn” Ph | H N N"  OH
—_— <
N o - :
Ts/ Y 2) Oxidation R 2) Reduction R
Adv. Synth. Catal. 2013, 355, 653 Chem. Commun. 2007, 2509
aza-Michael

Michael/Hemiaminalization

R1 1) HoN COQEt N—

N
\
N
/@coza COzEt J)k S%\N/ OH
R? N ‘ Reductlon R /'\)

H COoEt 2) Reduction
Chem. Commun. 2016, 52, 2330 Org. Lett. 2011, 13, 336

aza-Michael/
Hemiaminalization OH

& NHNs (\(
/\)'L BoctiN R N/N\Boc
q ——
@ R H Adv. Synth. Catal. i
2012, 354, 371

Scheme 1.18

67 (a) Uria, U.; Vicario, J. L.; Badia, D.; Carrilla. Chem. Commur2007, 2509. (b) Uria, U.; Reyes, E.; Vicario, J. L.;
Badia, D.; Carrillo, LOrg. Lett.2011, 13, 336.

68 (a) Fernandez, M.; Uria, U.; Vicario, J. L.; Rey&.; Carrillo, L.J. Am. Chem. So2012 134, 11872. (b) Alonso,
B.; Reyes, E.; Carrillo, L.; Vicario, J. L.; Badia, Chem. Eur. J2011, 17, 6048.

89 Fernandez, M.; Reyes, E.; Vicario, J. L.; Badlfg,Carrillo, L. Adv. Synth. CatakR012 354, 371. (b) Talavera, G.;
Reyes, E.; Vicario, J. L.; Carrillo, D.; Uria, Bdv. Synth. Catak013 355 653. (c) Riafio, |.; Diaz, E.; Uria, U.;
Reyes, E.; Carrillo, L.; Vicario, J. IChem. Commur2016 52, 2330.
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The LUMO-lowering effect associated with the forinatof ana,B-unsaturated iminium
ions (minium catalysis has also been applied to cycloaddition chemisthere the group
developed a (3+2) cycloaddition with azomethinelgdi as 1,3-dipoles (see Scheme 1’1%his
reaction has demonstrated a great ability to supgdferent substitution patterns on the
substrates allowing to report different variantsttef initial reactiorf! and in the application to
the synthesis of diverse heterocyclic structdfesccordingly, after a extensive computational
study® it was established that the process follows avétEp Michael/Mannich mechanism,
initiated by the conjugate additions of the 1,3edipover theo,p-unsaturated iminium ion,
followed by the generation of a nucleophilic enagnimermediate, which reacts intramolecularly
with the azomethine moiety. In a similar way, tlmnbination ofiminium ion/enamine€ascade
activation has been applied to promote differenangformations, such as oxa-
Michael/Aldol/hemiacetalizatioff, Michael/Aldol/dehydratiori> Michael/Michael’® Michaelb:-

alkyaltion’” and oxa-Michael-Michael reactioffs.

70 Vicario, J. L.; Reboredo, S.; Badia, D.; CarrilloAngew. Chem. Int. ER007, 46, 5168.

71 (a) Reboredo, S.; Vicario, J. L.; Badia, D.; @arL.; Reyes, EAdv. Synth. CataR011, 353 3307. (b) Reboredo,
S.; Vicario, J. L.; Carrillo, L.; Reyes, E.; Urid, Synthesi®013 45, 2669. (c) Fernandez, N.; Carrillo, L.; Vicario, J
L.; Badia, D.; Reyes, E2Ehem. Commur2011, 47, 12313. (d) Ugarriza, I.; Uria, U.; Reyes, E.; @, L.; Vicario,
J. L.Asymmetric CataR015 2, 26.

72 (a) Iza, A.; Carrillo, L.; Vicario, J. L.; Badi®.; Reyes, E.; Martinez, J.0rg. Biomol. Chen201Q 8, 2238. (b) Iza,
A.; Ugarriza, |.; Uria, U.; Reyes, E.; Carrillo,;Vicario, J. L.Tetrahedror2013 69, 8878.

73 Reboredo, S.; Reyes, E.; Vicario, J. L.; Badia,@arrillo, L.; de Cézar, A.; Cossio, F. Ehem. Eur. J2012 18,
7179.

74 Reyes, E.; Talavera, G.; Vicario, J. L.; Badig, @arrillo, L. Angew. Chem. Int. E@009 48, 5701.

75 (a) Fernandez, M.; Vicario, J. L.; Reyes, E.:rlllar L.; Badia, D.Chem. Commur2012 48, 2092. (b) Sanchez-
Diez, E.; Vesga, D. L.; Reyes, E.; Uria, U.; CéoriL.; Vicario, J. L.Org. Lett.2016 18, 1270.

76 Riafio, I.; Uria, U.; Carrillo, L.; Reyes, E.; \édo, J. L.Org. Chem. Front2015 2, 206.

7 (a) Uria, U.; Vicario, J. L.; Badia, D.; Carrillt.; Reyes, E.; Pesquera, 8ynthesi®01Q 701. (b) Martinez, J. I.;

Reyes, E.; Uria, U.; Carrillo, L.; Vicario, J. ChemCatCher2013 5, 2240.

Orue, A.; Uria, U.; Roca-Lopez, D.; Delso, |.; Reye&.; Carrillo, L.; Merino, P.; Vicario, J. LChem. Sci.

DOI:10.1039/c7sc00009;.
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5 H EWG! Angew. Chem. Int. Ed. 2007, 46, 5168
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Org. Biomol. Chem. 2010, 8, 2238
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Scheme 1.19

On the other hand, the remote functionalizationmdaturated carbonyl systems has been
achieved making use of the combination of enamimg ianinium activation modes with the
principle of vinilogy. In this sense, our reseagroup has employed thdienamine activation
manifold to the (2+2) cycloaddition with nitroalkes? and to the (5+2) cycloaddition with
oxidopyrylium ylide&® (see Scheme 1.20). Additionaly, dienamine activaivas applied to a
cascade Diels-Alder -cycloaddition/elimination semee between enolizable enals and
acetoxyhydropyran-5-ones yielding 8-oxabicyclo[B]@ctane adducts in excellent yield and

stereocontrof’ Finally, trienamine activationhas also been explored using dienals with

79 Talavera, G.; Reyes, E.; Vicario, J. L.; Carrilo Angew. Chem. Int. E@012, 51, 4104.

80 (a) Orue, A,; Uria, U.; Reyes, E.; Carrillo, Micario, J. L.Angew. Chem. Int. EQ015 54, 3043. (b) Roca-Lopez,
D.; Uria, U.; Reyes, E.; Carrillo, L. Jargensen A Vicario, J. L.; Merino, PChem. Eur. J2016 22, 884.

81 Orue, A.; Reyes, E.; Vicario, J. L.; Carrillo, Uria, U.Org. Lett.2012 14, 3740.
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interrupted conjugation which are more reactiventlthe standard ones in the presence of

nitroalkenes for a Diels-Alder cycloadditi&h.

Formal (5+2)

Formal (2+2) Cycloaddition Cycloa(blition R3
NO
2 2
= NO, R \[ ) o o
\EC?H -« OH H)H H)I OAc
N B 1
R'I

Angew. Chem. Int. Ed. 2012, 52, 2092 Vinilogy Angew. Chem. Int. Ed. 2015, 54, 3043
principle Chem. Eur. J. 2016, 18, 884

Diels-Alder Cycloaddition

Diels-Alder
Cycloaddition
OHC
0 N P o) o) ] NO, ~
R /\'/ 5
R2 . NO,
O ‘r
) @ o o o
R1 OAc R1
Org. Lett. 2011, 14, 3740 Chem. Eur. J.

2014, 48, 5701

Scheme 1.20

82 prieto, L.; Talavera, G.; Uria, U.; Reyes, E.;afio, J. L.; Carrillo, LChem. Eur. J2014 20, 2145.
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On the other hand, other different activation moldage been more recenrly explored in
our group. In particularN-heterocyclic carbenecatalysis has been used in the formation of
tertiary propargylic alcoholsia cross-benzoin reaction between aldehydes and gfidwe in
the hetero-Diels-Alder reactions between catalifticgenerated acyl azolium enolated and
alkylideneoxindoles using formyl cyclopropanes asanventional starting materials undergoing

activation by the NHC (see Scheme 1.%1).

s N

Benzoinic reaction

F /Q
L~
o N Niv
k ’ R HO, ¢
R"™ “H F SR
+ //
i ()
R3
% Chem. Eur. J. 2015, 21, 8384

R2
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CHO
.
Avcozw y RS \\<002R
COR’ A
- o]
N o :
N
RA / ’;2
O Adv. Synth. Catal. 2017
N
k2

Scheme 1.21

83 sanchez-Diez, E.; Fernandez, M.; Uria, U.; RefiesCarrillo, L.; Vicario, J. LChem. Eur. J2015 21, 8384.

84 prieto, L.; Sanchez-Diez, E.; Uria, U.; Reyes, Earrillo, L.; Vicario, J. L. Adv. Synth. Catal.DOI:
10.1002/adsc.201700198.
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Alternatively, non-covalent activation mode wasoakxplored in a diastereosivergent
Michael/Henry cascade process under bifunctioBabnsted base/H-bonding catalysis

employing squaramide/tertiary amine-type catal{ste Scheme 1.23.

Michael/Henry Cascade

NO, R

T N
0 i H
R3

o
0,

N~ COLR!

Adv. Synth. Catal. 2014, 356, 3627

Beils. J. Org. Chem. 2015, 11, 2577 R®
R'0,C NO,

Scheme 1.22

As it is shown, the diverse research activity @ ¢inoup allows achieving stereocontrol on
different reactions using carbonyl compounds astsates through varied organocatalysis under
covalent and non-covalent activation. Despite theggess, in our group there is no previous
experience in the use of strong Brgnsted acidgganocatalysts which is the central subject of

this research work.

85 (a) Martinez, J. L.; Villar, L.; Uria, U.; Cardl, L.; Reyes, E.; Vicario, J. lAdv. Synth. CataR014 356, 3627. (b)
Martinez, J. I.; Uria, U.; Mufiiz, M.; Reyes, E.;r@lo, L.; Vicario, J. L.Beils. J. Org. Chen015 11, 2577.
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4, GENERAL OBJECTIVES OF THE PRESENT WORK

The work presented in this manuscript was devel@zea new field in the research of the
group with a common objective, the developmented mrganocatalytic reactions applied to the
enantioselective synthesis of functionalized preslun particular with this project, we wished to
explore the possibility of using BINOL-based chifdlgnsted acids as organocatalysts to
promote new transformations. The research was efividito two different part, including a
chapter detailing the work performed in the cont@ft a short stay at University of

Loughborough under the supervision of Prof. A. \alkbv.

1. Brgnsted Acid Catalysis: Enantioselective Oxidativeg(4+3) Cycloaddition between
allenamides and furans.As part of our ongoing program dedicated to theettgpment of
organocatalytic cycloaddition reactions we direat efforts in a (4+3) cycloaddition reaction. In
particular, it is known that oxyallyl cations reasith electron rich dienes under this type of
reactivity pattern, providing a direct access teesemembered carbocyclic structures. Thus, we

decided to apply this reactivity under Brgnsted azitalysis as it is shown in Scheme 1.23.

O, .o X,
* Ny O
ot (O/ P\XH H O\j Pl )* \ / Seven-membered
o) X~ O _— carbocyclic
® R \/é\\/ R structures

Scheme 1.23
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2. Brgnsted Acid Catalysis and Chirality Transfer: Enantioselective allylation of imines
with allyl boronates. Prof. Andrei V. Malkov has developed a kinetic aletion of chiral
racemic secondary allyl boronates in the allylatidraldehydes catalyzed by chiral phosphoric
acids (see Scheme 1.74).

Etuta

Previous o. o (o} (R)-TRIP (5 mol%) QH
N + 2 AN
work: B RZMH BzOH, toluene, -42 °C R /\/\ ]
R{\/ 18h R
- 70-97 %
87-99 ee%
eELEt, efy Pt N1
| NH
Proposed 2—g (e} (R)-TRIP o. .0 sz\H 2
research B + W B T» R2 A
project: " 3\/ Ph H R1/\/ onditions R
Scheme 1.24

The objective of the present work is the use of t¢hiral secondary allylboronates
obtained by resolution in the reaction mentionefbigeas chiral reagents in the 1,2-addition to
imines to obtain enantiopure homoallylic aminex (Seheme 1.24). In particular, we will also
focus in the use of primary imines as challengieggents that lead directly d-unprotected
products. This project was started at Malkov's grouLoughborough University and followed
in the University of the Basque Country in a contek collaboration between both research

groups.

86 |ncerti-Pradillos, C. A.; Kabeshov, M. A.; Malko. V. Angew. Chem. Int. E@013 52, 5338.
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1. INTRODUCTION: (4+3) CYCLOADDITIONS WITH OXYALLYL CA  TIONS

The development of efficient new methodologiestfar synthesis of complex carbo- or
heterocyclic molecules has become a very imporgaat in organic synthesis. Cycloaddition
reactions can be especially useful for this pur@ssthey provide access to the cyclic scaffolds in
one step and typically provide products with highdtionalization and stereoselectivity. These
reactions represent one of the most powerful mettodthe synthesis of five and six-membered
rings! which are usually prepared by the well-known li@eth2 and Diels-Alder reactions.
However, seven-membered rings are more difficulptepare due to the increased ring strain
associated to the formation of the cycloheptene.cdhe use of cycloaddition reactions to
construct seven-membered rings in a straightforweagl, from acyclic precursors would allow
access to these types of rifig¥he more common approaches to seven-membered-carbo
heterocyclic compounds through cycloaddition chémpisare based on (5+2)and (4+3)
strategies. In the particular case of the (4+3)aaddition reaction, it involves the interaction
between an allylic cation and a diene, producirg deven-membered ring carbocyclic product

after evolution of the carbocationic intermediateq Scheme 2.1).

®
Seven-membered
p—
carbocyclic product

Scheme 2.LGeneral (4+3) cycloaddition reaction

IR

Allyl cations cover many structural types and viioias. Generally, they are stabilized by
an atom or group which has the ability to stabilithe positive charge in the final cationic
product. In particular, oxygen-stabilized allyl icats are very common cations in (4+3)

cycloadditions which allows adding a new functiarthe final product. In the following section

1 Cycloaddition Reactions in Organic Syntheses; Nishiwaki, N. Ed.; Wiley-VCH: Hoboken, 2014.

2 For recent reviews in 1,3-dipolar cycloadditiosse: (a) Hashimoto, T.; Maruoka, €hem. Rev. 2015 115, 5366.
(b) Narayan, R.; Potowski, M.; Jia, Z. J.; AntorathiA. P.; Andrey, P.; Waldmann, Kcc. Chem. Res. 2014 47,
1296.

3 For recent reviews in asymmetric Diels-Alder cwddition, see: (a) Masson, G.; Lalli, C.; Benohoiw;
Dagousset, GChem. Soc. Rev. 2013 42, 902. (b)Handbook of Cyclization Reactions, Ma, S. Ed.; Wiley-VCH:
Hoboken, 2009. (c) Corey, E.Angew. Chem. Int. Ed. 2002 41, 1650.

4 Battiste, M. A.; Pelphrey, P. M.; Wright, D. Chem. Eur. J. 2006 12, 3438.

S (a) Clavier, H.; Pellissier, H. Recent Developnseint The [5+2] Cycloaddition. ItMethods and Applications of
Cycloaddition Reactions in Organic Syntheses; Nishiwaki, N., Ed.; John Wiley & Sons: Hoboker@12. (b) Ylijoki,
K. E. O.; Stryker, J. MChem. Rev. 2013 113, 2244. (c) Pellissier, HAdv. Synth. Catal. 2011, 353, 189.

8 Mascarefias, J. L.; Gulias, M.; Lopez, F. (4+3)l@yaditions. InComprehensive Organic Synthesis I1; Knochel, P.,
Molander, G. A. Eds.; Elsevier: Amsterdam, 2014l. Bopp 595-655.
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(4+3) cycloadditions using oxyallyl cations will liscussed due to the relationship with the

research project.

Oxyallyl o \_/ i
xyally
Cation —> )\ _— .
Precursor AN
Scheme 2.2

The success of the (4+3) cycloaddition reactioneddp on the facility to generate the
oxyallyl cation which is going to react with a fecarbon partner. They have been demonstrated
to be reactive dienophiles and when those are usedare able to obtain the interesting

cycloheptenone scaffold (see Scheme 2.2) belotiget@ore of numerous natural products (see

Figure 2.1).
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Figure 2.17

7 Frondosin B: Olson, J. P.; Davies, H. MQrg. Lett. 2008 10, 573. Hedyosumin A: Sun, W.-B.; Wang, X.; Sun, B.-
F.; Zou, J.-P.; Lin, G.-QOrg. Lett.2006 18, 1219. For Colchicine: (a) Lee, J. C.; Cha, JTétrahedron 200Q 56,
10175. (b) Lee, J. C.; Cha, J. K. Am. Chem. Soc. 2001 123, 1243. Urechitol A: Sumiya, T.; Ishigami, K;
Watanabe, HAngew. Chem. Int. Ed. 201Q 49, 5527. Aphanamol | was the first natural produyettsesized using
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The (4+3) cyloaddition is isoelectronic to the Bidllder (DA) reaction involving two
electrons from the allyl cation and 4 electronsrfrihe diene in a +2n% suprafacial approach.
The reactions are symmetry allowed by Woodward-iafin rules and can be explained as an
interaction between the highest occupied moleaulbital (HOMO) of the diene and the lowest

unoccupied molecular orbital (LUMO) of the oxyalbdtion (see Figure 2.2).
HOMO LUMO

\_/
N7/ 39

diene 8\8—8/8 ----- 8/8\8

dienophile

Figure 2.2

In 1984 Hoffman® proposed three types of possible mechanisms éorethiction between
a electron rich diene and an oxyallyl cation. ClAspathway belongs to a (4+3) cycloaddition
through concerted mechanism; class B is a (4+3paydition through stepwise bond-formation
mechanism; and class C, an electrophilic addititwckvcould be followed by loss of a proton
with overall electrophilic substitution at the déehy the intramolecular-nucleophilic capture of

the intermediate (see Scheme 2.3).
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1
c R
-H*
SEAF, C \ /

Scheme 2.3

(4+3) cycloaddition strategy: Hansson, T.; WickhégJ. Org. Chem. 1992 57, 5370. Cortistatin J: Nilson, M. G.;
Funk, R. L.J. Am. Chem. Soc. 2011, 133, 12453.

8 Hoffmann, H. M. RAngew. Chem. Int. Ed. 1984 23, 1.
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Type A cyloaddition belongs to a concerted mechanidere the twe bonds are formed
simultaneously. The configuration of the cation aéms unalterable during the course of the
reaction and therefore, the configuration of thelegdducts reflects the configuration of the
oxyallyl cations? Type B cycloadditions follow a stepwise pathwaywihich the firsts bond is
formed between the most nuclephilic site of thendi@nd the most electrophilic site of the
dienophile. In this case, the intermediate may lib&e configuration during the course of the
reaction, thus the configuration of the cycloadddepends on the stability and lifetime of the
intermediate: if the second step is fast, the s&aorbond will be formed maintaining the
configuration of the cation (B but if it is slow, bond rotation following path,BType C
reactions take placaa the same intermediate but it suffers an electtapaikylation leading to
the formation of a (3+2)-type of cycloaddition puotl or alternatively, the diene recovers
conjugation by elimination, resulting in the formaat of a Friedel-Crafts type adduct. Hoffmann
stated that “the reaction of any structurally defircation can only belong to at most two reaction
types” (type A/B or B/C). That excludes the podgipiof the reaction taking place by type A
mechanism if we observe type C products and vieceaveLater on, Cram&investigated the
mechanism using computational methods and suggkatsthe mechanism depends on the
nucleophilicity of the dienes, the electrophilicibf the oxyallyl cations and the electronic

properties of oxygen on the allylic moiety.

Oxyallyl cations can adopt different geometries s generally considered that there
are three types of structures namely W-type, S-typbthe least stable U-shaped (seeFigure 2.3).
The W-type form represents the lowest energy duts tiess sterically congested nature and it is
usually proposed for acyclic substrates. The U-sdagpnformation is the only one possible in

case of cyclic oxyallyl cations.

o o o
Rw’)_\(R Rw)\rH Hw)_\(H
3 7EN 7

HoH H R

R{R
W-shaped Sickle U-shaped
AE
Figure 2.3

9 Hoffmann, H. M. RAngew. Chem. Int Ed. 1973 12, 819.

10 (a) Cramer, C. J.; Barrows, S.EQOrg. Chem. 1998 63, 5523. (b) Cramer, C. J.; Barrows, SJEPhys. Org. Chem.
200Q 13, 176.
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The accepted mechanism for the approach of thellgkyaation to the diene in the
concerted pathway (class A) involves two topololfjycdistinct transition states; a compacido
mode (boat-like) or an extended transition statariexo approach (chair-like) (see Figure 2.4).
Reactions through compact transition state tentheécdformation of diequatorial products; while

reactions through extended TS give products wighRhand R in diaxial orientation.

ik
Y R X
-~ \V RZ O
boat-like -
Compact TS
o~ |t 0
}) R " R'/
r = |x— | R — R T
y T /
¥ H
chair-like B exo

Extended TS
Figure 2.4

A good example of a (4+3) cycloaddition through aemed pathway (class A
mechanism) is the one presented by Noyori in 39irBwhich 2,4-dibromo-3-pentanone reacted
with cyclopentadiene in the presence of diiron mwanbonyl, FgCO). These reductive
conditions involve the reaction ofa’-dihaloketones with the metal-based reducing agegive
a metal enolate, which evolved by loss of the sddualide to generate a metal-bound oxyallyl
cation. Next, the oxyallyl cation react with cyctopadiene to yield a mixture ehdo andexo
diastereoisomers but confirming that the reactioncgeded through the retention of the

particular W-shaped configuration of the oxyallgtion (see Scheme 2.4).

i Fey(CO) 9 @ WM g
e e
Me Me 2 9
benzene, 60 °C Me\/(%\,Me 7 Me0 * ?&
Br Br 25h / 0

endo exo

86%
endo:exo 0.89:1

Scheme 2.4

1 Takaya, H.; Makino, S.; Hayakawa, Y.; Noyori, RAm. Chem. Soc. 1978 100, 1765.
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Noyori also presented a similar reaction undergdirg stepwise path (class B) as it is
shown in Scheme 28.When 2,4-dibromo-3-pentanone reacted witf(E®), in the presence of
furan, a mixture in which the two substituents lodé bxyallyl cation were arranged in a 1,3-cCis
and 1,3-anti relative configuration cycloadductsevebtained. Noyori proposed that the oxyallyl
cation adopts a W-configuration at the beginningcWhis lost once the initial intermediate of the
stepwise process is generated. The observed diffesewith the previously mentioned reaction
in which cyclopentadiene was employed as the 4Qemtasuggests that furan is less reactive
towards iron oxyallyls and therefore the formatafrthe second bond is slow enough to lead to

the formation of a 1,3-cis and 1,3-anti mixturecpéloadducts.

M O
(0] o Y\ /7 Me
Meﬁ)K(Me Fe,(CO)g Me_A-Me OW‘? + O%
[ /
benzene, 40 °C % S Me*0 7 o

Br Br 53h

90%
0.78:1

Scheme 2.5

Finally, an example of class C reaction was alquoned by Noyori using the same
pentanone in the presence o{(EB0) andN-methylpyrrole obtaining a mixture of regioisomers
arising from standard Friedel-Crafts-type reagiiyitee Scheme 2.8).The formed intermediate

cation after the initial C-C bond formation is salde that no bond closure steps are energetically

favourable.
Me
0 Me -0
MeW)S/Me " N Fea(CO) N Me
§\ /7 benzene, 40 °C \
Br Br 18h Me

82%
mixture of regioisomers

Scheme 2.6

These initial reports together with other key citmttions by Hoffmann and Mann could
provide the evidence that the electrophilicity loé toxyallyl cation plays an important role, with

its configuration determining the stereochemicatcome of the cycloproduct3. This high

12 (a) Ashcroft, M. R.; Hoffmann, H. M. ROrg. Synth. 1978 58, 17. (b) Hoffmann, H. M. R.; Clemens, K. E;
Smithers, R. HJ. Am. Chem. Soc. 1972 94, 3940. (c) Mann, JTetrahedron 1986 42, 4611 (d) Noyori, R.;
Hayakawa, YOrg. React. 1983 29, 163.
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dependence of the reaction mechanism with the eatuthe oxyallyl cation is shown in Scheme
2.7, only the least electrophilid-based oxyallyl cation gave cycloaddition produsith N-
methylpyrrole due to the ionic nature of Na-O bohbe preferentially obtaineehdo product is
consistent with a concerted mechanism through cotp@. The more electrophilic dienophiles
generated by the presence of Zn/Cu angd%@), respectively are more susceptible to Friedel-
Crafts-type reactivity. When furan was used as d@ien similar behaviour was observed
demonstrating that more electrophilic oxyallyl cat are more likely to react in a stepwise path

to give the axial-equatorial product.

(0}
Me Me
Red ‘ X MMe Me X o
eductive agen
Br, Br g Me X— + X + Me
benzene, 40 °C 7 Me0 g -~
Diene 18h o Me'o Me
endo exo axial-equatorial
Reductive agent
I'\\I/Ie ! Cu/Nal 76% 13% 0%
' Zn/Cu 0% 0% 60%
\ 3 Fey(CO)4 0% 0% 82%
0 3 Cu/Nal 91% 9% 0%
\ / ' Zn/Cu 81% 10% 9%
Fey(CO)g 44% 0% 56%
Scheme 2.7

Observing these results, it is also irrefutableittiilience of the diene in the outcome of
the reaction. Pyrroles behave as poor dienes inloagditions due to competing
retrocycloaddition to recover aromatidityand resulting in few satisfactory examples in the
literaturel* Furans and cyclopentadienes are the most readigses; cyclohexadienes,
anthracenés or fulvenes have also been used resulting indéfestive and selective reactions.
Acyclic dienes generally provide low vyields of ayatldition products due to the low

concentration o$-cis conformers.

13 (a) Donnini, C. P.; Just, Q. Heterocyclic Chem. 1977, 14, 1423. (b) Lee, C. K.; Hahn, C. S.; Noland, WJEOrg.
Chem. 1978 43, 3727. (c) Noland, W. E.; Lee, C. &.Org. Chem. 198Q 45, 4573.

14 (a) Noyori, R.Acc. Chem. Res. 1979 12, 61. (b) Davies, H. M. L.; Young, W. B.; Smith, Bl. Tetrahedron Lett.
1989 35, 4653. (c) Davies, H. M. L.; Matasi, J. J.; HoddesM.; Huby, N. J. S.; Thornley, C.; Kong, N.; ter, J.
H. J. Org. Chem. 1997 62, 1095. (d) Davies, H. M. L.; Huby, N. J. Setrahedron Lett. 1992 46, 6935. (e)
Ravisekhara, R. P.; Davies, H. M.L.Am. Chem. Soc. 2007, 129, 10313. (f) Fuchigami, R.; Namba, K.; Tanino, K.
Tetrahedron Lett. 2012 53, 5725.

15 |vanova, O. A.; Budynina, E. M.; Grishin, Y. KTrushkov, I. V.; Verteletskii, P. VEur. J. Org. Chem. 2008 31,
5329.
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As seen from the previous examples, oxyallyl catiare unstable reagents that have to be
generatedn situ from the convenient precursor. In additionddnaloketones shown befofe,
epoxy enolsilanes are alternative starting material generate oxyallyl cations through acid-
mediated ring opening of the oxirane moiety. Thst fise of epoxy enolsilanes as oxyallyl cation
precursors for (4+3) cycloaddition was reportecEmychi and coworket&in the reaction with
furan and cyclopentadiene under Lewis acid cataly@ee Scheme 2.8). Although the
cycloadducts were produced in low yields and loastéreoselectivities, the reaction could be
carried out using a catalytic amount of TESOTfatslyst. In a later work, Chiu and coworkérs
demonstrated that the (4+3) cycloadducts could bimimed in good vyields performing the
reaction at a lower temperature, although withaowt diastereoselectivity. Slightly better results

were obtained using were possible to obtain usimaxg enolsilanes containing bulkier silyl

groups.
OTMS ° OH OH
N TESOTf (10 mol%) )\/‘ @ (o} . O\T”
0 CH,Clp, T 0@ 7 o
2Ll LA 7 0
(endo) (exo)
T=-50 °C, Yield 12%, endo:exo 60:40
T=-94 °C, Yield 75%, endo:exo 55:45
Scheme 2.8

In constrast to the results obtained in intermdecucycloadditions with epoxy
enolsilanes, intramolecular versions afford gooeldg of the corresponding cycloadducts, and
provided as single diastereoisomer in a stereofipecanner. Using a single enantiomer of the
epoxy enolsilyl ether optically pure cycloadducbwin in Scheme 2.9 was obtained under the
same reactivity as used in SchemeZ: g he diastereoselectivity is explained on the baebis
compact transition state adopting preferentiallij/ dype configuration, thus the cycloaddition is
initiated with furan asynchronously with furan tbgh a compacéndo transition state in which
the tether adopts a chairlike conformation to afftire observed diastereocisomer. This pathway

is preferred over the alternative unfavoueedo transition state in which the siloxyallyl catic i

16 Ohno, M.; Mori, K.; Hattori, T.; Eguchi, S. Org. Chem. 199Q 55, 6086.

17 (a) Chung, W. K.; Lam, S. K; Lo, B.; Liu, L. LWong, W.-T.; Chiu, PJ. Am. Chem. Soc. 2009 131, 4556. (b) Lo,
B.; Chiu, P.Org. Lett. 2011, 13, 864.
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in S-type configuration resulting in the isomerioguct. This strategy has been applied to the

asymmetric synthesis of the pentacyclic framewdrtereoidal alkaloid Cortistatins by CHi#l.

OTES OH O
TESOTf (10 mol%)
CH,Cly, -78 °C R!

70-83%

Cortistatin core

framework
o . OTES

R2 \\ B

OTES

Scheme 2.9

In 2012, an intermolecular asymmetric version & {d+3) cycloaddition has reported in
which the authors confirmed that starting from aargiopure epoxide the chiral information was
directly translated to the absolute stereochemistiythe final product? This result was
explained by proposing that the diene intercepasotkyallyl cation before the cation dissociates
to the achiral oxyallyl cation. Computational sesliwere carried out afterwards which
confirmed that the activation energies of the iieactbetween the chiral oxyallyl cation

intermediate and the diene were lower than theédyanrequired for epoxide ring openif).

)
OTES
[>/§ _TESOTf (10 mol%) _
0 CHZCIz -91°C
(endo) (exo)
X=0, Yield 75%, d.r. 54:46 92% ee 97% ee
X=CHj, Yield 69%, d.r. 42:58 98% ee 99% ee
Scheme 1.1

Cyclopropanone diacetals have also been used aallgxgation precursors. These
strained carbocyclic reagents undergo spontangngsopening in the presence of a Brgnsted

acid in order to release ring strain, generatingl&ylidene oxyallyl cation-type intermediate. In

18 Lju, L. L.; Chiu, P.Chem. Commun. 2011, 47, 3416.
19 |0, B.; Lam, S.; Wong, W.-T.; Chiu, Rngew. Chem. Int. Ed. 2012 51, 12120.
20 Krenske, E. H.; Lam, S.; Ng, J. P. L.; Lo, B.m&aS. K.; Chiu, PAngew. Chem. Int. Ed. 2015 54, 7422.
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particular, Fujita and coworkédsshowed that these alkylidenecyclopropanone acetalsd
react with furan in the presence of HCI, producidg3) cycloadducts in good yields (see
Scheme 2.10).

o
| HCI Q @

Me oTms HFIP, 0°C N
Me >
Me OTMS ﬁ/LOTMS

Me

Scheme 2.10

Alternatively, Albizati and coworke?3 reported that,a-dialkoxy trialkylsilylenol ethers
are also excellent precursors Ofstabilized oxyallyl cations through Lewis acid risdd
dealkoxylation. In their initial report, they shodvéhe possibility to promote the (4+3) reaction
with furans in a regio- and diastereoselective ifaslusing using substoichiometric amounts of

TMSOTf as Lewis acid promoter (see Scheme 2.11).

R1 Y R2 R1
OTMSOMe TESOTF (40 mol%) OTMSO@ U R%j//&owle
CH2C|2, -78 °C = “Me V, 0
OMe
(endo)
54-78%
Scheme 2.11

21 Fujita, M.; Oshima, M.; Okuno, S.; Sugimura, @kuyama, TOrg. Lett. 2006 8, 4113.
22 Murray, D. H.; Albizati, K. FTetrahedron Lett. 199 31, 4109.
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Hoffmann extended this work through the use ofieathllyl acetal as the oxyallyl cation
precursor developing an asymmetric variant (seei®eh2.12%3 These chiral allyl acetals in the
presence of TESOTf as Lewis acid promoter, genesatdiral oxyallyl cation intermediate
which reacts diastereoselectively with furan prowd the final product in good vyields.
Cycloaddition takes place with high leves of diestselectivity through aendo transition state.
In addition, facial selectivity levels depend o ithoice of aryl group at the acetal stereogenic
center. When a 2-naphthyl group was chosen, th&)(4ycloadduct was formed as single
diastereoisomer. Houk and Harnfdtaxamined the reaction using density functionabtie
calculations and they predicted that these cyclibiadd take placeia stepwise fashion due to
electrostatic stabilization after the formationtbé firstc bond. In addition, stereoselectivity is
controlled by two main factors: minimization of isterepulsion between the allyl group of the
cation and the methyl group of the chiral auxilisand by stabilizing CHe interaction between
furan and the aryl group. This model could alsadjmtethe differences in selectivity observed

when a phenyl and 2-naphthyl substituents wereeglat the chiral auxiliary.

o
OTES \:/ Me
oA _TMSOTf(omo%)  q o A
OMe Me CHzClz, -95°C %o

Ar=Ph Yield 76%, de 76%
Ar= 2-Napht Yield 50%, de 100%

(endo)

MesSi,
/c/)\g)+ wMe
K T@
H\

3 minimize

i | steric

@ ' repulsion
CH-nt

interaction

Scheme 2.12

23 (a) Stark, C. B. W.; Eggert, U.; Hoffmann, H. ®. Angew. Chem. Int. Ed. 1998 37, 1266. (b) Stark, C. B. W.;
Pierau, S.; Wartchow, R.; Hoffmann, H. M. Ghem. Eur. J. 200Q 6, 684.

24 Krenske, E. H.; Houk, K. N.; Harmata, Karg. Lett. 201Q 12, 444.



50 Chapter 2

Vinyl oxocarbenium speciésare also available from other precursors tikgilyloxy-a,B-
unsaturated carbonyls. Harn#tdemonstrated that 2-(triisopropylsilyloxy)propenahcts with
different dienes in the presence of catalytic anwwi Sc(OTf) to afford the corresponding
cycloadducts in good to excellent yields and in sorases with full diastereoselectivity (see
Scheme 2.13). The potential of this type of premsrsvas demonstrated by Féhkvho reported
the total synthesis of (+)-cortistatin J usimgilyloxy-o,p-unsaturated carbonyl derivatives in an

intramolecular version.

o
omps X Sc(OT); (10 mol% OTIPS
A0 /] “chchocton

72-90%
d.r. 75:25 to 100:0

Scheme 2.13

Allenamides are also other effective precursorsthier preparation of nitrogen-stabilized
oxyallyl cations. These are converted into the keyallyl cations through regioselective
epoxidation that generates an alkylidenepoxiderimeeliate that undergoes subsequent ring
opening in the presence of a Lewis acid. This nedhlagy has been extensively studied by
Hsung reporting the first use of 1-amidoallenesasrce ofN-substituted oxyallyl cations in
(4+3) cycloadditions with a variety of furans (seeheme 2.14% Hsung incorporated a chiral
oxazolidinone as chiral auxiliary in the allene atgiwhich evolved to thil-substituted oxyallyl
cation after a regioselective epoxidation of thestraectron-rich alkene. This intermediate could
be readily trapped by the presence of a high exoédsran leading to the final cycloadduct
diastereoselectively and with completehdo selectivity in the presence of ZnGis Lewis acid
promoter. Dimethyldioxirane (DMDO) was found to the most useful protocol in epoxidizing
chiral allenamide at low temperatures. When theti@a was promoted with cyclopentadiene,
the final product was obtaineshdo and diastereoselectively but with an importanslos the

reaction yield. Based on experimental data, HsumtgHouk have reported a mechanistic model

25 For review on cycloadditions of vinyl oxocarbemidons: Harmata, M.; Rashatasakhon, P. Tetrahe?@083, 59,
2371.

26 Harmata, M.; Sharma, @rg. Lett. 200 2, 2703.
27 Nilson, M. G.; Funk, R. LJ. Am. Chem. Soc. 2011, 133, 12451.
28 xiong, H.; Hsung, R. P.; Berry, C. R.; Rameshkyr@aJ. Am. Chem. Soc. 2001, 123, 7174.
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based on DFT-theoretical calculations to explaia skereoselectivities of this cycloadditiéh.
Authors revealed that the most stable oxyallylaaintermediate presentg)(configuration in
order to minimize electronic repulsions between tazolidinone carbonyl and the oxyallyl
oxygen. The study reported that this arrangemenmaintained in the TS and that the
incorporation of the Lewis acid decreases the atitm barrier of the cycloaddition but does not
change the conformation of the intermediate. Th@faelectivity was explained by the presence
of a stabilized C-He interaction between the phenyl ring of the chanakiliary and the hydrogen
atom at C-3 position of the furan. As a consequgtheeaddition of the furan takes place through

the most hindered face of the oxyallyl cation.

X

: v . o
OXN/\\, DMDO, ZnCl, (2 eq) V/NRO .X ﬁ\j

N THF, T 0= ijh
Ph T=-78°C,X=0 Yield 80%, 1:2 >96:4 0
T=-50 °C, X= CHy Yield 40%, 1:2 95:5

Ph
(endo 1) (endo 2)

—_—

N\
\/Of YN>¢/‘/\<
(B)

Regioselective Favored TS: endo 1
epoxidation

/\(\/\/ ; [\{Ph _zZnCl, @ @ @

Scheme 2.14

Houk and Hsung also performed the reaction witlar®d 3-substituted furans observing
that when 2-substituted furans were usgd cycloadducts were formed. However, in the
presence of 3-substituted furans, the final prosag formed selectively as thati product (see
Scheme 2.15% In the same work, they also reported that theemfi@ntioned C-He interactions
also aid to understand the stereoselectivity of tkaction. In both cases, the major
diastereoisomer is derived from the attack of trar to the more hindered face of the cation,
favored by C-Hg interactions. For 2-substituted furasg cycloadducts are formed selectively,
because this arrangement enables the strongerrgpmdéeraction in the TS to involve the less-

hindered (C-5) carbon and the more nucleophilie sftthe oxyallyl cation. 3-substituted furans

29 Antoline, J. E.; Krenske, E. H.; Lohse, A. G.;ukoK. N.; Hsung, R. Rl. Am. Chem. Soc. 2011, 133, 14443.
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undergo cycloaddition preferentially in thati geometry, in order to avoid steric clash between
the 3-substituent and the phenyl ring.
\ O _R
ot = Cr

(6] o H
o L RAT o
/RN DMDO, ZnCl, (2 eq) o N, DMDO, ZnCl, (2 eq) ) W
Ph 0

V4

PO THF, T - THF, T

R= EDG, EWG Ph R= EDG, EWG
(endo-anti) (endo-syn)

+ $
e )
Oy ok

O o H

Scheme 2.15

The group of Hsung has also reported an efficiettamolecular version of these (4+3)
cycloadditions with allenamides as oxyallyl catigmecursors$® They reported the first
intramolecular (4+3) cycloaddition using nitrogenkslized chiral oxyallyl cationsvia
epoxidation ofN-tethered allenamides (see Scheme 2®6)he epoxidation became very
selective at low temperatures for the allenic deubbnd leading to the formation of the
corresponding oxyallyl cation, the subsequent mtiecular reaction gave the desired final
products as single diastereomers. The reactioralgagested under Lewis acid catalyst but it did
not have any influence on the stereochemical outco@n the basis of stereochemical
assignments, Hsung proposed an approach to inteamial (4+3) cycloaddition where the
cation adopts the most stable W-conformation artgeds througlexo transition state. Both

oxygen atoms are proposed to be unaligned in vietheofact that Lewis acids did not have any

influence on the reaction.

N
~ DMDO
CH,Cly, -45 °C

70
— single diastereoisomer
75-80%

Scheme 2.16

30 (&) Rameshkumar, C.; Hsung, R.Ahgew. Chem. Int. Ed. 2004 43, 615. (b) Xiong, H.; Huang, J.; Ghosh, S. K;

Hsung, R. PJ. Am. Chem. Soc. 2003 125, 12694. (c) Lohse, A. G.; Hsung, R. P.; Leider, D, Ghosh, S. KJ.
Org. Chem. 2011, 76, 3246.
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Finally, heteroaromatic betaines such as those uséipolar (5+2) cycloadditions, can
also participate in (4+3) cycloadditions with atahle diené! Cha and coworke?3applied this
methodology to generate a cyclitN-stabilized oxyallyl cation which reacted with
cyclopentadiene at room temperature providing tireespondingendo cycloadducts in moderate
yield. Cha could perform the reaction on large ecahd applied it in a sequence of
transformation applied towards the synthesis optepare the tricyclic core of Sarain A, a

molecule which is reported to display modest awtiéydal, insecticidal and antitumor activitiés.

JAr
| N
o O
+ 2 [ ————— / —
N EtsN °©
| 3
Ar Cl (endo)
58%
Core of Sarain A
| O
Et;N | ﬂ
N _
e
Ar
Scheme 2.17

31 (a) Dennis, N.; Ibrahim, B.; Katritzky, A. R. Chem. Soc.-Perkin Trans. 1 1976 21, 2307. (b) Mok, K. L.; Nye, M.
J.J. Chem. Soc. Chem. Commun. 1974 15, 608.

32 (a) sung, M. J.; Lee, H. I.; Chong, Y.; Cha, JOfg. Lett. 1999 1, 2017. (b) Lee, H. I; Sung, M. J.; Lee, H. B;
Cha, J. KHeterocycles 2004 62, 407.

33 Caprioli, V.; Cimino, G.; De Guilio, A.; Madaio, AScognamiglio, G.; Trivellone, EComp. Biochem. Physiol. B.
1992 103B, 293.
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There is a lack of catalytic (4+3) cycloadditions the literature and even rarer
enantioselective versions; in fact, only two exasplof catalytic enantioselective (4+3)
cycloadditions have been reported up to date. Gnthese reports made use of the iminium
activation approach to activate the oxyallyl catieagent and the other realied on a Cu(ll)/bis-

oxazoline chiral Lewis acid as catalyst. Next, thaee presented in-depth.

In 2003, Harmaf¥ presented the first enantioselective version ef3j4cycloaddition
using silyloxy pentadienals as oxyallyl cation pnesors. Silyloxy pentadienals react with the
MacMillan catalyst to generate an iminium ion imediate shown in Scheme 2.18. The addition
of 2,5-disubstituted furans lead to the final cydduct as a singlendo diastereomer in
moderate to good yields and good enantiosele@svifrhe reaction performed well with methyl,
ethyl and propyl substituents at this position dfe tfuran ring but the complete
diastereoselectivity and enantioselectivity was toisen phenyl groups were used. The reaction
with 2-substituted furans did not take place ohisgronly the Friedel-Crafts type alkylation

product which could suggest a stepwise process.

0
Ph
HN NMe . o
‘ 20 mol%) Bu R2_ O\ _R2 ’
)032\ (TFA(ZO)moI%) Wwe U OHC/
Z CHO CH,Cly, T NF /E‘X R? R
fBu
5] 2S-endo
18-74%
81-90 ee%
Scheme 2.18

Prior to the determination of the absolute confagion, Harmata assumed that the
mechanism that explains the enantioselectivity @ofdllow the earlier proposed model by
MacMillan for imidazolidinone-catalyzed enantiosgiee Diels-Alder and Michael reactions
with o,B-unsaturated aldehydes and ketones. However, StixXarapplied this methodology in
the synthesis of (+)-englerin A and (-)-orientdfodnd they deduced the absolute configuration

comparing the optical rotations to their final puots to those of authentic samptesThey

34 Harmata, M.; Ghosh, S. K.: Hong, X.; Wacharasindh; Kirchhoefer, Rl. Am. Chem. Soc. 2003 125, 2058.

35 (a) Sun, B.-F.; Wang, C.-L.; Ding, R.; Xu, J.-Yinl.G.-Q.; Tetrahedron Lett. 2011, 52, 2155. (b) Wang, C.-L.; Sun,
B.-F.; Chen, S.-G.; Ding, R.; Lin, G.-Q.; Xy, J.:\Shang, Y.-JSynlett 2012 23, 263. (c) Wang, C. L.; Sun, B.-F;
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realized that Harmata had anticipated a mechanisinexplains the formation of the opposite
enantiomer. The addition should take place throgygHace of the iminium ion. For that reason,
in 2014 Harmata and Krenske investigated the méstmonder DFT calculatior®S. The most
stable conformation for the iminium ion was repdrt®® be E) isomer; however, some
involvement of Z transition states may occur, and this would shghteduce the
enantioselectivity’ The addition through theyn face of the first step is understood trough
conformational changes within the iminium catioattbccur upon interaction with the diene. In
the proposed TS, diene is far enough from the Hegropp andtert-butyl group of the catalyst
that creates no steric clashes with these groumac€ommodateyn-face approach by the furan,
SiR; group would accommodate in theti face of the iminium intermediate. They demonsttate

that the role of SiRis crucial in transmitting chiral information frothe catalyst to the bond-

forming site.
Anticipated (Harmata): leads to (2R) product Krenske and Harmata model:
PN no clash Q
> 2=
OTMS 'Bué o R7So— R syn attack
-'/'(I)‘Q.{\\K_./-N\LN*MG /&im% Be0
---®\\__..\\\_/__N\LN*M6
addition -

Rz/(/oj\ Rz toantiface

Figure 2.5

Later on, Hsung reported an enantioselective venssing chiral Lewis acid catalysis (see
Scheme 2.19%¥ The cycloaddition was performed with achiral oxXafinone-derived
allenamides in the presence of a Cu(ll)/bis-oxamothiral Lewis acid, that promoted timesitu
formation of the oxyallyl cation which, by oxidationith dimethyldioxirane (DMDO) reacted
with dienes withendo selectivity and with modest to good enantioselétts. The use of
molecular sieves in the reaction led to higherdgelThe use of furan led to endo product with
excellent yield and enantioselectivity (see Sch@m®). The reaction was also carried out with

cyclopentadiene but lower enantioselectivities warhieved due to a more reactive diene that

Chen, S.-G.; Ding, R.; Lin, G.-Q.; Xu, J.-Y.; Shaig-J. Synlett 2012 23, 1266. (d) Wang, J.; Chen, S.-G.; Sun, B.-
F.; Lin, G.-Q.; Shang, Y.-Lhem. Eur. J. 2013 19, 2539.

36 Krenske, E. H.; Houk, K. N.; Harmata, M.Org. Chem. 2015 80, 744

37 seebach, D.; Gilmour, R.; Groelj, U.; Deniau, §parr, C.; Ebert, M.-O.; Beck, A. K.; McCusker,B.; Sisak, D.;
Uchimaru, THelv. Chim. Acta201Q 93, 603.

38 Huang, J.; Hsung, R. B.Am. Chem. Soc. 2005 127, 50.
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contributes to a great amount of background readfiddsung proposed a working model to
explain the obtained stereoselectivity based onhamgistic analysis for asymmetric catalysis
employingC,-symmetric ligands. In this model, it could be abee that the attack through the
S face of the oxyallyl cation would be stericallyfavoured due to the interaction between the

furan and the phenyl rings, while tRe face would predominate.

Me Me
Oj)Kro
Phr | | Ph 0 0
e R e
OXN/\\ + @ (32 mol%) .
\_/ AN Cu(OTf), (25 mol%)

DMDO, 4A MS, AgSbFg

acetone, CH,Cl,, -78 °C 91%
99 ee%

Ph.  Ph Ho—=1¢

. -0 \‘.)

PR 2
Ph
I H — 0
H

Scheme 2.19

The reaction with 2,5-dimethylfuran provided lowaetioselectivities but, in contrast, the
use of both 2-methylfuran and methyl furylcarbogydister provided excellent regioselectivities
in favor of thesyn isomer with moderate to high enantioselectivitRsactions with 3-substituted
furans were successful, leading to cycloadductk high enantioselectivities in favor of thati

regioisomer as major product (see Scheme 2.20).

o
RO \ 0.0
0.0 0 0
o © 9 ) &t
N, Ligand (32 mol%) (0] N’\\. Ligand (32 mol%) e
]! @ Cu(OT, (25 mol%) — N Cu(OT), (25 mol%)
DMDO, 4A MS, AgSbFg DMDO, 4A MS, AgSbFs 2
(syn) acetone, CH,Cly, -78 °C acetone, CH,Cly, -78 °C
\ R'= Me, CO,Me R2=Me, Br, CH,0TPS (ant)
61-88% 58-91%
67-71 ee% syn:anti 1:2.3 to 1:>20
84-99 ee%

Scheme 2.20

39 Evans,D.A; Murry, J. A.; von Matt, P.; Norcso®R. D.; Miller, S. JAngew. Chem., Int. Ed. Engl. 1995 34, 798.
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The selected examples illustrate the differentaedeactivity to get oxyallyl cations and
to involve these in (4+3) cycloadditions. It is @smt that there is a lack of examples of catalytic
(4+3) cycloadditions and when speaking about ctafnantioselective versions, the literature is

limited to the two examples disclosed previouslisTencouraged us to confront this challenge.
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2. SPECIFIC OBJECTIVES AND WORK PLAN

As stated in the previous section, despite the tlaat the (4+3) cycloaddition reaction
using oxyallyl cation as the 3C component is a p@wli¢ool to assemble seven-membered rings;
there is an evident lack of catalytic and enantexta’e versions that enable the access to
enantiopure adducts through this highly useful agph. In consequence, we decided to direct
our efforts to the development of an organocatlghantioselective version of the (4+3)
cycloaddition between oxyallyl cations and electdoh dienes employing Brensted acid
catalysis as the methodological approach to aetitla¢ reagents and to achieve stereocontrol
(see Scheme 2.21).

(e}
0© X Catalyst*

Scheme 2.21

Our hypothesis is shown in Scheme 2.22 and reheth® ability of chiral Brgnsted acids
to favour the formation of the oxyallyl cation imteediate through ring-opening of an
alkylideneoxirane intermediate that is generatebnupegioselective epoxidation of an
allenamide. Moreover, the chiral Brgnsted acid &haiso be able to transfer its stereochemical
influence during the (4+3) cycloaddition processparticular, BINOL-based Brgnsted acids will

be surveyed to catalyze this (4+3) cycloaddition.

0._.0 05,0 0.,.0 X 1
«( Op7 Pl )* TSP )« R
R F [0] R 0 <O/P\)(H ® H X/® O> ® /H Xg O> ;\ /; 2"/‘ 7
NZ N ‘Nﬂ - > R1" (e} — R1" (o} — R
R 12 ‘Nﬂ ‘Nﬂ
R ) ) *
2 2
R

alkylideneoxirane

Scheme 2.22
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Considering all this aspects, the following workiplas designed:
1 Proof of concept

Firstly, we need to evaluate the ability of postedaBrgnsted acids to catalyze the process
and to induce enantioselectivity in the (4+3) caddition between allenamide and furan in the

presence of an oxidant that should be compatikie tive catalytic system (see Scheme 2.23).

0. .0
z 1
RL A <O/P\XH R0
\’l\l/\.\ . (0] (cat) R2 N N
R2 \ Conditions
Scheme 2.23

2. Optimization of the reaction conditions

Once the viability of the reaction has been esthbli, structural requirements to be met
by the allenamides give the best performance uthdse Brgnsted acid-catalyzed conditions will
have to be identified. In particular," Rnd R will be modified with electronically different
groups until the allenamide that performs besnhdetified (see Scheme 2.23). Next, the reaction
between furan and the most suitable allenamidehgilthosen as model system, with the aim to
identify the chiral Brgnsted acid that provides thest performing one in terms of yield and
enantiocontrol. Some catalyst will be tested andeotie best performance is identified, other
experimental variables like solvent, additives,aantration or temperature will be evaluated (see
Scheme 2.24).

Oxidant R'" o

R, X : ) l
N N s \O/ Chiral Brgnsted acid r2N .
R? \/—\/ solvent, T, additives... . .

Scheme 2.24
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3. Scope of the reaction

With the optimal conditions in hand, several alleméth different substitution patterns as
well as different dienes will be evaluated in orderexplore the scope and limitations of the

reaction (see Scheme 2.25).

1
RL X X i i B o 3
"\lz %g . \ \/7 Optimal conditions r2N N * R
R R? LR LX),
,LR;

Scheme 2.25
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3. RESULTS AND DISCUSSION

Once the synthetic methodologies and literaturemgk@s on this topic have been
presented and after establishing the specific dbgcand a work plan, the most relevant results

obtained will be presented and subsequent discussed
3.1 Proof of concept

We began our work applying the conditions repopealiously by Hsunt that involved
the use of allenda containing a 2-oxazolidinone moiety in the present dimethyldioxirane
(DMDO) as the oxidant and an excess of fuPanAn achiral acid such as diphenyl phosphate
was incorporated as catalyst and the reaction wakiaed at two different temperatures (see
Scheme 2.26). Initially the reaction was carried aturoom temperature observing a very poor
conversion into the final products. When the reactivas carried out at -78 °C a promising
reaction yield was achieved. These results indictte necessity of working at low temperatures
probably due to the volatility and unstable projesrof DMDO at temperatures over -20 °C. It
has to be highlighted that when the reaction wafopmaed without catalyst at -78 °C, the
reaction underwent with a 27% yield indicating tleg had to deal with a high degree of

background reaction.

Ph. 0
/P\
Ph” 'OH (10 mol%)
DMDO in acetone
THF, 25 °C 0

0 o Yield <5% &YO 0

X N
o)kN ~ V) — Ph. 0 —
| b

Ph" OH (10 mol%)

1a 2a DMDO in acetone
THF, -78 °C 4a
Yield 35%

Scheme 2.26

The use of DMDO as oxidant presents some disadgastidnat we wanted to overcoffe.
In particular, DMDO has to be freshly prepared pes to its use which would be in solution in
available solvents; it must be storage at temperatbelow -20 °C away from light and its

lifetime is around 2-6 days at these temperaturess, other different types of oxidants were

40 (a) Murray, R. WChem. Rev. 1989 89, 1187. (b) Yang, Z.; Yu, P.; Houk, K. N. Am. Chem. Soc. 2016 138, 4237.



62 Chapter 2

evaluated such as hydroperoxidtdBuOOH, HO,), peracetic acid om-chloroperbenzoic acid.
However, none of the oxidants gave the desiredoeglrduct. In fact, in all cases the starting

allene was recovered.
3.2  Optimization of reaction conditions

Once the possibility of carrying out the reactiartie presence of a Brgnsted acid catalyst
by using DMDO as the oxidant to generate the keyathWd cation intermediate from an
allenamide-type substrate, we evaluated the efiédifferent BINOL-based chiral Brgnsted
acids on the reaction. In particular, several concialy available chiral phosphoric acid3a¢€
and N-triflyl phosphoramide-based chiral acid3-¢) were surveyed with the results shown in
Table 2.1.

Table 2.1Variations on the reaction under DMDO and differé®A

CC
o._.0
oo
R (X MOI%) 0

o]
SL P . (0} DMDO (1.2 eq) &f 2
o N s @ toluene, -78 °C
N
Y= 0OH, 10 mol%
1a 2a Y= NHTf, 5 mol% 4a
R B R
3a: R= 2,4,6-’PF3C6H2
OO g: ng gbi 2: QSiE::S N I g: 3e OO g:PszT' gfg 2: ;;gﬁfhthw
c: R= 9-Phenanthreny| :
OO R 3d: R=3,5(CF3),C¢H3 O OO R
Entry Catalyst Yield? ed
1 3a 69 8
2 3b 53 5
3 3c 45 <5
4 3d 65 16
5 3e 51 <5
6 3f 38 45
7 3g 44 20

2Yield of pure product isolated after flash chrongaphy."Determined by HPLC analysis of the pure product.

When chiral phosphoric acid®a-e were used as catalysts (entries 1-5) addactvas
formed in moderate yield but with very poor enatiatrol. With the most acidic BINOL-based

phosphoric aci®d we were able to raise the enantiocontrol to a pBimig 16% ee. Thus, these
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results suggested that more acidic catalysts weressary in the reaction to get better results. In
this sense, geometrically different but the mogliacatalyst in the series of phosphoric a@ds
(entry 5) was evaluated obtaining adddiatin a promising yield but very low enantioseledijvi
However, two different BINOL-derived\-triflyl phosphoramides were evaluated (entries) 6-7

which provided higher enantioselectivities (45% 2086 respectively).

These promising preliminary results encouragedusatry on further efforts in order to
achieve the highest possible yield and stereoseltgctn this sense, we decided first to evaluate
allenamides with different substitution patternsptaying catalysts3f and 3g which had
provided the best results in our preliminary survéklie reactions were carried out at -78 °C
under 5 mol% of catalyst loading with excess oafu(3 eq) and DMDO (2 eq) and the obtained

results are shown in Table 2.2.

Table 2.2Evaluation of the structure of the allenamide prscu

CCL,
O:P\//O
OO O™ "NHTf
0
R (5 mol%) R o

|
RIN/\- . \O/ DMDO (2 eq) R N,
1o A \/_\/ toluene, -78 °C
R dr >20:1

3f: R= 1-Naphthyl

1b-n 2a 30: Re SPh. 4ab-k
Entry allene R R? Product Yield (%)® ee (%)
1 1b Me Ts 4b 34 48
2 1c Ph Ts 4c 17 74
3 1d p-BrCeH, Ts 4d 23 39
4 le  24,6-(Me)CH, Ts e 18 50
5 1f  p-MeOGH, Ts 4f 50 60
6 1g  p-MeOGH, Ac 49 50 22
7 1h Ph Boc 4h 37 64
8 1i p-BrCeH,4 Boc 4i 29 71
9 1j  p-MeOGH, Boc 4 63 68
10 1k 3,4,5-(MeO)CgH, Boc 4k 38 73
11 - p-(N-(Me),)CeH,  Boc - n.ré -

aield of pure product isolated after flash chrongasphy.Determined by HPLC analysis of the pure prodtithe
reaction was carried out wilf catalyst.’Absolute configuration was determined by X-ray gsial (see Experimental
section).No reaction.

We started the evaluation of different allenamibgsstudying different Rgroups while

keeping an electron withdrawing group as the ofRersubstituent. Initially, we tested alkyl
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(entry 1) and aromatic substituents (entries 2Algnamide 1b containing a methyl and tosyl
group did not afford good results in terms of yialdd enantioselectivity and when a phenyl
group was placed (entry 2) the enantiocontrol iaseel to a promising 74% ee, albeit in very low
yield. The use of an electron withdrawing aryl gitbent (entry 3) afforded lower
enantioselectivities than a simple phenyl groupsthllenamides containing an electron-donating
aryl substituent together with the tosyl group werdsequently evaluated (entries 4-5). In
particular, allenamidele with a mesityl group (entry 4) andf with a p-methoxyphenyl
substituent (entry 5) were evaluated obtainingliist result with the latter. Alternatively, we
tested the performance pfmethoxyphenyl substituted allenamides in combamatvith other
different electron withdrawing substituents suchaasacetyl group (entry 6) performing the
reaction in a very low enantiocontrol. On the otheand, tert-butoxycarbonyl-substituted
allenamidelh performed much better with an increased 67% awlllyj otherN-Boc protected
allenamides were surveyed trying to obtain a fimértg of the electronic properties of tNearyl
moiety (entries 8-11). As it happened before, thst besults were obtained with the use of the
electron donating-methoxyphenyl substituent (entry 9). This pusHh-efilect on the nitrogen
atom seems to be the most suitable system. Howewem the more electron-donating 3,4,5-
trimethoxyphenyl substituent was incorporated as dhyl substituent (entry 10) the reaction
performed poorly in terms of yield and the usepadimethylaminophenyl substituent in the
allenamide moiety resulted in a sluggish reactiosspmably because of overoxidation (entry
11).

We could grow a crystal of the obtained cycloaddifctvhich allowed to establish the
absolute configuration which was established bya¥)-ranalysis (see Figure 2.6). The
crystallographic analysis showed arR(@S5R) absolute configuration which was extended to

the other cycloadducta-k based on a mechanistic analogy for all reactions.

Figure 2.6
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Once the structure of the allenamide reagent had betimized and with cataly8g as
the best performing one, we proceeded to studeftleet of other parameters on the reaction like
solvent, stoichiometric ratio between the differesdgents or the incorporation of additives (see
Table 2.3). We started by surveying the effect siing more excess of furan (entries 2-3)
observing a significant improvement in the yieldenhl3 equivalents were used. Higher excess
of furan did not improve this result. It has togmnted out that the use of a large excess of diene
is usual to find in the previous reports about (4eygloadditions using oxyallyl cations due to
the probable oxidation of furan. Finally, we alsealeated the effect of the temperature,
demonstrating that when the temperature was hitfjizer -78 °C (entry 4), poorer enantiocontrol
was obtained. However, when we carried out the tiacat -90 °C (entry 5) the

enantioselectivity was not higher compared to #raesreaction at -78 °C.

Table 2.3Study of the effect of the furan equivalents andperature on the reaction.

I?oc o)

MeO o 39 (5 mol%) N
. DMDO in toluene (2 eq) /@/
’T'/\\ @ toluene, T, 16h MeO
Boc
1j 2a 4j
Entry Furan eq T /°C Yield® ed
1 3 -78 63 68
2 13 -78 74 73
3 24 78 76 65
4 13 -40 50 56
5 13 -90 62 67

2Yield of pure product isolated after flash chrongasphy."Determined by HPLC analysis of the pure prodtid.mol%
catalystYield was measured By NMR in the crude with TMB as IS.

We next proceeded to study the influence of theestlin the reaction as it can be seen in
Table 2.4. Initially, we tested the reaction in giresence of polar solvents (entries 2-3). The use
of a chlorinated solvent such as dichloromethan&ye?) did not afford better results than those
obtained in the original reaction in toluene. Pomirile was also evaluated obtaining good
results in terms of yield and enantioselectivities not better than in toluene (entry 3 vs 1). An
apolar solvent like hexane was also evaluated mdgthmprovement in yield and enantiocontrol.
In all these cases we were also able to prepanticemd of DMDO in each of the solvent tested,
which means that all these reactions were carrigidim a single solvent system. For the

evaluation of other solvents in which DMDO solusocan not be prepared, the oxidant was
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employed as a solution in toluene in view of theutes presented in entry 1. As a consequence,
the following experiments were carried out in binaolvent mixtures. In the presence of ethers,
the vyield of the reaction resulted significantly feated, while maintaining similar
enantioselectivities (entries 5-8). The use ofoeithane in the reaction led to similar results to
those provided by ethereal solvents (entry 9). Hamewhen we performed the reaction in the
presence of ethyl acetate as co-solvent we obsetivat the enantioselectivity improved
significantly (entry 10). We were also able to imye the yield of the reaction using higher
excess of DMDO (2.5 equivalents, entry 11) maintajrthe enantiocontrol. The reaction was
also tested with 3 equivalents of DMDO with no impgment in the yield (entry 12). Moreover,
in these cases the reaction could be carried @og fisran as the limiting reagent in the presence
of a 3-fold excess of allenamide (entry 12) whidpresents a remarkable improvement
compared with 13 equivalents of diene previoustyuneed. The use of isopropyl acetate (entry
13) or ethyl formate (entry 14) as co-solvents mid improve the enantiocontrol and led to an

important loss in the reaction yield.

Table 2.4Effect of the solvents and co-solvents on the react

MeO 3g (5 mol%) NBOC o
. o DMDO in solvent (2 eq) [ j/ a3
’I‘B/\'\ @ Co-solvent, -78 °C, 16h MeO
oC
1j 2a Solvent : Co-solvent (2:1) 4j
(13 eq)

Entry Solvent Co-solvent Yield ed
1 Toluene - 74 75
2 CH,Cl, - 60 65
3 EtCN - 68 63
4 hexane - 60 66
5 toluene MTBE 21 65
6 toluene EO 58 68
7 toluene CpMeO 58 60
8 toluene THF 39 69
9 toluene EtNQ@ 52 63
10 toluene EtOAC 75 80
11° toluene EtOAC 78 82
12 toluene EtOAc 71 82
13 toluene 'ProAc 72 66
14° toluene Ethyl formate 35 70

®Yield of pure product isolated after flash chrongasphy."Determined by HPLC analysis of the pure prodtReaction
was carried out at -40 °€2.5 equivalents of DMDO were usédield was measured By NMR in the crude with TMB
as IS The reaction was carried out using 1 eq of furaeg 8f allenamide and 6.3 eq of DMDO.
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These results agree with some publicattériyy Shimizu and Hoffmann where it was
indicated that apolar solvents may induce type Bi€chanisms instead of a concerted A
pathway which is the main mechanism operating whelar solvents are usétf Authors
explained this change on mechanism by the pow¢hekolvent to stabilize and dissociate the
cation/counterion pair. The more polar solvent @aly dissociate the cations making it more
electrophilic, while in apolar solvents the catforms tightly bonded ion-pair with the phosphate
ion. The full dissociation favours a concerted path while a partial dissociation favours a
stepwise manifold starting by the electrophilic itidd to the oxyallyl cation/phosphate anion

pair.

Finally and with these improved reaction conditimrs hand, we decided to reevaluate
other catalysts trying to obtain a better perforogam terms of enantiocontrol. We prepared
electronically structurally different BINOL-basetigsphoramides as phosphoric acids and their

behavior as catalysts on the (4+3) cycloadditiamvbenlj and2a was evaluated.

41 (a) Shimizu, N.; Tanaka, M.; Tsuno, ¥.Am. Chem. Soc. 1982 104, 1330. (b) Hoffmann, H. M. R.; Chidgey, R.
Tetrahedron Lett. 1978 1, 85.
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Table 2.5Evaluation of a series of catalysts

Me0\©\ Catalyst (5 mol%) E“ o
o DMDO in toluene (2.5 eq)
O +
o O e
MeO
4

EtOAc, -78 °C, 16h
Boc dr >20:1
1j 2a

SiR3
L sa reprxeo

X/T, 3h: R=Ph, X=S

OO N™ 3 [Hg R=Ph, x=0|| |
3j: R= TBDM, X=0

SiR3

Ar
OO 3l: R=9-Phenanthrenyl

O:p2 1y 3m: R= 4-(Ph)CoH
OO N 3n: R=4-(OMe)CaHs
30: R=2,4,6-(Pr)sCaHa

3l-o
Entry Catalyst Yield? ed
1 39 78 82
2 3h 33 65
3 3i 70 49
4 3] 27 <5
5 3k 69 -56
6 3l 20 25
7 3m 40 14
8 3n 19 12
9 30 45 70
10 3p 28 26

2Yield of pure product isolated after flash chrongaphy."Determined by HPLC analysis of the pure product.

As shown in Table 2.5, we started by modulating dabigity of the original catalys3g
(entry 1 shown for comparison purposes) with tresence of thiophosphate group (entry 2) that
led to an important loss of yield and a slight dinoghe enantiocontrol. The less acidic partially
reduced catalysBi (entry 3) was able to promote the reaction witlodygield but with an
important loss of enantioselectivity. Next, we died to evaluate steric effects on 3,3"-positions,
starting with catalysBj incorporating the bulkyert-butyl dimethyl silyl group (entry 4), that led
to an important loss of enantioselectivity. Chiphlosphoric aci8k containing a spirobiindane
scaffold which is very similar in acidity @& but with different geometrical features affordad t
contrary enantiomer of4j with poor enantioselectivity (entry 5). Next, BlMNased
phosphoramides with aryl substituents at the 38fjpos were evaluated. In this sense, catalyst
3l, 3m and 3n with a phenanthrenyl group (entry 6), biphenyl upo(entry 7) and p-
methoxyphenyl group (entry 8) in 3,3"positions edjvely supposed a dramatic loss in the
reaction yield and enantiocontrol. The bulky 2,#i&opropylphenyl group known as TRIP

catalyst3o (entry 9) provided4j with a good enantiocontrol but with an importanbpin the
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yield of the reaction. Finally, bisphosphoric acigtalyst3p (entry 10) was evaluated but the

results indicate that probably higher acidity wasessary.

Therefore,3g remained as the best catalyst to perform the (4y8lpaddition reaction.
Thus, after a wide range of experimental variallad been explored, we concluded that the
optimal conditions for the reaction involved theeusf 5 mol% of the chiral Brgnsted a@d
catalyst, DMDO in toluene as oxidant to generagedkyallyl cation and 13 equivalents of furan,

working in EtOAc as co-solvent in a 0.05M reactammcentration at -78 °C (see Scheme 2.27).

Boc o
MeO 3g (5 mol%) ,\‘l
\©\ ~ . o DMDO in toluene (6.3 eq) /©/
NN @ EtOAc, -78 °C, 16h MeO
Boc 4
. i
1j (1eq) 2a (13 eq.) 78%. 82% ee
Scheme 2.27

3.3 Scope of the reaction

Once the best reaction conditions for carrying theé (4+3) cycloaddition reaction
between allenamid&j and furan had been established, we decided to@xte methodology to
other dienes with different substitution patterhstially, we performed the reaction between
allenamide 1j and 3-methylfuran2b using the optimized conditions but we obtained the
corresponding cycloadduct in a poor 53% vyield. Heave when the reaction was carried out
using furan as the limiting reagent in the preseBe®ld excess of allenamide and 6.3
equivalents of oxidant added portionwise lead tibelbea reaction yield in a high regioselectivity

as it is shown in Scheme 2.28.

Optimized
conditions
53%
14:1 regioisomer ratio
3g (5 mol%) 81% ee

MeO N
\©\ \O/ DMDO in toluene /©/ K
—
NS T Q EtOAc, -78 °C, 16h MeO
M
Boc © Furan as
1j 2b limiting reagent
conditions
72%
14:1 regioisomer ratio
83% ee

Scheme 2.28
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These last conditions were extended to the reabitween allenamidy and a variety of
furans (Table 2.6). When 3-methylfuran was usedryeh) very high enantioselectivity was
obtained; while the 3-ethyl derivative (entry 2)igbtly drops the reaction yield and
enantiocontrol. Furans with longer or bulkier allgdbstituents at this position provides the
corresponding adducts with better enantioselegtivtthough in low to moderate yield (entries
3-5). Furan2g incorporating an olefinic side chain did not gigeod results in terms of yield
very likely because of a competitive oxidation sigeaction (entry 6). Finally, when aryl
substituents with different electronic propertiesravintroduced at the furan scaffold the reaction
performed very poorly (entries 7-9). The same hapgaevhen a halogen group or an ester group
were incorporated at this position (entries10-Irihich cycloaddition did not take place. In all
cases the reaction proceeded diastereoselectivdining theendo product and also thsyn

regioisomer was obtained as major isomer out offegsible ones.

Table 2.6Scope of the reaction with 3-substituted fufans

I?oc o)
Me0\©\ o DMDoffgt(f; mol%()6 se) /©/N
N In toluene (6.5 eq.
Ej\ QR EtOAc, -78 °C, 16h MeO
1j 2b-j 5a-i
. regioisomer
Entry R Product Yield gratio b ed
1 Me @b) 5a 72 14:1 83
2 Et 0) 5b 66 10:1 71
3 0-MeCsH,CH, (2d) 5¢ 45 10:1 85
4 'CsHy (2€) 5d 40 15:1 76
5 CH,CH,Ph f) 5e 30 18:1 62
6 (2)-PhCH=CH @g) 5f 12 >20:1 86
7 Ph @h) 59 34 >20:1 76
8 p-MeOGsH, (2i) 5h 17 >20:1 63
9 p-FCsH4 (2)) 5i 34 >20:1 57
10 Br - n.ré - -
11 CQCH; - n.re - -

®Reaction carried out in a 0.05 mmol scale2bfj, using 3.0 eq. of allenamidg, 6.3 eq. of DMDO (as solution in
toluene) and 5 mol% oBg in AcOEt at -78°C"Determined by'H NMR analysis of the crude reaction mixture.
“Determined by HPLC analysis of the pure prodficieq of allene, 2.5 eq. of DMDO and 2 eq. of funare used®No
reaction.

Other functionalized furans were also prepared eraluated in the (4+3) cycloaddition
reaction (see Table 2.7). The useprotected 2-(hydroxymethyl)furan derivatives ldadhe

formation ofendo-syn products with high yields and enantioselectivitiRemarkably, the use of
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O-silyl protected furan&gm and2n resulted into a highly efficient reaction in terofsboth yield
and stereocontrol (adduds and5m). We evaluated the use of 3-(hydroxymethyl)fuanbut
the reaction did not work. We also studied the grennce of the reaction using-(p-
methoxyphenyl)-protected 2-aminomethyl substitut@cns @p-s). In this case, using a Boc-
protected substratep provided adducbn in a moderate yield and poor enantioselectivity bu
changing to an amide as the protecting group ledarioimportant improvement in the
performance of the reaction obtainidg with a good 71% ee witiN-propionamide derived
substrate2r. When moving to the more bulky pivaloyl derivatigg, enantioselectivity was

lower and no reaction was observed with N-unprettetminomethyl substituted furah

Table 2.7Scope of the reaction with functionalized furans

Boc
MeO 39 (5 mol%) N Q
\©\ . . o DMDO in toluene (6.3 eq.) K
N/\. \ / _7Q o
Y EtOAc, -78 °C, 16h MeO
Boc R >20:1 regioisomer ratio
R
,,,,,,,, 112“51‘1
PMP~ * PMP * PMP * PMP~ * PMP~ *
OSiPh; OSi'Pry
5iP 5k 51 5m
Yield 57% Yield 54% Yield 68% Yield 70% n.r.
ee 82% ee 89% ee 90% ee 91%
N N N N Boc o
*PMP * PMP * PMP * PMP/N i
]
N Boc N COMe N COEt N CO'Bu HN—PMP
5nP 50 5pP 5q
Yield 50% Yield 78% Yield 76% Yield 75% n.r.
ee 60% e 80% ee 71% ee 54%

®Reaction carried out in a 0.05 mmol scale2&ft, using 3.0 eq. of allenamidyg, 6.3 eq. of
DMDO (as solution in toluene) and 5 mol% 31 in AcOEt at -78°C"1 eq of allene, 2.5 eq. of
DMDO and 2 eq. of furan. Yield of pure product &ted after flash chromatography. ee
determined by HPLC analysis of the pure product.rafers to no reaction.

Next we proceeded to evaluate the possibility afryeiag out the reaction with 2-
substituted furans (see Scheme 2.29). However, abtieem provided any (4+3) cycloaddition

product. In the case of 2-methylfurda the Friedel-Crafts type alkylation product wasesed,
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while for 2,5-dimethylfurarRv the starting material was recovered unaltered. fohmation of
the alkylation product in the reaction with 2-mdfhgan might suggest a possible stepwise
pathway for this cycloaddition reaction.

O, _Me
L
3g (5 mol%)

h Me
DMDO in toluene WN’BOC

EtOAc, -78 °C, 16h HO

!

PMP

MeO \©\ o 57%
X Me Me

goc =~ U 2v

1j 3g (5 mol%)
DMDO in toluene
EtOAc, -78 °C, 16h

No reaction
Scheme 2.29

Finally, the reaction was also carried out with enaucleophilic cyclopentadiergw and
the more reactive 6,6-dimethylfulverx. In both cases some cycloaddition product could be
isolated in low yields and with complete lack ofatiocontrol (see Scheme 2.30). It has to be

mentioned that several pyrroles, tiophenes andliacgienes such as Danishefsky’s diene were

evaluated with no success.

@m

Boc o
3g (5 mol%) N
DMDO in toluene /©/
EtOAc, -78 °C,16h MeO
Meo\©\ 5r 44%, ee 27%
NN JE—
N |

| X
Boc 2x

Boc o
1j 39 (5 mol%) N/
DMDO in toluene /©/ )
EtOAc, 78 °C, 16h MeO

5s 22%, ee 0%

Scheme 2.30

Next, we turned our attention to the use of sulistit allenamides as potential substrates
in this reaction (see Table 2.8). It has to be Iiggied that there are no precedents in catalytical

enantioselective (4+3) cycloadditions using subtd allenes in terminal position.
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Table 2.8Scope of the reaction withsubstituted allenamides and 3-substituted fifrans

MeO 3g (5 mol%) Boc o
\©\ o DMDO in toluene N, R!
"“/\&2 : u EtOAc, -78 °C, 16h /©/
Boc 2 MeO
R R A
1m-n 2 adl

Entry R’(allene) R?(furan) Prod. Yield reg;g![isg bl ed
1Y Me (1l H (2a) 6a 67 - 35
2 Me(l) Me (2b) 6b 86 15:1 81
3 Medl 0-MeCgH,CH; (2d) 6c 53 >20:1 73
4  Me(l CH,0SiPh (2m) 6d 64 >20:1 90
5  Me(l) CH,OSiPr; (2n) 6e 75 >20:1 85
6%  Et(@m) H (2a) 6f 64 - 35
7 Et(lm) Me (2b) 69 76 10:1 92
8  Et@m) 0-MeCeH,CH; (2d) 6h 60 >20:1 87
9  Et@lm) CH,OSiPr; (2n) 6i 82 >20:1 93
10  Et@m) CH,CH,Ph f) 6j 73 >20:1 77
11 Et@m) CH,CH,CO,Et (2y) 6k 70 >20:1 85
1221 Et (1m) CH,N-(p-OMeC;H,)(COEY) @r) 6l 60 >20:1 68

®Reaction carried out in a 0.05 mmol scale2pfusing 3.0 eq. of allenamidd-m, 6.3 eq. of DMDO (as solution in
toluene) and 5 mol% o8g in AcOEt at -78°C"Determined by*H NMR analysis of the crude reaction mixture.
“Determined by HPLC analysis of the pure prodiiceq allene, 2.5 eq of DMDO in toluene and EtOA% efj furan®l
eq allene, 2.5 eq of DMDO in toluene and EtOAcg2deene.’The enantiomer of cataly8e was used under the same
reaction conditiond5 eq. of allene, 12.5 eq. of DMDO, 1 eq. diene.

We first tested methyl-substituted allenamides in combination with furar?a but
despite the fact that cycloadduia was isolated in good yield and as a single diasisomer,
the enantioselectivity was very poor (entry 1). Keer, other 3-substituted furans performed
much better, starting with 3-methylfura®b( entry 2), 3-benzylsubstituted derivativd( entry
3) and two O-protected hydroxymethyl substituted furan®m( and 2n, entry 4 and 5
respectively). In all these cases the reaction igeay moderate to high vyields, excellent
diastereoselectivities and high ee. Moreover, #ation also proceeded with high regiocontrol,
only observing minor amounts of the other possielgioisomer in the case of 3-methylfuran
(entry 2). When we moved to the use of ethyl sulistil allenamidedn the reaction behaved
similarly (entries 6-12). In fact, while the cycttddition with furan proceeded with poor ee, other
substituted furans behaved excellently, furnishiig corresponding adducts with high yields
diastereoselectively with high enantiocontrol aedioselectively. Moreover, in this case the

reaction also tolerated well the incorporation tieo different substitution patterns such as 2-
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phenethyl (entry 10), 2-ethoxycarbonylethyl (entryil) and protected N-(p-
methoxyphenyl)aminomethyl (entry 12) that also perfed well in the reaction.

Remarkably, allenamides incorporating a more bulky cyclohexyl substitupatformed
much better in all cases as shown in Table 2.QdcY the possibility of using the simple furan
2a as diene (entry 1). The reaction with a varietyBedfubstituted furans proceeded in all cases
with the highest degree of enantiocontrol obseiweall the series and also with good yield and
completeendo selectivity (entries 1-6). We finally moved to &wate allenamidedo and 1p
(entries 7-13) that incorporate an aryl and a mtett hydroxyl group at the lateral chain

observing similar results of those observed before.

Table 2.9Scope of the reaction withsubstituted allenamides and 3-substituted furans

MeO 3g (5 mol%) Boc o 1
0 DMDO in toluene N, R
N/\. + \ /
) \E EtOAc, -78 °C,16h
MeO

Boc

1 R2
1o-q 2 6my R2

Entry R®(allene) R (furan) Prod. Yield rr.® eé
19 °CgHy (1n) H (2a) 6m 44 - 80
2 CCeHll (1n) Me (2b) 6n 40 >20:1 94
3 CCeHll (1n) O'MeC6H4CH2 (2d) 60 76 >20:1 97
4 CCeHll (1n) CHzoSiPrg (2n) 6p 87 >20:1 99
5 CCeHll (1n) CHchzph Qf) 6q 70 >20:1 95
6° CCeHll (1n) CHzN'(p-OMeCﬁH4(COEt))(2r) 6r 51 >20:1 96
7 CH,CH,Ph (Lo H (2a) 6s 30 - 13
8  CH,CH,Ph (Lo Me (2b) 6t 60 10:1 84
9" CH,CH,Ph (L0) CH,0SiPr; (2n) 6u 62 >20:1 82
10  CH,CH,OTBS (lp) H (2a) 6V 37 - 10
11" CH,CH,OTBS (lp) Me (2b) 6w 82 151 79
12 CH,CH,OTBS (lp) CH,OSIPr; (2n) 6X 34 >20:1 83
139 CH,CH,OTBS (lp) CH,0SiPh (2m) 6y 73 >20:1 85

®Reaction carried out in a 0.05 mmol scale2plusing 3.0 eq. of allenamidk-g, 6.3 eq. of DMDO (as solution in
toluene) and 5 mol% g in AcOEt at -78°C°Regioisomer ratio determined 4 NMR analysis of the crude reaction
mixture.“Determined by HPLC analysis of the pure prodticeq allene, 2.5 eq of DMDO in toluene and EtO/& efy
furan.®1 eq allene, 2.5 eq of DMDO in toluene and EtOAeg2diene’s eq. of allene, 12.5 eq. of DMDO, 1 eq. diene.
9The enantiomer of cataly8e was used obtaining the opposite enantiomer asrnsjmer under the same reaction
conditions.

At this point, the absolute configuration of theelmadducts obtained by this protocol was
established by single-crystal X-ray analysis okaantiopure sample of compouét] for which

a monocrystalline sample could be obtained (sear€ig.7). Accordingly to the stereostructure
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obtained for this compound, the configuration df @her adduct$a-y, was established by

assuming the same stereochemical outcome for afitioms between allenamiddsn-q and

furans2 based on mechanistic analogy.

u

Figure 2.7
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3.4  Mechanistic proposal

Based on the obtained stereochemical outcome ofréhetion, we present herein a

mechanistic proposal that can explain the regid-stareoselective outcome of the process.

I?oc o O\O

1

S— R pmp. <0 4/ PMP.
NN\ —— VN
Boc Boc 4

Scheme 2.3Mechanistic proposal

The reaction would start with the regioselective»agation of the more electron rich
alkene moiety of the allene in the presence of DM®ming the oxirane intermediatewhich
in the presence of chiral Brgnsted a8iglwould lead to the key oxyallyl catioih. Once the
oxyallyl cation is formed the catalyst would intergia H-bonding with the OH moiety and it is
also proposed that the phosphate anion would reniage to the iminium cation through ion-
pairing interactions, lowering the LUMO of the oXyhcation to favour the reaction with the
nucleophile. Our proposal relies on a more plaesitepwise mechanism base both in the
literature precedent regarding computational studaried out by Houk and Harmata on related
Lewis-acid catalyzed proces8esind also on the fact that side products arisiognfiFriedel-
Crafts type reactivity has been observed in sonsesan this sense, the firstbond will be
formed between the most nucleophilic site on trenéiand the most electrophilic site on the

cation assisted by the chiral phosphoramide aroomihg intermediatéll which should have a
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long enough lifetime to undergo bond rotation befgenerating the seconsdond to lead to the
formation of the final cycloadduct with the obseatveelative configuration between the two

substitution of the oxyallyl cation.

According to the experimental results, a majar regioisomer is obtained in all cases. As
it is shown in Figure 2.8, the approximation of thean to the oxyallyl cation is proposed to be
controlled by electronic effects with the most maghilic site of the furan and the most
electrophilic site of the oxyallyl cation reactibgtween each other in the first step. The minor
regioisomer it is thought to be formed through laekground side background reaction because

this minor regioisomer has always been obtained@smic material.

Syn approach anti approach

Figure 2.8

On the basis of the experimental results and @snitentioned before, the catalyst would
form a H bond with the dipole and an electrostatiteraction through an ion pair with the
iminium cation which lead to a rigid transition t&tallowing to the furan an approach from the
less hindered faceStface) because of the chiral environment createthéybulky triphenylsilyl
substituents of the catalyst (see Figure 2.9). Phigposal is agree with the obtained absolute
configuration detected experimentally. Finally,istproposed thaendo selectivity is favoured
due to the preferred alignment of the dipole mom@ftthe furan and the oxyallyl cation which

are in opposite directions as proposed by othdroast?

42 (3) See Ref. 35. (b) Du, Y.; Krenske, E. H.; Aini, J. E.; Lohse, A. G.; Houk, K. N.; Hsung, R.JPOrg. Chem.
2013 78, 1753. (c) See Ref. 30.
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Figure 2.9Major diastereoisomer
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4, CONCLUSION

Given the results presented in this chapter, thewing conclusions can be settled:

= Thein situ generated oxyallyl cations participate in the omzatalyzed asymmetric (4+3)
cycloaddition with furans under Brgnsted acid gatial promoted by substoichiometric

amounts oBg as the most efficient catalyst.

= The non-stable oxyallyl cations are formedsitu after a regioselective epoxidation in the

presence of a strong oxidant which epoxidize thetratectron-rich alkene.

= The described method provides excellent resultb high yields and enantioselectivities
with a wide range of allenes and furans contairétectron-withdrawing or electron-

donating groups.

= Especially mentioned is the applicability of the thulology toy-substituted allenes,

where no precedents are in the literature.

= The cycloadducts are formed with four new stere@mgeanters totallyendo selectively,

diastereoselectively, highly regioselectively andrmtioselectively.
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1. INTRODUCTION

The allylation of carbonyl or azomethine compourglsa reaction of great synthetic
interest because it enables the direct accessnoditylic alcohols and amines (see Scheme 3.1),
which are useful building blocks widely used in #ymthesis of natural products and commercial
drugs?! Stereoselective allylation has attracted a wideré@st being the asymmetric addition of

allylmetal reagents to aldehydes and imines onthefmost used approaches to this type of

products.
X xH
L N R G
R “R? R:Qz N
M= B, Si, Sn, Ti... X=0, NR

X’= alkyl, halide, ether or other anion

Scheme 3.1

In 1983, Denmark and Webber classified the asymmattdition for different allylation
reagents to C=X bonds into three major types, namgek I, Il and I112 In the Type | class,
allyl-metal reagents undergo reaction through tttevation of the carbonyl or imine electrophile
involving a closed six-membered chair-like tramgitstate (see Scheme 332jhe metal acts as a
Lewis acid to activate the aldehyde or imine amadfers the allyl fragment to the final product
diastereospecificaly, where th&){allyl fragment provides thanti-product and the Z}-allyl
fragment affords thesyn product. Such complete transfer of stereochemicfrmation is
explained by a highly organized transition statd #reoretical calculations have demonstrated
that a Zimmerman-Traxler chair-like transition stpaithway is the lowest energy one relative to
other possibilitied. However, this methodology presents some limitaisuch as the necessity to

isolate diastereomerically pureE)( and @) allylmetal reagent. Allylboron, allyllithium,

1 For recent reviews: (@) Yus, M.; Gonzalez-GomkzC.; Foubelo, FChem. Rev. 2011, 111, 7774. (b) Yus, M.;
Gonzéalez-Gémez, J. C.; Foubelo@em. Rev. 2013 113, 5595. (c) Huo, H.-X.; Duvall, J. R.; Huang, M.;¥ong,
R. Org. Chem. Front. 2014 1, 303. (d) Hall, D. G.; Rybak, T.; Verdelet, Acc. Chem. Res. 2016 49, 2489. (d)
Diner, C.; Szab6, K. J. Am. Chem. Soc. 2017, 139, 2.

2 Dpenmark, S. E.; Weber, E.Hel. Chim. Acta 1983 66, 1655.

3 (a) Li, Y.; Houk, K. N.J. Am. Chem. Soc. 1989 111, 1236. (b) Vulpetti, A.; Gardner, M.; Gennari, Bgrnardi, A.;
Goodman, J. M.; PatersonJI.Org. Chem. 1993 58, 1711. (c) Gennari, C.; Fioravanzo, E.; Bernatdj,Vulpetti,
A. Tetrahedron 1994 50, 8815. (d) Omoto, K.; Fujimoto, Hl. Org. Chem. 1998 63, 8331. (e) Gajewski, J. J.;
Bocian, W.; Brichford, N. L.; Henderson, J.1..0Org. Chem. 2002 67, 4236.

4 Li, Y.; Houk, K. N.J. Am. Chem. Soc. 1989 111, 1236.

5 (a) Brown, H. C.; Jadhav, P. K. Am. Chem. Soc. 1983 105, 2092. (b) Jadhav, P. K.; Bhat, K. S.; Perumall P.
Brown, H. C.J. Org. Chem. 1986 51, 432. (c) Brown, H. C.; Bhat, K. 8. Am. Chem. Soc. 1986 108, 5919.
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allylaluminate and allyltrihalosilane are reagethtst are classified to typically undergo reactions

with aldehydes or imines through Type | pathway.

Type I: _ _
S
M g2 — [RiIR CX-\ — R1J\/\ anti
(E) T/ R2
X L H J
R‘lLH i H 1 XH
R2
S —
_ — 1R27J\4 R1J\‘/\ syn
M/\) R T/)(\M R2
2 b
X=0, NR

M= B, Li, Al, SiCl;
Scheme 3.2

On the other hand, Type Il allylations involve thee of non-Lewis acidic metal-allyl
nucleophiles (generally allyl trialkylsilanes orlyaltrialkylstannanes), which react with the
electrophile under the activation of an externaliseacid, and proceed through an open
transition state (see Scheme 3.3). The open tiamsitate leads to the most favoralsie
product due to minimized destabilizigguche interactions regardless the geometry of the C=C

bond of the allylmetal reageft.

Type II:
yp X/LA
X/LA /%‘ﬁ R2 R3 XH
1+ P o 1J\/\
R X
R H M R° (R2>R?® R H e

(B)or(2) |
Predominantly syn
M= SiR3, SnRy M independent of starting
allylic geometry

Scheme3.3

Finally, Type Il class allylation involves the usé a Lewis acidic metal-allyl fragment
which is able to undergo fagZ isomerization before undergoing addition to theboayl or
azomethine electrophile, which takes place prefeiy via the €) isomer (see Scheme 3.4).

The reaction takes place through closed six-mendbehmnair-like transition state, similar to Type

6 Hayashi, T.; Konishi, M.; Ito, H.; Kumada, NM..Am. Chem. Soc. 1982 104, 4962.
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| reagents, resulting in thanti diastereoisomert Allylchromium reagents are the most used ones
under this reactivity scheme.

Type lil:
R2
M/\%
2
1[ H
X RZ/JV i'(i/\ .
R1KH + M/\/\Rz —_— R1\'I/)(\‘M — R1 B anti
(E) H
Scheme 3.4

Several excellent methodologies have been repdotedarbonyl allylation using a wide
range of allylmetal reagents. Among the huge waradtsuch reagents, allylboron compounds
have dominated the field across the years, togatitarallyltrichlorosilanes$. One of the main
advantages associated to the use of allylboronergagis their ease of preparation, broad
functional group tolerance, high stability, low toiky and in overall the excellent operational

simplicity associated to their use as nucleophdmgents.

The allylboration of aldehydes was originally doanted in 1964 by Mikhailov and
Bubnov, who observed the formation of a homoallgicohol product from the reaction with
triallylborane with aldehyde¥. However, it was not until the late 1970s when IHaffin
reported the regio- and diastereospecific naturethef additions of the two isomers of
crotylboronate to aldehydes, resulting in the beigigs of this chemistriz Allylic boron
reagents react with different carbonyl compoundd darivatives such as imines and other
azomethine derivatives. However, their most comnuse is in nucleophilic additions to

aldehydes to produce homoallylic secondary alcohaisthe first 20 years of development,

7 Hafner, A.; Duthaler, R. O.; Marti, R.; Rihs, G.ptRe-Streit, P.; Schwarzenbach,JEAm. Chem. Soc. 1992 114,
2321.

8 (a) Denmark, S. E.; Almstead, N. G. Modern Carbonyl Chemistry, Otera, J., Ed.; Wiley-VCH: Weinheim, 2000;
pp 299-402. (b) Chemler, S. R.; Roush, W. R.Modern Carbonyl Chemistry, Otera, J., Ed.; Wiley-VCH:
Weinheim, 2000; pp 403-490. (c) Denmark, S. E.;JFxGhem. Rev. 2003 103, 2763.

9 Hall, D. G.Pure Appl. Chem. 2008 80, 913.
10 Mikhailov, B. M.; Bubnov, Y. Nlzv. Akad. Nauk. SSSR, Ser. Khim. 1964 1874.

11 (@) Hoffmann, R. W.; Zeiss, H.-Angew. Chem. Int. Ed. 1979 18, 306. (b) Hoffmann, R. W.; Zeiss, H.<ll.Org.
Chem. 1981, 46, 1309.
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works of Brown!2 Rousht3 Masamun& and Corelf were determinant in the chemistry of
carbonyl allylboration to become one of the primangthodological tools in stereoselective
synthesis (see Figure 3.1). All of those key contions were based on the use of chiral

auxiliaries attached to the boronate to achiewestmntrol on the final produét.

6@\ CO,i-Pr Tolos. f
Y 0 w N
R! B R! B/ "'CO,i-Pr = R! B../ ''Ph
R2 R2 R R2 SO, Tol
Brown (1983) Roush (1985) Masamune (1987) Corey (1989)
Figure 3.1

In addition to these chiral reagent-based methayesp asymmetric catalysis also arises
as a useful approach to achieve stereocontrobdt bne highly explored approach to optically
enriched homoallyl alcohols or amines is basedhenuse of an achiral allyl boronate in the
presence of chiral catalyst. A third possible apptoto achieve stereocontrol in this reaction is
the use of a chiral boron reagent in which theestelnemical information is already placed at the
allyl residue that is transferred to the electrépliarbonyl compound or imine and relies on the
capacity to transfer the chirality to the new fochstereocenter (see Scheme 375).

RW BX

a—chiral R?

|

WY
1 2
RioBx Lol | BN B R
P
) E* E ) .
achiral optically enriched chiral auxiliary
Scheme 3.5

12 (a) Brown, H. C.; Jadhav, P. B. Am. Chem. Soc. 1983 105, 2092. (b) Brown, H. C.; Bhat, K. $. Am. Chem. Soc.
1986 108, 293. (c) Ramachandran, P.Aldrichimica Acta 2002 35, 23.

13 (a) Roush, W. R.; Walts, A. E.; Hoong, L. B. Am. Chem. Soc. 1985 107, 8186. (b) Roush, W. R.; Ando, K.;
Powers, D. B.; Palkowitz, A. D.; Halterman, R.JLAm. Chem. Soc. 199Q 112, 6339.

(a) Garcia, J.; Kim, B.; Masamune, B50rg. Chem. 1987, 52, 4831. (b) Short, R. P.; Masamune JSAm. Chem.
Soc. 1989 111, 1892.

15 (a) Corey, E. J.; Yu, C.-M.; Kim, S. $.Am. Chem. Soc. 1989 111, 5495. (b) Corey, E. J.; Yu, C.-M.; Lee, D.-H.
Am. Chem. Soc. 199Q 112, 878.

16 (a) Ishiyama, T.; Ahiko, T.-A.; Miyaura, Nl. Am. Chem. Soc. 2002 124, 12414. (b) Rauniyar, V.; Hall, D. G. Am.
Chem. Soc. 2004 126, 4518.

(a) Lachance, H.; Hall, D. G. Allylboration of @@nyl CompoundsOrganic Reactions; John Wiley & Sons, Inc.:
New York, 2004. (b) Mikhailov, B. M.; Bubnov, Y. NOrganoboron Compounds in Organic Synthesis, OPA,
Amsterdam B. V., 1984, 571. (c) Hoffmann, R. Rdre Appl. Chem. 1988 60, 123. (d) Hoffmann, R. W.; Niel, G.;
Schlapbach, APure Appl. Chem. 199Q 62, 1993.
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In the following pages, relevant examples of thisdt approach will be discussed due to

their direct relationship with this research.

A good example on the capacity of chiralsubstituted allylic boronates to transfer
stereochemical information to the final product wagorted by Hoffmann for the synthesis of
enantioenriched homoallylic alcohols by additionaichiral aldehydes® A chirally modified
allyl boronate was able to differentiate the twamtiotopic faces of the aldehyde and allow an
enantioselective formation of the homoallylic alotsh These reagent-controlled additions
proceed with near perfect transfer of chirality goovide two diastereomeric products (see
Scheme 3.6). The obtained)(and €) homoallylic alcohols were geometrical isomershwit
opposite stereochemistry at the new stereocentearkably, the Z/E ratio could be tuned

through the rational selectivity of the substitigeatt the boronate moiety.

OH
large R® J\/\
Jarge R, N
0 OR’ R?
(S,2)
Lo oyt —
R H L,
small R® OH
- 2
R2= alkyl, Cl, OCHs; RINAR
(RE)
o Phen
B(OR®), = ﬁ 0 NS
B. L Ph
5{ [©) ‘1{ =0 "z{B\O
ZIE= 1:>09 70:30 99:<1

Scheme 3.6

In fact, Hoffmann'® Pietruszka and SchoWeillustrated that theE/Z ratio of the
homoallylic alcohol products in the allylation witeecondary alkyl allylboronates was
determined by the steric hindrance of the borofraigment (see Figure 3.2). TEesomer was
more likely generated with larger groups, such iaagolate or benzopinacolate in the boronate
moiety (R), due to destabilization of the transition struet(iT S2) by a (dominantjauche steric

interaction between the boronic ester and the gsegdatoriab-substituent (R.1820 However,

18 (a) See Ref. 14c and 14d. (b) Hoffmann, R. W.;dieinn, U.J. Organomet. Chem. 1985 195, 137.
19 pietruszka, J.; Schone, Bur. J. Org. Chem. 2004 5011.
20 Hesse, M. J.; Butts, C. P.; Willis, C. L.; Aggarywel K. Angew. Chem. Int. Ed. 2012 51, 12444.
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TS1 is also destabilized by 1,3-diaxial interacsiovhen R substituent is oriented in the axial

position2! This is the reason of poor selectivity observée; ise of Lewis acids to modify the

geometry of these transition states, and thusttreasselectivity, has been studied by the groups

of Hall and later Rous® Dipolar effects also influence in the stabilizatiof the transition state

TS1, thus when polar substituents were usedJ $Bch as halogen or alkoxy groups, dipolar

effects tend to dominate and further favor thedition structure TS1 with the pseudoaxial €-R

bond orientednti to the axial B-O bond leading to the formatiorZzandE homoallylic alcohol

in modest selectivitiet®

o
B—Ap3
7L OR

U A3 strain

Y

Vs _-B—
R0 OR?

AI/\LR

gauche

strain
TS2

l

(RE)
Figure 3.2

21 carosi, L.; Hall, D. GAngew. Chem. Int. Ed. 2007, 46, 5913.
22 (a) Carosi, L.; Lachance, H.; Hall, D. Getrahedron Lett. 2005 46, 8981. (b) Chen, M.; Roush, W. Rrg. Lett.

201Q 12, 2706.
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The group of Aggarwal has disclosed two differemd diastereodivergent methodologies
for overcoming this issue with aldehydes, providitensely functionalized homoallylic alcohols
in high yields with almost complete diastereo- andntioselectivity2 The first method relies on
transforming chirabi-substituted crotylBpin reagents into their corasging borinic estersia
sequential treatment witmnBuLi and trapping the alkoxyde intermediate with AP and
subsequently showing high reactivity and selegtiviith a range of representative aldehydes
(see Scheme 3.7). The reaction is initiated byatthdition ofnBuli to the boronic ester at low
temperatures generating the ate complex which ntight equilibrium with the ring opened and
coordinately unsaturated borinic ester. Although élquilibrium would lie on the side of the ate
complex, the higher reactivity of the borinic estas expected to be trapped by the addition of
TFAA. Addition of aldehyde led to a six-memberedaicttransition state obtaining almost
completeE-selectivity for homoallylic alcohols due to a lestsrically environment around boron
avoiding clashes between the equatosiaubstituent at the transition state. Evidenceshef
intermediates were obtained following the coursehef allylation reaction by'B NMR. This
strategy has been applied in total synthesis ferpteparation of natural products such as (-)-

Clavosolide A developed by Aggarwl.
1) nBuli, -78 °C, 15 min OH
RZ\/\/Bﬁ 2) TFAA, 30 min R3J\/\/ R
= 3) R®CHO, to t, 14h R2
089 64-88 %
92-98% ee EiZ: 96:4 to >99:1
90-96 ee%

F3COCO
Li® 0 Li0>—% >// %)(
A . o] RCHO_ R

RE B~ — \

~0 2 \

= Bu R\/\/B\B R\/\/B /ﬁo
R! R' Tra° R :

Scheme 3.7

The second approach by this group involves the afisehiral o,a-disubstituted allylic
pinacol boronic esters bearing an alkyl group-position with a range of different aldehyd@s.

In this case, a bulkier aryl group prefers the lggasition of the transition state in order to al/oi

23 Chen, J. L.-Y.; Scott, H. K.; Hesse, M. J.; Wilk, L.; Aggarwal, V. KJ. Am. Chem. Soc. 2013 135, 5316.
24 Millan, A.; Smith, J. R.; Chen, J. L.-Y.; Aggarwai, K. Angew. Chem. Int. Ed. 2016 55, 2498.

25 Hesse, M.; Essafi, S.; Watson, C.; Harvey, J.;tHDs Willis, C.; Aggarwal, V. KAngew. Chem. Int. Ed. 2014 53,
6145.
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steric clash between both the bulky pinacolate tyo@nd the adjacent methyl group, giving
access toZ)-homoallylic alcohols in complete diastereoselatti (see Scheme 3.8). Notably,
this methodology allows access to enantioenrich@ndallylic alcohols with adjacent

stereocenters and a tetrasubstituted olefin.

Me ) OH Me
\)\(Me R2CHO M )
R1 2, —_— R

Ph THF, -78°C tort, 16h
B /\o
R?
H 90%
ZIE: 99:1

98 ee%
Scheme 3.8

Imines can also undergo allylation reactions witliral boron reagents which are very
attractive way in that they provide a route to haitydic amines, which as mentioned before, are
useful synthetic intermediates in natural produyettisesis and drug discovet§y.However, the
addition of allylic boronates to imines is muchves than the additions to the corresponding
aldehyde and can often be less selective. Thisiéstd the decreased polarization of the C=N
double bond and to the fact that imines are noagbrconfigurationally stable and may undergo
E/Z isomerization or even tautomerization to the cggomding enamine in the case of enolizable
imines. Nevertheless, and due to the preferendenioies to exist in arE-geometry, they are
expected to have higher activation barriers congpaiieh carbonyl analogues expecting different
stereoselectivity due to unfavorable 1,3-diaxiakiactions that can occur in the transition state
(seeFigure 3.3%7

1,3-diaxial
interactions

OR? vs

Figure 3.3

26 (a) Bloch, RChem. Rev. 1998 98, 1407. (b) Ding, H.; Friestad, G. Bynthesis 2005 2815. (c) Kobayashi, S.; Mori,
Y.; Fossey, J. S.; Salter, M. i@hem. Rev. 2011, 111, 2626.

27 yamamoto, Y.; Komatsu, T.; Maruyama, KOrg. Chem. 1985 50, 3115.
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Due to the relation with the present project, albyhtion reactions with iminesia

chirality transfer fronC-chiral allylboronates will be only discusses ie following page38

An example to accessing homoallylic amines in dpaatective fashion through chiral
allylboronate chemistry is shown in Scheme 3.9 aatigs on the use of prochiral allenes which
in the presence of a palladium catalyst and a klig@nd form a chiral diboron intermediate that
contains both allylboronate and vinylboronate fioral groups that subsequently undergo
addition to imines, observing excellent levels bifality transfer?® Morken developed a one-pot
tandem allene diboration/imine allylation procesthwn situ generated primary imines through
reaction of an aldehyde and ammonium acetate. Genisg the selectivity achieved in the allene
diboration reaction step, the level of chiralitartsfer in the subsequent allylation reaction often
approaches 99%. It has to be highlighted that ttangomer of the ligand used in the diboration
reaction led to %) configuration of the intermediate ¥#®h) and the final product was isolated
with the R) configuration. As a consequence, it is likelytthize allylation reaction proceeds
through a transition state structure similar toaghe expected for Type | allylmetal compouf@ls.
In this model, Rgroup would place in a pseudo-axial position duthe destabilizated 1,2-strain

present in the diastereomeric transition strucBure

(RR)-L (6 mol%) NH

Qi Paadba); (25 male ij /& . MAC
oy

. RN A S &
x B, (pin), then Ac,0, R R2
toluene, rt H,0,
30-70%
87-97 ee%

_B H H -
e=nN £
NRTN\ gN
| R2 R2 |
H H
A (favored) B (disfavored)

Scheme 3.9

28 For some examples of allylborations with iminestlgh B-chiral allylic boronates: (a) ChataignerZammatio, F.;
Lebreton, J.; Villiéras, Bynlett 1998 275. (b) Chen, G.-M.; Ramachandran, P. V.; BroMinC. Angew. Chem. Int.
Ed. 1999 38, 825. (c) Wu, T. R.; Chong, J. M. Am. Chem. Soc. 2006 128, 9646.

29 sieber, J. D.; Morken, J. B.Am. Chem. Soc. 2006 128, 74.

30 (a) See Ref. 16e and 16d. (b) Roush, W. RCémprehensive Organic Synthesis;, Trost, B. M., Ed.; Pergamon:
Oxford, 1991.
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A direct application of chiral allylboration of imés towards the synthesis of relevant
heterocyclic structures was reported by Aggadfkaby combining the use of C-chiral allyl
boronates with the amination of tertiary potassitrifiuoroborates with alkyl azides for the
application towards cyclic substrates particulavlth certain 2,2-disubstituted piperidines which
have emerged as promising neurokinin 1 antagoriss possesses unique antidepressant,

anxiolytic and antiemetic properties (see Scherhg)32

?SL 1) KHF,, MeOH, rt

B
M then 60% aq. MeOH
Ph NP

Ns 2) SiCly, DCE, rt, 1h N
then 2M aq NaOH
50%
99 %ee

Scheme 3.10

Aggarwal has also reported the possibility of usthg traditionally unreactive 3,3-
disubstituted allylic pinacol boronic esté& the allylation of imineg* As mentioned, this type
of boronic esters are not sufficiently reactiveréact with ketones and imines by themselves.
However, Aggarwal demonstrated the enhanced réyct¥ borinic esters in the allylation of
aldehydes obtaining high diastereo- and enanticseities. Aggarwal showed the versatility of
the methodology in the use of challenging imines etectrophiles for the unprecedented

construction of two adjacent quaternary stereogesiters (see Scheme 3.11).

1) "Buli, -78 °C >\( AcHN R*
O/Q/m 2) TFAA Yo 2 Torra )S/\VW

T =, _-B .
R2 B~ 5 > h 7" =N72 >, Ph .
= (0] 3) N T™MS RB = R1"Bu RIR®
R® R Py R
Ph™ “Me -MeOH 48-91%
-78°C to rt, 16h 73:27 to >99:1 dr
4) Ac,0 94-96 ee%
Scheme 3.11

The borinic ester was preparéd situ after the sequential addition oBuli to the

corresponding boronic ester followed by quenchirith WFAA. Next, these boronic esters can

31 Bagutski, V.; Elford, T. G.; Aggarwal, V. Kdngew. Chem. Int. Ed. 2011, 50, 1080.

32 Xiao, D.; Lavey, B. J.; Palani, A.; Wang, C.; Adlam R. G.; Kozlowski, N.-Y.; Shih, A. Tletrahedron Lett. 2005
46, 7653.

33 Hoffmann, R. W.; Sander, Them. Ber. 1990 123, 145.
34 Chen, J. L.-Y.; Aggarwal, V. KAngew. Chem. Int. Ed. 2014 53, 10992.
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react smoothly with different aldimines and ketigsrto giveE-homoallylic amines exclusively

in good yields and complete enantiospecificity (Sebeme 3.11). The reaction proceeded better
with aldimines than with ketimines in terms of rea yield. A clear advantage of this
methodology is that it is completely stereodivetgaiowing the preparation of the four possible
stereoisomers by simply changing tB#Z geometry of the allylboronate and the absolute

configuration of itsu-stereocenter.

In summary, despite the long history of allylic boates being used as nucleophiles in the
addition reactions to carbonyl compounds and dgvies, it is only in the past few years that
their full potential has begun to be fully realizebh particular, the use of enantiopure
allylboronates to obtain homoallylic amines throwgtantiospecific addition has not been very
extensively investigated. As it is shown in thefatiént examples presented from the literature,
allylation of imines with thex-chiral allylboronates performs with high or exeell chirality
transfer as it happens with aldehydes, makingrtiéthodology a powerful approaghDespite
these significant advances in imine allylboratismme challenges in terms of substrate generality

and control of stereoselectivity still remain unkexpd.

35 (a) Pietruszka, J.; Schone, N.; Frey, W.; GruhdChem. Eur. J. 2008 14, 5178. (b) Hoffmann, R. W.; Landmann,
B.; Tetrahedron Lett. 1983 24, 3209. (c) Hoffmann, R. W.; Landmann, Agew. Chem. Int. Ed. 1984 23, 437. (d)
Hoffmann, R. W.; Landmann, B\ngew Chem. Int. Ed. 1986 25, 189. (e) Hoffmann, R. W.; Wolff, J. Chem. Ber.
1991, 124, 563.
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2. SPECIFIC OBJECTIVES AND PRECEDENTS IN THE GROUP

The group of Prof. A. Malkov in Loughborough Unisiy, where | incorporated in a
context of a short stay, had recently reported\®hmethod for the allylation of aldehydes that
involves an efficient kinetic resolution of chiracemic allyl boronates under chiral Brgnsted
acid-catalysis8 The reaction proceeded through high face- Zsdlective fashion, leading ¥
homoallylic alcohols as major products (see Schegrhg). The reaction tolerated a wide range of
aldehydes with a very high-selectivity (>25:1). In this initial report, empdia was placed on
the synthesis of the homoallylic alcohols as préslubut the potential applicability of this

approach to resolve the starting allylboronate éatgjhad not been covered at that moment.

Et.  Et
Et Et OH
d b 0 (R)-TRIP (5 mol%) R SN
"B’ + J _—
/g\/ R™ 'H toluene, -42 °C
NS (R,2)-major
72-97%
excess 85-99 ee%
Scheme 3.12

In this context, the aim of the present projectasestablish the conditions for the
efficient kinetic resolution of chiral racemic secadary allylboronates through 1,2-addition to
benzaldehyde employing chiral Brgnsted acids aalysdt and touse the resolved chiral
allylboronates reagents in the allylation of primay imines for the synthesis of

enantioenrichetl-unsusbtituted homoallylic amines (see Scheme 3.13)

Et Et Et Et
Et Et Et Et
NH
B R1CHO B RZJ‘LH NH;
_—
)4.\/ CBA* N R2J*\/§
Scheme 3.13

36 Incerti-Pradillos, C. A.; Kabeshov, M. A.; Malko&. V. Angew. Chem. Int. Ed. 2013 52, 5338.
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Considering all this aspects, the following workiplas designed:
1 Optimization of the Kinetic Resolution step: Enantiosel ective synthesis of allylboronates

As it was mentioned, the previous report by theugrof Prof. Malkov was not focused in
the potential of the methodology to achieve arcifit resolution of the racemic allylboronates
that would lead to the isolation of these reagexstsenantiopure materials. For that reason,
conditions to obtain this enantiopure boronateslevbe first needed to be optimized working on
the allylation of benzaldehyde with boronafé under Brgnsted acid catalysis conditions

reported initially (see Scheme 3.14).

B(OR)2 0 (R)-TRIP B(OR),
AT e comdions T A
(£)-7b
Scheme 3.14
2. Allylation of primary imines: Reaction optimization

Once the optimal reaction conditions for the resofu of the starting boronates are
established, we will proceed to explore the us¢he$e chiral substituted allylboronates for the
allylation reaction of imines (see Scheme 3.15pdrticular, we decided to face the challenge of
using primary imines as substrates that would altber direct obtention oN-unprotected

homoallyl amines without the need for deprotection.
NH
J

N Conditions R)W

Scheme 3.15
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3. Scope of the reaction: Enantiospecific allylation of imines

Once the optimal conditions for the allylation pges using the enantiopure boronate had
been established with the model reaction, a vaoéiyines with different substitution patterns
will be evaluated in combination with the enantimpallylboronate obtained before in order to

explore the scope of the reaction (see Scheme.3.16)

hiy
B(OR), R” H NH;
NS Optimal conditions RS

Scheme 3.16
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3. RESULTS AND DISCUSSION

Having reviewed the representative examples foartte literature on this topic and after
establishing the specific objectives of the propnd a suitable work plan, we will proceed with

the discussion of the most relevant results obtkinghis part of our research.

3.1 Optimization of the Kinetic Resolution step: Enantbselective synthesis of

allylboronates

The starting allylboronates are prepared in a racdéonm from the corresponding diol
through a one-pot reaction which starts with thenfation of the dialkoxyborane intermediate
followed by a transmetallation step with crotyl magium bromide. The starting diols are either
commercially available or prepared following a kmowwrocedure that involves the pinacol

coupling of 3-pentenone in the presence of samaidgide (see Scheme 3.17).

uMe Mg BHyDMS

R R
rRR RR
HO OH YO SS"mger BIOR)
— | o, 0| oL /
Et E 5’ R= Me 70%
Q Sml, in THF Et E _BH;'DMS | b R=Et 65%
P 7a R=Me
Mg, TMSCI, 48h, 1t . HO OH 7b R=Et
46%
Scheme 3.17

Once the starting materials were prepared, we pdmzbto study their kinetic resolution
using the conditions reported previously (see Seh8rh2). Under these reaction conditions and
adjusting the number of equivalents of boronate #&mhzaldehyde to an accurate 2:1
boronate/benzaldehyde relationship, allylboror@e7b was isolated in 97% ee and in 45%
yield out of a maximum of 50% (see Scheme 3.18) Tdwer reactivity of the theS
enantiomer of the starting material towards theatdition with benzaldehyde in the presence of
(R)-TRIP prhosphoric acid catalyst is in accordawith the mechanistic studies carried out by

Malkov.36

Et Et Et Et

EtH Et Et Et
(SN B/O 2eq) * i (R)-TRIP (5 mol%) ;}j)

P Ph™ "H toluene, -42 °C, 22h S

E (1eq) 45% i
(£)-7b 97 ee% (S)-7b

Scheme 3.18
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It must be highlighted that the enantiomeric exaafsthe boronate could not be directly
determined at this point. This was carried out liizing this enantiopure boronate in a
subsequent allylation reaction with benzaldehyd#euthe conditions reported by Hoffmann that

are known to proceed with complete chirality tranggee Scheme 3.19%.

BEpin PhCHO )\/\
: . S
Me™ toluene, 16h Ph

Me
(S)-7b 72% 8
Z:E5.3:1
99 ee% (2)
99 ee% (E)

Scheme 3.19
3.2 Allylation of primary imines: Reaction optimization

Once we had optimized the reaction conditions fier kinetic resolution of the racemic
secondary allyl boronate, we started with the ogtation of the allylation of imines. As model
reaction we combined benzaldehyde with ethanolig ldRd next,(+)-7a as the allylboronate
reagent has added (see Table 8 Ihe reaction involves thia situ formation of the primary
imine by condensation of the aldehyde with ammarid once this reaction is completed the
boronate had to be added to the reaction mixtaranlinitial prospective study to optimize the
yield of the reaction we employed racemic startnagterials and in particular, we decided to
employ boronaté+)-7a because it is much more easily accessible fromnoencially available

starting materials.

37 Sugiura, M.; Hirano, K.; Kobayashi, $.Am. Chem. Soc. 2004 126, 7182.
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Table 3.10ptimization of the reactién

1) NHg
2 Mye MF/Ie
0.0
o (t)-7a/i\/ NH,
Ph)LH EtOH,-10°Ctort PN N
()-9a major
Entry Boronate eq Aldehyde eq NH eq Z/E ratio® Yield (%)
1 1.0 1.2 10 5.3:1 47
2 1.0 1.2 20 5.9:1 52
3 1.0 1.2 30 5.9:1 60
4 1.2 1.0 30 6.1:1 65
5° 1.2 1.0 30 6.5:1 75
6° 1.2 1.0 40 6.5:1 74

#Aldehyde in ammonia solution in EtOH (2M) was stétrat -10 °C for 2h. To the solution allylboronatas added
dropwise. The mixture was stirred at -10 °C for @fd then at rt for 1h before workufMeasured after column
chromatography in théH-NMR Spectra.°Aldehyde in 30 wt% aqueous ammonia and EtOH wasedtiat room
temperature for 30 min. To the solution was addigtbaronate (see Experimental Section for moreiiet

In our first experiment, the reaction was carrietl wsing a slight excess of benzaldehyde
with respect to the boronate reagent, together fltlequivalents of ammonia (entry 1). Under
these conditions the corresponding homoallylic ani)-9a was isolated in moderate yield but
in a very promising 5.3:ZE ratio (entry 1). It should be mentioned that somaenoallylic
alcohol byproduct was also identified in the crugaction mixture due to a non-complete
condensation of the aldehyde with DHNVe next carried out the reaction by increasing th
amount of ammonia, observing progressively betteidg and also a slight increase in #HE
ratio (entries 2-3). We finally proceeded to casny the same set of experiments but working in
the presence of a slight excess of boronate reagémtrespect to benzaldehyde, observing that
adduct (+)-9a was obtained in 65% yield and a 6.1ZIE ratio (entry 4). In a subsequent
experiment using agueous ammonia instead of trenetic solution of NH, and also working at
room temperature, we were able to obtain a beiédd wund a slightly higheZ/E ratio in shorter
reaction times (entry 5). Increasing the amourgramonia under these conditions did not end in

better results (entry 6).

With these results in hand, we decided to evaltieeeaction using enantiopure boronate
(S)-7b under these optimized conditions (see Scheme .3T2@) reaction proceeded with similar

levels of efficiency, providing addu®a in 76% vyield, a 8.3:Z/E ratio and with an excellent
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97% enantiomeric excess, which also indicated apbetn chirality transfer from the boronate to
the final product. It should be mentioned thatehantiomeric excess 8 had to be analyzed in
the acetylated product because conditions could botfound for the separation of both

enantiomers under all HPLC columns available.

1) NHz aq. (30 eq.)

2
) gEtEt
050 (8)7b
0 H NH2
)’L AF (1.2 eq)
Ph” H Ph N
EtOH, rt, 2h
9a
1.0
(1.0eq) 76%
ZE8.3:1
97% ee
Scheme 3.20

3.3 Scope of the reaction

Once the best conditions for carrying out the atigin of benzaldehyde-derived primary
imine and boronate had been established, we dedlegktend the methodology to other

aldehydes with different substitution patternstas in Table 3.2
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Table 3.2Scope of the reaction with substituted aldehydes
1) NH3 aqg. (30 eq.)

2) el Bty
050 (s)70
i A (12e) NH2
R™ H EtOH, rt R A
9b-I
Entry R Compound  Z/Eratio®  Yield® (%) ee @/E)" (%)
1 p-MeCsH,4 9b 6.0:1 62 >99/95
2 p-OMeGsH, 9c 6.4:1 74 98/95
3 0-OMeGsH4 ad 9.0:1 61 85/73
4 m-OMeGH, 9e 5.6:1 59 >99/96
5 p-BrCeH, of 6.0:1 73 98/98
6 p-CICeH,4 99 55:1 82 99/99
7 p-FCsH,4 9h 54:1 61 99/99
8 2-furyl - n.d. <10 -
9 3-furyl - n.d. <5 -
10 CHCH,CeHs oi n.d. 73 93/93
11 n-heptyl 9j 5.6:1 60 96/99
12 ¢-CeHuy ok 6.3:1 34 91/94
13 transs:CH=CHGsH5 9| 6.0:1 66 99/n.d.

®The reaction was carried out with 1 equivalent IdEhyde, 1.2 eq of boronaf&)-7b and 30 equivalents of aqueous
solution of ammonia and EtOPMeasured after column chromatography intHeNMR Spectra’Combined yield of the
diastereomeric mixture isolated after flash chramgetphy.’Enantiomeric excess @b-l determined by HPLC analysis
of the pure product after acetylation or benzogtato the corresponding produdib-I.

As it is shown in Table 3.2, the reaction tolerategdl the use of benzaldehyde derivatives
with both electron-donating substituents (entried) land electron withdrawing substituents
(entries 5-7) with an important increment in & ratio whenortho-substituted aryl groups at
the starting aldehyde are applied; although, ttengoselectivity was slightly lower on that case.
However, aldehyde derivatives with heteroaromaticstituents (entries 8-9) did not afford the
homoallylic amine product. Aldehydes containingyalkubstituents were also tested in the
reaction with success (entries 10-12); 3-phenylanap lead to high yields and excellent
enantiocontrol (entry 10) while the use of an daih aldehyde with a longer alkyl chain
suppose a slightly lower yield but still obtainirgg high enantiocontrol (entry 11). On the
contrary, the utilization of cyclohexanecarboxalg# (entry 12) provided addu®k in low
yield but with highZ/E ratio and excellent enantioselectivity. Cinnambidie also performed

well in the reaction with good yields and enantiutcol (entry 13). In general, it can be seen that
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the reaction proceeded with good diastereoseléctand with an absolute transfer of chirality

from the enantiopure boronate to the homoallylimpry amine products with high yields.

As it has mentioned before, the enantiomeric exoéshe primary homoallylic amines
was not possible to analyze under all HPLC columvralable, thus we had to acetylate the final
products, and in the case@fand9k it was necessary to benzoylate them with a higiversion
(see Scheme 3.21).

For 9a-h, 9j and 91

NHAc
Et;N, DMAP, Ac,0O
1
CH,Cl, 1t R =
NH, Yield 61-97% 10a-h, 10j, 10l
R1J\/ﬁ —
9a-l For 9i and 9k NHBz
EtsN, BzCI . N
CH,Cly 1t R
Yield 96% 10i and 10k
Scheme 3.21

Finally, the absolute configuration of the obtaimedjor diastereoisomer was established
by X-Ray analysis of compountlOh. We could grow a crystal from compourddh after
acetylation of primary amingh. The crystallographic analysis showed an absaoidiguration

of (§2) which was extended to other amines (see Figute

o

Figure 3.4
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3.4  Mechanistic proposal

Based on the obtained stereochemical outcome ofréhetion, we present herein a
mechanistic proposal that can explain the stereocse¢ outcome of the reaction. The allylation
of imines is thought to proceeth cyclic six-membered transition state with a cortgkeansfer
of chirality from chiral allylboronate to the newfgrmed stereogenic center of the amine (see
Scheme 3.22). There are four competing transititates for this process and the energy
difference will determine the asymmetric inductidthen a-substituted group (methyl) is in
equatorial positiomgauche destabilizing interactions are present in theditaon statesrSIl and
TSIV which favour the formation oZ-homoallylic amine$8 The spatial disposition of the
methyl group with respect to thebond will determine the energy and coefficientsttod n-
orbital, being the most reactive conformation the @ which there is ne-c* delocalisation as
it happens with axial conformation where the diladngle between theorbital ands*-orbital
belongs to 90°. For transition stafESI and TSIl there are also 1,3-diaxial interactions which
favour the formation of § enantiomer as majoZ-amine which is in accordance with
experimental results. It was assumed that the nesgantiomer oE-homoallylic amine would be
(R)-enantiomer due to a more hindered and destalgligiansition statdSll which is also in
accordance with literature precedents using aldehyb electrophilé’ When bulky boronic
esters are used an increase in geometrical sétgavexpected as it has be mentioned in the
introduction of the present Chapter. This is alsagreement with the observed experimental
work, when bulkier group like ethyl glycol boronates used the diastereoselectivity increased

with respect to less bulkier group derived fromgaiol boronate.

- -t [ Et *
I,“EtE | _Et
NH, o E:a O ;LErtEt e
Y, -~ h I/E‘; . ——B-< - Ph/k/\
Ph/\/ﬁ //]p;r ~0 0 Q //\TN © Me
“-=N \ ) | Ph” T S
(R2) " ) |’ EN e I el >
L - = c -
r BT [N MeTYT N Ete |
b, LB (S)-16b o tr
/'\/\/ Ph i 0~ t o - /\/\/Me
. ~ | m e . - E ™ ph
F=NeB h NP
(85 sy L, (RE)
| -1 L M TSIV
Scheme 3.22

38 Hoffmann, R. W.; Landman, Ehem. Ber. 1986 119, 1039.
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CONCLUSIONS

Given the results presented in this chapter, thewiing conclusions can be advanced:

The kinetic resolution of racemic secondary allythwtes through allylation reaction
with benzaldehyde under TRIP catalyst has beennagitshed with high yield.

This enantiopure allylboronate has been used inalhgation reaction with primary
imines to get enantiopure homoallylic primary amsinehich are interesting scaffolds in

the synthesis of many natural products.

The reaction proceeds through situ formation of imines by condensation of the
aldehyde with ammonia in ethanol solution. The latlpn reaction with enantiopure
boronates proceeds with a complete transfer oflityirto give Z homoallylic primary

amines as major diastereoisomers.

The allylation reaction with enantiopure borongtesceeds with an absolute transfer of
chirality through a six-membered transition stategive Z homoallylic amines as major

diastereoisomer.
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FINAL CONCLUSIONS

The present work gathers different synthetic tramsftions in which the common feature
is the use of BINOL-based Brgnsted acid catalystis the aim to obtain enantiopure products.
Experimental results collected during the accorhptient of this work led to the following

conclusions.

Enantioselective (4+3) cycloadditions between allenamides and furans. It has been
demonstrated that the use of catalytic amounts ohieal Brgnsted acid could promote the
enantioselective (4+3) cycloaddition between oxyathtions which arén situ formed after a
regioselective epoxidation of allenamides in thespnce of a strong oxidant, and furans as
electron-rich diene. Described method provided eéhdo oxabicyclo[3.2.1]octane scaffold in
excellent results diastereoselectively and highigigselective with high yields and
enantioselectivities with a wide range of allenesl durans containing different electron-

withdrawing or electron-donating groups.

Allylation of imines using enantiopure boronates. The work verified that chiral
Brgnsted acid could catalyze the kinetic resolutibmacemic allylboronates through allylation
reaction with benzaldehyde which takes plat® six-membered chair-like transition state to
obtain enantiopure allylboronates that can be usele allylation reaction with primary imines
to get enantiopure homoallylic primary amineg)-flomoallylic amines has proven to be the
major diastereoisomer after the allylation reactan transfer of chirality within situ formed
imines by condensation of the aldehyde with ammaniathanol solution and enantiopure

boronates.
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1. GENERAL METHODS AND MATERIALS

NMR: Monodimensional and/or bidimensional nuclear mégn@sonance proton and carbon
spectra {H NMR and™C NMR) were acquired at 25 °C on a Bruker AC-308csmmeter (300
MHZ for *H and 75.5 MHz for*C) and a Bruker AC-500 spectrometer (500 MHZHoand
125.7 MHz for*®C) at indicated temperature. Chemical shisare reported in ppm relative to
residual solvent signals (CHEI7.26 ppm for'H NMR, CDCk, 77.16 ppm for°C NMR;
CH5OH, 4.87 ppm and 3.31 ppm fii NMR, CD;OD, 49.1 ppm fo*C NMR; DMSO-d, 2.50
ppm for*H NMR and 39.5 ppm fof*C NMR) and coupling constantd)(in hertz (Hz). The
following abbreviations are used to indicate theltiplicity in NMR Spectra: s, singlet; d,
doublet; t, triplet; g, quartet; app s, apparengkst; app d, apparent doublet; dd, doublet of
doublets; ddd, doublet of doublets of doublets; dioyblet of quartets; m, multiplet; bs, broad
signal. *C NMR spectra were acquired on a broad band deeduptode using DEPT
experiments (Distorsionless Enhancement by Polaizd ransfer) for assigning different types
of carbon environment. Selective n.O.e., NOESY, €0$SQC and HMBC experiments were
acquired to confirm precise molecular conformateomd to assist in deconvoluting complex

multiplet signalst

IR: Infrared spectra (IR) were measured in a Jas¢tRFI100 in the interval between 4000 and

400 cm' with a 4 cn resolution. Only characteristic bands are giveedoh case.

MS: Mass spectra (MS) were recorded on an Agilent0A8§as chromatograph coupled to an
Agilent 5975C quadrupole mass spectrometer un@etrehic impact ionization (El) 70 eV. The
obtained data is presented in mass units (m/z)t@dsalues found in brackets belong to the

relative intensities comparing to the base peak¥%d)0

HRMS: High-resolution mass spectra on an Acquity UPLQupted to a QTOF mass
spectrometer (SYNAPT G2 HDMS) using electrospragization (EST or ESI) or on a

Micromass GCT spectrometer using chemical ionizaf@).

HPLC: The enantiomeric excess (ee) of the products deisrmined by High Performance

Liquid Chromatography on a chiral stationary phiasa Waters 2695 chromatograph coupled to

1 Kinss, M.; Sanders, J. K. M. Mag. Res. 1984 56, 518.
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a Waters 2998 photodiode array detector. DaBtetalpak AD-H, IA, IC, AY-3 and Chiralcel
OD-3 and OZ-3 columns (0.46 x 25 cm) were used; specific cood#iare indicated for each

case.

M.p.: Melting points were measured in a Buchi B-540appus in open capillary tubes and are

uncorrected.

Optical rotations [a]p>* were measured at 20 °C on a Jasco P-2000 potariméth sodium
lamp at 589 nm and a path of length of 1 dm. Sdlheen concentration are specified in each

case.

X-ray: Data collections were performed in an Agilent &mova diffractometer equipped with
an Atlas CCD area detector, and a @ukdicro-focus source with multilayer opticg €
1.54184A, 250um FWHM beam size). The sample wast k#p120 K with a Oxford
Cryosystems Cryostream 700 cooler. The qualityhefdrystals was checked under a polarizing
microscope, and a suitable crystal or fragment masnted on a Mitegen Micromouft using

Paratone N inert oil and transferred to the ditivaeter.

Miscellaneous: Analytical grade solvents and commercially avddalbeagents were used
without further purification. Anhydrous solvents mee purified and dried with activated
molecular sieves prior to udectCN was distilled over CaHrior to use. For reactions carried
out under inert conditions, the argon was previpubied through a column of,©5 and a
column of KOH and CaGl All the glassware was dried for 12 hours prious® in an oven at
140 °C, and allowed to cool under a dehumidifiedhasipheré. Reactions at reduced
temperatures were carried out using a Termo HaaK@OErefrigerator. Reactions were
monitored using analytical thin layer chromatograRLC), in pre-coated silica-backed plates
(Merck Kiesegel 60 F254). These were visualizeduliyaviolet irradiation,p-anisaldehyde,
phosphomolybdic acid or potassium permanganate*dips flash chromatography Silicycle 40-
63, 230-400 mesh silica gel was uSeeor the removal of the solvents under reducedspres

Bilichi R-210 rotatory evaporators were used.

Armarego, W. L. F.; Chai, C. L. Burification of Laboratory Chemicals, 7" ed.; Elsevier: Oxford, 2012.

Kramer, G. W.; Levy, A. B.; Midland, M. MJrganic Synthesis via Boranes, John Wiley & Sons, New York, 1975.
Stahl, EThin Layer Chromatography, Springer Verlag: Berlin, 1969.

Still, W. C.; Kahn, H.; Mitra, A. 30. Org. Chem. 1978 43, 2923.

a b~ W N
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2. ENANTIOSELECTIVE (4+3) CYCLOADDITIONS BETWEEN
ALLENAMIDES AND FURANS

2.1 Synthesis of allenes 1a-p

+-BuOK 1a: R'-R2 = COCH,CH,CH,; R® = H
1b:R'=Me; R2=Ts;R3=H

THF, 0°C 1c: R = Ph; R2=Ts; R®= H
General Procedure B 1d: R' = 4-BrCgHy; R2=Ts; R3=H
[oke) 1e: R = 2,4,6-(Me),CeHy; R2 = Ts; R® = H
a - R1= R2=Ts R3 =
Br\ 1f: R' =4-MeOCgH,; R2= Ts; R® = H
; NaH, R? R RN ge| 19:R'=4-MeOCeH,; R? = Ac; R® = H
R NH NN he 7| Ah:R!=Ph; R?=Bog; R=H
R? DMF, 0 °C to rt R? R? 1i: R' = 4-BrCqHy; R? = Boc; R=H
Sla-k Sl2a-p 1a-p 1j: R" = 4-MeOCgH,; R? =Boc; R=H
Ge"e’a('g,;‘_’jfd“'e A 1k: R' = 3,4,5-(MeO)sCgHa; R2 = Boc; R= H
1l: R" = 4-MeOCgH,; R? = Boc; R= Me
) 1m:R! = 4-MeOCgH,; R2 = Boc; R= Et
LiHMDS 1n: R' = 4-MeOCgHy; R? = Boc; R= cCeHys
THF, -78 °C t0 0 °C 10: R" = 4-MeOC¢H,; R? = Boc; R= PhCH,CH,

1p: R' = 4-MeOC¢Hy; R? = Boc; R= TBDMSOCH,CH,
General Procedure C
(GP-C)
for 10-p

Scheme Sl-1General Overview of the Synthesis of Alledesp

Synthesis of Protected Amines Sla-kLactam Slla was obtained from commercial sources.
SIb-f,¢ Sl1g’ and SIh-k8 were prepared following the procedure describedhin literature.

Spectroscopic data were consistent with those tegan the literature.

General Procedure A (GP-A) for the Synthesis of Pargyl Amides, Tosylamides or
Carbamates Sl2a-k.ProductsSI2a-k were prepared following the procedure describethan
literaturé® with some modifications: Corresponding nitrogemivdgive Slla-k (10 mmol, 1 eq)
was dissolved in dry DMF (0.38l) and cooled to 0°C and NaH (12 mmol, 60 wt. % ineral
oil, 1.2 eq) was added in one portion. After stigrifor 30 min at 0°C, the corresponding
propargyl bromide (14 mmol, 1.4 eq) was added apdhixture was stirred at room temperature
for 16 h. The resulting mixture was quenched witkaturated aqueous solution off ¢ and

extracted with BEO (3 x 20 mL). The combined organic phases weréhadsvith brine or 5%

Kamal, A.; Reddy, J. S.; Bharathi, E. V.; Dastadiri Tetrahedron Lett. 2008 49, 348.
Gonzéalez-Gémez, A.; Aforbe, L.; Poblador, A.; Dioguez, G.; Pérez-CastellsEir. J. Org. Chem. 2008 1370.
Kumar, K. S.; Igbal, J.; Pal, Metrahedron Lett. 2009 50, 6244.

Tayama, E.; Sugai, Setrahedron Lett. 2007, 48, 6163.

© 0O N O
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ag. solution of LiCl. ProductSl2a-k was used without further purification in the nestép.
Spectroscopic data &l12al0 andSlb-k® were in agreement with those reported in theditae.
ProductsSI2l-p were purified by FC on silica gel (petroleum etB&DAc). Spectroscopic data

for SI2I111 were in agreement with those reported in theditee.

/\N”Bm tert-Butyl (4-methoxyphenyl)(pent-2-yn-1-yl)carbamate, SI2m. Following
Et GP-A, SI2m (330 mg, 1.14 mmol, 52%) was isolated by FC (petnm
ether/AcOEt, 19:1 to 8:2) on silica gel as colasled, starting frontert-butyl
one (4-methoxyphenyl)carbamate (500 mg, 2.2 mmol, 1 iegPMF (11 mL,
0.2M), NaH 60 wt. % in mineral oil (100 mg, 2.6 mimd.2 eq) and 1-bromo-2-pentyne (0.32
mL, 3.1 mmol, 1.4 eq). & 0.8 (petroleum ether/AcOEt, 8:2H NMR (300 MHz, CDC}) &
7.20 (d,J = 8.9 Hz, 2H, GonH), 6.84 (d,J = 8.9 Hz, 2H, GonrH), 4.27 (t,J = 2.0 Hz, 2H,
NCH,), 3.78 (s, 3H, OCH}, 2.15 (qtJ = 7.5, 2.2 Hz, 2H, C}}, 1.42 (s, 9H, 3xCh}, 1.08 (t,J =
7.5 Hz, 3H, CH). **C NMR (75 MHz, CDCJ) & 157.8 (GionrO), 154.6 (C=0), 135.3 (&),
128.0 (GronrH), 113.8 (GronrH), 85.4 C=C), 80.5 C(CHjs)3), 75.6 (GC), 55.4 (OCH), 40.3
(NCH,), 28.4 (CCHa)3), 13.9 (CH), 12.5 (CH). IR (neat): 2976 (C-H st), 1698 (C=0 st), 1249
(C-O-C st as), 1026 (C-O-C st sy) ¢nMS (El) m/z (%): 289 (3, V), 233 (46), 189 (90), 122
(100). HRMS: Calculated for [GH,sNOsNa]": 312.1576 [M+Nal; found: 312.1582.

_ N-Boc tert-Butyl (3-cyclohexylprop-2-yn-1-yl)(4-methoxyphenyjcarbamate,
O/\ SI2n. Following GP-A, SI2n (2.67 g, 7.8 mmol, 65%) was isolated by FC
© (petroleum ether/AcOEt, 19:1 to 8:2) on silica gelcolorless oil, starting
one from tert-butyl (4-methoxyphenyl)carbamate (2.68 g, 12 mmnioleq) in
DMF (60 mL, 0.22M), NaH 60 wt. % in mineral oil (60mg, 14.4 mmol, 1.2 eq) and (3-
Bromoprop-1-yn-1-yl)cyclohexade (3.38 g, 21.6 mmol, 1.8 eq).;R 0.52 (petroleum
ether/AcOEt, 9:1)'H NMR (300 MHz, CDCJ) 8 7.21 (d,J = 8.9 Hz, 2H, GonrH), 6.85 (d,J =
8.9 Hz, 2H, GionrH), 4.29 (bs, 2H, NCH, 3.79 (s, 3H, OCHJ, 2.39-2.29 (m, 1H, CH), 1.78-
1.56 (m, 4H, 2xCh), 1.56-1.15 (m, 15H, 3xCH3xCH,). *C NMR (75 MHz, CDCJ) & 157.9
(CarontO), 154.7 (C=0), 135.4 (fn), 128.1 (GronrH), 113.9 (GuonrH), 85.3 C=C), 80.5

10 wei, L.-L.; Mulder, J. A.; Xiong, H.; Zificsak, GA.; Douglas, C. J.; Hsung, R. Petrahedron 2001, 57, 459.
11 Robles-Machin, R.; Adrio, J.; Carretero, JJAOrg. Chem. 2006 71, 5023.
12 Kleinbeck, F.; Toste, F. . Am. Chem. Soc. 2009 131, 9178.
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(C(CHa)3), 76.3 (&C), 55.5 (OCH), 40.5 (NCH), 32.7 (CH2), 29.0 (CH), 28.4 (CH,)3),
26.0, 24.8 (CH). IR (neat): 2930 (C-H st), 1698 (C=0 st), 12450 st as), 1041 (C-O-C st
sy) cm*. HRMS: Calculated for [GH3oNO3]: 344.2226 [M+H]; found: 344.2222.

/\/\N/Boc tert-Butyl (4-methoxyphenyl)(5-phenylpent-2-yn-1-yl)cabamate, Sl20.
Ph Following GP-A, Sl20 (3.65 g, 10 mmol, 75%) was isolated by FC
© (petroleum ether/AcOEt, 19:1 to 8:2) on silica gelcolorless oil, starting
from tert-butyl (4-methoxyphenyl)carbamate (2.97 g, 13.3 mrhceq) in
DMF (66 mL, 0.22M), NaH 60 wt.% in mineral oil (640g, 16 mmol, 1.2 eq) and prepared (5-
bromopent-3-yn—1—y|)benzeh2e(4.16 g, 18.6 mmol, 1.4 eq)R0.37 (petroleum ether/AcOEt,
9:1). 'H NMR (300 MHz, CDC}) & 7.37-7.04 (m, 7H, GonrH), 6.83 (d,J = 8.9 Hz, 2H, Gont
H), 4.28 (t,J = 2.2 Hz, 2H, NCH), 3.80 (s, 3H, OCH}, 2.79 (,J = 7.5 Hz, 2H, GorrCH,), 2.47
(tt, J= 7.5, 2.2 Hz, 2H, C}C=), 1.44 (s, 9H, 3xCk.”*C NMR (75 MHz, CDC}) 5 157.9 Caronr
0), 154.7 (C=0), 140.8 (for), 135.4 (Gron), 128.6, 128.5, 128.0, 126.3, 113.9,4H), 83.3
(C=C), 80.6 C(CHa)s), 77.4 (GC), 55.5 (OCH), 40.4 (NCH), 35.1 (GionrCH,), 28.5
(C(CHy)3), 21.0 CH,C=). IR (neat): 2980 (C-H st), 1695 (C=0 st), 12450 st as), 1024 (C-
O-C st sy) crit. MS (El) m/z (%): 167 (46), 151 (100), 108 (85).

/\/\N,Boc tert-Butyl (5-((tert-butyldimethylsilyl)oxy)pent-2-yn-1-yl)(4-
TBDMSO methoxyphenyl)carbamate, SI2p.Following GP-A, SI2p (554 mg,
1.32 mmol, 64%) was isolated by FC (petroleum é&e®Et, 19:1 to
ove 8:2) on silica gel as colorless oil, starting frotert-butyl (4-
methoxyphenyl)carbamate (460 mg, 2.1 mmol, 1 ed)MF (10 mL, 0.22M), NaH 60 wt. % in
mineral oil (100 mg, 25 mmol, 1.2 eq) and ((5-bop@nt-3-yn-1-yl)oxy)ert-
butyl)dimethylsilané&3 (800 mg, 2.9 mmol, 1.4 eq).R0.68 (petroleum ether/AcOEt, 9:TH
NMR (300 MHz, CDC}) 5 7.19 (d,J = 8.9 Hz, 2H, GonrH), 6.84 (d,J = 8.9 Hz, GontH), 4.28
(t, J=2.2 Hz, 2H, NCH), 3.78 (s, 3H, OC}}, 3.66 (t,J = 7.3 Hz, 2H, CHC=), 2.36 (tt,J = 7.3,
2.2 Hz, 2H, OCH), 1.42 (s, 9H, 3xCh, 0.88 (s, 10H, 3xCHCH), 0.05 (s, 6H, 2xCH. **C
NMR (75 MHz, CDC}) 6 157.9 CaonrO), 154.6 (C=0), 135.3 (L), 128.0, 113.9 (GonrH),
80.9 (C=C), 80.5 C(CHy)s), 77.4 (GC), 62.1 (OCH), 55.4 (OCH), 40.3 (NCH), 28.4

13 Papahatjis, D. P.; Nahmias, V. R.; Nikas, SSehimpgen, M.; Makriyannis, AChem. Eur. J. 201Q 16, 4091.
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(C(CHgy)s), 26.0 (SiCCHa3)3), 23.3 CH,C=), 18.4 (SC(CHa)3), -5.2 (SICH). IR (neat): 2934 (C-
H st), 1701 (C=0 st), 1245 (C-O-C st as), 1026 (C-@t sy) crit. HRMS: Calculated for
[C2aH3NO,SiNaJ'": 442.2390 [M+Nal; found: 442.2386.

General Procedure B (GP-B) for the Synthesis of Adhes la-p.lsomerization step was
accomplished following a procedure described in litezaturel4 Si2a-p (5 mmol, 1 eq) was
placed in a two-necked round botton flask and dissbwith THF (0.33M). The mixture was
cooled to 0°C andBuOK (1.5 mmol, 30 mol%) was added in three posiamd the reaction
turned dark. The reaction was monitored by TLCraft6 h and more base was added if
necessary. The catalyst was filtered off and thskflwas rinsed with ED. After the removal of
the solvent the residue was purified by FC onaitiel. Spectroscopic data fba,1° 1b-d,16 1g15

1f,16 1g’ and1h16 were in agreement with those reported in thedttee.

%_/\N,Boc tert-Butyl (4-bromophenyl)(propa-1,2-dien-1-yl)carbamag, 1i. Following GP-

B, 1i (2.7 g, 8.7 mmol, 62%) was isolated by FC (hex&e3Et, 8:2) on silica gel

<> as a brown solid, starting fro®I2i (4.4 g, 14.1 mmol) in THF (43 mL, 0.33M)

and'BuOK (0.48 g, 4.2 mmol)H NMR (300 MHz, CDC}) & 7.46 (d,J = 8.6 Hz,
2H, CuonrH), 7.22 (t,J = 6.4 Hz, 1H, NCH), 7.05 (dl = 8.6 Hz, 2H, GonrH), 5.04 (d,J = 6.4
Hz, 2H, CH), 1.44 (s, 9H, 3xChH. *C NMR (75 MHz, CDCJ)) & 201.4 (C€=C), 152.1
(OC=0), 138.4 (Gom), 131.9 (GronrH), 129.9 (GronrH), 120.8 (GronrBr), 102.0 (NCH), 87.0
(CH,), 82.0 C(CHs)3), 28.3 (CH). IR (CH,Cly): 2976 (C-H st) 1705 (C=0 st), 2976 ((C=C)=C-
H st), 1066 (C=C=C st sy) ¢n MS (El) m/z (%): 130 (100). HRMS: Calculated for
[C1H1NO,BrNa]™: 332.0262 [M+Nal; found: 332.0266. M.p.: 97-99°C (hexanes/EtOAc).

Br

o~ -Boc tert-Butyl (4-methoxyphenyl)(propa-1,2-dien-1-yl)carbanate, 1j. Following
GP-B, 1j (1.36 g, 5.2 mmol, 78%) was isolated by FC (petroi ether/AcOEt,

Pz

19:1 to 8:2) on silica gel as yellow oil which sfified after standing, starting from
SI2j (1.7 g, 6.7 mmol) in THF (20 mL, 0.33M) afBuOK (0.22 g, 2 mmol)*H
NMR (300 MHz, CDC}) 6 7.24 (t,J = 6.4 Hz, 1H, NCH), 7.03 (d,= 8.9 Hz, 2H, GonH), 6.80

OMe

14 Ballesteros, A.; Moran-Poladura, P.; Gonzalez, JChem. Commun. 2016 52, 2905.
15 1, X-X; Zhu, L-L; Zhou, W.; Chen, ZOrg. Lett. 2012 14, 436.
18 vang, X.; Toste, F. DChem Sci. 2016 7, 2653.
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(d, J = 8.9 Hz, 2H, GonrH), 4.95 (d,J = 6.4 Hz, 2H, CH), 3.71 (s, 3H, OCH), 1.40 (s, 9H,
3xCH;). *C NMR (75 MHz, CDCJ) & 201.7 (C€=C), 158.5 CaorrOCHs), 152.8 (OC=0),
132.3 (Grom: 129.2 (GronrH), 113.9 (GronrH), 102.6 (NCH), 86.5 (Ch), 81.5 C(CHa)), 55.5
(OCH), 28.3 (CH). IR (neat): 2980 (C-H st), 1698 (C=0 st), 1245Q€C st as), 1051 (C-O-C
st sy) cnt. MS (El) m/z (%): 160 (100, [MCsHq0,]). HRMS: Calculated for [GH:gNOsNa]J':
264.1263 [M+Nal; found: 264.1266. M.p.: 55-57°C (GEl,).

- Boe tert-Butyl  propa-1,2-dien-1-yl(3,4,5-trimethoxyphenyl)arbamate,  1k.

N\

Following GP-B, 1k (2.9 g, 9 mmol, 60%) was isolated by FC (petroleum

MeO ove ether/AcOEt, 19:1 to 8:2) on silica gel as yellow which solidified after

ove standing, starting frons12k (4.8 g, 15 mmol) in THF (45 mL, 0.33M) and
'BUOK (500 mg, 4.5 mmol)*H NMR (300 MHz, CDC}) & 7.19 (t,J = 6.4 Hz, 1H, NCH), 6.41
(s, 2H, GroniH), 5.05 (d,J = 6.4 Hz, 2H, CH), 3.83 (s, 3H, OCH}, 3.81 (s, 6H, 2xOCH), 1.46
(s, 9H, 3xCH). *C NMR (75 MHz, CDCJ) & 201.4 (C€=C), 153.0 (Gom), 152.4 (OC=0),
137.1 (Grom), 135.0 (Grom), 105.8 (GronrH), 102.2 (NCH), 86.6 (Ch), 81.8 C(CHs)3), 61.0
(OCHg), 56.2 (OCH), 28.4 (CH). IR (neat): 2984 (C-H st), 1698 (C=0 st), 1257Q€C st as),
1074 (C-O-C st sy) cth HRMS: Calculated for [GH»sNOsNa]": 344.1474 [M+Nal; found:
344.1475. M.p.: 81-83°C (GBl,).

o~y Boc tert-Butyl buta-1,2-dien-1-yl(4-methoxyphenyl)carbamate 10a. Following GP-

,\3; <> B, 1l (430 mg, 1.56 mmol, 53%) was isolated by FC (petnm ether/AcOEt, 19:1
to 8:2) on silica gel as yellow oil, starting frdd3a (810 mmg, 2.9 mmol) in THF

(9 mL, 0.33M) andBuOK (99 mg, 0.88 mmol). R 0.61 (petroleum ether/AcOEt,
9:1). *H NMR (300 MHz, CDC}) & 7.19-7.12 (m, 1H, NCH), 7.05 (d,= 8.9 Hz, 2H, GonrH),
6.83 (d,J = 8.9 Hz, 2H, GonH), 5.34 (qd,J = 6.9, 5.9 Hz, 1H, HC=-=CHN), 3.78 (s, 3H,
OCH), 1.50 (dd,J = 6.9, 2.8 Hz, 3HH;CCH), 1.43 (s, 9H, 3xCH. **C NMR (75 MHz, CDC))
0 196.2 (C€=C), 158.2 (GonrO), 152.8 (C=0), 132.5 (fon), 129.0 (GronrH), 113.7 (GronrH),
101.9 (NCH), 97.4 (HC=-=CN), 81.CL(CHs)3), 55.4 (OCH), 28.3 (CCHa)3), 15.6 (HCC=-=).
IR (CH,CI,): 2980 (C-H st), 1701 (C=0 st), 1257 (C-O-C st 4§)51 (C-O-C st sy) cih MS
(El) m/z (%): 275 (15, M), 174 (47, [M-CsHyO,]). HRMS: Calculated for [GH,:NO;Na]'":
298.1421 [M+Nal; found: 298.1421.
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B tert-Butyl (4-methoxyphenyl)(penta-1,2-dien-1-yl)carbarate, 10b. Following
Eét/ GP-B, 1m (162 mg, 0.59 mmol, 51%) was isolated by FC (petnm

<> ether/AcOEt, 19:1 to 8:2) on silica gel as yelloWy starting fromSI3b (318 mmg,

1.1 mmol) in THF (3.8 mL, 0.33M) an®uOK (39 mg, 0.34 mmol). R 0.73

(petroleum ether/AcOEt, 9:1%H NMR (300 MHz, CDC}) & 7.25-7.18 (m, 1H, NCH), 7.05 (d,
= 8.9 Hz, 2H, GontH), 6.84 (d,J = 8.9 Hz, 2H, GonrH), 5.45 (q,J = 6.1 Hz, 1H, HC=-=CN),
3.79 (s, 3H, OCH), 1.83 (qddJ = 7.4, 6.1, 2.9 Hz, 2H, #£C=-=CN), 1.43 (s, 9H, 3xG} 0.79
(t, J = 7.4 Hz, CHCH3). **C NMR (75 MHz, CDCJ) 5 194.7 (C€=C), 158.4 (GonrO), 152.9
(C=0), 132.6 (Grom, 129.3 (GronrH), 113.8 (GronrH), 104.3 (NCH), 103.1 (HC=-=CN), 81.2
(C(CHg)3), 55.5 (OCH), 28.3 (CCHs3)3), 23.2 CH,CHjz), 12.8 (CHCHjy). IR (neat): 2969 (C-H
st), 1701 (C=0 st), 1245 (C-O-C st as), 1051 (C-6:6y) crit. MS (El) m/z (%): 289 (6, I),
188 (47, [M-CsHgO,]). HRMS: Calculated for [GH»sNOs;Na]™: 312.1576 [M+Na]; found:
312.1580.

o~ Boc tert-Butyl  (3-cyclohexylpropa-1,2-dien-1-yl)(4-methoxypenyl)carbamate,
/.
§/ © lo. Following the GP-E, 1n (1.1 g, 0.37 mmol, 71%) was isolated by FC

9

SI3c (1.5 g, 4.45 mmol) in DMF (15 mL, 0.33M) afBuOK (150 mg, 1.3
mmol). R= 0.64 (petroleum ether/AcOEt, 9:1H NMR (300 MHz, CDC}) & 7.25-7.16 (m, 1H,
NCH), 7.04 (d,J = 8.9 Hz, 2H, GonrH), 6.83 (d,J = 8.9 Hz, 2H, GonrH), 5.37 (t,J = 5.9 Hz,
1H, HC=-=CN), 3.77 (s, 3H, OGH 1.84-1.68 (m, 1H, GH), 1.66-1.45 (m, 4H, 2xGH,), 1.44
(s, 9H, 3xCH), 1.28-0.96 (m, 4H, 2xgH,), 0.92-0.69 (m, 2H, GH,). °C NMR (75 MHz,
CDCl) 8 193.8 (C£=C), 158.4 (GonrO), 152.8 (C=0), 132.5 (for), 129.4 (GronrH), 113.7
(CaronrH), 108.4 (NCH), 103.2 (B=-=CN), 81.0 C(CHs)s), 55.4 (OCH), 38.4 (GH), 32.4
(CyyH2), 32.2 (GH,), 28.3 (CCHa)3), 26.2 (GyHy), 25.9 (CH). IR (neat): 2926 (C-H st), 1964
(C=C=C st as), 1701 (C=0 st), 1245 (C-O-C st a@%511(C-O-C st sy) cth MS (El) m/z (%):
343 (14, M), 287 (100), 242 (39, [MCsHsO,])). HRMS: Calculated for [GH,oNOs;Na]":
366.2045 [M+Nal; found: 366.2039.

(petroleum ether/AcOEt, 19:1 to 8:2) on silica gsl yellow oil, starting from
OMe
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General Procedure C (GP-C) for the Synthesis of Adnes 1o-p Corresponding alkyn8l2o0-p
(2.4 mmol, 1 eq) was dissolved in dry THF (812 and cooled to -78°C. LIHMDS 1M in THF
(2.2 mmol, 1.5 eq) was added dropwise to the mixaund stirred at 0°C for 2 h. The crude was
guenched with water (5 mL) and aqueous layer etedagvith ether (3 x 5 mL). Combined
organic layers were washed with brine, dried ovasSQ0, and filtered. After the removal of the
solvent under reduced pressure, the residue wasepuby FC (petroleum ether to petroleum
ether/EtOAc 19:1) on deactivated silica gel (ace}dn obtairlo-p as an oil.
o~y B tert-Butyl (4-methoxyphenyl)(5-phenylpenta-1,2-dien-14carbamate, 10.
Following GP-C, 10 (295 mg, 0.81 mmol, 58%) was isolated by FC (petnm
Ph © ether/AcOEt, 19:1) on deactivated silica gel, stgrfrom Sl20 (508 mg, 1.4
mmol) in THF (7 mL, 0.2M) and LIHMDS 1.0M in THF (2 mL, 2.1 mmol).
H NMR (300 MHz, CDC}) & 7.33-7.15 (m, 4H, 3xGnH + NCH), 7.15-7.05 (M, 4H, £nH),
6.90 (d,J = 6.9 Hz, 2H, GonrH), 5.49 (q.J = 6.3 Hz, 1H, HC=-=CN), 3.81 (s, 3H, OgH2.62-
2.38 (m, 2H, HCC=-=CN), 2,17 (qdJ = 7.9, 2.5 Hz, 2H, bC-Cyron), 1.48 (s, 9H, 3xCH. °C
NMR (75 MHz, CDC}) 5 195.5 (C€€=C), 158.4 (GorrO), 152.8 (C=0), 141.6 (&), 132.5
(Carom, 129.2 (GrontH), 128.4 (GronrH), 128.3 (GronrH), 125.9 (GronrH), 113.8 (GronrH), 103.1
(NCH), 102.0 (HC=-=CN), 81.1 €C(CHs)3), 55.4 (OCH), 35.0 (HC-Cson), 31.8 (HCC=-=CN),
28.3 (CCHa)3). IR (neat): 2976 (C-H st), 1701 (C=0 st), 12450€C st as), 1051 (C-O-C st sy)
cm*. HRMS: Calculated for [§H,gNO3]*: 366.2069 [M+H]: found: 366.2068.

OMe

o~ Bo tert-Butyl (5-((tert-butyldimethylsilyl)oxy)penta-1,2-dien-1-yl)(4-
methoxyphenyl)carbamate, 1p.Following GP-C, 1p (333 mg, 0.79 mmol,
OTBDMS© 65%) was isolated by FC (petroleum ether/AcOEt11®n deactivated silica
ome gel, starting frons12p (509 mg, 1.2 mmol) in THF (6 mL, 0.2M) and LIHMDS
1.0M in THF (1.8 mL, 1.8 mmol). & 0.75 (petroleum ether/AcOEt, 9:¥H NMR (300 MHz,
CDCly) & 7.24-7.15 (m, 1H, NCH), 7.04 (d,= 8.9 Hz, 2H, GonrH), 6.83 (d,J = 8.9 Hz, Gront
H), 5.41 (td,J = 6.8, 6.0 Hz, 1H, HC=-=CN), 3.78 (s, 3H, Of}B.49-3.29 (m, 2H, KC-O),
2.10-1.98 (m, 2H, KCC=-=CN), 1.42 (s, 9H, OC(G}), 0.85 (s, 9H, SiC(Ch)s), -0.01 (s, 6H,
Si(CHs),). *C NMR (75 MHz, CDCJ) 5 196.2 (C€=C), 158.4 (GorrO), 152.8 (C=0), 132.5

(Carom)» 129.2 (GronrH), 113.8 (GronrH), 102.7 (NCH), 99.2 (B=-=CN), 81.2 C(CHy)s), 62.5
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(OCH,), 55.4 (OCH), 33.7 (HCC=-=CN), 28.3 (OGTHi)s), 26.0 (SiCCHa)), 18.4
(SIC(CHa)3), -5.22 (SiCH), -5.24 (SiCH). IR (CH,Cl,): 2955 (C-H st), 1705 (C=0 st), 1278
((Si-)CHs & sy), 1245 (C-O-C st as), 1099 (Si-O st), 1051 (&Gt sy) crit. MS (El) m/z (%):
167 (100). HRMS: Calculated for j§3gNO,Si]*: 420.2570 [M+H]; found: 420.2570.
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2.2 Synthesis of dienes 2a-x

Furan (2a), 3-methylfuran (2b), 2-methylfuran (2u), 2,5-dimethylfuran (2v) and 6,6-

dimethylfulvene (2x) are commercially available.

3-Ethylfuran (2c). 3-Ethylfuran 2c was prepared following the described procedurghim

literaturel”. Spectroscopic data fac'’ were in agreement with those reported in thedttee.

3-Aryl and 3-Benzyl substituted furans, (2d) and (B-j)

Br.
E>/Me o
Me
\
2d: R=Me
GP-D

(0] Br
\ /)
B(OH), \O/
R 2h: R=H
2i; R=OMe
GP-D 2j; R=F

General Procedure D (GP-D) for the Synthesis of Fans (2d) and (2h-j) Suzuki coupling of
3-furanboronic acid withp-substituted bromobenzenes or benzyl bromides wapaped
following the procedure described in the literattf@o a solution of bromide (4.3 mmol, 1 eq)
in toluene (9.6 mL, 0.4M) under Ar atmosphere, BRIgR (0.17 mmol, 4 mol%) was added.
Then, NaCO; (aqueous 2M, 4.8 mL) and a solution of 3-furanbaracid (5.2 mmol, 1.2 eq) in
MeOH (2.4 mL, 2.2M) were added. The reaction migtwas warmed to 80 °C for 6h. After
cooling, CHCl, (10 mL) and NgCO; (aqueous 2M, 10 mL) were added. The layers were
separated and the combined organic phases wem @r@ NaSQ,, filtered and concentrated.

Spectroscopic data f@h-j were in agreement with those reported in theditee!®

17 wiley, R. A.; Choo, H.-H.; McClellan, DJ. Org. Chem. 1983 48, 1106.
18 Tofi, M.; Georgiou, T.; Montagnon, T.; Vassilikegnakis, GOrg. Lett. 2005 7, 3347.
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3-(2-Methylbenzyl)furan (2d). Following GP-D, 2d (592 mg, 3.4 mmol, 80%)
Wi was obtained as a yellowish oil after purificatimm FC on silica gel (hexanes to
hexanes/EtOAc 19:1) starting from 2-methylbenzybrbide (0.59 mL, 4.3
mmol) in toluene (9.6 mL, 0.4M), Pd(P®h(200 mg, 0.17 mmol), NEO; (aqueous 2M, 4.8
mL) and 3-furanboronic acid (0.6 g, 5.2 mmol) in®¢ (2.4 mL, 2.2M). R= 0.55 (2% EtOAc
in hexanes)H NMR (300 MHz, CDC)) & 7.42-7.39 (m, 1H, fewroaronH), 7.25-7.18 (m, 4H,
CaronH), 7.16 (bs, 1H, GeroaroiH), 6.28 (bs, 1H, GeteroarorH), 3.80 (s, 2H, Ch), 2.35 (s, 3H,
CHs). °C NMR (75 MHz, CDC)) & 143.1 (GeteroarorH), 139.8 (GeteroaromH), 138.5 (Grom),
136.3 (Grom, 130.3 (GonrH), 129.3 (GronrH), 126.6 (GionrH), 126.2 (GronrH), 123.8
(Cheteroarody 111.4 (GeteroaromH), 29.1 (CH), 19.5 (CH). IR (neat): 3102 (C-H st) cha MS (El)

m/z (%): 172 (M, 100).

(2)-3-Styrylfuran ((2)-2g), 3-isopentylfuran (2e), 3-Phenetylfuran (2f)

e} o
\ /) R= Ph Ref [18] %
== R=Pr
R R
(2)-2g: R= Ph 2e: R= Pr
(E)/(2)-SI3]: R="Pr 2f: R= Ph

Furans2g, 2e and 2f were prepared starting from 3-furaldehyde follayvia Wittig protocol
described in the literaturé. For (Z)-2g the residue was purified by FC on silica gel
(hexanes/ED 30:1 to 15:1) achieving the separatiorEcdindZ isomers. Spectroscopic data for
(Z)-2g were in agreement with those reported in thedttee!® In the case of(E)/(2)-SI3], the
residue was not purified by FC and it was used autHurther purification in the next step with

traces of solvent.

(0} (0)
- Pd/C \_/
= MeOH drops
Me H Me
2
Me Me
(E)/(2)-S13 in THF 2

3-Isopentylfuran (2e). Hydrogenation of (E)/(2)-SI3] was prepared following a procedure

described in the literature with slight modificatid® The residue was placed in a flask and ~4
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drops of MeOH were added.,Hbubbled through it 10 min at room temperature &adon
activated carbon in 10%wt (2.5 mol%) was added. fdaetion mixture was stirred for 1 day
under B atmosphere. The reaction was monitored by NMR iamehs added more catalyst if
necessary. When the reaction finished, the catabast removed by filtration through a pad of
silica gel eluting with BO. After careful removal of the solvent, the residuas purified by FC
on silica gel (pentane to pentanefE195:5) to afford2e as a colorless oil (401 mg, 2.9 mmol,
20%). R= 0.79 (hexanes/EtOAc 19:13H NMR (300 MHz, CDC)) & 7.37-7.33 (m, 1H,
CheteroaroiH), 7.23-7.20 (M, 1H, faeroaroiH), 6.30-6.25 (GuteroaroH), 2.48-2.39 (m, 2H,
CheteroaroiCH2), 1.73-1.53 (m, 1H, CH), 1.52-1.39 (m, 2H, CHS, 0.93 (d,J = 6.6 Hz, 6H,
2xCHy). ®C NMR (75 MHz, CDC)) & 142.7 (GeterowroriH), 138.7 (GeteroaronH), 125.6
(Cheteroarons 111.2 (Geteroaroit), 39.3 (CH), 27.7 (CH), 22.8 (ChJ, 22.6 (CH). IR (neat): 2959
(C-H st), 1187 (CO-C st) chaMS (El) m/z (%): 138 (12, K}, 82 (100).

3-Phenethylfuran (2f). Hydrogenation ofE)-2g and(Z)-2g was prepared following a procedure
described in the Iiteratutlé.Spectroscopic data f@f were in agreement with those reported in
the literature™®

O-based methylenfurans 2k-n and 20

o)

‘ -10°C to rt, 6h oMe

Ref [20]

OH
o O
\ /) \ 21
PPh,, DEAD, CH,Cl,
OH OPh

20

o)
‘ GP-E \ 2m: R=Ph
2n: R='Pr
OSiR;

3-Hydroxymethylfurar2o was prepared from 3-furaldehyde following a prareddescribed in

the literaturel? Spectroscopic data f@o were in agreement with those reported in theditae.

19 xu, P.; Chen, D.-S.; Xi, J.; Yao Z.Ohem. Asian J. 2015 10, 976.
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3-(Methoxymethyl)furan (2k). 3-(Methoxymethyl)furarRk was prepared following a procedure

described in the literatuf® NMR data were in agreement with those reportetiéniterature.

o 3-(Phenoxymethyl)furan (2I). To a solution of 3-hydroxymethylfurapo (1 g,

Q’ 10.2 mmol, 1 eq) in C¥l, (10 mL, 1M) was added phenol (1.92 g, 20.4 mmol, 2
o eq) and PPh(5.3 g, 20.4 mmol, 2 eq) at 0 °C. Diethyl azodicarylate (3.3 mL,

20.4 mmol, 2 eq) was added dropwise. The mixture stared for 16h at room temperature.
After that, the mixture was concentrated and pentaas added, then the precipitate was filtered
through AbO; and washed with pentane. The solvent was evambrate the residue was
purified by FC on silica gel (hexanes to hexand&3/gt 9:1) obtaining a colorless oil which
solidified after standing (355 mg, 2.04 mmol, 20} 0.23 (hexanes/EtOAc 19:TH NMR
(300 MHz, CDC}) & 7.55 (bs, 1H, GreroaronH), 7.47 (bS, 1H, GeroarorH), 7.40-7.30 (m, 2H,
CarontH), 7.06-6.98 (M, 3H, GonrH), 6.54(bs, 1H, GreroarorH), 4.97 (s, 2H, CH. *C NMR (75
MHz, CDCk) & 158.7 (GroniO), 143.6 (Geteroarorit), 140.9 (Geteroaroit), 129.6 (GronrH), 121.5
(Cheteroarons 121.1 (GronrH), 114.9 (GronrH), 110.3 (Gietercaroit), 61.8 (CH). IR (neat): 1235
(C-O-C st as), 1020 (CO-C st) émMS (El) m/z (%): 174 (27, K), 81 (100, [M-CeHs0]).
M.p.: 30-32°C (hexanes/EtOAC).

General Procedure E (GP-E) for the synthesis dD-Silylated methylenefurans 2m-n:Silane
derivatives were prepared according to a literapuoeedure as follow&: To a stirring solution

of 3-hydroxymethylfurarRo (14 mmol, 1 eq) in CKCl, (21 mL, 0.7M) were added imidazole
(21 mmol, 1.5 eq) and the corresponding chlorosildy mmol, 1.2 eq) at 0°C. The mixture was
allowed to warm up to room temperature and stirfi@d 10 h. After completion, saturated
aqueous NaHC9Owas added (10 mL) and the aqueous solution waaaat! with CHCI, (3%x15
mL). The combined organic extracts were washed Wtthe (20 mL), dried over N&O, and
filtered. After the removal of the solvent undeduieed pressure the crude was purified by FC on

silica gel. Spectroscopic data f2m?! were in agreement with those reported in thedttee.

20 1§ N.-N.; Zhang, Y. L.; Mao, S.; Gao, Y.-R.; Gub.-D.; Wang, Y.-QOrg. Lett. 2014 16, 2732.
21 Huang, J.; Hsung, R. B.Am. Chem. Soc. 2005 127, 50.
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o (Furan-3-ylmethoxy)triisopropylsilane (2n). Following GP-E, 2n was
Q’ _ isolated after FC on silica gel (hexanes to hex&id<l,, 95:5) as a colorless

O8I oil (2.47 g, 9.7 mmol, 95%), using 3-hydroxymethyin2o (1 g, 10.2 mmol)
in CH,Cl, (15 mL, 0.7M), imidazole (1.04 g, 15.3 mmol) amiésbpropylchlorosilane (2.7 mL,
12.2 mmol). = 0.91 (5% CHCI, in hexanes)'H NMR (300 MHz, CDCJ)) & 7.38 (bs, 1H,
CheteroaromiH), 6.39 (d,J = 1.5 Hz, 1H, GeteroarorH), 4.70 (bs, 1H, GeteroaronH), 1.25-1.04 (m,
21H, 6xCH + 3xCH).**C NMR (75 MHz, CDC)) & 143.1 (GeteroaronH), 139.2 (GeteroaronH),
126.2 (Geteroarons 109.5 (GeteroaroiH), 58.0 (CH), 18.1 (CH), 12.2 (CH). IR (neat): 2944 (C-H
st), 1095 (Si-O st), cth MS (El) m/z (%): 254 (1, §), 211 (100, [M-CzH;]). HRMS:
Calculated for [GH»70,Si]": 255.1775 [M+H]; found: 255.1780.

N-based methylenfurans 2p-s and 2t

(0]

(_Z’IBOC
(Boc),0 N 2p
‘ Amberlyst 15 Q
OMe
oM
o mom,
\ /) CH3CN, rt NH
2) NaBH,, MeOH, rt ot Q

OMe

o
2 (_Z’%\—R
‘ o )LR N 2q: R= Me

EtsN, DMAP, CH,CI 2r R=Et
3N, , CHCly Bt
GP-F 2s: R="Bu

OMe

N-(Furan-3-ylmethyl)-4-methoxyaniline (2t). It was prepared as follows. Aniline (2.2 g, 17.9
mmol, 1.1 eq) was dissolved in dry acetonitrile§¥8L, 0.13M) and 3-furaldehyde (1.43 mL,
16.2 mmol, 1 eq) was added to the reaction mixame stirred 16 h at room temperature. After
evaporation, the greenish solid was redissolveMl@®H. NaBH, (2.7 g, 70 mmol, 4 eq) was
added in small portions and stirred at room tentpesafor 5h. After that, the solvent was

evaporated; 50 mL of water were added and extraaithi CH,Cl, (3x50 mL), dried over
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NaSQ,, filtered and concentrated. The residue was €itlethrough a small pad of silica gel
(petroleum ether/AcOEt 1:1) obtainirgl as a yellow oil (3.2 g, 15.7 mmol, 97%);=R0.63
(hexanes/EtOAc 8:2JH NMR (300 MHz, CDCY) & 7.40-7.35 (M, 2H, GteroaroriH), 6.81 (d,J =
8.9 Hz, 2H, GuonrH), 6.64 (d,J = 8.9 Hz, 2H, GonrH), 6.42-6.37 (M, 1H, faiercaroH), 4.10 (S,
2H, CH), 3.74 (s, 3H, OCH. **C NMR (75 MHz, CDCJ) & 152.5 (GronrO), 143.3 (Geteroaror
H), 142.3 (Gron)s 140.0 (GeteroaroriH), 123.6 (Geteroaromy 114.9 (GronrH), 114.6 (GronrH), 110.3
(CheteroaroiH), 55.8 (OCH), 40.4 (CH). IR (neat): 3396 (NH st), 1232 (C-O-C st as), &(38-O-

C st sy) crit. MS (El) m/z (%): 203 (M, 100), 122 (97, [M-CsHsO]). HRMS: Calculated for
[C12H1NO,]™: 204.1025 [M+H]; found: 204.1029.

o tert-Butyl (furan-3-ylmethyl)(4-methoxyphenyl)carbamate (2p). To a
(\_& Boc mixture of (Boc)O (500 mg, 2.3 mmol, 1 eq) and Amberlyst-15 (75 o
NQ w/w) was added amingt (475 mg, 2.3 mmol, 1 eq) and the mixture was
stirred at room temperature for 1 h. After that,,CH was added and the
catalyst was filtered. The filtrate was collecteddaconcentrated under
reduced pressure and the residue was isolated mnBUica gel (petroleum ether/AcOEt 19:1 to
8:2) as a yellow oil (545 mg, 1.8 mmol, 78%)=F0.6 (hexanes/AcOEt 9:13H NMR (300
MHz, CDCk) & 7.30-7.26 (M, 1H, GeroaronH), 7.21-7.18 (M, 1H, GeroaromH), 6.98 (d,J = 8.4
Hz, 2H, GonH), 6.80-6.72 (M, 2H, LonrH), 6.31 (bs, 1H, fetercaromH), 4.54 (s, 2H, Ch), 3,69
(s, 3H, OCH), 1.40 (s, 9H, 3xCh. **C NMR (75 MHz, CDC)) 8 157.6 (GronrO), 154.8 (C=0),
142.8 (Geteroaromt), 140.2 (GeteroaronH), 135.1 (Grom), 128.1 (GronrH), 122.2 (Gieteroaron), 113.7
(CaroniH), 110.5 (GeteroaroiH), 79.9 €(CHg)s), 55.0 (OCH), 44.9 (CH), 28.2 (3xCH). IR
(neat): 1691 (C=0O st) cm MS (El) m/z (%): 303 (3, K). HRMS: Calculated for
[C1/HsNO4Na]™: 326.1368 [M+Nal; found: 326.1376. M.p.: 37-39 °C (QEl,).

General Procedure F (GP-F) for the synthesis of fans 2g-s: N-(Furan-3-ylmethyl)-4-
methoxyaniline2t (1.8 mmol, 1 eq) was dissolved in &, (0.3M) with DMAP (0.18 mmol, 10
mol%). Triethylamine (2.7 mmol, 1.5 eq) was added ¢he mixture was cooled to 0°C. The
corresponding acyl chloride (2.2 mmol, 1.2 eq) wdded slowly. The reaction was stirred for 10
min at 0°C and 16h at room temperature. When thetiom has finished, Ci&l, was removed

under vacuum and Ed and NHCI aq. sat. solution was added in the same praporfrhe
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mixture was separated and organic layer was wasitadorine, dried over N&Q, and filtered.
Afforded residue was purified through a small pbfgsilica eluted with petroleum ether/AcOEt

obtaining2g-s

o N-(Furan-3-ylmethyl)-N-(4-methoxyphenyl)acetamide (2q). Following
Q—Z’(}\’Me GP-F, 2q was isolated after eluting the crude through allsptag of silica
obtaining a yellow oil (288 mg, 1.24 mmol, 95%),ings N-(furan-3-
ove  YImethyl)-4-methoxyaniline2t (270 mg, 1.33 mmol) in Ci&I, (4.4 mL,
0.3M), DMAP (16 mg, 0.12 mmol), B (0.28 mL, 2 mmol) and acetyl
chloride (0.11 mL, 1.6 mmol) were added=R.34 (petroleum ether/AcOEt 6:45 NMR (300
MHz, CDCh) & 7.34-7.30 (M, 1H, GeroaronH), 7.22-7.18 (M, 1H, feroaronH), 6.93 (d,J = 8.9
Hz, 2H, GyonrH), 6.85 (d,J = 8.9 Hz, 2H, GonH), 6.34-6.28 (M, 1H, feteroaromH), 4.64 (s, 2H,
CH,), 3.80 (s, 3H, OCH, 1.83 (s, 3H, COC}H. **C NMR (75 MHz, CDCJ) & 170.8 (C=0),
159.1 (GrontO), 143.1 (GeteroaroiH), 141.2 (GeteroarorH), 135.6 (NGrom), 129.3 (GronrH), 121.3
(Cheteroarons 114.7 (GronrH), 111.3 (GeteroaroiH), 55.5 (OCH), 43.6 (CH), 22.7 (CH). IR (neat):
2937 (C-H st) 1651 (C=0 st), 1242 (C-O-C st asRAL(C-O-C st sy) cth MS (El) m/z (%):
245 (100, M). HRMS: Calculated for [GH1gNOs]*: 246.1130 [M+H]; found: 246.1138.

o N-(Furan-3-ylmethyl)-N-(4-methoxyphenyl)propionamide (2r).Following
Q—Z’(}\’E‘ GP-F, 2r was isolated after eluting the crude through allspiag of silica
obtaining a pale yellow oil (610 mg, 2.3 mmol, 95%}ing N-(furan-3-
ome  YImethyl)-4-methoxyanilin@t (500 mg, 2.46 mmol) in C}€l, (8 mL, 0.3M),
DMAP (30 mg, 0.25 mmol), BN (0.51 mL, 3.7 mmol) and propionyl
chloride (0.38 mL, 2.9 mmol) were added=R.44 (petroleum ether/AcOEt 8:2H NMR (300
MHz, CDCh) 8 7.29 (t, J = 1.7 Hz, 1H, GeroaromH), 7.19-7.16 (M, 1H, GeroaromH), 6.90 (d,J =
8.9 Hz, 2H, GonrH), 6.82 (d,J = 8.9 Hz, 2H, GonrH), 6.29 (bs, 1H, GieroaroiH), 4.61 (s, 2H,
NCHy), 3.77 (s, 3H, OCH}, 2.00 (qJ = 7.5 Hz, 2H, EI,CHs), 1.01 (t,J = 7.5 Hz, 3H, CHCH,).
3C NMR (75 MHz, CDCJ)) & 174.0 (C=0), 159.0 (GnrO), 142.9 (GeteroaromH), 141.1
(CreteroaroH), 135.0 (NGrom), 129.4 (GrontH), 121.4 (Geteroarony 114.6 (GronrH), 111.2
(CheteroaroH), 55.4 (OCH), 43.7 (NCH), 27.7 €H,CHs), 9.7 (CHCHs). IR (neat): 1655 (C=0



134 Chapter 5

st), 1245 (C-O-C st as), 1038 (C-O-C st sim)’crMS (El) m/z (%): 259 (100, K, 203
([M+H]*-C3Hs0). HRMS: Calculated for [GH1gNO5]": 260.1287 [M+H]; found: 260.1297.

O o Me N-(Furan-3-ylmethyl)-N-(4-methoxyphenyl)pivalamide (2s). Following
%Hﬂe GP-F, 2s was isolated after eluting the crude through allspiag of silica
obtaining a pale yellow oil (485 mg, 1.69 mmol, 97%sing N-(furan-3-
ome  YImethyl)-4-methoxyaniline2t (359 mg, 1.76 mmol) in Ci&l, (5.9 mL,
0.3M), DMAP (21.5 mg, 0.18 mmol), 4 (0.36 mL, 2.6 mmol) and pivaloyl
chloride (0.26 mL, 2.1 mmol) were added=R.72 (petroleum ether/AcOEt 8:2H NMR (300
MHz, CDCh) & 7.33-7.30 (M, 1H, GeroaronH), 7.16 (bS, 1H, GreroaromH), 6.92 (d,J = 8.9 Hz,
2H, CuonrH), 6.81 (d,J = 8.9 Hz, 2H, GonrH), 6.32 (bs, 1H, GerarorH), 4.55 (S, 2H, NCh),
3.79 (s, 3H, OCH), 1.00 (s, 3H, 3xCH. **C NMR (75 MHz, CDCJ) & 177.9 (C=0), 159.1
(CarontO), 142.8 (GeteroaromH), 141.4 (GeteroaronH), 135.8 (NGron), 131.0 (GrontH), 121.6
(Creteroarony 114.0 (GrontH), 111.5 (GeteroarorH), 55.5 (OCH), 47.4 (NCH), 41.0 C(CHg)s),
29.6 (XCHjy). IR (neat): 2951 (C-H st), 1634 (C=0 st), 12430 st as), 1020 (C-O-C st sim)
cmt. MS (El) m/z (%): 287 (64, K), 203 (63, M-CsH4O). HRMS: Calculated for [GH,,NO,]*:
288.1600 [M+H]J; found: 288.1601.

Cyclopentadiene (2w).Compound2w was prepared following the procedure reportedhim t

literature22 Spectroscopic data were in agreement with thgserted in the literature.

22 Musa, O. M. Ring-Opening Metathesis Polymerizatf Norbornene and Oxanorbornene Moieties and Uses
thereof. U.S. Patent 0065880, March 17, 2011.
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Ethyl 3-(furan-3-yl)propanoate (2y)

X
o KO N/,NTOK o
\ o) \
— AcOH, DME, days, 50 °C
COOEt COOEt

2x

Ethyl (E)-3-(furan-3-yl)acrylate was isolated after a HWéagtion starting from 3-furaldehyde
following a procedure described in the literatéfd=or 2x, we were unable to generate it by
following literature proceduré Ethyl 3-(furan-3-yl)propanoatex was prepared as follows. To a
solution of acetic acid (0.1 mL, 1.8 mmol, 3 eqgDME (7.4 mL, 0.08M), dipotassium azo-1,2-
dicarboxylate sadt (0.35 g, 1.8 mmol, 3 eq) and eth){3-(furan-3-yl)acrylate (100 mg, 0.6
mmol, 1 eq) in DME (6 mL, 0.1M) were added dropwées0 °C. The reaction was monitored
by NMR and more azodicarboxylate was added saltéessary. Then, it was cooled and filtered
through a small pad of Celite and the solvent veasaved in vacuo. Spectroscopic data for ethyl

3-(furan-3-yl)propanoat®x® were in agreement with those reported in theditee.

23 (a) Davis, C. H.; Hurst, T. E.; Jacob, A. M.; Miyo C. J.J. Org. Chem. 2005 70, 4414. (b) Weyerstahl, P.; Licha,
K.; Marschall, H.Liebigs Ann. Chem. 1994 917.

24 (a) Wullschleger, C. W.; Gertsch, J.; Altmann;HK.Org. Let. 2010 12, 1120. (b)Groves, J. T.; Ma, K. WJ. Am.
Chem. Soc. 1977, 99, 4076.



136 Chapter 5

2.3 Synthesis of catalysts

(3a), (3b), (3c), (3d) and(3e) catalysts are commercially available. Cataly3f}25 (3h),28 (3I),25

(3m),25 (3n),27 (30’8 and(3p)?° has been previously synthesized and used intératiire.

2.3.1 Synthesis of precursors

OO OH NaH MOMCI OMOM
CO OH THF, 0°C OMOM

(S)-BINOL Si4

(S)-2,2"-bis(methoxymethoxy)-1,1"-binaphthalene (SI4)(9-2,2"-Bis(methoxymethoxy)-1,1"-
binaphthalenewas prepared following the procedure describedhim literature with slight
modifications, instead of using MOMBT, it was uskDMCI.30 NMR spectral data were in

agreement with those reported in the literatire.

Silylated BINOL derivative (Sl5a-b)

SiR3 S|R3
CO,,
OMOM THF/EtZO OMOM HCI conc. Si5a: R= Ph
O O OMOM ~— Pngsicl OMOM dioxane, 70°C SI5b: R=Bu(Me),
SiR3 SiR3
Sl4

Sl5a and SI5b were prepared fromS|-2,2"-bis(methoxymethoxy)-1,1"-binaphthalene wiitie
corresponding silanol derivative in two steps faflog a procedure described in the literattire.

Spectroscopic data f@5a>" andSI5b32 were in agreement with those reported in theditee.

25 Rueping, M.; Nachtsheim, B. J.; Koenigs, R. M.weawan, WChem. Eur. J. 201Q 16, 13116.

26 saj, M.; Yamamoto, HJ. Am. Chem. Soc. 2015 137, 7091.

27 Kaupmees, K.; Tolstoluzhsky, N.; Raja, S.; RuepMg,Leito, |. Angew. Chem. Int. Ed. 2013 52, 11569.
28 Knipe, P. C.; Smith, M. DOrg. Biomol. Chem. 2014 12, 5094.

29 | alli, C.; van de Weghe, Ehem. Commun. 2014 50, 7495.

30 wu, T. R.; Shen, L.; Chong, J. \@rg. Lett. 2004 6, 2701.

31 storer, R. I.; Diane, E. C., Yike, N.; MacMillaB, W. C.J. Am. Chem. Soc. 2006 128, 84.

32 Maruoka, K.; Itoh, T.; Araki, Y.; Shirasaka, ¥.amamoto, HBull. Chem. Soc. Jpn. 1988 61, 2975.
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SI5a: *H NMR (300 MHz, CDC)) & 7.98 (s, 2H, GonrH), 7.80-7.65 (m, 14H, GnrH), 7.51-
7.28 (M, 24H, GonrH), 5.36 (s, 2H, OH)**C NMR (75 MHz, CDCY) & 156.5 (GronOH), 142.1
(CarontH), 136.3 (GronrH), 134.7 (Gron), 134.2 (Grom), 129.5 (GronrH), 129.2 (Gron), 129.0
(CarontH), 128.2 (GrontH), 127.8 (GronrH), 123.9 (GronrH), 123.8 (GronrH), 123.6 (Gron), 110.6

(Caronb "

(9-3,3-Dibromo-5,5,6,6,7,7,8,8-octahydro-[1,1-binaphthalene]-2,2-diol (S16)

CO O oo
OH Pd/C OH Br2 OH

S — _—
OH  H,, autoclave OH  CH,Cl, -30°C OH
OO 80 bar, 100 °C ‘O ‘O
Br

(S)-BINOL (S)-Hg-BINOL Sl6

(9-Hg-Binol was synthesized following the procedure dibgtl in the literaturé3 Spectroscopic

data for §)-Hg-binol were in agreement with those reported inliteeature2>34

SI6 was prepared following the reported procedurehia literature from §-Hg-binol by a
bromination steg® Spectroscopic data fd16 were in agreement with those reported in the

literature2®

(9)-3,3-Bis(triphenylsilyl)-5,5',6,6,7,7,8,8-octahydro-[1,1'binaphthalene]2,2-diol (S17)

(o0 o
OH 1) Ph3SiCl, imidazole, DMF OH
oy e o
SiPh3

Br

Slé SI7

SI7 was synthesized following a procedure describetaniterature with slight modifications as

follows.3> SI6 (1g, 2.21 mmol, 1 eq) was dissolved in DMF (16 @L14M), imidazole (0.67 g,

33 Korostylev, A.; Tararov, V. I.; Fischer, C.; Ma@es, A.; Bérner, Al. Org. Chem. 2004 69, 3220.
34 The enantiomeric excess &-Hs-Binol was calculated by HPLC analysis on chiratishary phase usinghiralcel
OD-H column p-hexanel-PrOH (95:5)]; flow rate 1.0 mL/Mirgmingr = 13.85 MiN;tmajor = 16.77 min (99% ee).

35 Sewgobind, N. V.; Wanner, M. J.; Ingemann, S.Gadder, R.; van Maarseveen, J. H.; Hiemstra).KOrg. Chem.
2008 73, 6405.
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9.9 mmol, 4.5 eq) and corresponding silyl chloridel g, 13.3 mmol, 6 eq) were added at room
temperature. The mixture was stirred at room teatpee for 72 h until all starting material was
consumed (reaction monitored by TLC using hexartésdG 2.5:1). The reaction was quenched
with a saturated solution of MaO; (10 mL). The aqueous layer was extracted with EtOA
(3x10 mL) and combined organic extracts were washi¢hd HCI (1M, 20 mL) and brine (20
mL). Organic layer was dried over )0, and filtered. After the removal of the solvente th
residue was filtered through a small plug of silgel (hexanes/EtOAc 19:1) obtaining a crude
wich pure enough to perform the next step. To ateml of bromosilyl ether (1 g, 1.03 mmol, 1
eq) in dry THF (25 mL, 0.04M) was dropwise addBdLi (1.6M in pentane) (3.9 mL, 6.2
mmol, 6 eq) over 10 min at 0 °C. The mixture wasest at room temperature for 5 h. Then, the
mixture was cooled to 0 °C and a saturated soluwfoNH,CI (15 mL) was added dropwise to
guench the reaction. The mixture was extracted @thCl, (3x10 mL) and combined organic
extracts were washed with brine and dried ovesSi@y, filtered and the solvent was removed
under reduced pressure. The residue was purifieBE®yn silica gel (hexanes/EtOAc 19:1 to
8:2) to obtainSI7 (1.07 g, 1.32 mmol, 60% two step¥)l NMR (300 MHz, CDC}) 6 7.61-7.55
(m, 12H, GronrH), 7.45-7.29 (m, 18H, LnrH), 6.93 (s, 2H, GoniH), 4.87 (s, 2H, 2xOH), 2.58
(bs, 4H, 2xCH)), 2.45-2.24 (m, 4H, 2xCh, 1.77-1.61 (m, 8H, 4xCHL *C NMR (75 MHz,
CDCls) 8 156.3 (GyonrO), 140.2 (Grom), 139.8 (GronrH), 136.4 (GronrH), 134.8 (Gron), 130.2
(Carom)» 129.5 (GronrH), 127.8 (GronrH), 119.0 (Grom), 117.3 (Grom), 29.3 (CH), 27.6 (CH),
23.1 (CH).
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1,1"-Spirobiindane-7,7 -derivatives

The spiroanalog of BINOL was prepared following the procedure #afalie on the literature with

some modifications®

o]

o
° NaOH, Me,CO O \ & O Ni Raney O O Bry, pyridine
EtOH:H,0 Ha, 1 psi CH,Cly
OMe

Y

OMe OMe OMe sis OMe
Br
Br (0] Br
OMe OMe OH ’
O O HaPO, BuLi, THF BBrs |
105 °C
O’ OMe EtOH O ome  CHeCh O’ OH
OMe OMe
Br
sl9 ()-S110

1,5-bism-anisyl-3-pentanone (SI8).A solution of m-anisaldehyde (367.2 mmol, 2.0 eq) and
acetone (183.6 mmol, 1 eq) in 25 mL of EtOH waseaddropwise to a solution of 37.5 g of
NaOH in 300 mL of 50% aqueous ethanol, stirringaimvater bath at room temperature. The
mixture was stirred for 2 h with mechanic stirriidnen CHCI, was added and the aqueous layer
was extracted with C}€l,. The combined organic layers were washed with nvabeed over
NaSQ,, filtered and the solvent was removed under rediyressure. A solution of 1,5-bis-
anisyl-1,4-pentadien-3-one (53.5 mmol, 1 eq) in thieimum quantity of acetone was stirred
with Ni Raney (2 eq) under an atmosphere of (H atm, balloon) at room temperature,
monitoring the reaction by TLC and adding more lgataas necessary. After 16 h, the catalyst
was filtered off, washed with acetone and thedilirwas evaporated under reduced pressure. The
crude was obtained as a colorless oil wich wasfipated by FC on silica (hexanes to
hexanes/EtOAc 8:2) to obtaBi8 (21.4 mmol, 40%)*H NMR (300 MHz, CDC}) & 7.25-7.19
(m, 2H, GonrH), 6.80-6.76 (m, 6H, LnrH), 3.79 (s, 6H, OCHJ, 2.90 (t,J = 7.5 Hz, 4H, CH),
2.71 (t,J = 7.5 Hz, 4H, CH). *C NMR (75 MHz, CDC}) 5 209.0 (C=0), 159.7 (.+O), 142.6
(Caronys 129.4 (GronrH), 120.6 (GrontH), 114.1 (GronrH), 111.4 (GronrH), 55.1 (OCH), 44.4
(O=CCHy,), 29.7 (CH).

4,4"-dibromo-7,7 -dimethoxy-1,1"-spirobiindane (SI® SI8 (9.8 mmol, 1 eq) was dissolved in
the minimum quantity of CkCl,, pyridine (34.3 mmol, 3.5 eq) was added and theuré was

36 Birman, V. B.; Rheingold, A. L.; Lam, K.-Qetrahedron: Asymmetry 1999 10, 125.
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cooled to -10 °C. A solution of bromine in &, (24.5 mmol, 2.5 eq, 10% v/v) was added
dropwise. After that, the reaction mixture was akal to warm to room temperature and stirred
until the starting material disappeared (1 dayk Tiixture was washed with aqueous NaH&80
remove excess bromine, washed with diluted HClwaatér and dried over NGQ,, filtered and
concentrate under vacuum. The product solidifiedstamding and it was used without further
purification. The crude (5.5 mmol, 1 eq) was stirsgith 22 g of HPQ, (PPA can be used as
well) at 105 °C for 5.5 h. Due to the complex warklow scale reaction is recommended. The
crude was cooled to 0°C and quenched with aque@us Bolution and stirred for 10 minutes.
The mixture was extracted with,EX (3x30 mL) and then with Gigl, (3x30 mL), the combined
organic extracts were dried over 438, filtered and concentrated under vacuum. The vesid
was purified by FC on silica gel (hexanes/EtOAC) &1dSI9 was obtained (6.4 mmol, 65%MH
NMR (300 MHz, CDC}) & 7.26 (d,J = 8.6 Hz, 2H, GynrH), 6.52 (d,J = 8.6 Hz, 2H, GonrH),
3.52 (s, 3H, OCH), 3.12-2.89 (m, 4H, CH), 2.37-2.27 (m, 2H, C}), 2.20-2.12 (m, 2H, C}).

%C NMR (75 MHz, CDC}) & 155.6 (GonrO), 144.8 (Gion), 138.2 (Grom), 130.3 (GronrH).
110.8 (GronrH), 110.5 (GronrBr), 61.9 (Gpirg), 55.4 (OCH), 37.9 (CH), 33.2 (CH).

rac-1,1"-Spirobiindane-7,7 —diol, (+)-SI10In a dried flask a solution &19 (1.4 mmol, 1 eq) in
THF (0.12M) was placed under Argon atmosphere. siitgtion was cooled to -78 °C and treated
with '‘BuLi 1.9M solution in pentane (5.6 mmol, 4 eq). éftl h, the reaction mixture was
guenched with EtOH and aqueous layer was extragitd CH,Cl, (3x10 mL). Combined
organic layers were washed with water and driedr N®SQ,, filtered and the solvent was
removed under reduced pressure The residue was insdde next step without further
purification. In a dried flask a solution of 7,7iethoxy-1,1"-spirobiindane (1.96 mmol, 1 eq) in
CH,CI, (0.22M) was cooled to -78 °C, treated with BBr CH,Cl, (4.5 mmol, 2.3 eq) and
allowed to warm to room temperature for 16 h. Téaction mixture was diluted with Gal,
and washed with water until washings had neutral Pkyanic layer was dried over }sD;,
filtered and evaporated. The residue was purifig@® on silica gel (hexane/EtOAc, 19:1 to 8:2)
to give product)-SI10 (1.1 mmol, 81%)*H NMR (300 MHz, CDC}) 5 7.18 (t,J = 7.7 Hz, 2H,
CaronH), 6.90 (d,J = 7.4 Hz, 2H, GoniH), 6.68 (d,J = 8.0 Hz, 2H, GonH), 4.72 (s, 2H, OH),
3.09-2.98 (m, 4H, Ch), 2.36-2.14 (m, 4H, CH. *°C NMR (75 MHz, CDC}) & 152.9 (Gront
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OH), 145.8 (Gron)» 130.5 (Gron), 129.8 (GronrH), 117.6 (GronrH), 114.3 (GrontH), 57.4 (Gpio),
37.4 (CH), 31.2 (CH).

7,7 -Bis-(L.-menthyloxy-carbonyloxy)-1,1"-spirobiindane R)-SI11 and §)-SI11

OH . L-Menthy! chloroformate (5\0*0 ‘ oH
Et;N, DMAP NHeHO .
|O’ OH CH,Cl, ' o o ' L,

(1)-s110 (R)-SI11, (S)-Sl11 (S)-(-)-s112 (R)-(+)-S112

The resolution ofrac-1,1"-spirobiindane-7,7 —dio(+)-S110 was achieved usind.-Menthyl
chloroformate (1.9 mmol, 2.4 eq) which was added atostirring solution ofrac-1,1"-
spirobiindane-7,7 —dio{+)-S110 (0.8 mmol, 1 eq), BN (2.95 mmol, 3.7 eq) and DMAP (0.08
mmol, 10 mol%) in CHCIl, (0.1M) under Ar atmosphere. After stirring for 9dt room
temperature the organic layer was washed with w&ti€l and brine. The organic layer was
dried with NaSQ,, evaporated and the residue was purified by FGitice gel (hexane to
hexane/EtOAc 95:5) to giviR)-SI11 (0.44 mmol, 40%) anlS)-SI11 (0.46 mmol, 42%). Mixed

fractions were gotten as well.

(R)-SI11: *H NMR (300 MHz, CDCJ) & 7.20 (t,J = 7.7 Hz, 2H, GonrH), 7.09 (d,J = 7.7 Hz,
2H, CyonrH), 6.98 (d,J = 7.7 Hz, 2H, GonrH), 4.33 (td,J = 10.8, 4.4 Hz, 2H, 2xgH), 3.17-
2.99 (m, 4H, 2xgH,), 2.46-2.33 (m, 2H, §Hy), 2.32-2.19 (m, 2H, &Hy), 1.95-1.20 (m, 14H,
2xCyH + 6xGyH,), 1.07-0.82 (M, 16H, 2xEH + 2xCH + 4xCH), 0.71 (d,J = 6.9 Hz, 6H,
2xCH,). °C NMR (75 MHz, CDCJ) & 152.6 (C=0), 147.6 (§n), 145.7 (Gron)» 138.9 (Gron),
127.8 (GronrH), 121.9 (GronrH), 119.9 (GronrH), 78.5 (OCH), 59.1 (Gio), 46.5 (CH), 40.2
(CeH2), 38.8 (GH,), 34.0 (GH,), 31.2 (GH,), 31.1 (CH), 25.4 (CH), 23.0 (H,), 21.9
(CHs), 20.7 (CH), 16.1 (CH).

(S)-SI11: 'H NMR (300 MHz, CDCJ) & 7.22 (t,d = 7.7 Hz, 2H, GonrH), 7.12 (d,J = 7.7 Hz,
2H, GyonrH), 6.95 (d,J = 7.7 Hz, 2H, GonrH), 4.39 (td,J = 10.9, 4.4 Hz, 2H, 2xGH), 3.14-
2.92 (m, 4H, 2xGH,), 2.37-1.17 (m, 18H, 4xgH + 6xCyH, + 2xCH), 1.01-0.83 (m, 12H,
4xCHy), 0.72 (d,J = 6.9 Hz, 6H, 2xCh). *C NMR (75 MHz, CDCJ) 5 153.0 (C=0), 147.4
(Caron)s 145.4 (Gron)s 139.0 (Gron), 127.8 (GronrH), 122.0 (CaronrH), 120.3 (GronrH), 78.3
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(OCH), 58.5 (G, 46.6 (CH), 40.3 (GH,), 38.3 (G,H,), 33.9 (GH,), 31.1 (GH,), 30.9
(CH), 25.4 (CH), 22.9 (GH,), 21.8 (CH), 20.6 (CH), 15.9 (CH).

(9)-(-)-1,1-Spirobiindane-7,7-diol, (S)-SI12. For the preparation ¢B)-SI112, a solution of S)-
SI111(0.32 mmol, 1 eq) and hydrazine hydrate (4.4 m@ag) in THF (0.15M) were added. The
mixture was refluxed under Ar atmosphere for 2 he Trude was diluted with GBI,, washed
with diluted HCI, water and dried over p&O,, filtered and the solvent was removed under
reduced pressure. FC on silica gel (hexanes/Et(AT tb 8:2) affordedS)-SI12 (0.18 mmol,
56%).*H NMR (300 MHz, CDC}) & 7.18 (t,J = 7.6 Hz, 2H, GonrH), 6.89 (d,J = 7.6 Hz, 2H,
CaronrH), 6.68 (d,J = 8.1 Hz, 2H, GonrH), 4.57 (s, 2H, OH), 3.07-3.01 (m, 4H, §H2.35-2.14
(m, 4H, CH). *C NMR (75 MHz, CDCJ) & 152.9 (GronrO), 145.8 (Gom), 130.4 (Gron), 129.9
(CarontH), 117.7 (GronrH), 114.3 (GuontH), 57.4 (Gpirg), 37.4 (CH), 31.2 (CH). [a]o"% -43.9 €

= 1.0, CHCI,). Literature valued]p®® -32.7 € = 1.0, CHCJ).

The opposite enantiomer was obtained followingstds@e procedure described.

(9)-6,6"-bis(triphenylsilyl)-2,2",3,3"-tetrahydro-1,1-spirobiindane-7,7 -diol, §)-SI13

Br

NBS, KHCO3 PhSiCl, imidazole OSiPh, ‘Buli
CHCl, DMF, 120 °C OSiPhs "THF, 0°C
Br
(S)-s112 (S)-s113

(9-6,6"-bis(triphenylsilyl)-2,2",3,3"-tetrahydro-1;&pirobiindane-7,7 -diol  (S)-SI13  was
prepared through aartho-bromination step ofS)-S112 following a patented procedure with
slight modifications as follow%. To a solution ofS)-SI12 (0.16 mmol, 1 eq) and KHG®0.32
mmol, 2 eq) in CKCI;, (1.5 mL, 0.11M)N-bromo succinimide (0.33 mmol, 2.05 eq) was added
slowly at -20°C. The reaction mixture was stirred 20 h. The mixture was quenched with HCI
(2M, 5 mL) and extracted with GBI, (3x5 mL). Combined organic layers were dried over

Na&SO, and filtered. After removal of the solvent, thede was filtered through a small plug of

37 Chipa, L.; Zambad, S. P.; Gupta, R.; Tuli, D.sKadra, A.; Munshi, S.; Siddiqui, M. A.; BhattanaisS. K.; Dultt,
C.; Chauthaiwale, V. Pyrazole derivatives as thyreceptor modulators and their preparation, pheeutical
compositions and use in the treatment of dise&stesnational Patent WO 2008149379, July 02, 2008.
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silica and it was used in the next step withouthieir purification. NMR spectral data were in

agreement with those reported in the literafre.

(9)-SI13. Silylation and rearrangement step were develop#dwimg a procedure reported in
the literature®®. Spectroscopic data f¢6)-SI13 were in agreement with those reported in the
literature®® *H NMR (300 MHz, CDC}) & 7.63-7.60 (m, 12H, GnrH), 7.43-7.37 (m, 6H, Gonr

H), 7.32-7.27 (m, 12H, GniH), 7.12 (dJ = 7.4 Hz, 2H, GoniH), 6.87 (dJ = 7.4 Hz, 2H, Gonr

H), 5.20 (s, 2H, 2xOH), 3.16-2.96 (m, 4H, 2xgH2.40-2.22 (m, 4H, 2xCHl *C NMR (75
MHz, CDCk) 6 158.5 (Gron)s 149.2 (Grom)s 139.0 (GrontH), 136.3 (GronrH), 134.5 (Grom:
131.4 (Grom, 129.6 (GronrH), 128.0 (GronrH), 117.9 (GronrH), 117.6 (Grom), 58.2 (Gpirg), 37.3
(CH,), 31.2 (CH).

38 Gonzalez, A. Z.; Benitez, D.; Tkatchouk, E.; Gaatllll, W. A.; Toste, F. DJ. Am. Chem. Soc. 2011, 133, 5500.
39 Xing, C.-H.; Liao Y.-X.; Zhang, Y.; Sabarova, Bassous, M.; Hu, Q.-&ur. J. Org. Chem. 2012 6, 1115.
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2.3.2 Synthesis of catalysts

Catalysts 3g-j

SiR; SiR;
OO OO 3g: Ar=Ph X=0
OH 1) EtsN, DMAP, POCI5, CH,Cl, o X 3h: Ar= Ph, X=S

Py 3t [Hgl Ar=Ph, X=0

OO OH' " 2) NHTY, EXCN OO o \ﬁ/ 3 Ar=TBDM, X= 0
SiRs GP-G SiRs

General Procedure G (GP-G) for the synthesis of calysts 3g-j: CorrespondingS)-diol (0.5

mmol, 1 eq) was placed in a two-necked flask fitteith a reflux condenser under Argon
atmosphere and was dissolved in dry,CH (0.15M). Freshly distilled and dry &t (3.5 mmol,

7 eq) and POGI(0.75 mmol, 1.5 eq) respectively were added at &3¢ the reaction mixture
was stirred for 5 min. DMAP (1 mmol, 2 eq) was atld@o the reaction mixture at 0°C and it
was stirred at room temperature for 2 h. Freshdyildid EtCN (0.15M) was added followed by
corresponding sulfonamide (1.5 mmol, 3 eq) andré@etion was heated to 95°C for 14 h. The
mixture was cooled to room temperature and quenchitid water (10 mL), stirred for 30
minutes and diluted with Ci€l,. The organic layer was separated from the mixamd the
aqueous phase was extracted with,CH (3x10 mL). The combined organic extracts were
washed with NaHC®sat. aq. (5 mL) and 5M HCI (3x5 mL). Combined aiigaextracts were
dried with NaSQ,, filtered and solvent was removed under reducedsure. The residue was
purified by FC on silica gel (C}€l, to CH,Cl./MeOH 95:5). After purification, residue must be
cleaned with 5M HCI (5x5 mL) since no calcium i@re present during the synthetic steps, it is
likely that N-triflylphosphoramides bound calcium cations frame silica gel used for the final
column chromatography but they release it uponiaeidshing’® EDX measurements had been
done to confirm that these highly acidicgBsted acids are free from any metal impurifie@h)

was synthesized following a procedure in the ltane2®

40 Hatano, M.; Moriyama, K.; Maki, T.; Ishihara, Khgew. Chem. Int. Ed. 201Q 122, 3911.
41 Rueping, M.; Nachtsheim, B. J.; Koenigs, R. Mawsuwan, WChem. Eur. J. 201Q 16, 13116.
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SiPhs 1,1,1-trifluoro-N-((11bS)-4-oxido-2,6-bis(triphenylsilyl)dinaphtho[2,1-

OO 0.0 d:1",2"f][1,3,2]dioxaphosphepin-4-yl)ymethanesulfonamide (39
R , . . . .

0 H/Tf Following GP-G, 3g was isolated as a white solid by FC on silica(§&4

OO SiPhg mg, 0.31 mmol, 63%), starting fro®l5a (400 mg, 0.5 mmol) in Cil,
(2.6 mL) with E¢N (0.49 mL, 3.5 mmol), POg(70puL, 0.75 mmol), DMAP (122 mg, 1 mmol),
EtCN (2.6 mL) and NKITf (235 mg, 1.5 mmol). R 0.33 (CHCI,/MeOH, 98:2).*H NMR (300
MHz, CDCL) & 8.35 (s, 1H, GonrH), 8.13 (s, 1H, GonrH), 7.93 (d,J = 8.1 Hz, 1H, GonrH),
7.85-7.78 (M, 7TH, GonrH), 7.78-7.69 (M, 6H, GontH), 7.58-7.24 (M, 24H, SnrH), 4.26 (s, 1H,
NH). C NMR (75 MHz, CDC}) & 142.7 (GrorrH), 142.1 (GronrH), 136.9 (GronrH), 136.6
(CaronH), 134.3 (Grom), 133.3 (Grom)s 133.2 (Grom)s 131.1 (Gron), 131.0 (Grom)s 129.9 (GronrH),
129.5 (GronrH), 128.9 (GronrH), 128.8 (GronrH), 128.2 (GronrH), 127.9 (GronrH), 127.7 (Gront
H), 126.8 (GronrH), 126.0 (GronrH), 125.9 (GronrH), 125.1 (Grom)s 121.7 (Grom), 120.9 (Grom-
F NMR (282 MHz, CDGJ) & -77.8. IR (CHCl,): 1430 (SQ st as), 1190 (SOst sim), 1190
(P=0 st)crit. HRMS: Calculated for [GH4NOsPSRSi;] ": 994.1855 [M-HJ; found: 994.1848.
M.p.: 160-162°C (ChLCl,). [0]p®® +175.4 € = 1.0, CHCl,).

N-((11bS)-2,6-bistert-butyldimethylsilyl)-4-oxidodinaphtho[2,1-d:1",2"-

iE f][1,3,2]dioxaphosphepin-4-yl)-1,1,1-trifluorometharesulfonamide (3h).
OO 0.0 Following GP-G, 3j was isolated as a white solid by FC on silica (§a4
O‘ O/P\ﬁ/ﬂ mg, 0.31 mmol, 52%), starting fro®I5b (125 mg, 0.24 mmol) in C}€l,
si (0.8 mL) with E¢N (0.23 mL, 1.7 mmol), POgI(33 pL, 0.36 mmol),

4\ DMAP (58.6 mg, 1 mmol), EtCN (0.8 mL) and NH (111 mg, 0.72

mmol). R= 0.27 (CHCIl,/MeOH, 92:8)."H NMR (300 MHz, CDC}) 5 8.07 (d,J = 8.7 Hz, 2H,
CaontH), 7.91 (ddJ = 8.3, 5.1 Hz, 2H, GonrH), 7.47-7.35 (M, 2H, GorrH), 7.25-7.17 (m, 2H,
CaoniH), 7.06-6.97 (m, 2H, GourH), 2.49 (s, 1H, NH), 0.81 (s, 9H, 3xQH 0.79 (s, 9H,
3xCHy), 0.61 (s, 3H, CH), 0.49 (s, 3H, Ch), 0.48 (s, 3H, CH), 0.39 (s, 3H, Ch). *C NMR (75
MHz, CDCk) 3 151.5 (Gron), 151.4 (Gron)» 151.2 (Grom)» 151.1 (Gron), 138.6 (GronrH), 133.8
(Carom)s 133.7 (Grom)» 130.8 (Grom)s 130.7 (Grom)» 129.1 (Gror): 129.0 (Gror): 128.8 (Gron),
128.7 (Grom), 128.5 (GrontH), 128.4 (GronrH), 127.1 (GronrH), 126.9 (GronrH), 126.8 (GronrH),
126.7 (GrontH), 125.4 (GrontH), 125.3 (GronrH), 121.6 (Gron), 121.0 (Gromy), 26.9 (CH), 26.9
(CHs), 17.8 (CH), 17.7 (CH), -3.3 (CH), -3.8 (CH), -4.4 (CH), -4.8 (CH). '%F NMR (282
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MHz, CDCk) 9 -79.4. HRMS: Calculated for EgH4oNOsSPRSI;] —: 706.1855 [M-HJ; found:
706.1850. M.p.: 105-107°C (GAL,). [a]p*% +151.9 € = 0.6, CHCL,).

1,1,1-trifluoro- N-((11bS)-4-oxido-2,6-bis(triphenylsilyl)-
SiPh
‘O ’ 8,9,10,11,12,13,14,15-octahydrodinaphtho[2dd", 2" -

N

O/P\N/Tf f][1,3,2]dioxaphosphepin-4-yl)methanesulfonamide (B Following GP-
‘O SiPh:' G, 3i was isolated as a white solid by FC on silica(@8b mg, 0.22 mmol,

55%), starting fron®17 (330 mg, 0.41 mmol) in C}&€l, (1.6 mL) with EtN
(0.4 mL, 2.9 mmol), POGI(57 L, 0.61 mmol), DMAP (100 mg, 0.82 mmol), EtCN (InfL.)
and NHTf (180 mg, 1.2 mmol). R 0.4 (CHCl,:MeOH, 96:4).*H NMR (300 MHz, CDC}) &
7.62 (dd,J = 7.7, 1.7 Hz, 6H, GonsH), 7.54 (dd,d = 7.7, 1.7 Hz, 6H, GonrH), 7.46-7.24 (m,
19H, GyontH), 7.06 (s, 1H, GonrH), 3.07 (bs, 1H, NH), 2.83-2.54 (m, 6H, 3xgH2.41-2.20
(m, 2H, 2xCH), 1.93-1.56 (m, 8H, 4xC}L *C NMR (75 MHz, CDCJ)  150.6 (Grom), 150.4
(Carom), 150.1 (Grom), 150.0 (Grom), 141.7 (Gron), 141.6 (Gron), 140.9 (Gron), 140.9 (Gron),
140.3 (GiontH), 139.5 (GronrH), 136.9 (GronrH), 136.6 (GronrH), 135.7 (Grom), 135.7 (Grom,
135.5 (Grom)» 135.1 (Gron), 133.6 (Grom)» 133.4 (Grom), 132.1 (9,'dcr = 273.8 Hz, Ch), 130.0
(CaroniH), 129.5 (GronrH), 128.3 (GronrH), 127.7 (GronrH), 126.5 (Grom), 126.5 (Grom), 125.8
(Carom), 122.9 (Grom), 122.8 (Grony)s 121.7 (Grom)s 121.6 (Grom), 29.3 (CH), 28.1 (CH), 28.1
(CHy), 22.7 (CH), 22.7 (CH), 22.6 (CH), 22.6 (CH). *°*F NMR (282 MHz, CDGJ) 5 -77.9. IR
(CH,Cl,): 1428 (SQ st as), 1195 (SOst sim), 1109 (P=0 st) ¢ HRMS: Calculated for
[CsH4sNOsSPRSi,]: 1002.2481 [M-H} found: 1002.2486. M.p.: 158-160°C (GH,). [0]p>
+87.5 €= 1.0, CHCl,).



Experimental 147

1) EtzN, DMAP, POCly
CH2C|2

2) NH,Tf, EtCN
GP-G

(S)-si13 3k

Following GP-G, 3k was isolated after FC on silica gel (36 mg, 0.0dalh 24%), starting from
(9-SI13 (120 mg, 0.15 mmol) in Cil, (0.85 mL) with EN (0.15 mL, 1.1 mmol), POgl22
uL, 0.23 mmol), DMAP (38.1 mg, 0.31 mmol), EtCN (8.81L) and NHTf (72.7 mg, 0.47
mmol). R= 0.33 (CHCl,:MeOH, 96:4)H NMR (300 MHz, CDC}) & 7.61-7.48 (m, 10H, Gont
H), 7.44-7.20 (m, 20H, GoniH), 7.16 (dJ = 7.4 Hz, 1H, GonrH), 7.08 (dJ = 7.4 Hz, 1H, Gonr
H), 3.23-2.80 (m, 4H, 2xC}), 2.59 (s, 1H, NH), 2.40-2.14 (m, 3H, GHCH Hy), 2.12-1.92 (m,
1H, CHHy). °C NMR (75 MHz, CDCJ) & 164.8 (q,"JCr = 234.1 Hz, CB, 149.3 (GonrO),
139.4 (GrontH), 138.7 (GronrH), 136.9 (GronrH), 136.7 (GronrH), 135.0 (GronrH), 133.6 (Gron),
133.2 (Grom): 129.6 (GronrH), 129.3 (GronrH), 128.1 (GronrH), 127.9 (Grom), 127.7 (GronrH),
127.5 (GronrH), 123.2 (GronrH), 123.1 (GronrH), 60.1 (Gpirg), 39.0 (CH2), 38.2 (CH), 30.1
(CH,), 30.0 (CH). *F NMR (282 MHz, CDGJ) & -78.4. IR (CHCl,): 1278 (SQ st as), 1260
(SO, st sim), 1207 (C-F st) ¢l HRMS: Calculated for [GH4,NOsSPRSI;]: 960.2012 [M-H];
found: 960.2014. M.p.: 114-116°C (GE1,). [0]p>* -244.0 € = 0.6, CHCl,).

2.4 Preparation of DMDO

DMDO was prepared following the procedure reporiedhe literature’? Concentration of

DMDO solution was determined by classical iodonetitiation43

42 Alberch, L.; Cheng, G.; Seo, S.-K.; Li, X.; Baudiau, F. P.; Wei, Al. Org. Chem. 2011, 76, 2532.
43 Hayes, C. J.; Sherlock, A. E.; Selby, M.@g. Biomol. Chem. 2006 4, 193.
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2.5 Synthesis of cycloadducts 4a-k

OO Ar 4a: R'-R? = COCH,CH,CH,
0.5° 4b: R'=Me; R2=Ts
OO Y ”'Tf 4c:R'=Ph;R2=Ts
Ar 4d: R" = 4-BrCgH,; R2=Ts
(5 mol%) R!' O 4e: R' =2,46-(Me)3CeHy; R2=Ts

]
R‘N/\-\ . | 0 DMDO in toluene 2['\1,_ 4f: R'=p-MeOCgHy; R2=Ts
R? U -78°C, 16h R @ 4g: R' = p-MeOCgH,; R? = Ac
4h: R" = Ph; R2 = Boc
GP-H 4i: R" = 4-BrCgH4; R? = Boc

4k: R = 3,4,5-(MeO) 3C¢H,; R% = Boc

General Procedure H (GP-H) for the synthesis of 4&: A test tube equipped with a stirring
bar was charged with the corresponding catalystm@%) and cooled to -78 °C. Then,
corresponding allene (0.1 mmol, 1 eq) was addddvield by a precooled mixture of DMDO in
toluene (0.2 mmol, 2 eq). Subsequently, furan (@Bol, 3 eq) was added. The mixture was
stirred for 16 h at -78 °C. The crude reaction wasfied by flash column chromatography on
silica gel. TLCs were developed pranisaldehyde dip.

The racemic standards for HPLC separation were apegp using diphenyl phosphate or

diphenyIN-triflyl phosphoramide catalyst.

0.0 3-((1R,2S,5R)-3-Ox0-8-0xabicyclo[3.2.1]oct-6-en-2-yl)oxazolidi2-one (4a).
Q:I]l//ob Following GP-H, 4a (22.2 mg, 44%) was isolated by FC (hexanes/EtOAdd

1 ¢ 2:8), as an oil after 16h, starting from catalygt(11.9 mg, 0.01 mmol), allene

1la (30 mg, 0.24 mmol), DMDO solution in toluene (ivL, 0.48 mmol) and

furan (52 pL, 0.72 mmol). dr: >20:3H NMR (300 MHz, CDCJ) & 6.40 (dd,J = 6.1, 1.9 Hz,
1H, H-6), 6.27 (dJ = 6.2 Hz, 1H, H-7), 5.06 (m, 1H, H-5), 5.03 (dds 4.7, 1.8 Hz, 1H, H-1),
4.51-4.23 (m, 2H, CB), 3.72-3.61 (m, 1H, B.Hy), 3.33-3.18 (m, 1H, CiH,), 2.87 (dd,J =
15.9, 5.2 Hz, 1H, H-4a), 2.44 (@= 15.9 Hz, H-4b)**C NMR (75 MHz, CDCJ) 5 200.7 (C=0),
158.9 (O-C=0), 136.1 (C-6), 131.2 (C-7), 80.1 (CA).2 (C-1), 65.9 (C-2), 62.6 (OGKI45.9
(C-4), 42.8 (CH). IR (CH,Cl,): 1745, 1716 ci MS (El) m/z (%): 123 (20). HRMS: Calculated
for [C,H1,NO,] ™ 210.0766 [M+HT]; found: 210.0766. The ee was determined by HPLiGgus
Chiralcel OD-3 column p-hexangtPrOH (80:20)]; flow rate 0.60 mL/Mingmno; =39.1 min,
Tmajor = 45.9 min (20% ee).
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N,4-Dimethyl-N-((1R,2S,5R)-3-0x0-8-0xabicyclo[3.2.1]oct-6-en-2-
'\,\/,Ieob yl)benzenesulfonamide (4b)Following GP-H, 4b (14.0 mg, 34%) was isolated
15 by FC (hexanes/EtOAc 2:8 to 1:1), as a solid dftér, starting from catalySg

(6.6 mg, 0.007 mmol), allerisb (30 mg, 0.13 mmol), DMDO solution in toluene
(1.7 mL, 0.27 mmol) and furan (29 pL, 0.4 mmol)=R.51 (hexanes/EtOAc 1:1). dr: >20'#.
NMR (300 MHz, CDC}) 6 7.68 (d,J = 8.2 Hz, 2H, GonrH), 7.28 (d,J = 8.2 Hz, GronH), 6.36-
6.30 (M, 2H, H-6 + H-7), 5.05-4.95 (m, 2H, H-1 +5)4-4.92 (dJ = 4.8 Hz, 1H, H-2), 2.76 (dd,
J=16.3, 5.3 Hz, 1H, H-4a), 2.66 (s, 3H, NgH2.41 (s, 3H, GonrCHs), 2.34 (ddJ = 16.3, 0.9
Hz, 1H, H-4b).**C NMR (75 MHz, CDC}) & 200.8 (C=0), 143.5 (&), 135.8 (Gron), 135.3
(C-7), 131.9 (C-6), 129.5 (EonrH), 127.2 (GronrH), 81.3 (C-5), 77.5 (C-1), 69.1 (C-2), 45.8 (C-
4), 32.6 (CHN), 21.5 CH3-Cyron)- IR (CH,Cl,): 1724 (C=0 st), 1332 (SGt as), 1153 (SOst
sy) cm’. MS (El) m/z (%): 307 (M, 1), 152 (100). HRMS: Calculated for {,sNO,S]":
308.0957 [M+HJ; found: 308.0951. The ee was determined by HPLi@gus Chiralpak AD-H
column p-hexaneitPrOH (80:20)]; flow rate 1.00 mL/MiMminer = 26.3 MiN,Tmajor = 39.5 min
(48% ee). M.p: 91-93°C (GBL,). [a]p?% +18.0 € = 1.0, CHCl,).

Ts”

4-Methyl-N-((1R,2S,5R)-3-0x0-8-0xabicyclo[3.2.1]oct-6-en-2-yIN-

/;?'Ob phenylbenzenesulfonamide (4c)Following GP-H, 4c (10.4 mg, 27%) was

15 isolated by FC (hexanes/EtOAc 9:1 to 6:4), as araftér 16h, starting from
catalyst3g (5.2 mg, 0.005 mmol), allertiec (30 mg, 0.1 mmol), DMDO solution in toluene (0.75
mL, 0.21 mmol) and furan (2L, 0.3 mmol). dr: >20:1'*H NMR (300 MHz, CDC}) & 7.55 (d,
J=8.3 Hz, 2H, GonrH), 7.40-7.13 (M, 7H, GonrH), 5.93 (ddJ = 6.1, 1.7 Hz, 1H, H-6), 5.45 (d,
J = 4.4 Hz, 1H, H-2), 5.03 (dd, = 4.4, 1.7 Hz, 1H, H-1), 4.91 (m, 1H, H-5), 4.6H(J = 6.1,
1.7 Hz, 1H, H-7), 2.84 (dd} = 15.7, 5.1 Hz, 1H, H-4a), 2.41 (s, 3H, §H2.33 (d,J = 15.6 Hz,
1H, H-4b).13C NMR (75 MHz, CDCJ) & 202.0 (C=0), 143.4 (for), 137.0 (Gron), 136.8
(Carom)s 133.9 (GronrH), 132.9 (GronrH), 131.6 (C-6), 129.3 (C-7), 129.1 46++H), 129.0 (Gront
H), 128.2 (GontH), 81.4 (C-5), 78.0 (C-2), 72.2 (C-1), 45.6 (G-2)L.6 (CH). IR (CH,CL)):
1730 (C=0 st), 1339 (St as), 1156 (SOst sy) cnt. MS (El) m/z (%): 214 (100), 289 (77).
HRMS: Calculated for [gH.oNO,S]": 370.1113 [M+H]; found: 370.1121. The ee was
determined by HPLC using Ghiralpak IA column h-hexanefPrOH (90:10)]; flow rate 1.00
ML/MIN; Togjor =26.6 MiN,Tyinor = 30.1 min (74% ee)a]p™ +197.9 ¢ = 0.4, CHC).

Ts



150 Chapter 5

N-(4-bromophenyl)-4-methylN-((1R,2S,5R)-3-0x0-8-0xabicyclo[3.2.1]oct-6-
en-2-yl)benzenesulfonamide (4d)Following GP-H, 4d (8.5 mg, 23%) was
isolated by FC (hexanes/EtOAc 19:1 to 7:3), asla sdter 16h, starting from

TS/N,,,b catalyst3g (4.1 mg, 0.004 mmol), allengéd (30 mg, 0.08 mmol), DMDO
15 solution in toluene (0.7 mL, 0.16 mmol) and furds (1L, 0.25 mmol). R 0.34

(hexanes/EtOAc 7:3). dr: >20"H NMR (300 MHz, CDC}) & 7.54 (d,J = 8.3 Hz, 2H, GonrH),
7.41 (d,J = 8.7 Hz, 2H, GorrH), 7.24 (d,J = 8.6 Hz, 2H, GorrH), 7.07 (d,J = 8.7 Hz, 2H,
CaronrH), 6.0 (dd,J = 6.1 Hz, 1.8 Hz, 1H, H-6), 5.45 (d= 4.3 Hz, 1H, H-2), 5.02 (dd,= 4.3,
1.7 Hz, 1H, H-1), 4.96-4.90 (m, 1H, H-5), 4.78 (dd&; 6.1, 1.7 Hz, 1H, H-7), 2.85 (dd= 15.7,
5.1 Hz, 1H, H-4a), 2.42 (s, 3H, GH 2.33 (d,J = 15.7 Hz, 1H, H-4b)’*C NMR (75 MHz,
CDCly) 8 201.9 (C=0), 143.7 (£:SO,), 136.4 (Gron), 136.1 (Gron), 134.5 (GronrH), 134.4 (C-
6), 132.4 (GomrH), 131.5 (C-7), 129.2 (GonrH), 128.1 (GrontH), 123.7 (GronrBI), 81.3 (C-5),
78.0 (C-2), 72.2 (C-1), 45.6 (C-4), 21.6 (§HIR (CH,Cl,): 1726 (C=0 st), 1339 (SGt as),
1159 (SQ st sy) crf. HRMS: Calculated for [gH1oNO,SBr]": 448.0218 [M+H]; found:
448.0222. The ee was determined by HPLC usi@iaalpak AD-H column p-hexanetPrOH
(90:10)]; flow rate 1.00 mML/MiMtmajor =39.5 MiN,Tminer = 48.3 min (39% ee). M.p.: 184-186 °C
(CH,Cl,, decomp). §]p°% +98.1 € = 0.5, CHCL,).

Vs O N-Mesityl-4-methyl-N-((1R,2S,5R)-3-0x0-8-0xabicyclo[3.2.1]oct-6-en-2-
N.,. yl)benzenesulfonamide (4e)Following GP-H, 4e (6.8 mg, 18%) was isolated

15 by FC (hexanes/EtOAc 19:1 to 7:3), as solid af@dr, Ktarting fron8f (3.4 mg,

0.005 mmol), allende (30 mg, 0.09 mmol), DMDO solution in toluene (0.63

mL, 0.18 mmol) and furan (20 pL, 0.28 mmol}=F0.38 (hexanes/EtOAc 7:3). dr: >20'H
NMR (300 MHz, CDC}) & 7.57 (d,J = 8.3 Hz, 2H, GonrH), 7.21 (d,J = 8.1 Hz, 2H, GontH),
6.92 (d,J = 2.1 Hz, 1H, GonrH), 6.77 (dJ = 2.2 Hz, 1H, GoniH), 6.11 (ddJ = 6.1, 1.7 Hz, 1H,
H-6), 5.22 (dJ = 4.5 Hz, 1H, H-2), 5.09 (dd,= 6.1, 1.7 Hz, 1H, H-7), 4.94 (appd= 5.4 Hz,
1H, H-5), 4.81 (ddJ = 4.5, 1.8 Hz, 1H, H-1), 2.90 (dd,= 15.4, 5.0 Hz, 1H, H-4a), 2.44-2.34
(m, 4H, H-4b+CH), 2.30 (s, 3H, CH), 2.27 (s, 3H, CH), 1.67 (s, 3H, Ch). **C NMR (75 MHz,
CDClg) & 201.2 (C=0), 143.1 (Son), 140.9 (Grom), 140.4 (Grom)s 139.0 (Grony)s 137.7 (Gronys
134.6 (C-6), 132.7 (fom, 131.5 (C-7), 130.0 (foniH), 129.9 (GroniH), 128.9 (GronrH), 128.6
(CaronH), 79.9 (C-5), 78.2 (C-2), 72.9 (C-1), 45.2 (G-21.5 (CH), 20.9 (CH), 20.1 (CH),
19.1 (CH). IR (ATR): 1734 (C=0 st), 1336 (SOst as), 1159 (SOst sy) cnt. HRMS:

Ts”
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Calculated for [GHsNO,SNa]: 434.1402 [M+Nad]; found: 434.1407. The ee was determined
by HPLC using &hiralpak AD-H column p-hexandtPrOH (90:10)]; flow rate 1.00 mL/min;
Tmajor =13.1 MiN,Trinor = 17.3 min (50% ee). M.p.: 165-167 °C (hexanesA{O[a]p”” +116.6 ¢

= 1.0, CHCl,).

N-(4-methoxyphenyl)-4-methyIN-((1R,2S,5R)-3-0x0-8-0xabicyclo[3.2.1]oct-
6-en-2-yl)benzenesulfonamide (4f)Following GP-H, 4f (5.0 mg, 50%) was
isolated by FC (hexanes/EtOAc 9:1 to 6:4), as @ safter 16h reaction time,

N, starting from catalys8g (4.7 mg, 0.005 mmol), allen& (30 mg, 0.09 mmol),
e 15 DMDO solution in toluene (1.2 mL, 0.2 mmol) anddar(21 uL, 0.28 mmol).
R= 0.33 (hexanes/EtOAc 6:4). dr: >20'#H NMR (300 MHz, CDCJ) 3 7.55 (d,J = 8.3 Hz, 2H,
CarortH), 7.21 (d,J = 8.1 Hz, 2H, GonrH), 7.07 (d,J = 9.0 Hz, 2H, GonrH), 6.76 (d,J = 9.0 Hz,
2H, GyontH), 5.95 (ddJ = 6.1, 1.8 Hz, 1H, H-6), 5.43 (d= 4.4 Hz, 1H, H-2), 5.02 (dd,= 4.4,
1.7 Hz, 1H, H-1), 4.91 (m, 1H, H-5), 4.73 (db= 6.1, 1.7 Hz, 1H, H-7), 3.79 (s, 3H, OgQH
2.83 (dd,J = 15.6, 5.0 Hz, 1H, H-4a), 2.41 (s, 3HxdaCHs), 2.32 (d,J = 15.8 Hz, 1H, H-4b).
%C NMR (75 MHz, CDC}) & 202.1 (C=0), 159.9 GuonOCHs), 143.3 (GonSOy), 136.8
(CarorCHs), 133.9 (C-7), 133.8 (GoniH), 131.7 (GontH), 129.2 (GrontN), 129.0 (GronrH),
128.1 (GronrH), 114.1 (C-6), 81.4 (C-1), 78.0 (C-5), 72.2 (z-85.3 (OCH), 45.5 (C-4), 21.5
(CHs). IR (CH,Cl,): 1730 (C=0 st), 1339 (SGt as), 1253(C-O-C st as), 1156 (IDsy) cni.
MS (El) m/z: 332 (100), 244 (2). HRMS: Calculatent {C,;H,:NOsS]™: 400.1219 [M+H];
found: 400.1216. The ee was determined by HPLCgusibhiralpak AD-H column p-hexaneit
PrOH (90:10)]; flow rate 1.00 mL/Mirtmajor =56.5 Min,tmingr = 78.2 min (60% ee). M.p.: 176-
178 °C (CHCI,, decomp). §]p°% +57.4 € = 1.0, CHCL).

N-(4-Methoxyphenyl)-N-((1R,2S,5R)-3-0x0-8-0xabicyclo[3.2.1]oct-6-en-2-
yl)acetamide (4g).Following GP-H, 4g (21.7 mg, 50%) was isolated by FC
(hexanes/EtOAc 9:1 to 6:4), as a solid after 1lGictien time, starting from

N, catalyst3g (7.5 mg, 0.007 mmol), allengég (30 mg, 0.15 mmol), DMDO
e 15 solution in toluene (0.8 mL, 0.3 mmol) and furaB (8., 0.45 mmol). R 0.24
(hexanes/EtOAc 4:6). dr: >20:3H NMR (300 MHz, CDC}) 5 7.18 (bs, 2H, GonrH), 6.90 (d,J
= 8.5 Hz, 2H, GonrH), 6.0 (dd,J = 6.1, 1.8 Hz, 1H, H-6), 5.70 (d,= 4.3 Hz, 1H, H-2), 5.00-
4.91 (m, 2H, H-1 + H-5), 4.69 (dd,= 6.1, 1.7 Hz, 1H, H-7), 3.84 (s, 3H, OgQH2.90 (ddJ =
15.5, 5.0 Hz, 1H, H-4a), 2.37 (d= 15.5 Hz, 1H, H-4b), 1.87 (s, 3H, GHC NMR (75 MHz,

OMe
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CDCl3) 6 201.4 (C-3), 171.9 (C=0), 159.9 (OC=0), 133.8,4$, 133.6 (C-6), 132.2 (C-7),
114.9 (GronrH), 80.7 (C-1), 78.4 (C-5), 69.6 (C-2), 55.6 (OfH45.3 (C-4), 22.7 (CH. IR
(CH,Cl): 2962 (C-H st), 1659 (C=0 st), 1242 (C-O-C st 4§34 (C-O-C st sy) cth HRMS:
Calculated for [GH1gNO,]™: 288.1236 [M+H]; found: 288.1243. The ee was determined by
HPLC using aChiralpak IA column p-hexanefPrOH (90:10)]; flow rate 1.00 mL/Mirtmgjor =
33.7 mMin,tyiner = 46.4 mMin (22% ee). M.p.: 134-136°C (§CH).

tert-Butyl-((1R,2S,5R)-3-0x0-8-0xabicyclo[3.2.1]oct-6-en-2-

© yl)(phenyl)carbamate (4h).Following GP-H, 4h (15.3 mg, 37%) was isolated

N, by FC (hexanes/EtOAc 19:1 to 8:2), as an oil g, starting from catalySg

bs (6.4 mg, 0.06 mmol), allenth (30 mg, 0.13 mmol), DMDO solution in toluene
(0.9 mL, 0.26 mmol) and furan (28 uL, 0.39 mmol)}R.46 (hexanes/EtOAc
7:3). dr: >20:1*H NMR (300 MHz, CDC}) & 7.38-7.27 (m, 3H, GoniH), 7.25-7.15 (m, 2H,
CaronrH), 5.98 (ddJ =6.1, 1.8 Hz, 1H, H-6), 5.26 (bs, 1H, H-2), 5.00,(J = 4.4, 1.7 Hz, 1H, H-
1), 4.93 (m, 1H, H-5), 4.67 (d,= 6.1 Hz, 1H, H-7), 2.85 (dd,= 15.6, 5.1 Hz, 1H, H-4a), 2.38
(d, J = 15.6 Hz, 1H, H-4b), 1.36 (s, 9H, 3xgQHC NMR (75 MHz, CDC}) & 201.7 (C=0),
155.2 (O-C=0), 140.4 (&), 133.2 (GrontH), 132.2 (GrontH), 130.2 (C-6), 128.9 (C-7), 127.9
(CaroniH), 80.6 (C-1), 78.2 (C-5), 77.Z(CHa)), 71.1 (C-2), 45.2 (C-4), 28.1 (GHIR (ATR):
1726 (C=0O st) cih MS (El) m/z (%): 259 (22), 215 (39). HRMS: Calatdd for
[C1gH21NO4Na]™: 338.1368 [M+Nal; found: 338.1367. The ee was determined by HPLiGgus
Chiralcel OZ-3 column p-hexanetPrOH (95:5)]; flow rate 1.00 mL/Mirtmajor =10.3 MiN,Tminor
=22.5 min (64% ee).

Br tert-Butyl (4-bromophenyl)-((1R,2S,5R)-3-0x0-8-0xabicyclo[3.2.1]oct-6-en-
2-yl)carbamate (4i). Following GP-H, 4i (8.1 mg, 21%) was isolated by FC
Q (hexanes/EtOAc 19:1 to 8:2), as a solid after B8dwting from catalyssg (4.8
BOC/N"'S mg, 0.005 mmol), allen&i (30 mg, 0.1 mmol), DMDO solution in toluene (0.7
1 mL, 0.2 mmol) and furan (21 pL, 0.3 mmol}=F0.38 (hexanes/EtOAc 8:2). dr:
>20:1."H NMR (300 MHz, CDC}) & 7.45 (d,J = 8.6 Hz, 2H, GonrH), 7.09 (d,J = 8.6 Hz, 2H,
CarontH), 6.03 (ddJ = 6.1, 1.8 Hz, 1H, H-6), 5.24 (bs, 1H, H-2), 4.98l,(J = 4.4, 1.8 Hz, 1H,
H-1), 4.95 (ddJ = 5.2, 1.2 Hz, 1H, H-5), 4.83 (d,= 5.6 Hz, 1H, H-7), 2.85 (dd} = 15.6, 5.2
Hz, 1H, H-4a), 2.39 (d] = 15.6 Hz, 1H, H-4b), 1.36 (s, 9H, 3x@H"*C NMR (75 MHz, CDC})
0 201.6 (C=0), 154.8 (O-C=0), 139.5,6+N), 133.7 (C-6), 132.1 (C-5), 132.04&+H), 121.7
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(CarontBI), 81.2 C(CHy)3), 80.5 (C-1), 78.2 (C-5), 71.0 (C-2), 45.2 (C-28,1 (CH). IR (ATR):
1730 (C=0 st), 1701 (C=0 st) &mMS (El) m/z (%): 184 (100), 155 (54). HRMS: Calculated
for [C1gH20NO,BrNa]™: 416.0473 [M+Na]; found: 416.0478. The ee was determined by HPLC
using aChiralpak AD-H column h-hexaneitPrOH (93:7)]; flow rate 1.00 mL/Mingmgor =11.0
MiN, Tminor = 14.3 Min (71% ee). M.p.: 106-108 °C (). [a]p> +121.8 € = 0.7, CHC,).

tert-Butyl ((1R,2S,5R)-3-0x0-8-0xabicyclo[3.2.1]oct-6-en-2-yl)(3,4,5-
BOE“ 9 trimethoxyphenyl) carbamate (4k). Following GP-H, 4k (14.2 mg,

Meo@ 1.5 38%) was isolated by FC (hexanes/EtOAc 8:2 to aslan oil after 16h,
MeO OMe starting from catalys8g (4.6 mg, 0.005 mmol), allerigk (30 mg, 0.09

mmol), DMDO solution in toluene (1.0 mL, 0.19 mmahd furan (20.3
uL, 0.28 mmol). dr: >20:2H NMR (300 MHz, CDC}) & 6.46 (s, 2H, GonrH), 6.04 (ddJ = 6.1,
1.8 Hz, 1H, H-6), 5.32-5.04 (m, 1H, H-2), 5.01 (d&; 4.5, 1.7 Hz, 1H, H-1), 4.99-4.93 (m, 1H,
H-5), 4.84 (bs, 1H, H-7), 3.85 (s, 3H, OQH3.81 (s, 6H, 2xOC}), 2.85 (dd,J = 15.5, 5.0 Hz,
1H, H-4a), 2.39 (dJ = 15.5 Hz, 1H, H-4b), 1.40 (bs, 9H, C(§k). **C NMR (75 MHz, CDC))
0 202.0 (C=0), 155.3 (OC=0), 153.2 (&), 138.0 (Giom), 133.4 (C-6), 132.5 (C-7), 107.7
(CaronH), 80.8 (C-1 +C(CHsy)3), 78.5 (C-5), 77.4 (C-2), 61.2 (OGK156.4 (OCH), 45.4 (C-4),
28.4 (C(CH)3). IR (CHCL,): 2976 (C-H st), 1701 (C=0O st) EmHRMS: Calculated for
[C.:H,/NO;Na]™: 428.1685 [M+Nal; found: 428.1681. The ee was determined by HPLiGgyus
Chiralpak AD-H column p-hexanetPrOH (90:10)]; flow rate 1.00 mL/Minajor = 19.7 min,
Tminor = 33.0 min (73% ee).



154 Chapter 5

2.6 Synthesis of cycloadducts 4j, 5a-s and 6a-y

Boc

] 1
Me0\©\ X 3g (5 mol%) ll\l R
N . 2@ DMDO in toluene
! %g R EtOAc, -78 °C, 16h
MeO
R2

Boc 1
R GP-/: [0.025M]
1j, 1m-1 2ay GP-J: [0.05M]

4j, 5a-s, 6a-y

General Procedure | (GP-1): A test tube with a stirring bar was charged V@ithcatalyst (0.003
mmol, 5 mol%) and it was cooled to -78 °C. Thenyesponding allene (0.05 mmol, 0.33 eq)
was added followed by a precooled mixture of DMDQdluene (0.11 mmol, 2.1 eq) and EtOAc
(0.2M). Subsequently, corresponding diene (0.05 mrheeq) was added. After 1 h, another
addition of allene (0.05 mmol, 0.33 eq) was madth whie corresponding mixture of DMDO
solution (0.11 mmol, 2.1 eq) and EtOAc (0.2M). Afte h, a third addition was repeated. The
mixture was stirred for 16 h at -78 °C. After thihie reaction was quenched with NaH{®at.
aqueous, 2 mL) and extracted with@&t(3x5 mL). Combined organic layers were dried over
Na,SQO, and after the removal of the solvent under redyredsure the crude was purified by FC
on silica gel (petroleum ether/EtOAc). Fbdc and 15b-d: 5 equivalents of allene, 12.5 eq of
DMDO in toluene were portionwise added in 5 aditig30 minutes each) under [0.015M].

General Procedure J (GP-J):A test tube equipped with a stirring bar was chdrgéth 3g
catalyst (0.005 mmol, 5 mol%) and it was cooled?® °C. Then, corresponding alléfh¢0.11
mmol, 1 eq) was added followed by a precooled mixaf DMDO in toluene (0.27 mmol, 2.5
eq) and EtOAc (0.05M). Subsequently, corresponélingn (0.22 mmol, 2 eq) was add®dlhe
mixture was stirred for 16 h at -78 °C. After thihe reaction was quenched with NaH{®at.
aqueous, 2 mL) and extracted with@&t(3x5 mL). Combined organic layers were dried over
Na,SQO, and after the removal of the solvent under redyredsure the crude was purified by FC

on silica gel (petroleum ether/EtOAC).

44 For oily allenes: it was dissolved in the cormwing quantity of EtOAc and precooled before tHditon. Then,
DMDO solution and furan were added sequentially.

45 When furan is used 13 equivalents are needed.
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The racemic standards for HPLC analysis were pegpasing diphenyl phosphoric acid orhs
triflyl phosphoramide analog. In some cases it wasded the use ¢R)-3g+(S)-3g to get the

racemic standards. TLCs were developep-amisaldehyde dip.

o o tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-3-0x0-8-oxabicyclo[3.2.1]oct-
N, 6-en-2-yl)carbamate 4j.Following GP-J, 4j (29.6 mg, 78%) was isolated
Q 15 by FC (hexanes/EtOAc 9:1 to 6:4) as a solid aftéh, Istarting from
e catalyst3g (5.5 mg, 0.005 mmol), allen§ (30 mg, 0.11 mmol), DMDO
solution in toluene (1.2 mL, 0.27 mmol), EtOAc (L)and furan (0.1 mL, 1.43 mmol, 13 eq).
R= 0.40 (hexanes/EtOAc 7:3). dr: >20. NMR (500 MHz, DMSOds, 100°C)3 7.11 (d,J =
8.9 Hz, 2H, GnrH), 6.89 (d,J = 8.9 Hz, 2H, GonrH), 6.12 (ddJ = 6.1, 1.9 Hz, 1H, H-6), 5.07
(dd,J = 4.4, 1.7 Hz, 1H, H-1), 5.04 (d= 4.4 Hz, 1H, H-2), 4.92 (d,= 5.1 Hz, H-5), 4.77 (d]
= 6.1 Hz, 1H, H-7), 3.78 (s, 3H, OGH2.82 (ddJ = 15.7, 5.1 Hz, 1H, H-4a), 2.28 (@= 15.7
Hz, 1H, H-4b), 1.32 (s, 9H, C(GH). **C NMR (125 MHz, DMSOds, 100 °C)3 201.1 (C=0),
158.2 (Grom), 154.1 (OC=0), 133.5 (C-6), 132.7 (&), 131.0 (C-7), 130.5 (GnrH), 113.5
(CaronrH), 79.4 (C-1), 79.1Q(CHy)s), 77.3 (C-5), 70.7 (C-2), 54.3 (OGH 44.4 (C-4), 27.4
(C(CHy)3). IR (CH,Cl,): 2972 (C-H st), 1698 (C=0 st), 1242 (C-O-C st 48§38 (C-O-C st sy)
cm®. MS (El) m/z (%): 246 (100). HRMS: Calculated f@:qH,,NOsH]*: 346.1654 [M+H];
found: 346.1657. The ee was determined by HPLCguai@hiralpak |A column p-hexaneit
PrOH (98:2)]; flow rate 1.00 mL/Minnajor = 34.3 MiNTrajor = 44.9 min (82% ee)o]p*” +147.5
(c=1.0, CHCL,). M.p.: 144-146°C (CKCL,).

Boc O tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-7-methyl-3-0x0-8-
Nh's oxabicyclo[3.2.1]oct-6-en-2-yl)carbamate, 5aFollowing GP-I, 5a (16
Meo@ 1# mg, 78%) was isolated by FC (hexanes/EtOAc 2:8:19, s a solid after
Me 16 h, starting from catalys§g (2.8 mg, 0.003 mmol), alleng (45 mg,
0.17 mmol), DMDO solution in toluene (1.56 mL, 0.3@nol), EtOAc (0.72 mL, 0.025M) and 3-
methylfuran2a (5.2 pL, 0.05 mmol). R 0.62 (hexanes/EtOAc 7:3). rr: 144 NMR (500
MHz, DMSO-ds, 100°C)3 7.17 (d,J = 8.9 Hz, 2H, GonrH), 6.91 (d,J = 8.9 Hz, GronrH), 5.96-

5.93 (m, 1H, H-6), 4.83 (dl = 5.7 Hz, 1H, H-5), 4.74 (d = 5.0 Hz, 1H, H-1), 4.44 (d} = 5.0
Hz, 1H, H-2), 3.77 (s, 3H, OGH 2.79 (ddJ = 17.1, 5.7 Hz, 1H, H-4a), 2.42 @= 17.1 Hz,
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1H, H-4b), 1.52 (s, 3H, CH 1.30 (s, 9H, GQTH5)s). *C NMR (125 MHz, DMSQds, 100 °C)3
200.2 (C=0), 157.8 (&), 153.2 (OC=0), 142.3 (C-7), 135.64%), 129.0 (C-6), 128.7 (Gonr

H), 113.9 (GrontH), 81.1 (C-1), 79.6G(CHs)s), 76.9 (C-5), 71.7 (C-2), 55.0 (OGH44.0 (C-4),
27.4 (C(CH)y), 13.1 (CH). IR (CH,CL,): 2976 (C-H st), 1698 (C=0 st), 1245 (C-O-C st, as)
1030 (C-O-C st sy) cth MS (El) m/z (%): 260 (100), 222 (12), 178 (22871(8). HRMS:
Calculated for [GgH.sNOsNa]™: 382.1630 [M+Nal; found: 382.1624. The ee was determined by
HPLC using aChiralpak AD-H column p-hexaneitPrOH (95:5)]; flow rate 1.00 mL/Mirminor

= 14.5 Min,Tmajor = 16.4 min (83% ee)o]p™ -115.8 ¢ = 1.0, CHCy).

B0 O tert-Butyl ((1R,2S,5R)-7-ethyl-3-0x0-8-0xabicyclo[3.2.1]oct-6-en-2-
0oC

N, yl)(4-methoxyphenyl) carbamate, 5b.Following GP-I, 5b (14.1 mg,

Meo/@ 15 66%) was isolated by FC (petroleum ether/EtOAc 18:14:6), as an oil
Bt after 16 h, starting from cataly3g (2.8 mg, 0.003 mmol), alleny (45

mg, 0.17 mmol), DMDO solution in toluene (1.6 mL36 mmol), EtOAc (0.69 mL) and furan
2c (20.4 pL, 0.06 mmol). R 0.52 (petroleum ether/EtOAc 7:3). rr 10'H NMR (500 MHz,
DMSO-ds, 100 °C)d 7.13 (d,J = 8.9 Hz, 2H, GonrH), 6.90 (d,J = 8.9 Hz, 2H, GonH), 5.93-
5.91 (m, 1H, H-6), 4.84 (d = 5.9 Hz, 1H, H-5), 4.77 (dl = 5.1 Hz, 1H, H-1), 4.34 (d,= 5.1
Hz, 1H, H-2), 3.76 (s, 3H, OG} 2.77 (dd,J = 17.4, 5.9 Hz, 1H, H-4a), 2.41 @= 17.4 Hz,
1H, H-4b), 1.87-1.74 (m, 2H,KCHs), 1.27 (s, 9H, C(CH)s), 0.97 (tJ = 7.3 Hz, 3H, CHCHy).
13C NMR (125 MHz, DMSQdg, 100 °C)3 201.1 (C=0), 158.6 (), 154.1 (OC=0), 149.8 (C-
7), 136.7 (Grom), 131.5 (Grom), 129.4 (GronrH), 127.5 (C-6), 114.8 (fniH), 80.8 (C-1), 80.4
(C(CHg)s), 77.7 (C-5), 72.5 (C-2), 56.0 (OGH 44.8 (C-4), 28.3 (@%Hs)3), 21.5 CH,CHy),
12.3 (CHCHj3). IR (CH,Cl,): 2969 (C-H st), 1701 (C=0 st), 1245 (C-O-C st 4630 (C-O-C st
sy) cm'. HRMS: Calculated for [GH,;NOsNa]*: 396.1787 [M+Nal; found: 396.1780. The ee
was determined by HPLC usingChiralpak IA column p-hexandtPrOH (95:5)]; flow rate 1.00
ML/MIN; Toinor = 12.2 MiNTrngjor = 13.7 min (71% ee)o]p>* +69.6 € = 1.0, CHCL).
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Boc O tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-7-(2-methylbenzyl)-3-oxo-8-
0oC

N, oxabicyclo[3.2.1]oct-6-en-2-yl) carbamate, 5cFollowing GP-I, 5¢
Meo@ 1 (11.5 mg, 45%) was isolated by FC (petroleum eHEt€Ac 9:1 to 4:6),
O as a solid after 16 h, starting from catal@st (2.8 mg, 0.003 mmol),
allenelj (45 mg, 0.17 mmol), DMDO solution in toluene (1/5&, 0.36
mmol), EtOAc (0.72 mL) and fura2d (8.5 pL, 0.06 mmol). R 0.38 (petroleum ether/EtOAc
7:3). rr: 10:1.*H NMR (500 MHz, DMSOds, 100 °C)3 7.18 (d,J = 8.6 Hz, 2H, GonrH), 7.15-
7.10 (M, 3H, GonrH), 7.07-7.04 (M, 1H, GonrH), 6.92 (dJ = 8.6 Hz, 2H, GontH), 5.75 (app s,
1H, H-6), 4.84 (dJ = 5.9 Hz, 1H, H-5), 4.80 (d} = 4.9 Hz, 1H, H-1), 4.48 (d = 4.9 Hz, 1H,
H-2), 3.76 (s, 3H, OCH), 3.13 (d,J = 16.6 Hz, 1H, € H,), 3.03 (d,J = 16.6 Hz, 1H, CEH,),
2.81 (ddJ=17.1, 5.9 Hz, 1H, H-4a), 2.43 @z 17.1 Hz, 1H, H-4b), 2.19 (s, 3H, QH1.34 (s,
9H, C(CH)s). *C NMR (125 MHz, DMSOds, 100 °C)d 200.0 (C=0), 157.7 (&), 153.3
(OC=0), 145.7 (C-7), 136.6 {for), 135.7 (Gron)> 135.4 (Grom), 129.9 (C-6), 129.6 (LonrH),
128.6 (GronrH), 128.5 (GronrH), 125.8 (GronrH), 125.3 (GronrH), 113.9 (GronrH), 80.2 (C-1),
79.6 (OC(CHs)3), 76.8 (C-5), 72.0 (C-2), 55.0 (OGKH 43.9 (C-4), 31.1 (CH), 27.5 (CCHa)s),
18.3 (CHy). IR (CHCI,): 2972 (C-H st), 1698 (C-H st), 1245 (C-O-C st, 4€)30 (C-O-C st sy)
cm*. HRMS: Calculated for [GH3:NOsNa]": 472.2100 [M+Na]; found: 472.2099. The ee was
determined by HPLC using@hiralpak AD-H column p-hexaneitPrOH (95:5)]; flow rate 1.00
ML/MIN; Toinor = 12.8 MiNTimajor = 17.4 min (85% ee). M.p.: 115-117 °C ({CH). [o]p°* -66.6 €
= 1.1, CHCL).

Bog O tert-Butyl ((1R,2S,5R)-7-isopentyl-3-oxo0-8-oxabicyclo[3.2.1]oct-6-en-2-

N«/. yl)(4-methoxyphenyl)carbamate, 5d. Following GP-J, 5d (17.8 mag,
Q ! 40%) was isolated by FC (petroleum ether/EtOAc 9. 4:6), as an oil

after 16 h, starting from cataly8g (5.5 mg, 0.005 mmol), alleng (30
Me mg, 0.11 mmol), DMDO solution in toluene (1.25 n@L27 mmol), EtOAc
(0.95 mL) and furar2e (29.8 pL, 0.22 mmol). R 0.5 (petroleum ether/EtOAc 7:3). rr: 15,
NMR (500 MHz, DMSO#ds, 100 °C)3 7.15 (d,J = 8.8 Hz, 2H, GonrH), 6.91 (d,J = 8.8 Hz, 2H,
CaronrH), 5.94-5.92 (m, 1H, H-6), 4.84 (d,= 5.8 Hz, 1H, H-5), 4.80 (d} = 5.0 Hz, 1H, H-1),
4.48 (d,J = 5.0 Hz, 1H, H-2), 3.77 (s, 3H, OGH2.80 (dd,J = 17.1, 5.8 Hz, 1H, H-4a), 2.41 (d,
J=17.1 Hz, 1H, H-4b), 1.69 (bs, 2H, @H1.51-1.41 (m, 1H, B(CHs),), 1.29 (s, 11H, CH+

Me
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C(CHy)s), 0.85 (d,J = 6.0 Hz, 6H, 2xCH. *C NMR (125 MHz, DMSOds, 100 °C)d 200.3
(C=0), 157.7 (Gon), 153.2 (OC=0), 147.5 (C-7), 135.4,§), 128.7 (GronrH), 127.3 (C-6),
113.8 (GronrH), 80.1 (C-1), 79.4 (O(CHy)3), 76.8 (C-5), 71.7 (C-2), 54.9 (OGKI 44.0 (C-4),
36.1 (CHCH,), 27.4 (CCHa)s), 26.8 (CH), 25.1 (OZH,), 21.8 (CH), 21.5 (CH). IR (CH,Cl,):
2959 (C-H st), 1698 (C=0 st), 1245 (C-O-C st a®B0L(C-O-C st sy) cth HRMS: Calculated
for [C,sH33NOsNa]™: 438.2256 [M+Nadl], found: 438.2257. The ee was determined by HPLC
using aChiralcel OD-3 column p-hexanetPrOH (95:5)]; flow rate 1.00 mL/Minyinor = 6.7
MIN, Tyajor = 7.9 Min (76% ee)o]p> -41.5 € = 0.9, CHCL).
Boc O tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-3-oxo-7-phenethyl-8-
N«/.s oxabicyclo[3.2.1]oct-6-en-2-yl) carbamate, 5d-ollowing GP-I, 5e (7.8
Q ! mg, 30%) was isolated by FC (petroleum ether/Et@Ac to 4:6), as a
solid after 16 h, starting from cataly&g (2.8 mg, 0.003 mmol), allerg
O (45 mg, 0.17 mmol), DMDO solution in toluene (1.8%, 0.36 mmol),
EtOAc (0.93 mL) and furaf (7.8 pL, 0.06 mmol). R 0.5 (petroleum
ether/EtOAc 7:3). rr 18:*H NMR (500 MHz, DMSO#ds, 100 °C)3 7.29-7.23 (m, 2H, GonrH),
7.20-7.10 (m, 5H, &onrH), 6.87 (d,J = 8.9 Hz, 2H, GonrH), 6.03-6.00 (m, 1H, H-6), 4.86 (4,
= 5.8 Hz, 1H, H-5), 4.82 (d] = 5.0 Hz, 1H, H-1), 4.48 (dl = 5.0 Hz, 1H, H-2), 3.71 (s, 3H,
OCHy), 2.81 (ddJ = 17.1, 5.8 Hz, 1H, H-4a), 2.76-2.71 (m, 2H{TH,Ph), 2.43 (dJ = 17.1
Hz, 1H, H-4b), 2.07-1.94 (m, 2H, GBH,Ph), 1.27 (s, 9H, C(C#t). *C NMR (125 MHz,
DMSO-ds, 100 °C)d 200.3 (C=0), 157.7 (fom), 153.3 (OC=0), 146.8 (C-7), 140.8 (&),
135.4 (Grom), 128.7 (GroniH), 128.0 (C-6), 127.6 (onrH), 127.5 (GronrH), 125.2 (GronrH),
113.8 (GronrH), 80.1 (C-1), 79.5 (O(CHs)3), 76.8 (C-5), 71.8 (C-2), 54.8 (OGK144.0 (C-4),
33.1 CH,CH,Ph), 28.7 (CHCH,Ph), 27.4 (CCHs)3). IR (CHCI,): 2934 (C-H st), 1698 (C=0
st), 1242 (C-O-C st as), 1030 (C-O-C st sy)'criiRMS: Calculated for [GH3;:NOsNa]":
472.2100 [M+Nal]; found: 472.2100. The ee was determined by HPLiGgusChiralpak AD-H
column p-hexandtPrOH (95:5)]; flow rate 1.00 mL/MiMtmajor = 19.3 MiN, Tming= 21.4 min
(62% ee). M.p.: 108-110 °C (GEll,). [a]p?% -110.7 € = 0.2, CHCL,).
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tert-Butyl  (4-methoxyphenyl)((1R,2S,5R)-3-0x0-7-(€)-styryl)-8-
N oxabicyclo[3.2.1]oct-6-en-2-yl) carbamate, 5fFollowing GP-I, 5f
Meo@ 15 (3.1 mg, 12%) was isolated by FC (petroleum eth€&Ae 9:1 to 4:6),
N O as a solid after 16 h, starting from catal$gt(2.8 mg, 0.003 mmol),
allenelj (45 mg, 0.17 mmol), DMDO solution in toluene (1.5%.,
0.36 mmol), EtOAc (0.72 mL) and furag (8.2 uL, 0.06 mmol). R 0.52 (petroleum
ether/EtOAc 7:3). rr 20:**H NMR (500 MHz, DMSO#ds, 100 °C)5 7.38-7.31 (m, 4H, GonrH),
7.30-7.25 (m, 1H, GonrH), 6.90 (d,J = 8.8 Hz, 2H, GonrH), 6.79 (d,J = 8.8 Hz, 2H, GonrH),
6.38 (d,J = 12.2 Hz, 1H, HC=8Ph), 6.23-6.20 (m, 1H, H-6), 5.93 (d,= 12.2 Hz, 1H,
HC=CHPh), 4.97-4.93 (m, 1H, H-5), 4.90 Mz 5.2 Hz, 1H, H-1), 4.22 (bs, 1H, H-2), 3.74 (s,
3H, OCH), 2.82 (ddJ = 17.5, 5.9 Hz, 1H, H-4a), 2.45 @@= 17.5 Hz, 1H, H-4b), 1.30 (s, 9H,
3xCHy). ¥C NMR (125 MHz, DMSQOdg, 100 °C)d 200.7 (C=0), 158.5 (&), 156.7 (OC=0),
142.5 (C-7), 137.5 (Gom), 136.5 (Grom), 132.6 (C-6), 131.3 (HGZHPh), 129.4 (GonrH), 129.0
(CaroniH), 128.7 (GronH), 127.9 (GronrH), 122.9 (C=CHPh), 114.8 (&onrH), 114.6 (GronrH),
81.0 C(CHy)s), 79.9 (C-1), 78.1 (C-5), 72.2 (C-2), 55.9 (OFHI4.4 (C-4), 28.4 (CfH3)3). IR
(CH,Cl,): 2976 (C-H st), 1705 (C=0 st), 1242 (C-O-C st as)'. HRMS: Calculated for
[Co7H2gNOsNa]™: 470.1943 [M+Nal; found: 470.1951. The ee was determined by HPLiGgus
Chiralpak IA column p-hexanetPrOH (95:5)]; flow rate 0.70 mL/MiMminor = 16.9 Min,tmajo
18.3 min (85% ee).

tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-3-ox0-7-phenyl-8-
oxabicyclo[3.2.1]oct-6-en-2-yl)carbamate, 5fFollowing GP-I, 5f (8.2
mg, 34%) was isolated by FC (hexanes/EtOAc 2:8:1), Bs a solid after
16 h, starting from catalystg (2.8 mg, 0.003 mmol), alleny (45 mg,
0.17 mmol), DMDO solution in toluene (1.56 mL, 0.86nol), EtOAc
(0.72 mL) and 3-phenylfuradh (8.2 mg, 0.06 mmol). R 0.27 (hexanes/EtOAc 7:3). rr: >20:1.
H NMR (500 MHz, DMSOds, 100°C)3 7.56 (d,J = 7.2 Hz, 2H, GonrH), 7.35 (t,J = 7.6 Hz,
2H, GyonrH), 7.28-7.22 (m, 1H, LonrH), 7.18 (d,J = 8.4 Hz, 2H, GonrH), 6.89 (d,J = 8.9 Hz,
2H, CyontH), 6.79 (bs, 1H, H-6), 5.56 (d,= 5.4 Hz, 1H, H-1), 5.09 (dd,= 6.0, 2.4 Hz, 1H, H-
5), 4.31 (dJ = 5.4 Hz, 1H, H-2), 3.77 (s, 3H, OGH?2.92 (ddJ = 18.0, 6.2 Hz, 1H, H-4a), 2.58
(d, J = 18.0 Hz, 1H, H-4b), 0.92 (s, 9H, 3xgH"C NMR (125 MHz, DMSOds, 100 °C)5
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199.9 (C=0), 157.1 (GrO), 152.3 (BC=0), 144.9 (C-7), 136.8 (GniN), 132.9 (Gron), 127.8
(C-6), 127.7 (GonrH), 127.5 (GronrH), 127.1 (GrontH), 125.6 (GrontH), 113.7 (GronrH), 79.4
(C(CHs)s), 78.3 (C-1), 77.4 (C-5), 71.8 (C-2), 54.9 (OFHA3.5 (C-4), 26.9 (CIHJ)y). IR
(CH,Cl,): 2972 (C-H st), 1698 (C=0 st), 1245 (C-O-C st 4€)34 (C-O-C st sy) cih HRMS:
Calculated for [GsH,/NOsNa]": 444.1787 [M+Nal; found: 444.1786. The ee was determined by
HPLC using aChiralpak IA column p-hexanefPrOH (95:5)]; flow rate 1.00 mL/Mingmajor =
27.9 MiN,Tminor = 33.1 mMin (76% ee). M.p: 122-124°C (§3). [0]p*® -93.6 € = 1.0, CHCL,).

Boc § tert-Butyl (4-Methoxyphenyl)((1R,2S,5R)-7-(4-methoxyphenyl)-3-oxo-

® 8-oxabicyclo[3.2.1]oct-6-en-2-yl) carbamate, 5H-ollowing GP-I, 5h (4

mg, 17%) was isolated by FC (petroleum ether/Et@&cto 4:6), as an
oil after 16 h, starting from cataly8g (2.5 mg, 0.002 mmol), alleng
(40 mg, 0.15 mmol), DMDO solution in toluene (1.3.,n9.32 mmol),
EtOAc (1.0 mL) and furarei (8.9 mg, 0.05 mmol). R 0.24 (petroleum ether/EtOAc 7:3). rr
>20:1.*H NMR (500 MHz, DMSO#ds, 100 °C)3 7.47 (d,J = 8.4 Hz, 2H, GonrH), 7.17 (d,J =
8.3 Hz, 2H, GronrH), 6.91 (dJ = 8.3 Hz, 2H, GonH), 6.88 (d,J = 8.4 Hz, 2H, GonH), 6.61 (d,
J=2.4 Hz, 1H, H-6), 5.51 (d = 5.4 Hz, 1H, H-1), 5.05 (dd,= 6.0, 2.4 Hz, 1H, H-5), 4.31 (d,
= 5.4 Hz, 1H, H-2), 3.77 (s, 6H, 2xOQH?2.90 (dd,J = 17.9, 6.0 Hz, 1H, H-4a), 2.55 (@~
17.9 Hz, 1H, H-4b), 0.95 (s, 9H, C(GH). **C NMR (125 MHz, DMSQd;, 100 °C)d 200.0
(C=0), 158.8 (Gom), 157.1 (Gron), 155.6 (OC=0), 144.5 (C-7), 127.6(&+H), 127.0 (Gront
H), 125.8 (Gron), 125.5 (C-6), 113.7 (GonrH), 113.5 (GrontH), 79.1 C(CHy)s), 78.4 (C-5), 77.4
(C-1), 71.8 (C-2), 54.9 (OCH{i 54.9 (OCH), 43.6 (C-4), 26.9 (Q@FH3)3). IR (CH,Cly): 2972 (C-
H st), 1701 (C=0 st), 1245 (C-O-C st as), 1030 (C-@t sy) crit. HRMS: Calculated for
[CoeH2oNOgNa]™: 474.1893 [M+Nal; found: 474.1890. The ee was determined by HPLiGgus
Chiralpak AD-H column p-hexaneéfPrOH (95:5)]; flow rate 1.00 mL/mingmner = 60.8 min,
Tmajor = 96.2 min (63% ee).
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tert-Butyl ((1R,2S,5R)-7-(4-fluorophenyl)-3-oxo-8-oxabicyclo[3.2.1]oct-
6-en-2-yl)(4-methoxyphenyl)carbamate, 5iFollowing GP-I, 5i (8.4 mg,
34%) was isolated by FC (hexanes/EtOAc 2:8 to B4)a solid after 16h
reaction time, starting from cataly3g (2.8 mg, 0.003 mmol), alleng
(45 mg, 0.17 mmol), DMDO solution in toluene (1.6%., 0.36 mmol),
EtOAc (0.65 mL) and furan2j (9.2 mg, 0.06 mmol). R 0.29
(hexanes/EtOAc 7:3). rr: >20:3H-NMR (500 MHz, DMSOds, 100°C)3 7.61-7.54 (m, 2H,
CaronrH), 7.20-7.09 (M, 4H, GoriH), 6.87 (d, J = 8.9 Hz, 2H,.GrH), 6.75 (d,J = 2.4 Hz, 1H,
H-6), 5.56 (dJ = 5.4 Hz, 1H, H-1), 5.08 (dd,= 6.0, 2.4 Hz, 1H, H-5), 4.33 (d,= 5.4 Hz, 1H,
H-2), 3.77 (s, 3H, OCH), 2.92 (ddJ = 17.9, 6.2 Hz, 1H, H-4a), 2.57 @@= 18.0 Hz, 1H, H-4b),
0.96 (s, 9H, 3xCH). *C-NMR (125 MHz, DMSOds, 100 °C)5 199.9 (C=0), 161.3 (dJcr =
245.5 Hz, GontF), 157.2 CarorOCHs), 152.3 (OC=0), 144.0 (C-7), 136.7.(5), 129.6 (d3Jcr

= 7.6 Hz, GiontH), 127.8 (Gron), 127.8 (C-6), 127.7 (GonrH), 127.6 (GronrH), 114.5 (d2Jcr =
21.9 Hz, GonrH), 113.7 (GronrH), 79.7 C(CHz)s), 78.4 (C-1), 77.5 (C-5), 71.8 (C-2), 54.9
(OCHg), 43.5 (C-4), 26.9 (Ch). IR (CH,Cl): 2972 (C-H st), 1709 (C=0 st), 1245 (C-O-C st as)
1159 (C-F st), 1038 (C-O-C st sy) ¢mHRMS: Calculated for [GH,sNOsFNa]": 462.1693
[M+Na]*; found: 462.1690. The ee was determined by HPLiBgua Chiralpak AD-H column
[n-hexanetPrOH (95:5)]; flow rate 1.00 mL/Minminor = 28.0 MiN tmajor = 30.4 min (57% ee).

tert-Butyl ((1R,2S,5R)-7-(methoxymethyl)-3-oxo-8-

0
Bo’?“"- oxabicyclo[3.2.1]oct-6-en-2-yl)(4-methoxyphenyl)cdiamate 5j.
Me0/©/ ' 5 Following GP-J, 5] (24.3 mg, 57%) was isolated by FC (petroleum

OoMe ether/EtOAc 8:2 to 1:1), as an oil after 16 h,tgtgrfrom catalysBg (5.5
mg, 0.005 mmol), allendj (30 mg, 0.11 mmol), DMDO solution in toluene (InfL, 0.27
mmol), EtOAc (1.0 mL) and furak (20.5 pL, 0.22 mmol). R 0.45 (petroleum ether/EtOAc
1:1). rr; >20:1*H NMR (500 MHz, DMSO#dg, 100°C)3 7.14 (d,J = 8.8 Hz, 2H, GontH), 6.93
(d, J = 8.8 Hz, 2H, GontH), 6.21-6.19 (m, 1H, H-6), 4.93-4.88 (m, 2H, HK5t), 4.42 (dJ =
5.0 Hz, 1H, H-2), 3.78 (S, 3H,.6.OCHs), 3.67 (d,J = 13.7 Hz, 1H, El.Hy), 3.56 (d,J = 13.7
Hz, CHHy), 3.21 (s, 3H, OCH), 2.83 (ddJ = 17.3, 5.9 Hz, H-4a), 2.44 (d= 17.3 Hz, 1H, H-
4b), 1.30 (s, 9H, 3xCH. *C NMR (125 MHz, DMSOds, 100 °C)d 199.9 (C=0), 157.8
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(CarorOCHa), 153.2 (C-7), 144.0 (OC=0), 135.54GN), 130.3 (C-6), 128.6 (GrH), 113.9
(CaoniH), 79.6 C(CHs)s), 78.3 (C-1), 76.7 (C-5), 71.5 (C-2), 67.CH,OCHy), 57.0
(CH,OCHs), 55.0 (GrorOCH?3), 43.6 (C-4), 27.4 (QIH5)). IR (CH,CL): 2972 (C-H st), 1698
(C=0 st), 1242 (C-O-C st as), 1034 (C-O-C st sy)'cMS (El) m/z (%): 290 (100), 258 (20),
178 (62). HRMS: Calculated for j@,/,NOgNa]": 412.1736 [M+Nal]; found: 412.1740. The ee
was determined by HPLC usingChiralpak AD-H column p-hexanetPrOH (95:5)]; flow rate
1.00 ML/Min;Tiinr = 18.4 MiNTmajor = 22.2 min (82% ee)o]p>* -146.3 € = 1.0, CHCI,).

Boc O tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-3-0x0-7-(phenoxymethyl)-8-

"‘//-5 oxabicyclo[3.2.1]oct-6-en-2-yl)carbamate, 5kFollowing GP-1, 5k (14

Me0/©/ ' mg, 54%) was isolated by FC (petroleum ether/Et®AL to 7:3), as a
OPh  solid after 16 h, starting from cataly&g (2.8 mg, 0.003 mmol), allerty

(45 mg, 0.17 mmol), DMDO solution in toluene (1.4, 0.35 mmol), EtOAc (0.86 mL) and
furan 2| (9.9 mg, 0.06 mmol). & 0.39 (petroleum ether/EtOAc 7:3). rr: >20'H. NMR (500
MHz, DMSO-ds, 100 °C)3 7.31-7.25 (M, 2H, GurrH), 7.16 (d,J = 8.9 Hz, 2H, GoniH), 6.97-
6.92 (M, 1H, GonrH), 6.89-6.83 (m, 4H, LnH), 6.37-6.35 (m, 1H, H-6), 5.07 (d,= 4.9 Hz,
1H, H-1), 4.96 (dJ = 5.9 Hz, 1H, H-5), 4.56 (d] = 4.9 Hz, 1H, H-2), 4.27-4.11 (m, 2H,
CH,HyOPh), 3.73 (s, 3H, OC{ 2.87 (ddJ = 17.1, 5.9 Hz, 1H, H-4a), 2.47 (app s, 1H, H-4b),
1.27 (s, 9H, 3xCh). *C NMR (125 MHz, DMSOds, 100 °C)3 200.9 (C=0), 158.8 (&n0),
158.7 (GronD), 154.3 (OC=0), 143.9 (C-7), 136.2,(%), 132.1 (C-6), 129.8 (fonrH), 129.8
(CaronH), 121.3 (GronrH), 115.3 (GronrH), 114.9 (GronrH), 80.7 C(CHg)s), 79.6 (C-1), 77.9 (C-
5), 72.6 (C-2), 64.8 (C¥DPh), 55.8 (OCH), 44.7 (C-4), 28.3 (@QHs)3). IR (CH,CI,): 2976 (C-
H st), 1698 (C=0 st), 1243 (C-O-C st as), 1030 (C-@t sy) crit. HRMS: Calculated for
[CoeH2oNOgNa]™: 474.1893 [M+Nal; found: 474.1901. The ee was determined by HPLiGgus
Chiralpak AD-H column p-hexaneéfPrOH (95:5)]; flow rate 1.00 mL/mMingmner = 26.3 min,
Tmajor = 28.8 min (89% ee). M.p.: 80-82 °C (G3,). [a]p”" -119.3 ¢ = 1.0, CHCLy).
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e O tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-3-0x0-7-
N.. (((triphenylsilyl)oxy)methyl)-8-oxabicyclo[3.2.1]o¢-6-en-2-
Meo@ 15 yl)carbamate, 5I. Following GP-1, 5| (25.4 mg, 68%) was isolated by
osiph, FC (petroleum ether/EtOAc 9:1 to 7:3), as a sofidral6 h, starting
from catalyst3g (2.8 mg, 0.003 mmol), alleng (45 mg, 0.17 mmol),
DMDO solution in toluene (1.35 mL, 0.36 mmol), Et©40.93 mL) and fura2m (20.3 mg,
0.06 mmol). R= 0.37 (petroleum ether/EtOAc 7:3). rr: >20'#. NMR (500 MHz, DMSOds,
100°C)3 7.54 (M, 6H, GonrH), 7.48 (M, 3H, GonrH), 7.43 (M, 6H, GonrH), 7.05 (d,J = 8.9
Hz, 2H, GyonrH), 6.76 (d,J = 8.9 Hz, 2H, GonrH), 6.24-6.22 (m, 1H, H-6), 4.99 (d,= 5.0 Hz,
1H, H-1), 4.91 (dJ = 5.9 Hz, 1H, H-5), 4.43 (d = 4.8 Hz, 1H, H-2), 4.15 (dl = 14.1 Hz, 1H,
CH.Hy), 4.02 (dJ = 14.1 Hz, 1H, CEH,), 3.69 (s, 3H, OCH), 2.83 (ddJ = 17.2, 5.9 Hz, 1H,
H-4a), 2.44 (dJ = 17.2 Hz, 1H, H-4b), 1.19 (s, 9H, 3x@QH"*C NMR (125 MHz, DMSOds, 50
°C) 6 200.5 (C=0), 157.8 (£onrO), 153.4 (OC=0), 146.1 (C-7), 135.2,(%), 134.6 (GronrH),
133.3 (GronrH), 130.2 (C-6), 130.1 (fenrH), 129.0 (GronrH), 127.9 (GronrH). 113.9 (GronrH).
79.8 C(CHa)s), 78.4 (C-1), 77.0 (C-5), 71.7 (C-2), 60.1 (Of;+55.0 (OCH), 43.9 (C-4), 27.5
(C(CH3)3). IR (CH,CI,): 2976 (C-H st), 1698 (C=0 st), 1245 (C-O-C st a§p6 (C-O-C st sy)
cmi’. MS (El) m/z (%): 259 (30), 199 (100). HRMS: Cdited for [GgH3dNOsSI]*: 656.2444
[M+H]*; found: 656.2440. The ee was determined by HPLiGgusChiralcel OD-3 column p-
hexanefPrOH (98:2)]; flow rate 1.00 mL/MiMtmingr = 17.5 Min,tmajor = 20.7 min (90% ee).
M.p.: 61-63 °C (CHCl,). [0]p®® +121.9 ¢ = 1.0, CHCL,).

Boc O tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-3-0x0-7-
N”- . (((triisopropylsilyl)oxy)methyl)-8-oxabicyclo[3.2.1]oct-6-en-2-
Me0/©/ 1 yl)carbamate, 5m.Following GP-1, 5m (21.3 mg, 70%) was isolated by
OTIPS  FC (petroleum ether/EtOAc 9:1 to 4:6), as an diral6 h, starting from
catalyst3g (2.8 mg, 0.003 mmol), allerfg (45 mg, 0.17 mmol), DMDO solution in toluene (1.5
mL, 0.36 mmol), EtOAc (0.78 mL) and furam (15.3 pL, 0.06 mmol). R 0.53 (petroleum
ether/EtOAc 7:3). rr: >20:H NMR (500 MHz, DMSO#ds, 100 °C)3 7.16 (d,J = 8.9 Hz, 2H,
CaronH), 6.89 (d,J = 8.9 Hz, 2H, GonrH), 6.20-6.18 (m, 1H, H-6), 4.97 (d,= 4.8 Hz, 1H, H-
1), 4.91 (d,J = 5.8 Hz, 1H, H-5), 4.56 (d] = 4.8 Hz, 1H, H-2), 4.03 (d] = 14.6 Hz, 1H,
CH.Hy), 3.77 (s, 3H, OCH), 3.71 (bs, 1H, CHHy), 2.84 (ddJ = 17.0, 5.8 Hz, 1H, H-4a), 2.43
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(d,J = 17.0 Hz, 1H, H-4b), 1.29 (s, 9H, OC(QH), 1.03 (s, 21H, 6xCh+ 3xCH).*C NMR
(125 MHz, DMSOsdg, 100 °C)d 200.1 (C=0), 157.8 (£nrO), 153.4 (OC=0), 147.0 (C-7),
135.0 (Grom), 129.0 (C-6), 128.9 (fonrH), 113.7 (GronrH), 79.6 C(CHs)3), 78.5 (C-1), 76.7 (C-
5), 71.5 (C-2), 59.3 (OCHi 54.8 (OCH), 43.9 (C-4), 27.3 (@HJ)s), 17.2 (SiCH), 11.1
(SICH(CHBa),). IR (CHCI,): 2926 (C-H st), 1698 (C=0 st), 1245 (C-O-C st 4§80 (C-O-C st
sy) cm'. MS (El) m/iz (%): 356 (49), 199 (100). HRMS: Cdlted for [GeH,sNOgSINa]":
554.2916 [M+Na]; found: 554.2914. The ee was determined by HPLiBgua Chiralcel OZ-3
column p-hexaneitPrOH (95:5)]; flow rate 1.00 mL/Minmajor = 9.7 MiN,Tminor = 132 min (91%
ee). p]p®* -95.5 € = 1.0, CHCL,).

Boc O tert-Butyl ((1R,2S,5R)-7-(((tert-
N. @ . butoxycarbonyl)amino)methyl)-3-oxo-8-oxabicyclo[3.2l]oct-
Me0/©/ 1 ome B-€n-2-yl)(4-methoxyphenyl) carbamate, 5nfollowing GP-J,
[“/@ 5n (31.9 mg, 50%) was isolated by FC (petroleum éEiE&AC
8:2 to 1:1), as a solid after 16 h, starting froatatyst3g (5.5
mg, 0.005 mmol), allendj (30 mg, 0.11 mmol), DMDO solution in toluene (ImL, 0.27
mmol), EtOAc (0.66 mL) and furafo (66.7 mg, 0.22 mmol). rr >20:1H NMR (500 MHz,
DMSO-ds, 100 °C)5 7.11 (d,J = 8.8 Hz, 2H, GonrH), 7.05 (d,J = 8.9 Hz, 2H, GonrH), 6.89 (d,
J=8.9 Hz, 2H, GonH), 6.84 (dJ = 8.8 Hz, 2H, GonrH), 6.06 (app s, 1H, H-6), 4.83 @= 5.9
Hz, 1H, H-5), 4.80 (dJ = 5.0 Hz, 1H, H-1), 4.32 (d| = 5.0 Hz, 1H, H-2), 4.28 (d, = 16.3 Hz,
1H, CHHy), 3.78 (s, 3H, OCH), 3.77-3.70 (m, 4H, OCH+ CHHy), 2.79 (ddJ = 17.4, 5.9 Hz,
1H, H-4a), 2.41 (d) = 17.4 Hz, H-4b), 1.38 (s, 9H, C(G})), 1.28 (s, 9H, C(Ch)s). **C NMR
(125 MHz, DMSO#de, 100 °C)5 199.7 (C=0), 157.6 (§on), 156.9 (Gron), 153.6 (OC=0), 153.1
(OC=0), 143.7 (C-7), 135.9 {on), 134.8 (Grony), 131.3 (C-6), 128.5 (fonrH), 127.5 (GronrH),
113.7 (GrontH), 113.5 (GronrH), 79.5 C(CHg)s), 79.0 (C-1), 78.8G(CHz)s), 76.5 (C-5), 72.0
(C-2), 54.9 (OCH), 54.9 (OCH), 47.2 (CHN), 43.6 (C-4), 27.5 (QHa)3), 27.4 (CCHa)a). IR
(CH,Cl,): 2930 (C-H st), 1698 (C=0 st), 1242 (C-O-C st 4§30 (C-O-C st sy) cth HRMS:
Calculated for [GH4:N,Og]": 581.2863 [M+H]; found: 581.2863. The ee was determined by
HPLC using aChiralpak IA column p-hexanefPrOH (95:5)]; flow rate 1.00 mL/MiNgmajor =
20.8 Min,Tminor = 29.3 min (60% ee). M.p.: 54-56 °C (&EH,).

Boc
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Boc O tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-7-((N-(4-

N.. . methoxyphenyl)acetamido)methyl)-3-oxo-8-
Meo@ 1 oMe oxabicyclo[3.2.1]oct-6-en-2-yl) carbamate, 5d-ollowing GP-
AéN/@/ I, 50(23.2 mg, 78%) was isolated by FC (petroleum &H€rAc
8:2 to 4:6), as a solid after 16 h, starting froatatyst3g (2.8
mg, 0.003 mmol), allendj (45 mg, 0.17 mmol), DMDO solution in toluene (Imd., 0.36
mmol), EtOAc (0.78 mL) and furaBp (14 mg, 0.06 mmol). R 0.2 (petroleum ether/EtOAc
1:1). rr >20:1XH NMR (500 MHz, DMSO#ds, 100 °C)5 7.16 (d,J = 8.8 Hz, 2H, GontH), 7.12
(d, J=8.6 Hz, 2H, GoyH), 6.97 (d,J = 8.6 Hz, 2H, GonrH), 6.86 (d,J = 8.8 Hz, 2H, GonrH),
6.03-5.98 (m, 1H, H-6), 4.83-4.78 (m, 2H, H-1 + H-5.61 (d,J = 15.0 Hz, 1H, € H,), 4.22
(d, J = 5.0 Hz, 1H, H-2), 3.81 (s, 3H, OGH 3.77 (s, 3H, OCH), 3.75 (bs, 1H, CHHy), 2.78
(dd, J = 17.6, 5.9 Hz, 1H, H-4a), 2.40 (d= 17.6 Hz, H-4b), 1.78 (s, 3H, GH 1.28 (s, 9H,
C(CHy)s). **C NMR (125 MHz, DMSOds, 100 °C)5 199.6 (C=0), 168.8 (NC=0), 158.145),
157.5 (Gron), 153.0 (OC=0), 143.0 (C-7), 136.24(&), 135.2 (Grony, 131.8 (C-6), 128.7 (font
H), 128.4 (GronrH), 114.2 (GronrH), 113.7 (GronrH), 79.5 C(CHg)3), 78.6 (C-1), 76.4 (C-5),
72.0 (C-2), 55.0 (OCH), 54.9 (OCH), 46.1 (CHN), 43.4 (C-4), 27.4 (CFH5)3), 21.6 (CH). IR
(CH,Cl,): 2934 (C-H st), 1698 (C=0 st), 1245 (C-O-C st 4§84 (C-O-C st sy) cth MS (El)
m/z (%): 245 (73), 203 (62), 81 (100). HRMS: Ca#tatl for [GoH3sN,O;]": 523.2444 [M+HT];
found: 523.2443. The ee was determined by HPLCguai@hiralpak IA column p-hexaneit
PrOH (80:20)]; flow rate 1.00 mL/Minmajor = 11.2 MiN,tminer = 17.3 min (69% ee). M.p.: 153-
155 °C (CHCI,).

Boc O tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-7-((N-(4-
/@N"- ] methoxyphenyl)propionamido)methyl)-3-oxo-8-
MeO 1 /©/0Me oxabicyclo[3.2.1]oct-6-en-2-yl) carbamate, 5g-ollowing GP-
42 J, 5p (44.8 mg, 76%) was isolated by FC (petroleum
0

Et ether/EtOAc 8:2 to 1:1), as an oil after 16 h, tstar from
catalyst3g (5.5 mg, 0.005 mmol), allerflg (30 mg, 0.11 mmol), DMDO solution in toluene (1.2
mL, 0.27 mmol), EtOAc (0.78 mL) and furéyg (57 mg, 0.22 mmol). R 0.34 (petroleum
ether/EtOAc 1:1). rr >20:H NMR (500 MHz, DMSO#ds, 100 °C)3 7.16 (d,J = 8.4 Hz, 2H,
CaronrH), 7.11 (d,J = 8.4 Hz, 2H, GontH), 6.97 (d,J = 8.4 Hz, 2H, GonrH), 6.86 (d,J = 8.4 Hz,
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2H, CyontH), 6.01 (app s, 1H, H-6), 4.81 (@= 5.9 Hz, 1H, H-5), 4.79 (d, = 5.2 Hz, 1H, H-1),
4.63 (d,J = 14.8 Hz, 1H, € .Hy), 4.22 (dJ = 5.2 Hz, 1H, H-2), 3.80 (s, 3H, OGH3.78-3.71
(m, 4H, OCH + CHHy), 2.78 (dd,J = 17.5, 5.9 Hz, 1H, H-4a), 2.40 (= 17.5 Hz, H-4b),
2.10-1.96 (m, 2H, 8,CHs), 1.28 (s, 9H, C(CH)3), 0.96 (t,J = 7.4 Hz, 3H, CHCH,). °C NMR
(125 MHz, DMSO#ds, 100 °C)3 199.6 (C=0), 172.2 (NC=0), 158.146), 157.5 (Gron), 153.0
(OC=0), 143.0 (C-7), 136.3 {fom), 134.7 (Grony, 131.8 (C-6), 128.8 (fonH), 128.4 (GronrH),
79.5 C(CHy)s), 78.6 (C-1), 76.4 (C-5), 72.1 (C-2), 55.0 (Og;H64.9 (OCH), 46.3 (CHN),
43.4 (C-4), 27.5 (GHs)3), 26.4 CH,CHs), 8.9 (CHCHy). IR (CH,CL,): 2976 (C-H st), 1701
(C=0 st), 1245 (C-O-C st as), 1034 (C-O-C st sy)'chiRMS: Calculated for [GHz/N,O;]*:
537.2601 [M+HJ; found: 537.2610. The ee was determined by HPLi@gua Chiralpak IA
column p-hexanetPrOH (95:5)]; flow rate 1.00 mL/mMintmajor = 39.5 MiN,Trinor = 45.8 min
(71% ee). §]p*% -31.1 € = 1.5, CHCL,).

tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-7-((N-(4-
Boc Q

N, methoxyphenyl)pivalamido)methyl)-3-oxo-8-
Q 15 oxabicyclo[3.2.1]oct-6-en-2-yl) carbamate, 5¢-ollowing GP-
e N/Q/Olwe I, 59 (24.3 mg, 75%) was isolated by FC (petroleum éft€rAc
O%'Bu 8:2 to 1:1), as an oil after 16 h, starting fronabsst3g (2.8 mg,
0.003 mmol), allendj (45 mg, 0.17 mmol), DMDO solution in
toluene (1.56 mL, 0.36 mmol), EtOAc (0.72 mL) andah2r (16.4 mg, 0.06 mmol). rr >20:1.
H NMR (500 MHz, DMSOds, 100 °C)5 7.19 (d,J = 8.5 Hz, 2H, GonrH), 7.10 (d,J = 8.4 Hz,
2H, CuonrH), 6.95 (d,J = 8.4 Hz, 2H, GontH), 6.85 (d,J = 8.5 Hz, 2H, GonrrH), 5.96 (app s,
1H, H-6), 4.82 (dJ = 5.9 Hz, 1H, H-5), 4.77 (d, = 5.1 Hz, 1H, H-1), 4.66 (d = 14.5 Hz, 1H,
CH.Hy), 4.22 (d,J = 5.0 Hz, 1H, H-2), 3.81 (s, 3H, OGH3.77 (s, 3H, OCH), 3.58 (dJ = 14.5
Hz, 1H, CHHy), 2.78 (ddJ = 17.5, 5.9 Hz, 1H, H-4a), 2.40 @= 17.5 Hz, H-4b), 1.27 (s, 9H,
C(CHy)s), 0.99 (s, 9H, C(CH)s). *C NMR (125 MHz, DMSQds, 100 °C)3 199.7 (C=0), 176.1
(NC=0), 158.3 (Grony), 157.5 (Grom), 153.0 (OC=0), 143.1 (C-7), 136.3 &, 135.3 (Grom:
131.9 (C-6), 130.3 (LonrH), 128.5 (GrontH), 113.7 (GronrH), 79.4 (QC(CHs)s), 78.7 (C-1), 76.4
(C-5), 72.1 (C-2), 55.0 (OCHi 54.9 (OCH), 49.6 (CHN), 43.5 (C-4), 39.3Q(CH,)3), 28.8
(C(CHg)3), 27.5 (CCHa)3). IR (CH,Cl,): 2962 (C-H st), 1698 (C=0 st), 1242(C-O-C st 4830
(C-O-C st sy) cil. MS (El) m/z (%): 287 (40). HRMS: Calculated f@:jH.:N,0;]": 565.2914
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[M+H]*; found: 565.2921. The ee was determined by HPLi@gua Chiralpak IA column p-
hexanefPrOH (97:3)]; flow rate 1.00 mL/MiMmajor = 31.0 MiNTminer = 33.6 min (54% ee).

Boc O tert-Butyl (4-methoxyphenyl)((1R,2S,5R)-3-oxobicyclo[3.2.1]oct-6-en-
QNI:S 2-yl)carbamate, 5r.Following GP-J, 5r (16.7 mg, 44%) was isolated by
MeO FC (h-hexane/EtOAc, 9:1 to 7:3), as a solid after léhsting from
catalyst3g (5.5 mg, 0.005 mmol), allerly (30 mg, 0.11 mmol), DMDO
solution in toluene (1.5 mL, 0.27 mmol), EtOAc (OriL) and cyclopentadiengw (0.12 mL,
1.43 mmol, 13 eqfH NMR (500 MHz, CDC}) & 7.10 (d,J = 8.4 Hz, 2H, GonrH), 6.80 (d,J =
8.4 Hz, 2H, GonrH), 5.72 (M, 1H, H-6), 5.19 (bs, 1H, H-2), 4.46i(d = 6.0, 2.6 Hz, 1H, H-7),
3.80 (s, 3H, OCH), 2.95 (m, 1H, H-1), 2.81 (m, 1H, H-5), 2.54 (dds 15.9, 3.4 Hz, 1H, H-4a),
2.36 (d,J = 15.9 Hz, 1H, H-4b), 2.16 (m, 1H, H-8a), 2.00Jd; 11.1 Hz, 1H, H-8b), 1.32 (s, 9H,
3xCHy). **C NMR (125 MHz, CDGJ) & 205.4 (C=0), 158.8FaorOCHs), 156.2 (OC=0), 135.5
(C-6), 134.3 (C-7), 133.2 (fontN), 131.7 (GrontH), 113.7 (GronrH), 80.2 C(CHs)3), 71.3 (C-2),
55.5 (OCH), 44.9 (C-4), 44.9 (C-8), 44.7 (C-1), 39.5 (C-83.4 (CCHa3)s). IR (CH,Cl,): 2970
(C-H st), 1701 (C=0 st), 1240 (C-O-C st as), 10383-C st sy) cil. MS (El) m/z (%): 343 (2,
M™), 243 (38), 149 (100). HRMS: Calculated for,§@,sNO,Na]": 366.1681 [M+Na]; found:
366.1684. The ee was determined by HPLC usir@hiaalpak IA column p-hexanefPrOH
(97:3)]; flow rate 1.00 mL/Mintminor = 11.5 MiN,Trmajor = 15.0 min (27% ee). M.p.: 132-134 °C
(CH.Cl,).

B O tert-Butyl (4-methoxyphenyl)((1S,5R)-3-0x0-8-(propan-2didene)
N.~Ispye  bicyclo[3.2.1]oct-6-en-2-yl)carbamate, 5&ollowing GP-J, 5s (9.5 mg,
Meo@ 1@ 22%) was isolated by FC (hexanes/EtOAc 2:8 to Jad)a solid after 16
h, starting from catalystg (5.5 mg, 0.005 mmol), allerig (30 mg, 0.11
mmol), DMDO solution in toluene (0.84 mL, 0.27 mmoEtOAc (1.4 mL) and 6,6-
dimethylfulvene2x (40 pL, 0.33 mmol, 3 eqyH NMR (500 MHz, CDC)) & 7.14 (d,J = 8.3 Hz,
2H, CyonH), 6.85-6.78 (m, 2H, &+H), 5.83 (ddJ = 6.3, 2.9 Hz, 1H, H-6), 5.04 (bs, 1H, H-2),
4.64-4.52 (m, 1H, H-7), 3.81 (s, 3H, O§H3.53 (bs, 1H, H-1), 3.42-3.37 (m, 1H, H-5), 2.51
2.39 (m, 2H, H-4a + H-4b), 1.78 (s, 3H, §H1.70 (s, 3H, CH), 1.33 (s, 9H, C(CH,). *°C
NMR (125 MHz, CDC}) & 205.2 (C=0), 158.8 (&), 156.0 (OC=0), 141.4 (C-8), 135.5 (C-6),
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134.4 (C-7), 133.5 (Gom), 131.7 (GronrH), 118.0 C(CHs),), 113.8 (GronrH), 80.1 C(CHz)s),
72.1 (C-2), 55.5 (OCH), 46.6 (C-1), 45.6 (C-4), 41.3 (C-5), 28.4 GF{)s), 19.7 (CH), 19.4
(CHy). IR (CH,Cl,): 2980 (C-H st), 1724 (C=0 st), 1242 (C-O-C st 4§49 (C-O-C st sy) cin
MS (ESI) m/z (%): 284 (100). HRMS: Calculated fdZ,JH,gNO,Na]": 406.1994 [M+Nal;
found: 406.2000. The ee was determined by HPLCgusai€@hiralpak IC column p-hexaneit
PrOH (95:05)]; flow rate 1.00 mL/mirt; = 32.9 min,t, = 48.9 min (0% ee). M.p: 139-141°C
(CH.Cl,).

tert-Butyl  (4-methoxyphenyl)  ((1R,2S,4S,5S)-4-methyl-3-0x0-8-
Boc O M

N, ®  oxabicyclo[3.2.1]oct-6-en-2-yl) carbamate, 6aFollowing GP-J, 6a

Q 15 (26.4 mg, 67%) was isolated by FC (petroleum efi€Ac 9:1 to 7:3),
e as a solid after 16h, starting from catal@st (5.5 mg, 0.005 mmol),
allenell (30 mg, 0.11 mmol, 1 eq), DMDO solution in tolugae2 mL, 0.27 mmol), EtOAc (1.0
mL) and furan2a (0.1 mL, 1.43 mmol, 13 eq).+R0.42 (petroleum ether/EtOAc 7:3). dr: >20:1.
H NMR (500 MHz, DMSOds, 100 °C)5 7.10 (d,J = 8.8 Hz, 2H, GonrH), 6.89 (d,J = 8.8 Hz,
2H, GyontH), 6.13 (ddJ = 6.0, 1.7 Hz, 1H, H-6), 5.18 (d,= 4.3 Hz, 1H, H-2), 5.03 (dd,= 4.3,
1.7 Hz, 1H, H-1), 4.75 (d] = 6.0 Hz, 1H, H-7), 4.61-4.570 (m, 1H, H-5), 3(&3 3H, OCH),
2.41-2.35 (m, 1H, H-4), 1.33 (s, 9H, C(§#k), 1.30 (q,J = 7.3 Hz, 3H, CH). °C NMR (125
MHz, DMSO-ds, 100 °C)d 204.9 (C=0), 158.2 (£, 154.1 (OC=0), 133.6 (C-6), 132.5
(Carom), 131.2 (C-7), 130.6 (fonrH), 113.5 (GronrH), 82.2 (C-5), 79.7 (C-1), 79.1C(CHz)a),
68.1 (C-2), 54.9 (OC#H), 48.5 (C-4), 27.4 (Q¢Hs)3), 14.9 (CH). IR (CHCl,): 2972 (C-H st),
1691 (C=0 st), 1245 (C-O-C st as), 1045 (C-O-Cyjtcsni’. MS (El) m/z (%): 359 (1, K).
HRMS: Calculated for [GH,eNOs]™: 360.1811 [M+H]; found: 360.1811. The ee was
determined by HPLC using @hiralpak IA column p-hexaneitPrOH (95:5)]; flow rate 1.00
ML/MIN; Tmajor = 11.9 MiN,Tminer = 14.5 min (35% ee). M.p.: 101-103 °C (LH}).

tert-Butyl  ((1R,2S,4S,59)-4,7-dimethyl-3-0x0-8-oxabicyclo[3.2.1]oct-
N, 6-en-2-yl)(4-methoxyphenyl)carbamate, 6bFollowing GP-1, 6b (17.3
Q 1 mg, 86%) was isolated by FC (petroleum ether/Et@Acto 7:3), as a
e Me solid after 16 h, starting from cataly&g (2.7 mg, 0.003 mmol), allerid
(45 mg, 0.16 mmol), DMDO solution in toluene (113&, 0.34 mmol), EtOAc (0.81 mL) and 3-

Boc O Me
5
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methylfuran2b (4.9 pL, 0.05 mmol). R 0.42 (petroleum ether/EtOAc 7:3). rr: 15'H NMR
(500 MHz, DMSO#, 100 °C)5 7.16 (d,J = 8.7 Hz, 2H, GonrH), 6.91 (d,J = 8.7 Hz, 2H, Gont
H), 5.97-5.94 (m, 1H, H-6), 4.73 (d,= 4.9 Hz, 1H, H-1), 4.54 (bs, 1H, H-2), 4.51-4(46 1H,
H-5), 3.77 (s, 3H, OCH), 2.46 (q,J = 7.5 Hz, 1H, H-4), 1.45 (bs, 3H, GH 1.30 (s, 9H,
C(CHy)s), 1.27 (d,J = 7.5 Hz, 3H, C-4CH. **C NMR (125 MHz, DMSOds, 100 °C)3 204.5
(C=0), 157.8 (Gom), 153.2 (OC=0), 142.4 (C-7), 135.54§), 128.9 (C-6), 128.9 (GonH),
113.9 (GuorrH), 82.4 (C-5), 81.4 (C-1), 79.55(CHa)s), 69.8 (C-2), 55.0 (OCH), 48.1 (C-4),
27.4 (CCHa)s), 16.5 (CH). IR (CH,Cl,): 2976 (C-H st), 1720 (C=0 st), 1245 (C-O-C st as)
1043 (C-O-C st sy) cth HRMS: Calculated for [GH,/NOsNa]": 396.1787 [M+Nal; found:
396.1785. The ee was determined by HPLC usir@hiaalpak IA column ph-hexanefPrOH
(95:5)]; flow rate 1.00 ML/MiNtmajor = 10.5 Min,tminor = 11.2 min (81% ee). M.p.: 122-124 °C
(CH.Cl,). [0]p** +35.7 € = 0.8, CHCL,).

Boc O tert-Butyl (4-methoxyphenyl) ((1R,2S,4S,55)-4-methyl-7-(2-
0oC

N, e methylbenzyl)-3-oxo0-8-oxabicyclo[3.2.1]oct-6-en-2Fycarbamate, 6c¢.
Meo@ 1 Following GP-1, 6¢ (13.3 mg, 53%) was isolated by FC (petroleum
ether/EtOAc 9:1 to 7:3), as an oil after 16 h, tstgrfrom catalyst3g
O (2.7 mg, 0.003 mmol), allenH (45 mg, 0.16 mmol), DMDO solution in
toluene (1.35 mL, 0.34 mmol), EtOAc (0.81 mL) andlah 2d (8 pL, 0.05 mmol). R 0.40
(petroleum ether/EtOAc 8:2). rr: >20:*H NMR (500 MHz, DMSOds, 100 °C)3 7.18 (d,J =
8.9 Hz, 2H, GonrH), 7.16-7.09 (M, 3H, LonrH), 7.05-7.01 (M, 1H, LonrH), 6.92 (d,J = 8.9
Hz, 2H, GyontH), 5.78-5.72 (m, 1H, H-6), 4.79 (d= 4.9 Hz, 1H, H-1), 4.60 (d, = 4.9 Hz, 1H,
H-2), 4.52-4.48 (m, 1H, H-5), 3.75 (s, 3H, OgH3.06 (d,J = 16.6 Hz, 1H, EHy), 2.97-2.89
(m, 1H, CHHy), 2.48-2.44 (m, 1H, H-4), 2.17 (s, 3H, QH1.34 (s, 9H C(CH)s), 1.28 (d,J =
7.3 Hz, 3H, C-4Ch). *C NMR (125 MHz, DMSQd;, 100 °C)3 204.3 (C=0), 157.8 (Son),
153.4 (OC=0), 145.9 (fxn), 129.8 (C-6), 129.6 (fonrH), 128.8 (GionrH), 128.5 (GronrH),
125.8 (GronrH), 125.3 (Grom), 114.0 (GronrH), 82.4 (C-5), 80.6 (C-1), 79.€(CHs)s), 70.1 (C-
2), 55.0 (OCH), 48.0 (C-4), 31.1 (Ch, 27.5 (CCHa)s), 18.3 (CH), 16.5 (C-€H3). IR
(CH,Cl,): 2980 (C-H st), 1716 (C=0 st), 1242 (C-O-C st 435 (C-O-C st sy) cth HRMS:
Calculated for [GsH33NOsNa]™: 486.2256 [M+Nal; found: 486.2262. The ee was determined by
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HPLC using aChiralpak IA column p-hexanetPrOH (90:10)]; flow rate 1.00 mL/Mirtminor =
6.7 MiN, Tyajor = 8.0 Min (73% ee)o]p*” +121.3 € = 0.6, CHCI,).

Boc O tert-Butyl  (4-methoxyphenyl)  ((1R,2S,4S,5S)-4-methyl-3-0x0-7-
M

b'l«.. 5e (((triphenylsilyl)oxy)methyl)-8-oxabicyclo[3.2.1]o¢-6-en-2-yl)
Meo@ 1* carbamate, 6d.Following GP-I, 6d (15 mg, 64%) was isolated by FC
osiPh;  (petroleum ether/EtOAc 9:1 to 7:3), as a solidraftie h, starting from
catalyst3g (1.8 mg, 0.002 mmol), allerd (30 mg, 0.11 mmol), DMDO
solution in toluene (0.93 mL, 0.23 mmol), EtOAc5D.mL) and furar2m (12.8 mg, 0.04 mmol).
rr: >20:1.*H NMR (500 MHz, DMSOds, 100 °C)3 7.56-7.51 (m, 6H, GonrH), 7.51-7.46 (m,
3H, CyonrH), 7.46-7.39 (M, 6H, GonrH), 7.04 (d,J = 8.9 Hz, 2H, GonrH), 6.75 (d,J = 8.9 Hz,
2H, CyontH), 6.24-6.21 (m, 1H, H-6), 4.96 (d,= 4.9 Hz, 1H, H-1), 4.59-4.51 (m, 2H, H-2 + H-
5), 4.08 (d,J = 13.8 Hz, 1H, €l Hy), 3.92 (bs, 1H, CHHy), 3.67 (s, 3H, OC}j, 2.48-2.44 (m,
1H, H-4), 1.28 (dJ = 7.4 Hz, 3H, CH), 1.20 (s, 9H, C(CH}5). **C NMR (125 MHz, DMSOd,
75 °C)d 204.3 (C=0), 157.8 (fon), 153.3 (OC=0), 146.1 (C-7), 134.4,(&H), 134.2 (Gron),
133.3 (GronrH), 130.0 (C-6), 129.8 (LonrH), 128.9 (GronrH), 113.8 (GronrH), 82.3 (C-5), 79.6
(C-1), 78.8 C(CHz)s), 69.7 (C-2), 59.9 (CHD), 54.9 (OCH), 47.9 (C-4), 27.4 (C4Hs)3), 16.7
(CHs). IR (ATR): 2934 (C-H st), 1698 (C=0 st), 1245 QEC st as), 1059 (C-O-C st sy) ¢m
MS (El) m/z (%): 356 (36), 199 (100). HRMS: Caldeld for [GoH.NOsSiINa]: 670.2601
[M+Na]*; found: 670.2603. The ee was determined by HPLiGgus Chiralpak IC column p-
hexanefPrOH (99:1)]; flow rate 1.00 mL/MiMtmajor = 39.4 MiN,Triner = 47.4 min (90% ee).
M.p.: 125-127 °C (CkCly). [0]p?® +55.2 € = 1.0, CHC,).

Boc O tert-Butyl  (4-methoxyphenyl)  ((IR,2S,4S,55)-4-methyl-3-0x0-7-
0oC

N, e (((triisopropylsilyl)oxy)methyl)-8-oxabicyclo[3.2.1]oct-6-en-2-yI)
Me0/©/ 15 carbamate, 6e.Following GP-1, 6e (14.8 mg, 75%) was isolated by FC
oTips (petroleum ether/EtOAc 9:1 to 7:3), as a solidrafté h, starting from
catalyst3g (1.8 mg, 0.002 mmol), allerid (30 mg, 0.11 mmol), DMDO
solution in toluene (0.93 mL, 0.23 mmol), EtOAc50.mL) and furar2n (9.7 uL, 0.04 mmol).

R= 0.47 (petroleum ether/f 7:3). rr: >20:1'H NMR (500 MHz, DMSOds, 100 °C)5 7.15 (d,
J=7.9 Hz, 2H, GonrH), 6.89 (d,J = 7.9 Hz, 2H, GonrH), 6.20-6.17 (m, 1H, H-6), 4.95 (d,=
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4.8 Hz, 1H, H-1), 4.69 (app s, 1H, H-2), 4.58-4(6% 1H, H-5), 3.95 (dJ = 14.6 Hz, 1H,
CHHp), 3.77 (s, 3H, OCH), 3.60 (app s, 1H, CHp), 2.44-2.49 (m, 1H, H-4), 1.29 (s, 12H,
C(CHy); + C-4CHy), 1.03 (m, 21H, Si(B(CH3),)s. *C NMR (125 MHz, DMSQOdg, 75 °C)3
204.6 (C=0), 157.9 (Gon), 153.5 (OC=0), 147.3 (C-7), 134.74&), 129.4 (GronrH), 129.0 (C-
6), 113.8 (GontH), 82.2 (C-5), 79.6 (C-1), 79.0C(CHy)s), 69.5 (C-2), 59.3 (CHD), 54.9
(OCHg), 48.2 (C-4), 27.4 (@Ha)3), 17.4 (SiCH(CHs),)3), 11.1 (CH). IR (CHCL,): 2944 (C-H
st), 1701 (C=0 st), 1245 (C-O-C st as), 1063 (C-GtCsy) cnil. HRMS: Calculated for
[C3H4NOgSiNa]: 568.3070 [M+Nal; found: 568.3078. The ee was determined by HPliigus
a Chiralcel OZ-3 column p-hexanefPrOH (99:1)]; flow rate 0.70 mL/mingqinor = 16.9 min,
Tmajor = 212 min (85% ee). M.p.: 118-120 °C (£H). [o]p°% +54.3 € = 1.3, CHCI,).

Fi’fc S Et tert-Butyl ((1S,2R 4R ,5R)-4-ethyl-3-0x0-8-oxabicyclo[3.2.1]oct-6-en-2-

Q *5 yl)(4-methoxyphenyl)carbamate, 6f.Following GP-J, 6f (25 mg, 64%)
Meo was isolated by FC (petroleum ether/EtOAc 9:1 8),7as a solid after 16
h, starting from catalysént-3g (5.2 mg, 0.005 mmol), allengm (30 mg, 0.1 mmol, 1 eq),
DMDO solution in toluene (0.98 mL, 0.26 mmol), EtOAL.1 mL) and furar2a (98 uL, 1.35
mmol, 13 eq). R 0.33 (petroleum ether/EtOAc 8:2). dr: >20'#.NMR (500 MHz, DMSO#l,
100 °C)d 7.11 (d,J = 8.5 Hz, 2H, GonrH), 6.89 (d,J = 8.5 Hz, 2H, GonrH), 6.13-6.09 (m, 1H,
H-6), 5.14 (dJ = 4.3 Hz, 1H, H-2), 5.03 (dl = 4.3 Hz, 1H, H-1), 4.72-4.70 (m, 1H, H-5), 4.68
(d, J = 6.3 Hz, 1H, H-7), 3.78 (s, 3H, OGH 2.22-2.16 (m, 1H, H-4), 1.84-1.73 (m, 2H, §H
1.33 (s, 9H, C(Ch)3), 0.98 (t,J = 7.5 Hz, 3H, CHCH,). *C NMR (125 MHz, DMSOds, 100
°C) 6 204.0 (C=0), 158.2 (Lo, 154.1 (OC=0), 133.5 (C-7), 132.4,&, 131.3 (C-6), 130.7
(CaroniH), 113.5 (GronrH), 80.5 (C-5), 79.8 (C-1), 79.C(CHy)s), 68.7 (C-2), 55.8 (C-4), 54.9
(OCHg), 27.4 (CCHa)s), 22.8 (CH), 11.2 (CHCHj3). IR (CHCI,): 2969 (C-H st), 1724 (C=0
st), 1242 (C-O-C st as), 1049 (C-O-C st sy)’cMS (El) m/z (%): 373 (1, N), 317 (21), 244
(100). HRMS: Calculated for [gH,/NOsNa]": 396.1787 [M+Nal]; found: 396.1792. The ee was
determined by HPLC using Ghiralpak IA column p-hexaneitPrOH (95:5)]; flow rate 1.00
ML/MIN; Tminor = 11.4 MiNTymajor = 13.9 min (35% ee). M.p.: 89-91 °C (&Eh).
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Boc O tert-Butyl ((1S,2R,4R,5R)-4-ethyl-7-methyl-3-0x0-8-
0C E

N + oxabicyclo[3.2.1]oct-6-en-2-yl)(4-methoxyphenyl)cdramate, 6g.
Meog 5 Following GP-1, 6g (15.3 mg, 76%) was isolated by FC (petroleum
Me ether/EtOAc 9:1 to 7:3), as an oil after 16 h,tgtgrfrom catalysent-3g
(2.6 mg, 0.003 mmol), allerntem (45 mg, 0.16 mmol), DMDO solution in toluene (b, 0.33
mmol), EtOAc (0.66 mL) and 3-methylfura2b (4.7 uL, 0.05 mmol). R 0.50 (petroleum
ether/EtOAc 8:2). rr: 10:1*H NMR (500 MHz, DMSOds, 100 °C)d 7.17 (d,J = 8.4 Hz, 2H,
CaronrH), 6.91 (d,J = 8.4 Hz, 2H, GontH), 5.96-5.90 (m, 1H, H-6), 4.74 (d,= 4.7 Hz, 1H, H-
1), 4.66-4.59 (m, 2H, H-2 + H5), 3.77 (s, 3H, OfH.29-2.23 (m, 1H, H-4), 1.75 (3,= 7.4
Hz, 2H, GH,CHs), 1.31 (m, 12H, C(CkJ5 + CHy), 0.98 (t,J = 7.4 Hz, 3H, CHCH3). **C NMR
(125 MHz, DMSOss, 100 °C)5 203.7 (C=0), 157.9 (fon), 153.4 (OC=0), 142.5 (C-7), 135.2
(Carom), 129.2 (C-6), 129.1 (fonrH), 113.9 (GronrH), 81.7 (C-1), 80.4 (C-5), 79.42(CHz)a),
70.6 (C-2), 55.3 (C-4), 55.0 (OGK127.4 (CCHa)3), 23.9 (CH), 12.8 (CH), 11.1 (CHCHa). IR
(CH,Cl): 2972 (C-H st), 1724 (C=0 st), 1245 (C-O-C st 46§40 (C-O-C st sy) cth MS (El)
m/z (%): 258 (93), 134 (100). HRMS: Calculated f@H,gNOsNa]": 410.1943 [M+Nal;
found: 410.1947. The ee was determined by HPLCgusibhiralpak AD-H column p-hexaneit
PrOH (95:5)]; flow rate 1.00 mL/Miftyinor = 10.7 MiNTrmajor = 12.4 min (92% ee)o]p™: -107.8
(c=1.0, CHCly).
BocQ gy tert-Butyl ((1R,2S,4S,59)-4-ethyl-7-(2-methylbenzyl)-3-0x0-8-
N'/-s oxabicyclo[3.2.1]oct-6-en-2-yl)(4-methoxyphenyl)céramate, 6h.
Meo/© ' me Following GP-I, 6h (14.9 mg, 60%) was isolated by FC (petroleum
O ether/EtOAc 9:1 to 7:3), as an oil after 16 h, tstgrfrom catalyst3g
(2.6 mg, 0.003 mmol), allentm (45 mg, 0.16 mmol), DMDO solution
in toluene (1.38 mL, 0.33 mmol), EtOAc (0.69 mL)aran2d (7.8 pL, 0.05 mmol). R 0.61
(petroleum ether/EtOAc 7:3). rr: >20:*H NMR (500 MHz, DMSOds, 100 °C)3 7.19 (d,J =
8.8 Hz, 2H, GontH), 7.14-7.07 (M, 3H, SonrH), 7.01-6.97 (M, 1H, GorrH), 6.92 (d,J = 8.8
Hz, 2H, GyontH), 5.72-5.65 (m, 1H, H-6), 4.82 (d= 4.7 Hz, 1H, H-1), 4.67 (d, = 4.7 Hz, 1H,
H-2), 4.64-4.61 (m, 1H, H-5), 3.75 (s, 3H, OgH2.94 (d,J = 16.9 Hz, 1H, € Hy), 2.76 (dJ =
16.9 Hz, 1H, CEHy), 2.30-2.25 (m, 1H, H-4), 2.14 (s, 3H, §H1.80-1.70 (m, 2H, B,CHy),
1.34 (s, 9H, C(Ch)s), 0.97 (t,J = 7.5 Hz, 3H, CHCH3). °*C NMR (125 MHz, DMSOds, 100
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°C) 5 203.5 (C=0), 157.9 (&), 153.5 (OC=0), 146.0 (C-7), 136.74G), 135.4 (Gron), 129.9

(C-6), 129.5 (GontH), 129.1 (GrontH), 128.4 (GrontH), 125.8 (GrontH), 125.3 (GronrH), 114.0

(CaronrH), 80.9 (C-1), 80.4 (C-5), 79.8(CHs)s), 70.8 (C-2), 55.2 (C-4), 55.0 (OGH 30.9

(CHy), 27.5 (CCHa)s), 24.0 CH,CHs), 18.2 (CH), 11.1 (CHCHS>). IR (CH,CL,): 2972 (C-H st),
1724 (C=0 st), 1242 (C-O-C st as), 1034 (C-O-C yt em’. HRMS: Calculated for
[CogH3sNOsNa]™: 500.2413 [M+Nal; found: 500.2416. The ee was determined by HPLiGgyus

Chiralpak AD-H column p-hexanefPrOH (90:10)]; flow rate 1.0 mL/MiMminor = 8.2 MiN,tmajor

=13.3 min (87% ee).

tert-Butyl ((1R,2S,4S,5S)-4-ethyl-3-0x0-7-

oS B (((wiisopropylsilylyoxy)methyl)-8-oxabicyclo[3.2. Toct-6-en-2-yi)(4-
Q 15 methoxyphenyl)carbamate, 6iFollowing GP-1, 6i (23.9 mg, 82%) was
e isolated by FC (petroleum ether/EtOAc 19:1 to 8a3)an oil after 16 h,
starting from catalys8g (2.6 mg, 0.003 mmol), alleriem (45 mg, 0.16

OTIPS

mmol), DMDO solution in toluene (1.23 mL, 0.33 mmalith EtOAc (0.85 mL) and fura@n
(14 pL, 0.05 mmol). R 0.42 (petroleum ether/EtOAc 9:1). rr: >20'H NMR (500 MHz,
DMSO-ds, 100 °C)5 7.16 (d,J = 8.8 Hz, 2H, GonrH), 6.89 (d,J = 8.8 Hz, 2H, GonH), 6.19-
6.17 (m, 1H, H-6), 4.95 (dl = 4.6 Hz, 1H, H-1), 4.77 (app s, 1H, H-2), 4.769%4(m, 1H, H-5),
3.83 (d,J = 13.7 Hz, 1H, € Hy), 3.77 (s, 3H, OCH), 3.40 (app s, 1H, CH), 2.29 (tJ = 7.2
Hz, 1H, H-4), 1.78 (pJ = 7.4 Hz, 2H, ®,CHs), 1.30 (s, 9H, C(CHa), 1.01 (m, 24H,
Si(CH(CHa3),); + CH,CH3). *C NMR (125 MHz, DMSQd;, 100 °C)& 203.5 (C=0), 157.9
(Carom), 153.5 (OC=0), 147.3 (C-7), 134.4,(G), 129.4 (GrontH), 129.1 (C-6), 113.7 (GonrH),
80.2 (C-5), 79.4 (C-1), 79.T(CH,)s), 70.2 (C-2), 59.1 (CHD), 55.3 (C-4), 54.7 (OCH, 27.4
(C(CHa)3), 23.9 CH,CHg), 17.2 (SICH(CHs)2)s), 11.1 (CHCHa). IR (CHCL,): 2962 (C-H st),
1701 (C=0 st), 1245 (C-O-C st as), 1066 (C-O-C yt sm'. HRMS: Calculated for
[C31H4gNOgSINa]: 582.3227 [M+Nal; found: 582.3229. The ee was determined by HPliigus
a Chiralcel OZ-3 column p-hexanefPrOH (99:1)]; flow rate 0.70 mL/mingqiner = 11.2 min,
Tmajor = 14.8 min (93% ee)a]p** +79.4 € = 1.7, CHCI,).
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tert-Butyl ((1R,2S,4S,5S)-4-ethyl-3-oxo-7-phenethyl-8-
Boc O E

N, t oxabicyclo[3.2.1]oct-6-en-2-yl)(4-methoxyphenyl)cdramate, 6.

g 15 Following GP-1, 6j (18.1 mg, 73%) was isolated by FC (petroleum

e ether/EtOAc 9:1 to 7:3), as an oil after 16 h,tstgrfrom catalys8g (2.6
Ph mg, 0.003 mmol), allendm (45 mg, 0.16 mmol), DMDO solution in

toluene (1.38 mL, 0.33 mmol), EtOAc (0.69 mL) andlah 2f (7.2 uL, 0.05 mmol). R 0.38
(petroleum ether/EtOAc 8:2). rr: >20™H NMR (500 MHz, DMSOds, 100 °C)3 7.28-7.22 (m,
2H, CuontH), 7.19-7.12 (M, 3H, GonrH), 7.09 (d,J = 7.3 Hz, 2H, GonrH), 6.86 (d,J = 8.8 Hz,
2H, GyontH), 6.02-5.98 (m, 1H, H-6), 4.82 (d,= 4.6 Hz, 1H, H-1), 4.69 (bs, 1H, H-2), 4.66-
4.63 (M, 1H, H-5), 3.68 (s, 3H, OGH2.69-2.53 (M, 2H, CHPh), 2.32-2.26 (m, 1H, H-4), 1.82-
1.73 (m, 4H, C-7CH+CH,CHs), 1.29 (s, 9H, C(CH)3), 0.99 (t,J = 7.4 Hz, 3H, CHCH5). **C
NMR (125 MHz, DMSO#€s, 100 °C)5 203.6 (C=0), 157.9 (&), 153.5 (OC=0), 147.1 (C-7),
140.8 (Grom), 135.0 (Grom), 129.1 (GronrH), 128.1 (C-6), 127.6 (§onH), 127.5 (GrontH), 125.2
(CaroniH), 113.8 (GronrH), 80.8 (C-1), 80.3 (C-5), 79.£(CHy)s), 70.5 (C-2), 55.3 (C-4), 54.8
(OCHy), 33.2 (CHPh), 28.4 (C-TH,), 27.4 (CCHa)s), 23.9 CH,CHy), 11.1 (CHCH,). IR
(CH,Cl,): 2980 (C-H st), 1701 (C=0 st), 1242 (C-O-C st 4680 (C-O-C st sy) cih HRMS:
Calculated for [GH3sNOsNa]™: 500.2413 [M+Nal; found: 500.2406. The ee was determined by
HPLC using aChiralpak AD-H column p-hexanetPrOH (95:05)]; flow rate 1.0 mL/Mirtmajor
= 17.3 Mintminor = 20.1 min (77% ee)o]p”® +24.1 € = 0.5, CHCL,).

BocQ g Ethyl 3-((1S,2S,4S,5R)-4-((tert-butoxycarbonyl)(4-

N'f- . methoxyphenyl)amino)-2-ethyl-3-ox0-8-oxabicyclo[3.2]oct-6-en-6-

Me0/©/ ' yl)propanoate, 6k. Following GP-1, 6k (18.5 mg, 70%) was isolated by
FC (petroleum ether/EtOAc 9:1 to 7:3), as an diral6 h, starting from

o catalyst3g (2.8 mg, 0.003 mmol), alleném (48.5 mg, 0.17 mmol),
DMDO solution in toluene (1.32 mL, 0.35 mmol), Et©4£0.9 mL) and furarRy (9.4 mg, 0.06
mmol). R= 0.42 (petroleum ether/EtOAc 7:3). rr: >20". NMR (500 MHz, DMSOds, 100 °C)
0 7.16 (d,J = 9.0 Hz, 2H, GonrH), 6.90 (d,J = 9.0 Hz, 2H, GonrH), 5.99-5.95 (m, 1H, H-6),
4.83 (d,J = 4.9 Hz, 1H, H-1), 4.66-4.63 (m, 1H, H-5), 4.8%(1H, H-2), 4.06 (¢] = 7.1 Hz,
2H, COM,CHy), 3.77 (s, 3H, OCH), 2.43-2.24 (m, 3H, H-4 + CI€OOEY), 1.87 (bs, 2H, C-

7CH,), 1.78-1.70 (m, 2H, C-4C#{ 1.29 (s, 9H, C(CHy), 1.19 (tJ = 7.1 Hz, 3H, CGCH,CH5),
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0.97 (t,J = 7.4 Hz, 3H, C-4ChCH5;). *C NMR (125 MHz, DMSQds, 100 °C)d 203.4 (C=0),
171.3 (EtOC=0), 157.9 (&), 153.3 (OC=0), 146.1 (C-7), 135.3,(§), 128.8 (GrontH), 128.0
(C-6), 113.9 (GonrH), 80.5 (C-1), 80.3 (C-5), 79.4(CHs)s), 70.6 (C-2), 59.2 (CE&ZH,CHy),
55.0 (C-4), 54.9 (OCH), 32.0 (C-TH,), 27.4 (CCHs)s), 24.0 (C-€H,), 22.7 CH,CO.EY), 13.5
(C-4CH,CHa), 11.1 (C-4CHCH,). IR (CH,CL,): 2980 (C-H st), 1701 (C=0 st), 1245 (C-O-C st
as), 1034 (C-O-C st sy) ¢ HRMS: Calculated for [@HzsNO;Na]: 496.2311 [M+Nal;
found: 496.2296. The ee was determined by HPLCguai@hiralpak IA column p-hexaneit
PrOH (90:10)]; flow rate 1.0 mL/Mirtmaor = 10.1 Mintiing: = 15.7 min (85% ee)o]p>* +50.6
(c=0.8, CHCL,).

I?Noco Et tert-Butyl ((1S,2R 4R 5R)-4-ethyl-7-((N-(4-

/@ s methoxyphenyl)propionamido)methyl)-3-oxo-8-

MeO /@/we oxabicyclo[3.2.1]oct-6-en-2-yl)(4-methoxyphenyl)cdramate,
Oél\N 6l. Following GP-J, 6l (35.3 mg, 60%) was isolated by FC

(petroleum ether/EtOAc 8:2 to 1:1), as an oil aftérh, starting
from catalystent-3g (5.2 mg, 0.005 mmol), alleriem (30 mg, 0.10 mmol), DMDO solution in
toluene (1.13 mL, 0.26 mmol), EtOAc (0.94 mL) amdlah 2r (53.7 mg, 0.2 mmol). R 0.23
(petroleum ether/EtOAc 6:4). rr: >20:*H NMR (500 MHz, DMSO#ds, 100 °C)8 7.15 (d,J =
8.8 Hz, 2H, GonrH), 7.08 (d,J = 8.6 Hz, 2H, GonrH), 696 (d,J = 8.6 Hz, 2H, GoyrH), 6.84 (d,
J = 8.8 Hz, 2H, GonrH), 6.02-5.99 (m, 1H, H-6), 4.77 (d,= 4.9 Hz, 1H, H-1), 4.63-4.60 (m,
1H, H-5), 4.46 (bs, 1H, B,Hy), 4.32 (bs, 1H, H-2), 3.81 (s, 3H, OQH3.77 (s, 3H, OCH),
3.59 (bs, 1H, CHHy), 2.28-2.22 (m, 1H, H-4), 2.07-1.95 (m, 2H, CBCH,), 1.72 (pJ = 7.4
Hz, 2H, C-4®1,CHs), 1.29 (s, 9H, C(CH)3), 0.99-0.92 (m, 6H, COCIEH; + C-4CHCH5). **C
NMR (125 MHz, DMSO#ds, 100 °C)d 203.0 (C=0), 172.2 (COEt), 158.1&), 157.6 (Grom:
153.1 (OC=0), 143.3 (C-7), 135.9 &), 134.7 (Grom), 131.6 (C-6), 128.8 (fonrH), 128.7
(CaroniH), 114.2 (GronrH), 113.8 (GronrH), 80.0 (C-5), 79.4Q(CHs)3), 79.2 (C-1), 71.0 (C-2),
55.0 (OCH), 54.9 (OCH), 54.5 (C-4), 46.1 (CG@H,), 27.4 (CCHs)3), 26.4 (CGCH,CHj), 24.2
(C-4CH,), 11.0 (CHCHj3), 8.9 (CHCHj3). IR (CH,Cl,): 2980 (C-H st), 1698 (C=0 st), 1245 (C-
O-C st as), 1034 (C-O-C st sy) ¢énMS (El) m/z (%): 259 (90), 203 (100). HRMS: Cdted
for [CaoH4iN207]": 565.2914 [M+H]; found: 565.2908. The ee was determined by HPLiGgus
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Chiralpak IA column p-hexanefPrOH (80:20)]; flow rate 1.0 mL/MiMminor = 7.2 MiN, Tmajor =
13.9 min (68% ee)a]p?% -26.2 € = 1.2, CHCL,).

tert-Butyl ((1R,2S,4S,55)-4-cyclohexyl-3-0x0-8-oxabicyclo[3.2.1]oct-
Boc O . 6-en-2-yl)(4-methoxyphenyl) carbamate, 6mFollowing GP-J, 6m
/@N”'s (16.5 mg, 44%) was isolated by FC (petroleum eHt€Ac 9:1 to
MeO 1 7:3), as an oil after 16 h, starting from catalggt (4.3 mg, 0.004
mmol), alleneln (30 mg, 0.09 mmol, 1 eq), DMDO solution in toluene
(0.9 mL, 0.22 mmol), EtOAc (0.84 mL) and fur&a (82 uL, 1.13 mmol, 13 eq).qR 0.61
(petroleum ether/EtOAc 8:2). dr: >20:H NMR (500 MHz, DMSOdg, 100 °C)3 7.12 (d,J =
8.9 Hz, 2H, GonrH), 6.89 (d,J = 8.9 Hz, 2H, GonrH), 6.11-6.05 (m, 1H, H-6), 5.09 (d,= 4.3
Hz, 1H, H-2), 5.01 (dJ = 4.3 Hz, 1H, H-1), 4.88-4.84 (m, 1H, H-5), 4.88J = 6.0 Hz, 1H, H-
7), 3.78 (s, 3H, OCH), 2.06-2.02 (m, 1H, H-4), 1.97-1.91 (M, 1H,d), 1.91-1.84 (m, 1H,
CeyH), 1.78-1.69 (m, 3H, 3xgH), 1.69-1.60 (m, 2H, 2xCH), 1.34 (s, 9H, C(Ch)3), 1.25-1.15
(m, 2H, 2xGyH), 1.12-1.01 (m, 2H, 2xgH). **C NMR (125 MHz, DMSOd,, 100 °C)3 203.4
(C=0), 158.3 (Gom, 154.1 (OC=0), 133.5 (C-6), 132.1&), 131.5 (C-7), 130.9 (LonrH),
113.5 (GronrH), 79.8 (C-1), 79.1Q(CHsy)s), 78.9 (C-5), 70.0 (C-2), 60.0 (C-4), 54.9 (OfH
37.2 (GyH), 30.9 (G,H,), 30.2 (GH,), 27.5 (CCHa)3), 25.3 (GyHy), 25.2 (GyH2), 25.2 (GyHy).
IR (CH,Cl,): 2962 (C-H st), 1701 (C=0 st), 1257 (C-O-C st, d€)20 (C-O-C st sy) cm
HRMS: Calculated for [@H33NOsNa]": 450.2256 [M+Nad]; found: 450.2253. The ee was
determined by HPLC using Ghiralpak IA column h-hexanefPrOH (95:05)]; flow rate 1.00
ML/MIN; Togjor = 11.6 MiN,Tminor = 22.6 min (80% ee)o]p™” +147.4 ¢ = 0.4, CHCL).

tert-Butyl ((1R,2S,4S,5S)-4-cyclohexyl-7-methyl-3-0x0-8-
Boc O . oxabicyclo[3.2.1]oct-6-en-2-yl)(4-methoxyphenyl) chamate, 6n
QN“'S Following GP-I, 6n (10.3 mg, 40%) was isolated by FC (petroleum
MeO 1 ether/EtOAc 9:1 to 7:3), as a solid after 16 hrtstg from catalysBg
(2.9 mg, 0.003 mmol), allerin (60 mg, 0.17 mmol), DMDO solution
in toluene (1.62 mL, 0.38 mmol), EtOAc (0.45 mL)Ya®+methylfurar2b (5.3 pL, 0.06 mmol).
R= 0.42 (petroleum ether/EtOAc 8:2). rr: >20'#H. NMR (500 MHz, DMSOdg, 100 °C)5 7.18
(d,J = 8.7 Hz, 2H, GonrH), 6.90 (d,J = 8.7 Hz, 2H, GonrH), 5.91-5.87 (M, 1H, H-6), 4.77-4.73
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(M, 2H, H-1 + H-5), 4.72 (bs, 1H, H-2), 3.77 (s,,3bCHy), 2.15 (d,J = 6.9 Hz, 1H, H-4), 1.93-
1.82 (m, 1H, GH), 1.82-1.75 (m, 1H, GH), 1.75-1.66 (m, 3H, 3xgH), 1.66-1.59 (m, 1H,
CgH), 1.31 (s, 9H, C(CH)3), 1.26-1.08 (m, 8H, Cki+ 5x G,H). *C NMR (125 MHz, DMSO-
ds, 100 °C)3 203.3 (C=0), 158.0 (), 153.6 (OC=0), 142.6 (C-7), 134.8.(§), 129.6 (C-6),
129.5 (GronrH), 113.9 (GrorrH), 81.9 (C-1), 79.4G(CHsy)s), 78.7 (C-5), 71.8 (C-2), 59.9 (C-4),
55.0 (OCH), 38.6 (G,H), 30.6 (G,H2), 30.0 (GH,), 27.4 (CCHa)s), 25.4 (GH2), 25.4 (G,Ho),
25.3 (GyH,), 12.5 (CH). IR (CH,Cl,): 2922 (C-H st), 1698 (C=0O st), 1260 (C-O-C st 4§30
(C-O-C st sy) cil. HRMS: Calculated for [GHssNOsNa]': 464.2413 [M+Nal; found:
464.2411. The ee was determined by HPLC usirghiaalpak IA column p-hexanetPrOH
(95:05)]; flow rate 1.00 mL/MiNtmajor = 9.1 MiN, Tminor = 23.6 Min (94% ee). M.p.: 97-99 °C
(CH,Cl,). [0]p®* +211.8 € = 0.2, CHCL,).

tert-Butyl ((1R,2S,4S,55)-4-cyclohexyl-7-(2-methylbenzyl)-3-oxo-8-
Boc Q . oxabicyclo[3.2.1]oct-6-en-2-yl)(4-methoxyphenyl) c¢hamate, 60.
QN”'S Following GP-I, 60 (17.8 mg, 76%) was isolated by FC (petroleum
MeO 1 Me ether/EtOAc 19:1 to 8:2), as an oil after 16 hrtstg from catalysBg
O (2.2 mg, 0.002 mmol), allerin (45 mg, 0.13 mmol), DMDO solution
in toluene (1.1 mL, 0.28 mmol), EtOAc (0.70 mL) afudan 2d (6.6
uL, 0.04 mmol). R= 0.33 (petroleum ether/EtOAc 9:1). rr: >20'H. NMR (500 MHz, DMSO-
ds, 100 °C)d 7.22 (d,J = 8.9 Hz, 2H, GonH), 7.12-7.05 (M, 3H, LnrH), 6.95-6.90 (m, 3H,
CaronrH), 5.62-5.58 (m, 1H, H-6), 4.86 (d,= 4.6 Hz, 1H, H-1), 4.78-4.74 (m, 2H, H-2 + H-5),
3.74 (s, 3H, OCh), 2.76 (d,J = 16.8 Hz, 1H, € Hy), 2.55-2.51 (m, 1H, CiHy), 2.16 (d,J =
6.9 Hz, 1H, H-4), 2.10 (s, 3H, GH 1.93-1.82 (m, 1H, GH), 1.81-1.66 (M, 4H, 4xgH), 1.66-
1.58 (m, 1H, GH), 1.34 (s, 9H, C(CH3), 1.25-1.06 (m, 5H, GH). °C NMR (125 MHz,
DMSO-ds, 100 °C)d 203.1 (C=0), 158.0 (fon), 153.7 (OC=0), 146.2 (C-7), 136.7 .G,
135.4 (Grom)s 134.9 (Grony, 130.3 (C-6), 129.6 (onrH), 129.5 (GronrH), 128.4 (GronrH), 125.7
(CaroniH), 125.2 (GronrH), 114.0 (GronrH), 81.2 (C-1), 79.4Q(CHsy)s), 78.7 (C-5), 72.0 (C-2),
59.7 (C-4), 55.0 (OC¥), 38.6 (G,H), 30.7 (CH), 30.5 (G,H,), 29.9 (GH,), 27.5 (CCHg)),
25.4 (GH,), 25.4 (GH,), 25.3 (G,H,), 18.2 (CH). IR (CH,CL,): 2926 (C-H st), 1698 (C=0 st),
1245 (C-O-C st as), 1030 (C-O-C st sy) trilRMS: Calculated for [GH,NOsNa]": 554.2882
[M+Na]*; found: 554.2879. The ee was determined by HPLiGgua Chiralpak IA column p-
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hexanefPrOH (90:10)]; flow rate 1.00 mL/MiMmingr = 11.8 MiN,Tmajor = 12.8 min (97% ee).
[0]p®® +82.9 €= 1.0, CHCL,).

foc O . tert-Butyl ((1R,2S,4S,5S)-4-cyclohexyl-3-oxo-7-
N, (((triisopropylsilyl)oxy)methyl)-8-oxabicyclo[3.2.1]oct-6-en-2-yl)(4-
Q ‘5 methoxyphenyl) carbamate, 6pFollowing GP-I, 6p (23.6 mg, 87%)
oTIPS was isolated by FC (petroleum ether/EtOAc 19:1:R),8s an oil after
16 h, starting from cataly8g (2.2 mg, 0.002 mmol), allerin (45 mg,
0.13 mmol), DMDO solution in toluene (1.1 mL, 0.28nol), EtOAc (0.70 mL) and fura®n
(11.7 pL, 0.04 mmol). R 0.45 (petroleum ether/EtOAc 9:1). rr: >20'H NMR (500 MHz,
DMSO-ds, 100 °C)d 7.17 (d,J = 8.8 Hz, 2H, GonrH), 6.88 (d,J = 8.8 Hz, 2H, GonH), 6.16-
6.13 (m, 1H, H-6), 4.96 (d] = 4.5 Hz, 1H, H-1), 4.90-4.81 (m, 2H, H-2 + H-B)76 (s, 3H,
OCHy), 3.65 (d,J = 14.8 Hz, 1H, @ ,Hy), 3.12 (bs, 1H, CkHy), 2.17 (d,J = 7.2 Hz, 1H, H-4),
1.94-1.86 (m, 1H, GH), 1.86-1.79 (m, 1H, GH), 1.77-1.67 (m, 3H, 3xgH), 1.66-1.59 (m, 1H,
CeH), 1.30 (s, 9H, C(CH)3), 1.26-1.09 (m, 5H, 5x gH), 0.99 (s, 21H, 3xB(CH,),). *C NMR
(125 MHz, DMSOss, 100 °C)5 203.1 (C=0), 158.1 (for), 153.7 (OC=0), 147.5 (C-7), 133.9
(Carom), 129.9 (GronrH), 129.5 (C-6), 113.7 (fnrH), 79.5 (C-1), 79.4G(CHy)s), 78.5 (C-5),
71.3 (C-2), 59.9 (C-4), 58.8 (GH 54.7 (OCH), 38.4 (GH), 30.6 (G,H,), 30.0 (GH,), 27.4
(C(CHy)3), 25.4 (GH,), 25.3 (GH,), 25.3 (GH,), 17.2 (SICH(CHs),)3), 11.0 (CCHg)s). IR
(CH.Cl,): 2926 (C-H st), 1698 (C=0O st) ¢ HRMS: Calculated for [GHssNOgSINa]":
636.3696 [M+Na]; found: 636.3704. The ee was determined by HPLi@gua Chiralpak IA
column p-hexanefPrOH (90:10)]; flow rate 1.00 mL/MiMmajor = 3.9 MIN, Tyinor = 7.7 min
(99% ee). §]p>* +83.8 € = 1.5, CHCL,).

tert-Butyl ((1R,2S,4R,55)-4-cyclohexyl-3-oxo-7-phenethyl-8-
E°° 9 . oxabicyclo[3.2.1]oct-6-en-2-yl)(4-methoxyphenyl) chamate, 6q.
g 15 Following GP-I, 6q (17.6 mg, 70%) was isolated by FC (petroleum
MeO ether/EtOAc 9:1 to 7:3), as an oil after 16 h, tgtgrfrom catalysBg
Ph (2.2 mg, 0.002 mmol), allerin (45 mg, 0.13 mmol), DMDO solution
in toluene (1.1 mL, 0.28 mmol), EtOAc (0.72 mL) dfiudan 2f (6.7 pL, 0.04 mmol). R 0.51
(petroleum ether/EtOAc 8:2). rr: >20™H NMR (500 MHz, DMSOds, 100 °C)3 7.26-7.21 (m,
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2H, CyonrH), 7.18-7.13 (M, 3H, GonrH), 7.05 (d,J = 7.5 Hz, 2H, GontH), 6.84 (d,J = 8.9 Hz,
2H, CyonrH), 5.98-5.95 (m, 1H, H-6), 4.83 (d,= 4.5 Hz, 1H, H-1), 4.80-4.75 (m, 2H, H-2 + H-
5), 3.65 (s, 3H, OCH, 2.64-2.52 (m, 1H, GH), 2.17 (d,J = 7.0 Hz, 1H, H-4), 1.93-1.85 (m, 1H,
CeH), 1.84-1.77 (m, 1H, B.Hy), 1.75-1.67 (m, 3H, 3xGH), 1.67-1.60 (m, CkHy), 1.60-1.51
(m, 2H, CH), 1.29 (s, 9H, C(CH),), 1.27-1.07 (m, 6H, 6xgH). *°C NMR (125 MHz, DMSO-
ds, 100 °C)3 203.3 (C=0), 158.0 (), 153.6 (OC=0), 147.2 (C-7), 140.7 £%), 134.6
(Caror)s 129.6 (GronrH), 128.5 (C-6), 127.5 (GoniH), 127.4 (GronrH), 125.1 (GontH), 113.8
(CaroniH), 81.0 (C-1), 79.3Q(CH,)3), 78.7 (C-5), 71.8 (C-2), 59.9 (C-4), 54.8 (OLH38.6
(CH), 33.2 (CH), 30.6 (CH), 30.0 (CH), 28.0 (CH), 27.4 (CCHs)), 25.4 (CH), 25.4 (CH),
25.3 (CH). IR (CH,CL,): 2926 (C-H st), 1698 (C=0 st), 1245 (C-O-C st 4880 (C-O-C st sy)
cm*. HRMS: Calculated for [@H4NOsNa]": 554.2882 [M+Na]; found: 554.2877. The ee was
determined by HPLC using Ghiralpak IA column ph-hexanefPrOH (90:10)]; flow rate 1.00
ML/MIN; Togjor = 7.9 MiN,Tingr = 14.7 min (96% ee)a]p”” +72.0 € = 1.0, CHCL,).

. tert-Butyl ((1R,2S,4R,5S)-4-cyclohexyl-7-(N-(4-
Eoc 9 methoxyphenyl)propionamido)methyl)-3-oxo-8-
Q 15 oxabicyclo[3.2.1]oct-6-en-2-yl)(4-methoxyphenyl)cdramate,
N/O/OM(B 6r. Following GP-J, 6r (27.7 mg, 51%) was isolated by FC
04/\ (petroleum ether/EtOAc 7:3 to 4:6), as a solidrafi@ h, starting
from catalyst3g (4.3 mg, 0.004 mmol), allentn (30 mg, 0.09
mmol), DMDO solution in toluene (0.82 mL, 0.22 mmdttOAc (0.93 mL) and furag@r (45.1
mg, 0.17 mmol). R 0.5 (petroleum ether/EtOAc 1:1). rr: >20'. NMR (500 MHz, DMSO#l,
100 °C)5 7.14 (d,J = 8.6 Hz, 2H, GonH), 7.04 (dJ = 8.6 Hz, 2H, GonrH), 6.96 (dJ = 8.6 Hz,
2H, CuonrH), 6.82 (d,J = 8.5 Hz, 2H, GonrH), 5.99 (app s, 1H, H-6), 4.79-4.73 (m, 2H, H-1 +
H-5), 4.37 (bs, 1H, H-2), 4.24 (bs, 1HHEH,), 3.81 (s, 3H, OCH}, 3.76 (s, 3H, OCH}, 3.39
(bs, 1H, CHHy), 2.18-2.14 (m, 1H, H-4), 2.03-1.95 (m, 2H{ECH,), 1.89-1.80 (m, 1H, GH),
1.75-1.57 (m, 5H, 5xGH), 1.29 (s, 9H, C(CHs), 1.24-1.08 (m, 4H, 4xgH), 1.07 (d,J = 6.1
Hz, 1H, G,H), 0.93 (t,J = 7.4 Hz, 3H, CH). *C NMR (125 MHz, DMSOd,, 100 °C)3 202.6
(C=0), 172.1 (COEY), 158.1 (&), 157.7 (Gron), 153.2 (OC=0), 143.5 (C-7), 134.8.(5),
131.8 (C-6), 129.0 (§onrH), 128.7 (GronrH), 114.2 (GronrH), 113.8 (GrontH), 79.5 (C-1), 79.4
(C(CHg)s), 78.6 (C-2), 72.2 (C-5), 59.0 (C-4), 55.0 (OgHH4.9 (OCH), 45.9 (CHN), 30.4

Et
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(CeHa), 29.9 (GH2), 27.5 (CCHa)s), 26.3 CH,CHs), 25.5 (G,H,), 25.4 (GH,), 25.2 (GHy),
8.9 (CHCHb.). IR (CH,CL,): 2976 (C-H st), 1698 (C=0 st), 1242 (C-O-C st 4634 (C-O-C st
sy) cmi*. HRMS: Calculated for [GH4/N,O;]*: 619.3383 [M+H]; found: 619.3384. The ee was
determined by HPLC using Ghiralpak IA column p-hexanefPrOH (90:10)]; flow rate 1.00
ML/MIN; Togjor = 12.2 MiN,Tminor = 15.2 min (96% ee). M.p.: 83-85 °C (). [o]p°% +58.2 € =
1.5, CHCl,).

foe 0 o tert-Butyl (4-methoxyphenyl) ((1R,2S,4S,5S)-3-0x0-4-phenethyl-8-
N, oxabicyclo[3.2.1]oct-6-en-2-yl)carbamate, 6s~ollowing GP-J, 6s
Q 1 (7.4 mg, 30%) was isolated by FC (petroleum eth&Ae 9:1 to

e 7:3), as an oil after 16 h, starting from catal$gt(2.7 mg, 0.003
mmol), allenelo (20 mg, 0.05 mmol, 1 eq), DMDO solution in toluegi@® 6 mL, 0.14 mmol),
EtOAc (0.5 mL) and furaa (52 pL, 0.71 mmol, 13 eq).sR0.63 (petroleum ether/EtOAc 7:3).
dr: >20:1.*H NMR (500 MHz, DMSO#dg, 100 °C)3 7.32-7.27 (m, 2H, GurrH), 7.25-7.22 (m,
2H, CyonrH), 7.21-7.17 (M, 1H, GonrH), 7.12 (d,J = 8.9 Hz, 2H, GonrH), 6.89 (d,J = 8.9 Hz,
2H, CuonrH), 6.10 (dd,J = 6.1, 1.8 Hz, 1H, H-6), 5.19 (d,= 4.4 Hz, 1H, H-2), 5.06-5.03 (m,
1H, H-1), 4.76-4.74 (m, 1H, H-5), 4.70 @= 6.1 Hz, 1H, H-7), 3.78 (s, 3H, OGH2.69 (tJ =
7.9 Hz, 2H, CHPh), 2.34-2.29 (m, 1H, H-4), 2.13-1.98 (m, 2H, G4} 1.33 (s, 9H, C(CH)s).
13C NMR (125 MHz, DMSOds, 100 °C)3 204.0 (C=0), 158.2 (&), 154.1 (OC=0), 140.7
(Carom), 133.4 (Grony), 132.4 (C-6), 131.4 (C-7), 130.7 46x+H), 127.8 (GronrH), 127.7 (GronrH),
125.4 (GronrH), 113.5 (GronrH), 80.6 (C-5), 79.8 (C-1), 79.1C(CHs)s3), 68.8 (C-2), 54.9
(OCHg), 53.6 (C-4), 32.3 (CHPh), 31.2 (C-&€H,), 27.5 (CCHs3)3). IR (CH,Cl,): 2986 (C-H st),
1701 (C=0 st), 1240 (C-O-C st as), 1030 (C-O-C yt sm’. HRMS: Calculated for
[C,7H3:INOsNa]™: 472.2100 [M+Nal; found: 472.2099. The ee was determined by HPLiGgus
Chiralpak IA column p-hexaneitPrOH (90:10)]; flow rate 1.00 mL/Mifiyinor = 11.5 Min,Tmajor
=14.1 min (13% ee).
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on tert-Butyl (4-methoxyphenyl)((1R,2S,4S,5S)- 7-methyl-3-o0x0-4-

o}
ﬁ]oc phenethyl-8-oxabicyclo[3.2.1]oct-6-en-2-yl)carbamat, 6t
Q 15 Following GP-J, 6t (15.3 mg, 60%) was isolated by FC (petroleum
MeO
Me ether/EtOAc 19:1 to 8:2), as an oil after 16 hrtstg from catalyst

3g (2.7 mg, 0.003 mmol), allerteo (20 mg, 0.05 mmol), DMDO solution in toluene (0.58&.,
0.14 mmol), EtOAc (0.52 mL) and 3-methylfurab (10 pL, 0.11 mmol). R 0.29 (petroleum
ether/EtOAc 7:3). rr: 10:2H NMR (500 MHz, DMSO#ds, 100 °C)5 7.31-7.25 (m, 2H, GonrH),
7.25-7.21 (M, 2H, GontH), 7.20-7.15 (m, 2H, GonrH), 6.91 (d,J = 8.6 Hz, 2H, GonrH), 5.94-
5.90 (m, 1H, H-6), 4.75 (d] = 4.8 Hz, 1H, H-1), 4.70-4.67 (m, 2H, H-5), 4.6%(1H, H-2),
3.77 (s, 3H, OCh), 2.78-2.68 (m, 2H, C#Ph), 2.40-2.36 (m, 1H, H-4), 2.06-1.99 (m, 2H, C-
4CH,), 1.33 (s, 3H, CH), 1.29 (s, 9H, C(ChHs). **C NMR (125 MHz, DMSOds, 100 °C)d
203.7 (C=0), 157.9 (om), 153.3 (OC=0), 142.6 (C-7), 141.0 (&), 135.2 (Grory), 129.1
(CaronrH), 128.9 (C-6), 127.8 (fonH), 127.7 (GiontH), 125.3 (GronrH), 113.9 (GronrH), 81.6
(C-1), 80.5 (C-5), 79.5Q(CHsz)s), 70.4 (C-2), 55.0 (OC#), 53.1 (C-4), 32.4 (CHPh), 32.2 (C-
4CH,), 27.5 (CH), 27.4 (CCHs)3). IR (CH,Cl,): 2980 (C-H st), 1698 (C=0 st), 1257 (C-O-C st
as), 1032 (C-O-C st sy) ¢ HRMS: Calculated for [GH3sNOsNa]': 486.2256 [M+Nal;
found: 486.2255. The ee was determined by HPLCgusai€@hiralpak IC column h-hexaneit
PrOH (90:10)]; flow rate 1.00 mL/Mifyngr = 16.5 MiNTimajor = 19.5 min (84% ee)o]p** +34.6
(c=1.0, CHCly).
Boc O ph tert-Butyl (4-methoxyphenyl)((1R,2S,4S,55)-3-0x0-4-phenethyl-7-
N"- . (((triisopropylsilyl)oxy)methyl)-8-oxabicyclo[3.2.1]oct-6-en-2-
Me0/©/ 1 yl)carbamate, 6u.Following GP-I, 6u (16.3 mg, 62%) was isolated
OTIPS by FC (petroleum ether/EtOAc 19:1 to 8:2), as anadfter 16 h,
starting from catalys8g (2.04 mg, 0.002 mmol), allerko (75 mg, 0.2 mmol, 5 eq), DMDO
solution in toluene (2.05 mL, 0.51 mmol, 12.5 defQAc (0.70 mL) and fura@n (11 uL, 0.04
mmol, 1 eq). Allene, DMDO and EtOAc were added ipdstions (30 minutes per portion);=R
0.32 (petroleum ether/EtOAc 9:1). rr: >20'H. NMR (500 MHz, DMSOds, 100 °C)5 7.32-7.26
(M, 2H, GrontH), 7.23 (d,J = 7.5 Hz, 2H, GontH), 7.21-7.13 (M, 3H, GonrH), 6.89 (d,J = 8.5
Hz, 2H, GuonrH), 6.18-6.15 (m, 1H, H-6), 4.97 (d= 4.7 Hz, 1H, H-1), 4.82-4.73 (m, 2H, H-1 +
H-5), 3.87 (dJ = 14.8 Hz, 1H, €.Hy), 3.77 (s, 3H, OCH), 3.47 (bs, 1H, CHHy), 2.73 (t,J =
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7.9 Hz, 2H, CHPh), 2.44-2.38 (m, 1H, H-4), 2.09-2.01 (m, 2H, G4 1.29 (s, 9H, C(CH)>),
1.02 (s, 21H, 3x8(CHj),). **C NMR (125 MHz, DMSOds, 100 °C)& 203.5 (C=0), 157.9
(Carom), 153.5 (OC=0), 147.4 (C-7), 140.9%), 134.5 (Gron), 129.3 (GronsH), 128.9 (C-6),
127.7 (GrontH), 125.3 (GronrH), 113.7 (GronrH), 80.3 (C-5), 79.5@(CHy)s), 79.2 (C-1), 70.1
(C-2), 59.1 (C-TH,), 54.7 (OCH), 53.2 (C-4), 32.3 (CHPh), 32.1 (C-€H,), 27.4 (CCH2)a),
17.2 (Si(CHCHSa),)3), 11.1 (SC(CHa)3). IR (CH,Cly): 2937 (C-H st), 1716 (C=0 st), 1257 (C-O-
C st as), 1030 (C-O-C st sy) ¢mHRMS: Calculated for [GHssNOgSiNa]': 658.3540 [M+Nal;
found: 658.3531. The ee was determined by HPLCgusibhiralpak AD-H column p-hexaneit
PrOH (95:5)]; flow rate 1.00 mL/MiMajor = 6.4 MiN,Trinor = 7.9 Min (82% ee) o> +37.3 €

= 0.48, CHCl,).

tert-Butyl ((1R,2S,4S,59)-4-(2-((tert-

Boc O OTBDMS
N, butyldimethylsilyl)oxy)ethyl)-3-ox0-8-oxabicyclo[32.1]oct-6-
/@ 15 en-2-yl)(4-methoxyphenyl)carbamate, 6vFollowing GP-J, 6v

MeO
(13.3 mg, 37%) was isolated by FC (petroleum eBt&Ac

19:1 to 8:2), as an oil after 16 h, starting froatatyst3g (3.6 mg, 0.003 mmol), allerkp (30
mg, 0.07 mmol, 1 eq), DMDO solution in toluene @miL, 0.18 mmol), EtOAc (0.71 mL) and
furan2a (70 pL, 0.93 mmol, 13 eq). dr: >20*H NMR (500 MHz, DMSO#ds, 100 °C)5 7.11 (d,
J = 8.8 Hz, 2H, GonrH), 6.89 (d,J = 8.8 Hz, 2H, GorrH), 6.11 (ddJ = 6.1, 1.8 Hz, 1H, H-6),
5.15 (d,J = 4.3 Hz, H-2), 5.05-5.01 (m, 1H, H-1), 4.76-4(fd, 1H, H-5), 4.74-4.70 (m, 1H, H-
7), 3.78 (s, 3H, OChJ, 3.75-3.64 (m, 2H, OC}), 2.44-2.38 (m, 1H, H-4), 1.98 (dt= 13.8, 6.8
Hz, 1H, C-4®Hy), 1.88 (dt,J = 13.8, 6.8 Hz, 1H, C-4CHi,), 1.33 (s, 9H, C(CH)s), 0.90 (s,
9H, SiC(CH)3), 0.07 (s, 3H, Si(Ch),), 0.07 (s, 3H, Si(CH,). **C NMR (125 MHz, DMSOds,
100 °C)d 203.9 (C=0), 158.2 (fon), 154.1 (OC=0), 133.3 (C-6), 132.4 (&), 131.5 (C-7),
130.6 (GronrH), 113.5 (GronrH), 80.6 (C-5), 79.7 (C-1), 79.1C(CHy)s), 68.7 (C-2), 59.9
(CH,O), 54.9 (OCH), 51.1 (C-4), 32.6 (C@H,), 27.4 (CCHa3)s), 25.3 (SiCCHs)s), 17.3
(SiC(CHg)s), -5.9 (SICH). IR (CH,CI,): 2930 (C-H st), 1726 (C=0 st), 1245 (C-O-C st 4949
(C-O-C st sy) cil. HRMS: Calculated for [§H4,NOgSi]*: 504.2781 [M+H]; found: 504.2784.
The ee was determined by HPLC usin@Ghiralpak IC column p-hexand/tPrOH (98:2)]; flow
rate 1.00 mL/mintminor = 19.8 Min,tmajor = 33.1 min (10% ee).
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BocQ __OTEDMS tert-Butyl ((1S,2R,4R,5R)-4-(2-((tert-

N - butyldimethylsilyl)oxy)ethyl)-7-methyl-3-oxo-8-
Meo@ 15 oxabicyclo[3.2.1]oct-6-en-2-yl)(4-methoxyphenyl)cdramate,
Me 6w. Following GP-I, 6w (15.1 mg, 82%) was isolated by FC
(petroleum ether/EtOAc 19:1 to 8:2), as an oilrafté h, starting from catalysnt-3g (1.8 mg,
0.002 mmoal), allendp (75 mg, 0.18 mmol, 5 eq), DMDO solution in toluefie85 mL, 0.45
mmol, 12.5 eq), EtOAc (0.5 mL, 0.015M) and 3-metimdn 2a (3.2 pL, 0.04 mmol, 1 eq).
Allene, DMDO and EtOAc were added in 5 portions (8fnutes per portion). R 0.25
(petroleum ether/EtOAc 9:1). rr: 15:H NMR (500 MHz, DMSO#ds, 100 °C)5 7.16 (d,J = 8.9
Hz, 2H, GuonrH), 6.91 (d,J = 8.9 Hz, 2H, GonrH), 5.94-5.90 (m, 1H, H-6), 4.74 (d,= 4.9 Hz,
1H, H-1), 4.69-4.64 (m, 1H, H-5), 4.62-4.54 (m, HH2), 3.77 (s, 3H, OCH), 3.75-3.69 (m, 2H,
CH,CH,OTBS), 2.49-2.46 (m, 1H, H-4), 1.93-1.87 (m, 2HHLH,OTBS), 1.30 (s, 9H,
3xCHy), 0.89 (s, 9H, 3x Ch), 0.06 (s, 6H, 2x Ch. *C NMR (125 MHz, DMSQds, 100 °C)3
203.9 (C=0), 157.8 (Lm, 146.0 (OC=0), 142.6 (C-7), 136.9.(&), 129.1 (GronrH), 128.9 (C-
6), 113.9 (GonrH), 81.6 (C-1), 80.5 (C-5), 79.85(CHg)3), 70.4 (C-2), 58.1 (CKCH,OTBS),
55.0 (OCHs), 50.8 (C-4), 34.0 QH,CH,OTBS), 27.4 (CCHg)s), 25.3 (SiCCHa)s), 17.5
(SiC(CHg)3), 17.2 (CH), -3.8 (SICH). IR (CH,Cl,): 3009 (C-H st), 1698 (C=0 st), 1242 (C-O-C
st as), 1038 (C-O-C st sy) emHRMS: Calculated for [GH4NOsSI]": 518.2938 [M+H];
found: 518.2945. The ee was determined by HPLCgusibhiralpak AD-H column p-hexaneit
PrOH (95:5)]; flow rate 1.00 mL/Mirtmajor = 8.0 MiN,Tmings = 10.7 min (75% ee)o]p** -33.9 €
= 1.2, CHCly).

Boc O otepms tert-Butyl ((1R,25,4S,55)-4-(2-((tert-

N, butyldimethylsilyl)oxy)ethyl)-3-oxo-7-

Me O/©/ 1 5 (((tripropylsilyl)oxy)methyl)-8-oxabicyclo[3.2.1]od-6-en-2-
0SiPr, yl)(4-methoxyphenyl)carbamate, 6x.Following GP-I, 6x (8.4

mg, 34%) was isolated by FC (petroleum ether/EtQAc to
8:2) as an oil after 16 h, starting from catal§gt(1.8 mg, 0.002 mmol), allerip (75 mg, 0.18
mmol, 5 eq), DMDO solution in toluene (1.80 mL, ®./mol, 12.5 eq), EtOAc (0.60 mL,
0.015M) and furar2n (9.2 mg, 0.04 mmol, 1 eq). Allene, DMDO and EtO#ere added in 5
portions (30 minutes per portion)=R0.43 (petroleum ether/EtOAc 9:1). rr: >20'H NMR
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(500 MHz, DMSOds, 100 °C)5 7.16 (d,J = 8.6 Hz, 2H, GonrH), 6.89 (d,J = 8.6 Hz, 2H, Gont
H), 6.18-6.14 (m, 1H, H-6), 4.96 (d,= 4.8 Hz, 1H, H-1), 4.78-4.67 (m, 2H, H-5 + H-3)91
(bs, 1H, G1.Hy), 3.77 (s, 3H, OCH, 3.73 (q,J = 6.3 Hz, 2H, CHOTBDMS), 3.53 (bs, 1H,
CH.Hy), 2.53-2.50 (m, 1H, H-4), 1.98-1.86 (M, 2H, C-4§HL.29 (s, 9H, C(CH), 1.02 (s,
21H, Si(QH(CH3),)s), 0.89 (s, 9H, SiC(B3)s), 0.06 (s, 6H, Si(CH,). *C NMR (125 MHz,
DMSO-ds, 100 °C)& 203.4 (C=0), 157.9 (Gn), 153.4 (OC=0), 147.4 (C-7), 134.6 ),
129.3 (GronrH), 128.7 (C-6), 113.7 (§enH), 80.4 (C-5), 79.5G(CHa)s), 79.0 (C-1), 70.0 (C-2),
59.9 (CHOTBDMS), 59.2 (C-TH,), 54.8 (OCH), 50.6 (C-4), 33.8 (C@H,), 27.3 (CCH2)2),
25.3 (SIC(®3)s), 17.3 (SC(CHg)s), 17.2 (Si(CHCHa).)s), 11.1 (SiCH(CHa),)s), -5.9
(Si(CH3),). IR (CHCly): 2922 (C-H st), 1716 (C=0 st), ¢m HRMS: Calculated for
[C37HedNO,Sip]™: 690.4221 [M+HJ; found: 690.4222. The ee was determined by HPLiGgus
Chiralpak IA column p-hexanefPrOH (95:5)]; flow rate 1.00 mL/Mirminor = 4.3 MiN, Tmajor =
4.9 min (83% ee).of| p** -56.1 € = 0.38, CHCL,).

oTeoms  lert-Butyl ((1S,2R,4R,5R)-4-(2-((tert-
butyldimethylsilyl)oxy)ethyl)-3-oxo-7-
(((triphenylsilyl)oxy)methyl)-8-oxabicyclo[3.2.1]o¢-6-en-2-

yl)(4-methoxyphenyl)carbamate, 6y. Following GP-I, 6y
(13.7 mg, 73%) was isolated by FC (petroleum eHt&Ac
19:1 to 8:2) as an oil after 16 h, starting frortabstent-3b (1.2 mg, 0.001 mmol), alleriigp (50
mg, 0.12 mmol, 5 eq), DMDO solution in toluene &.raL, 0.30 mmol, 12.5 eq), EtOAc (0.33
mL, ) and furan2m (8.5 mg, 0.02 mmol, 1 eq). Allene, DMDO and EtOwere added in 5
portions (30 minutes per portion)=R0.35 (petroleum ether/EtOAc 9:1). rr: >20'H NMR
(500 MHz, DMSOds, 100 °C)3 7.55-7.35 (m, 15H, SonrH), 7.05 (d,J = 8.8 Hz, 2H, GonrH),
6.74 (d,J = 8.8 Hz, 2H, GonrH), 6.21-6.18 (m, 1H, H-6), 4.97 (d,= 4.8 Hz, H-1), 4.76-4.72
(m, 1H, H-5), 4.62-4.53 (m, 1H, H-2), 4.03 (b= 14.2 Hz, ®Hy), 3.91-3.81 (m, 1H, CiHy),
3.78-3.68 (m, 2H, CHDTBDMS), 3.67 (s, 3H, OC#), 2.52 (bs, 1H, H-4), 1.97-1.85 (m, 2H, C-
4CH,), 1.21 (s, 9H, C(CH3), 0.89 (s, 9H, SiC(CHk), 0.06 (s, 6H, Si(CH,). °C NMR (125
MHz, DMSO-ds, 100 °C)d 203.2 (C=0), 157.7 (fon), 153.2 (OC=0), 146.3 (C-7), 136.3
(Carom)» 134.3 (GronrH), 134.1 (GronrH), 134.0 (GronrH), 133.2 (Grom), 129.7 (C-6), 129.6
(CarontH), 129.5 (Grom)s 129.0 (Grom), 128.9 (GronrH), 127.4 (GronrH), 127.3 (GronrH), 127.1
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(CarontH), 113.7 (GronrH), 80.4 (C-5), 79.5 Q(CHa)s), 78.8 (C-1), 70.2 (C-2), 59.9
(CH,OTBDMS), 59.8 (C-TH,), 54.8 (OCH), 50.4 (C-4), 33.9 (C@H.), 27.3 (CCH>)s), 25.3
(SIC(CHs)3), 17.3 (SC(CHa)s), -5.9 (SICH). IR (CH,Cl,): 2930 (C-H st), 1698 (C=0 st), ¢in
HRMS: Calculated for [GHssNO;Si,]™: 792.3752 [M+H]; found: 792.3752. The ee was
determined by HPLC using @hiralpak AD-H column p-hexaneitPrOH (95:5)]; flow rate 1.00
ML/MIN; Togjor = 6.0 MiN,Tingr = 7.5 min (86% ee)a]p’% -48.9 € = 0.98, CHCL,).



186 Chapter 5

3. ALLYLATION OF IMINES USING ENANTIOPURE BORONATES

3.1 Synthesis of starting materials

NS Sml, in THF Etw%t

(e} Mg, TMSCI, rt, 48h HO OH

sS4

3,4-Diethylhexane-3,4-dio(S114): Diol S114 was prepared following a procedure described in a
PhD dissertation and NMR spectral information amsistent with given dat®.A round bottom
flask was charged with magnesium powder (9.7g, @@fol, 8 eq) under Ar atmosphere. After
that, Smj} 0.1M solution in THF (50 mL, 5 mmol, 10 mol%) ahtSCI (3.15 mL, 25 mmol, 0.5
eq) were added at room temperature. A mixture pe@tanone (5.4 mL, 50 mmol, 1 eq) and
TMSCI (6.3 mL, 50 mmol, 1 eq) was added dropwis¢h® reaction at the rate to maintain the
blue colour. After 48h the reactions turned in gmjour and aqueous HCI 1M was added
dropwise and extracted with £t (3x20 mL), dried over N8O, filtered and solvent was
removed under reduced pressure. Residue was pubfieFC (petroleum ether to petroleum
ether/EtOAc 8:2) to afford a colorless oil (4 g,22mol, 46%)H NMR (300 MHz, CDCJ) &
1.98 (s, 2H, 2x0OH), 1.61 (d,= 7.5, 8H, 4xCH), 0.94 (t,J = 7.5 Hz, 12H, 4xCh. **C NMR
(75 MHz, CDC}) 6 79.0 (C), 27.5 (Ch), 9.2 (CH).

Allylboronates (+)-7a and ()-7b

R

R
R R . B(OR
BH3'Me,S {HB(OR)Z} Br ( /)2
HO oH THF, 0°Ctort Mg, THF, 1t
Sl15a-b (*)-7a R= Me
(2)-7b R= Et

General Procedure K (GP-K): (+)-7a and (1)-7b were synthesized following a procedure
described in the literature with slight modificatss#” A dried round bottom flask was charged
with the corresponding diol (19.3 mmol, 1 eq) iry dHF (5.2 mL, 3.7M). The solution was
cooled to 0°C and BHDMS 2M in THF (9.65 mL, 1 eq) was added dropwisehe mixture.

46 |ncerti-Pradillos, Celia A. Asymmetric allylatiarf carbonyl compounds: kinetic resolution of séghaoronates and
total synthesis of natural products, Loughborougiiversity, 2014.

47 Incerti-Pradillos, C. A.; Kabeshov, M. A.; Malko&. V. Angew. Chem. Int. Ed. 2013 52, 5338.
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Then the reaction was stirred at 0°C for 30 min #eh at room temperature for 90 min. The
resulting boraneSl15a-b (1.3M in THF) was used in the next step in a withdurther
purification when required. A two-necked round bott flask fitted with a condenser was
charged with magnesium powder (23.2 mmol, 1.2Bg).THF (9.3 mL, 0.8M) was added to the
flask followed by borane solutio8l15a-b (1.3 M in THF)via cannula with vigorous stirring.
Crotyl bromide (19.3 mmol, 1 eq) was added dropvdaseoom temperature to the solution
(exotermic!) and let stirred for 30 minutes. Aftamds, crotyl bromide (19.3 mmol, 1 eq) was
added to the reaction and the mixture was stiroed90 minutes. The reaction was quenched
carefully with agueous HCI (0.1M) until the excesfsmagnesium was fully consumed. The
mixture was extracted with EtOAc (3x15 mL) and dr@ver NaSQ,. After filtration, the solvent
was removed under reduced pressure. The crude mnixtas purified by FC on silica gel
(petroleum ether/C¥Cl, 10:0 to 5:5).

uMe Mg (+)-2-(But-3-en-2-yl)-4,4,5,5-tetramethyl-1,3,2-digaborolane, (+)-7a.Following
0.0 GP-K, pinacol (4 g, 33.8 mmol, 1 eq) was used as stanaterial obtaining a
Me/y colorless oil (4.3 g, 23.6 mmol, 70%) after pudtion by FC on silica gel
(petroleum ether to 1:1 petroleum etherfCH). R= 0.48 (petroleum ether/GBI,
4.2:0.8). NMR spectral data are consistent wittrditure value$’ *H NMR (300 MHz, CDC}) &
6.01-5.87 (m, 1H, B=CH;,), 5.02-4.89 (m, 2H, CH=8,), 1.90 (t,J = 7.4 Hz, 1H, BCH), 1.24
(s, 12H, 4xCH), 1.10 (d,J = 7.3 Hz, 3H, CHEl5). *C NMR (75 MHz, CDCJ) & 140.9
(CH=CH,), 111.9 (CH€H,), 83.2 C(CHs),), 27.4 (CH), 27.6 (CH), 14.1 (CH). HC-B
resonance was not observed due to quadrupolat eff@oron.
EtE\t}_?Et (¥)-2-(But-3-en-2-yl)-4,4,5,5-tetraethyl-1,3,2-dioxborolane, (+)-7b. (+)-7b was
o. o Synthesized followingGP-K using diolSI14 (3.4 g, 19.3 mmol, 1 eq) as starting
Me)t\/ material obtaining a colorless oil (2.9 g, 12.2 &%) after purification by FC on
silica gel (petroleum ether to 1:1 petroleum etBEkCl,). R= 0.40 (petroleum
ether/CHCI, 4.8:0.2). NMR spectral data are consistent witrditure value$’ *H NMR (300
MHz, CDCk) 8 5.96 (dddJ = 17.3, 10.3, 7.1 Hz, 1H,H3=CH,), 5.00-4.86 (m, 2H, CH=8,),
1.90 (t,J = 7.3 Hz, 1H, BCH), 1.71-1.58 (m, 8H, 4xgH1.10 (d,J = 7.3 Hz, 3H,CHE3), 0.90
(t, J = 7.4 Hz, 12H, 4xCH. *C NMR (75 MHz, CDCJ) 5 141.6 CH=CH,), 111.6 (CHEH),),



188 Chapter 5

88.2 (C(CH,CHy),), 26.50 (CH), 26.44 (CH), 14.4 (CH), 8.93 (CH), 8.87 (CH). HC-B

resonance was not observed due to quadrupolat eff&oron.

3.2 Kinetic Resolution of racemic allylboronate (+7b

eEL Etey gEt o Et
o (R)-TRIP (5 mol%) o. 0
g% + I ; B Hy
)\/ Ph” H toluene, -42 °C, 22h /\/\
Me™ % 7 Me Ha
(£)-7b (S)-7b

General Procedure for the Kinetic Resolution:A round bottom flask was charged witR){
TRIP (40.5 mg, 0.05 mmol, 5 mol%) in dry toluene5@mL, 0.03M). The reaction was cooled
to -42 °C and freshly distilled benzaldehyde (011, @05 mmol, 1 eq) in dry toluene (1.54 mL,
0.68M) and boronaté+)-7b (500 mg, 2.1 mmol, 2 eq) in toluene (1.25 mL, M§8wvas
sequentially added dropwise to the mixture. Afteh,2the reaction was quenched with NaHCO
ag. sat. (20 mL) and stirred at room temperaturelfo The mixture was extracted with EtOAc
(3x20 mL), dried over N&O, and filtered. After the removal of the solvent andeduced
pressure the oily residue was purified by FC oficailgel (petroleum ether to petroleum
ether/CHCI, 2:8) to afford(S)-7b (91%) as a colorless ofH NMR (300 MHz, CDC}) & 5.97
(ddd,J =17.3, 10.3, 7.1 Hz, 1HHC=CH,), 4.96 (dddJ = 17.3, 1.9, 1.8 Hz, 1H,J} 4.90 (ddd,
J=10.3,1.7,1.6 Hz, 1H,H 1.92 (t,J = 7.3 Hz, 1H, BCH), 1.72-1.59 (m, 8H, 4xgH1.10 (d,

J = 7.3 Hz, 3H, Ch), 0.90 (t,J = 7.5 Hz, 12H, 4xCH. *C NMR (75 MHz, CDC)) 5 141.6
(CH=CH_), 111.6 (CH€H,), 88.3 C(CH,CHs),), 26.51 (CH), 26.45 (CH), 14.4 (CH), 8.94
(CHs), 8.89 (CH). HC-B resonance was not observed due to quadtuptfiect of Boron.d]p™
-4.7 €= 0.4, CHCL,).

The enantiomeric excess of the enantiopure borq®xtéb was checked by HPLC analysis on
chiral stationary phase at the corresponding alc@&hoeproducing a reaction developed by

Hoffmann48

48 Hoffmann, R. WPure & Appl. Chem. 1988 60, 123.
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) OH
BEpin PhCHO M
: . A
Me™ toluene, 16h Ph
Me
(S)-7b 8

(9)-7b (25 mg, 0.11 mmol, 1 eq) was placed in a vial pped with a stirring bar and toluene
(0.5 mL, 0.22M) was added. After that, benzaldehf® puL, 0.12 mmol, 1.1 eq) was added.
After 16h, toluene was evaporated under reducesspre and it was purified by FC (petroleum
ether to petroleum ether/GEl, 4:6) obtaining oily alcoho8 as a mixture of diastereocisomers
(12.7 mg, 0.08 mmol, 72%f:Z ratio 1:5.3."H NMR (300 MHz, CDC}) & (*denotes minor
isomer) 7.42-7.23 (m, 5H, /G.+H), 5.73-5.54 (m, 1HHC=CH), 5.51-5.37 (m, 1H, HCHq),
4.77-4.64(m, IHHCOH), 2.65-2.33 (m, 2H, CHi 2.08* (bs, 1H, OH), 2.04 (bs, 1H, OH), 1.73-
1.66* (m, 3H, CH), 1.66-1.56 (m, 3H, CH. *C NMR (75 MHz, CDC}) 5 (*denotes minor
isomer) 144.2 (Gom), 129.6* (GronrH), 128.5 (GronrH), 127.8 (HC=CH), 127.6 (HCEH),
127.6* (HC=CH), 126.9* (HCH), 126.0 (GrontH), 125.9% (GronrH), 125.8 (GronrH), 74.0,
73.6* (HCOH), 43.0* (CH), 37.1 (CH), 18.2* (CHy), 13.1 (CH). The ee was determined by
HPLC analysis using €hiralcel OD-3 column p-hexanefPrOH (98:2)]; flow rate 1.0 mL/min
at 21 °C;Z isomertyingr = 14.28 mMin,tmajor = 16.79 min (99% eef isomertmaor = 12.18 min,

Tminor = 15.22 min (99% ee).
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3.3 Synthesis of primary amines 9a-|

1) NH3 aq. sol.

2 BEpin
) (s)-7b BEP NH,

A e
R™SH  EtOH, rt, 2-6h R \
Me
9a-l

General Procedure for the Synthesis of Primary Amies (GP-L): Aldehyde (0.14 mmol, 1
eq) was placed in a vial equipped with a stirrirey. LEtOH (0.28 mL, 0.5M) and aqueous
ammonia (4.2 mmol, ~30 eq, 32% wt.) were addedthadmixture was stirred for 1 KS)-7b
(0.127 mmol, 1.2 eq) was added to the solution Ardvital was rinsed with EtOH (0.14 mL). The
mixture was stirred at room temperature for 2-@utjl white precipitate appeared. The cap of
the vial was removed to vaporize most of ammonih 4Gl (5M aqueous, 2 mL) was added to
acidify the solution (pH=1). Traces of alcohol werdracted with BEO (3x5 mL) and organic
layer was washed with HCI (5M aqueous, 3x5 mL). éaus layer was alkalized with NaOH
(6M aqueous, until pH=12-14) and extracted with,CH (3x5 mL). Combined dichloromethane
layers were washed with water, dried over anhydia$SO, and filtered. The removal of the
solvent gave an oily residue that was purified B/dn silica gel with CHGINH3 aq. (99:1) to
CHCl;:MeOH:NH; ag. (98:1:1) affording primary amif®a-I. TLCs were developed in PMA.

The racemic standards for HPLC analysis were pezpasing boronatgt)-7a.

(S,2)-1-Phenylpent-3-en-1-amine, 9aFollowing GP-L, 9a (14.9 mg, 0.09
©/V\/\ mmol, 76%) was isolated by FC as pure oil after ,2starting from
Me benzaldehyde (12.4 pL, 0.12 mmol), aqueous amm@r22 mL, 3.67 mmol)
in EtOH (0.24 mL) and adding borond®-7b (35 mg, 0.15 mmol) diluted in
EtOH (0.12 mL).E:Z ratio 1:8.3 (measured on the crude by quantitdfi@eNMR spectra). R
0.43 (EtOAc).*H NMR (300 MHz, CRQOD) & (*denotes minor isomer) 7.38-7.18 (M, 5Hy &
H), 5.59-5.44 (m, 1HHC=CH), 5.39-5.25 (m, 1H, HC=), 3.86 (t,J = 6.9 Hz, 1HHCNH,),
2.59-2.30 (m, 2H, C}J, 1.62* (dd,J =6.2, 1.1 Hz, 3H, C¥}, 1.55 (ddJ = 6.9, 0.7 Hz, 3H, C}}.

13C NMR (75 MHz, CROD) & (*denotes minor isomer) 146.4 {G), 129.4 (GrontH), 129.2*
(HC=CH), 128.8* (HC=CH), 128.0 (HC=CH), 127.7 (GiontH), 127.6 (GrontH), 127.6* (Gyont
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H), 127.3 (HC=CH), 57.2 (HCNH), 57.1* (HCNH), 43.5* (CH,), 37.6 (CH), 18.1* (CHy),
13.0 (CH). IR (CH,Cl,): 3019, 2922 (NHist), 2780 (C-H st), 1597 (N#) cmit. MS (EI) m/z
(%): 106 (100, [M-C,H;]). HRMS: Calculated for [GH1N]™: 162.1283 [M+H]; found:
162.1280.

The enantiomeric excess of the product was measwyedPLC analysis on chiral stationary

phase at the corresponding acetylated protidat

NH, (S,2)-1-(p-Tolyl)pent-3-en-1-amine, 9b.Following GP-L, 9b (15.2 mg,
= 0.09 mmol, 62%) was isolated by FC as pure oilr&tk, starting fronp-

Me Me tolualdehyde (16.5 pL, 0.14 mmol), aqueous ammg@@ias mL, 4.2
mmol) in EtOH (0.28 mL) and adding boron&8-7b (40 mg, 0.17 mmol) diluted in EtOH (0.14
mL). E:Z ratio 1:6.0. R= 0.62 (CHCL:MeOH 5%).*H NMR (300 MHz, CROD) & (*denotes
minor isomer) 7.23-7.16 (d,= 8.1 Hz, 2H. G,+H), 7.12 (d,J = 8.1 Hz, 2H, G.+H), 5.57-5.43
(m, 1H, HC=CH), 5.38-5.23 (m, 1HHC=CH), 3.82 (tJ = 6.9 Hz, IHHCNH,), 2.54-2.32 (m,
2H, CH,), 2.30 (s, 3H, GonrCHs), 1.62% (dd,J = 6.3, 1.3 Hz, 3H, ChJ, 1.55 (dd,J = 6.7, 0.7
Hz, 3H, CH). **C NMR (75 MHz, CROD) & (*denotes minor isomer) 143.3 4G, 137.6
(CarontCHg), 130.0 (GronrH), 129.1* (HCCH), 128.9* (HC=CH), 127.8 (HC€H), 127.51
(CaroniH), 127.46* (GronrH), 127.2 (HC=CH), 56.9 (HCNH,), 56.7* (HCNH,), 43.5* (CH),
37.6 (CH), 21.1 (GronrCHg), 18.1* (CHy), 13.0 (CH). IR (CH,Cly): 3019, 2922 (Nhist), 2831
(C-H st), 1512 (NH &) cmi*. MS (El) m/z (%): 120 (100, [fMC,H-]). HRMS: Calculated for
[CioH1g " 159.1171 [M-NH+H]*; found: 159.1174.

The enantiomeric excess of the product was measwyedPLC analysis on chiral stationary

phase at the corresponding acetylated protidiat

NH, (5,2)-1-(4-Methoxyphenyl)pent-3-en-1-amine, 9d-ollowing GP-L, 9c¢
X (19.8 mg, 0.10 mmol, 74%) was isolated by FC a% mir after 2 h,
MeO Me starting fromp-anisaldehyde (17.0 uL, 0.14 mmol), aqueous ammonia

(0.25 mL, 4.2 mmol) in EtOH (0.28 mL) and addingdrmate(S)-7b (40
mg, 0.17 mmol) diluted in EtOH (0.14 mLE:Z ratio 1:5.7. R= 0.32 (EtOAc).'H NMR (300
MHz, CD;OD) é (*denotes minor isomer) 7.28-7.20 ®=8.7 Hz, 2H, G.+H), 6.90-6.83 (d,]
=8.7 Hz, 2H, GonrH), 5.57-5.43 (m, 1H, HC=), 5.39-5.23 (m, 1HHC=CH), 3.82 (tJ = 7.0
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Hz, 1H,HCNH,), 3.77 (s, 3H, OCH), 2.54-2.29 (m, 2H, CH), 1.62* (dd,J = 6.3, 1.3 Hz, 3H,
CHs), 1.55 (dd,J = 6.8, 0.9 Hz, 3H, CH. **C NMR (75 MHz, CDCJ) & (*denotes minor
isomer) 158.64 QarorfOCHs), 158.60* CaonrOCHs), 138.4 (Grom), 128.3* (HC=CH), 128.1*
(HC=CH), 127.5 (GomrH), 127.2 (HCE€H), 126.6 (HC=CH), 113.8 (G.onrH), 55.5* (OCH),
55.4 (OCH), 55.2 (HCNH), 43.2* (CH), 37.3 (CH), 18.2* (CH;), 13.1 (CH). IR (CH,Cly):
3011, 2937 (NHist), 2932 (C-H st), 1609, 1243 (C-O-C st), 160814N), 1242 (C-O-C st as),
1034 (C-OC st sy) cth MS (El) m/z (%): 136 (100, [MC,H;]). HRMS: Calculated for
[C1H150]": 175.1123 [M-NH+H]"; found: 175.1127.

The enantiomeric excess of the product was measwyedPLC analysis on chiral stationary

phase at the corresponding acetylated protidict

NH, (S,2)-1-(2-Methoxyphenyl)pent-3-en-1-amine, 9d.Following GP-L, 9d
~ (16.4 mg, 0.09 mmol, 61%) was isolated by FC a miirafter 6 h, starting

ome from o-anisaldehyde (19.4 mg, 0.14 mmol), aqueous amm@zd mL, 4.2
mmol) in EtOH (0.28 mL) and adding boron&8-7b (40 mg, 0.17 mmol) diluted in EtOH (0.14
mL). E:Z ratio 1:9.0. = 0.14 (EtOAc)*H NMR (300 MHz, CQOD) & (*denotes minor isomer)
7.29-7.17 (m, 2H, GonrH), 6.99-6.87 (M, 2H, GonrH), 5.57-5.43 (m, 1H, HC=B), 5.40-5.28
(m, 1H,HC=CH), 4.15 (tJ = 6.9 Hz, 1IHHCNH,), 3.85 (s, 3H, OC}H}, 2.60-2.26 (m, 2H, CH),
1.62* (dd,J = 6.2, 1.3 Hz, 3H, C¥), 1.55 (dd,J = 6.7, 0.8 Hz, 3H, CH. **C NMR (75 MHz,
CDs0D) & (*denotes minor isomer) 158.3 {6.+O), 133.8 (Gom), 129.0 (GonrH), 128.14
(HC=CH), 128.11 (KC=CH), 127.0 (GonrH), 121.5 (GronrH), 111.7 (GronrH), 55.8 (OCH),
52.2 (HCNH), 51.7* (HCNH), 41.5* (CH), 35.6 (CH), 18.2* (CHy), 13.0 (CH). IR (CH,CL,):
3012, 2919 (NHst), 2818 (C-H st), 1601, 1583 (MB), 1235 (C-O-C st as), 1051 (C-O-C st sy)
cmt. MS (El) m/z (%): 136 (100, [FMC,H-]). HRMS: Calculated for [GH;/NONa]': 214.1208
[M+Na]"; found: 214.1208.

The enantiomeric excess of the product was measwyedPLC analysis on chiral stationary

phase at the corresponding acetylated protididt
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NH, (S,2)-1-(3-Methoxyphenyl)pent-3-en-1-amine, 9¢-ollowing GP-L, 9e

MeO = (15.7 mg, 0.08 mmol, 59%) was isolated by FC a% mir after 6 h,
e starting fromm-anisaldehyde (17.1 uL, 0.14 mmol), agueous ammonia

(0.25 mL, 4.2 mmol) in EtOH (0.28 mL) and addingrdomate (S)-7b (40 mg, 0.168 mmol)
diluted in EtOH (0.14 mL)E:Z ratio 1:5.6. R= 0.32 (EtOAc).*H NMR (300 MHz, CQOD) &
(*denotes minor isomer) 7.22 (= 7.7 Hz, 1H, Go.wH), 6.94-6.85 (m, 2H, &onrH), 6.82-6.76
(M, 1H, GyonrH), 5.59-5.44 (m, 1H, HC=), 5.40-5.25 (m, 1HHC=CH), 3.84 (tJ = 7.0 Hz,
1H, HCNHjy), 3.79 (s, 3H, OCH}, 2.56-2.30 (m, 2H, CH), 1.63* (dd,J = 6.2, 1.2 Hz, 3H, C}),
1.55 (dd,J = 6.7, 0.9 Hz, 3H, CH. *C NMR (75 MHz, CROD) & (*denotes minor isomer)
161.3 (GronrO), 148.0 (Grom), 130.3 (GronrH), 129.2* (HC=CH), 128.8* (HCH), 127.7
(HC=CH), 127.3 (HCEH), 119.93 (GonrH), 119.86* (GronrH), 113.4 (GronrH), 113.22 (Gront
H), 113.16* (GronrH), 57.2 (OCH), 57.0* (OCH), 55.6 (HCNH), 43.5* (CH), 37.5 (CH),
18.1 (CHy), 13.0* (CHp). IR (CH,Cl,): 3012, 2940 (Nkist), 2840 (C-H st), 1601, 1583 (N8,
1260 (C-O-C st as), 1049 (C-O-C st sy)'tmS (El) m/z (%): 136 (100, [FC,H;]). HRMS:
Calculated for [GHgNO]": 192.1388 [M+H]; found: 192.1392.

The enantiomeric excess of the product was measwedPLC analysis on chiral stationary

phase at the corresponding acetylated protidiet

NH, (S,2)-1-(4-Bromophenyl)pent-3-en-1-amine, 9f.Following GP-L, 9f

= (24.5 mg, 0.10 mmol, 73%) was isolated by FC as mit after 3 h,

Br Me starting from 4-bromobenzaldehyde (25.9 mg, 0.14 othmaqueous
ammonia (0.25 mL, 4.2 mmol) in EtOH (0.28 mL) ardbiag boronatgS)-7b (40 mg, 0.17
mmol) diluted in EtOH (0.12 mL)E:Z ratio 1:5.7. R= 0.34 (EtOAc).'H NMR (300 MHz,
CD30D) & (*denotes minor isomer) 7.49-7.41 M= 8.4 Hz, 2H, G..+H), 7.30-7.21 (dJ = 8.4
Hz, 2H, GontH), 5.59-5.42 (m, 1H, HC=K), 5.38-5.23 (m, 1HHC=CH), 3.86 (tJ = 6.9 Hz,
1H, HCNH,), 2.54-2.28 (m, 2H, C}), 1.62* (dd,J = 6.3, 1.4 Hz, 3H, C§J, 1.53 (ddJ = 6.8, 1.0
Hz, 3H, CH). **C NMR (75 MHz, CROD) & (*denotes minor isomer) 145.7 {G,), 132.4
(CaroniH), 129.7 (GronrH), 129.6* (GyonrH), 129.5* (HCCH), 128.4* (HC=CH), 127.6
(HC=CH), 127.4 (HC=CH), 121.53 (GonBr), 121.51* (GuonBr), 56.6 (HCNH), 56.5*
(HCNH,), 43.4* (CH), 37.5 (CH), 18.1* (CH), 13.0 (CH). IR (CH,CL,): 3019, 2919 (NHist),
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2850 (C-H st), 1590 (Nk&) cmi*. MS (El) m/z (%): 184 (100, [FMC,H-]). HRMS: Calculated
for [C11H1sNBr]™: 240.0388 [M+H]; found: 240.0394.

The enantiomeric excess of the product was measwyedPLC analysis on chiral stationary

phase at the corresponding acetylated protidict

NH, (S,2)-1-(4-Chlorophenyl)pent-3-en-1-amine, 9g.Following GP-L, 9g
o (22.5 mg, 0.11 mmol, 82%) was isolated by FC as mit after 5 h,
Me
cl starting from 4-chlorobenzaldehyde (20 mg, 0.14 mymaqueous

ammonia (0.25 mL, 4.2 mmol) in EtOH (0.28 mL) ardtiag boronatgS)-7b (40 mg, 0.17
mmol) diluted in EtOH (0.14 mL)E:Z ratio 1:5.5. R= 0.51 (petroleum ether/EtOAc 2:8H

NMR (300 MHz, CROD) & (*denotes minor isomer) 7.36-7.27 (s, 4H,&H), 5.60-5.42 (m,
1H, HC=CH), 5.39-5.24 (m, 1HHC=CH), 3.87 (tJ = 6.9 Hz, 1IHHCNH,), 2.55-2.29 (m, 2H,
CH,), 1.62* (dd,J = 6.2, 1.3 Hz, 3H, Ch), 1.53 (dd,J = 6.8, 0.8 Hz, 3H, C. °C NMR (75
MHz, CD;0OD) & (*denotes minor isomer) 145.3 (&), 133.6 (GonrCl), 129.5* (HCCH),

129.4 (GronrH), 129.3 (GronrH), 129.3* (GronrH), 128.5% (HC=CH), 127.5 (HCEH), 127.4
(HC=CH), 56.6 (HCNH), 56.5* (HCNH,), 43.4* (CH), 37.5 (CH), 18.1* (CH), 13.0 (CH).

IR (CH,Cl,): 3012, 2926 (NH st), 2851 (C-H st), 1591 (N+b), 1088 (C-Cl st) cil. MS (El)

m/z (%): 140 (100, [M-C,H-]). HRMS: Calculated for [GH;sNCI]*: 196.0893 [M+H]; found:

196.0895.

The enantiomeric excess of the product was measwyedPLC analysis on chiral stationary

phase at the corresponding acetylated protidigt

NH, (S,2)-1-(4-Fluorophenyl)pent-3-en-1-amine, 9h.Following GP-L, 9h
= (15.2 mg, 0.08 mmol, 61%) was isolated by FC as mit after 5 h,
F Me starting from 4-fluorobenzaldehyde (15.1 pL, 0.14mal), aqueous
ammonia (0.25 mL, 4.2 mmol) in EtOH (0.28 mL) ardtiag boronatgS)-7b (40 mg, 0.17
mmol) diluted in EtOH (0.14 mL)E:Z ratio 1:5.4. R= 0.33 (petroleum ether/EtOAc 2:8H
NMR (300 MHz, CRQOD) & (*denotes minor isomer) 7.39-7.28 (m, 2H,&H), 7.08-6.97 (m,
2H, CuonrH), 5.58-5.43 (m, 1H, HC=), 5.39-5.23 (m, 1HHC=CH), 3.88 (tJ = 6.9 Hz, 1H,
HCNH,), 2.54-2.28 (m, 2H, C}), 1.62* (dd,J = 6.3, 1.4 Hz, 3H, C¥}, 1.53 (ddJ = 6.8, 1.8 Hz,
3H, CHy). *C NMR (75 MHz, CROD) & (*denotes minor isomer) 163.3 (Hcr = 243.3 Hz,
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CarontF), 142.4 (d} ek = 3.3 Hz,CarontC), 129.4 (d3Jcr = 7.9 HZ, GronrH), 129.4* (d,*Jcr =
8.0 Hz, GronrH), 128.6* (HC=CH), 127.5 (HCEH), 127.4 (HC=CH), 115.9 (d%Jcr = 21.4 Hz,
CaontH), 56.5 (HCNH), 56.4* (HCNH), 43.6* (CH), 37.6 (CH), 18.1* (CH;), 13.0 (CH). IR
(CH,Cl,): 3010, 2985 (NKist), 2930 (C-H st), 1217 (C-F st) ¢mMS (El) m/z (%): 124 (100,
[M*-C4H-]). HRMS: Calculated for [GH:sNF]*: 180.1189 [M+H]; found: 180.1188.

The enantiomeric excess of the product was measwyedPLC analysis on chiral stationary
phase at the corresponding acetylated protidiat

NH, (R,2)-1-Phenylhept-5-en-3-amine, iFollowing GP-L, 9i (19.3 mg, 0.1
1

5 a X mmol, 73%) was isolated by FC as pure oil after,4starting from

hydrocinnamaldehyde (18.8 uL, 0.14 mmol), aqueousiania (0.25 mL,
4.2 mmol) in EtOH (0.28 mL) and adding boroné®7b (40 mg, 0.17 mmol) diluted in EtOH
(0.14 mL).E:Z ratio nd. R= 0.23 (petroleum ether/EtOAc 2:8H NMR (300 MHz, CQOD) &
(*denotes minor isomer) 7.29-7.10 (m, 5H,&H), 5.68-5.50 (m, 1H, HC=), 5.49-5.35 (m,
1H, HC=CH), 2.83-2.55 (m, 3H, 2xH-1+H-3), 2.29-2.08 @h|, H-4ab), 2.07-1.94* (m, 2H, H-
4ab), 1.84-1.52 (m, 5H, 2xH-2+GH **C NMR (75 MHz, CROD) & (*denotes minor isomer)
143.5 (Grom), 129.39 (GonrH), 129.35 (GonrH), 129.2* (HCCH), 128.8* (HC=CH), 127.9
(HC=CH), 127.4 (HC=CH), 126.8 (GwonrH), 51.9 (C-3), 51.5* (C-3), 41.2* (C-2), 39.8 @;
35.3 (C-4), 33.5 (C-1), 33.4* (C-1), 18.2* (G}H113,2 (CH). IR (CH,Cl,): 3026, 2919 (NH st),
2857 (C-H st), 1605, 1583 (NH) cm®. MS (El) m/z (%): 134 (81, [FC4H-]), 91 (100, [M-
CgH1,N]). HRMS: Calculated for [GH»N]*: 190.1596 [M+H]; found: 190.1599.

The enantiomeric excess of the product was measwyedPLC analysis on chiral stationary

phase at the corresponding acetylated protidict

(R,2)-Dodec-2-en-5-amine, 9jFollowing GP-L, 9j (15.5 mg, 0.08
MeN\/\/E\'—IZ&Z mmol, 60%) was isolated by FC as pure oil after, 3tarting from
* Me octanal (21.9 puL, 0.14 mmol), aqueous ammonia (M5 4.2
mmol) in EtOH (0.28 mL) and adding boron&8-7b (40 mg, 0.17 mmol) diluted in EtOH (0.14
mL). E:Z ratio 1:5.6. = 0.25 (EtOAc)*H NMR (300 MHz, CQOD) & (*denotes minor isomer)
5.67-5.49 (m, 1H, HC=B), 5.49-5.36 (m, 1HHC=CH), 2.80-2.65 (m, 1H, H-5), 2.25-2.03 (m,
2H, H-4ab), 2.02-1.89* (m, 2H, H-4ab), 1.68* (dds 6.0, 1.2 Hz, 3H, 3xH-1), 1.64 (dd#i= 6.8,
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0.8 Hz, 3H, 3xH-1), 1.46-1.25 (m, 12H, 6x§H0.95-0.86 (m, 3H, CHCH,). *C NMR (75
MHz, CD;0D) ¢ (*denotes minor isomer) 129.1* (HCH), 128.9* (HC=CH), 128.0 (HCEH),
127.3 (HC=CH), 52.3 (C-5), 51.9* (C-5), 41.2* (C-4), 37.7@-4), 37.67* (CH), 35.3 (CH),
33.0 (CH), 30.9 (CH), 30.4 (CH), 27.2 (CH), 27.1* (CH), 23.7 (CH), 18.2* (CHy), 14.4
(CHs), 13.2 (CH). IR (CH,Cl,): 2959, 2930 (NKist), 2851 (C-H st), 1454 (N+5) cmi™. MS (EI)
m/z (%): 128 (100, [NFC,H)).

The enantiomeric excess of the product was measwedPLC analysis on chiral stationary

phase at the corresponding benzoylated pratidjct

NH, (S,2)-1-Cyclohexylpent-3-en-1-amine, 9kFollowing GP-L, 9k (8.0 mg, 0.05

5 N4 mmol, 34%) was isolated by FC as pure oil after 3 starting from
Me

cyclohexanecarboxaldehyde (17.0 uL, 0.14 mmol),eags ammonia (0.25
mL, 4.2 mmol) in EtOH (0.28 mL) and adding boronée-7b (40 mg, 0.17 mmol) diluted in
EtOH (0.14 mL).E:Z ratio 1:6.3. R= 0.25 (EtOAc).*H NMR (300 MHz, CQOD) & (*denotes
minor isomer). 5.67-5.49 (m, 1H, H-4), 5.47-5.35, @R, H-3), 2.58-2.51 (m, 1H, H-1), 2.31-
2.17 (m, 1H, H-2a), 2.15-2.02 (m, 1H, H-2b), 1.986F (m, 1H, H-2b), 1.85-1.59 (m, 8H,
2XCyHy+CH+CH;y), 1.39-0.96 (m, 6H, 3xgH,). *C NMR (75 MHz, CDCJ) & (*denotes
minor isomer) 129.5* (HCEH), 129.0* (HC=CH), 128.6 (HC€H), 127.2 (HC=CH), 57.2 (C-
1), 56.7* (C-1), 44.1 (GH), 44.0* (G,H), 38.2* (C-2), 32.4 (C-2), 30.7 ({H,), 30.6* (CyHy),
29.5* (GyH>), 29.5 (GyH2), 27.7 (GyH2), 27.6 (GHy), 27.6* (GyH,), 27.5 (GyH,), 18.2* (CHy),
13.1 (CH). IR (CHCl,): 2922, 2851 (NK st), 1451 (NH 8) cm*. MS (El) m/z (%):126 (100,
[M*-C4H-]). HRMS: Calculated for [GH,,N]": 168.1752 [M+H]; found: 168.1749.

The enantiomeric excess of the product was measwyedPLC analysis on chiral stationary
phase at the corresponding benzoylated pratidict

. NH (S,1E,52)-1-Phenylhepta-1,5-dien-3-amine, 9Following GP-L, 9l (17.3

X X6 mg, 0.14 mmol, 66%) was isolated by FC as pureaftdr 3 h, starting

’ from trans-cinnamaldehyde (17.6 uL, 0.14 mmol), aqueous ansn@?25

mL, 4.2 mmol) in EtOH (0.28 mL) and adding boronée-7b (40 mg, 0.17 mmol) diluted in
EtOH (0.14 mL).E:Z ratio 1:6.0. R= 0.44 (CHCLMeOH 5%).*H NMR (300 MHz, CDC}) &

(*denotes minor isomer) 7.41-7.18 (m, 5H,&H), 6.51 (dd,J = 15.9, 1.2 Hz, 1H, H-1), 6.21
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(dd,J = 15.9, 6.8 Hz, 1H, H-2), 5.69-5.52 (m, 1H, H-B)51-5.38 (m, 1H, H-5), 3.56 (qd,=
6.6, 1.2 Hz, 1H, H-3), 2.30 (§,= 6.9 Hz, 2H, H-4), 2.22-2.08* (M, 2H, H-4), 1.6&,J = 6.7,
0.9 Hz, 3H, CH), 1.48 (brs, 2H, Nb). *C NMR (75 MHz, CDCJ) & (*denotes minor isomer)
137.34% (Gron), 137.30 (Gon), 134.7* (C-6), 134.6 (C-6), 128.9 {GrH), 128.9* (GyonrH),
128.65 (GrontH), 128.56* (GronrH), 127.5* (GuonrH), 127.4 (GronrH), 126.9 (C-1), 126.6 (C-2),
126.4 (C-5), 54.0 (C-3), 53.7* (C-3), 41.4* (C-85.5 (C-4), 18.2* (Ch), 13.2 (CH). IR
(CH,Cl,): 3019, 2915 (Nhist), 2830 (C-H st), 1490 (NH) cmi’. MS (EI) m/z (%): 186 (L, [N+
H]), 132 (100, [M-C,H;]). HRMS: Calculated for [GH:gN]": 188.1439 [M+H]; found:
188.1444.

The enantiomeric excess of the product was measwedPLC analysis on chiral stationary

phase at the corresponding acetylated protidict
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3.4 Synthesis of protected amines 10a-I

For 9a-h, 9j and 91
Et;N, DMAP, Ac,0

NHAc

CH,Cl, tt, 30-60 min R A
NH, Yield 61-97% 10a-h, 10j, 101
R1J\/ﬁ —
9a-1 For 9i and 9k NHBz
EtsN, BzCl
- R! X
CH2C|2' rt, 60 min
Yield 96% 10i and 10k

General Procedure for acetylation:A vial equipped with a magnetic stirring bar wémiged
with the amineQa-h, 9j and9l (0.09 mmol, 1 eq), C¥Cl, (0.25M), DMAP (0.009 mmol, 10
mol%), EtN (0.28 mmol, 3 eq) and A© (0.14 mmol, 1.5 eq). The crude mixture was sliae
room temperature until completion (30-60 min). Tiesidue was concentratéd vacuo and
purified by FC on silica gel (petroleum ether/EtO82 to 6:4) affording the corresponding
acetylated product as white solid. TLCs were dgwetbin PMA.

The racemic standards for HPLC analysis were pegpdéinrough an acetylation reaction of

racemic amine8a-h, 9j and9l, which were previously synthesized using boroigate’a.

General Procedure for benzoylation:A vial equipped with a magnetic stirring bar wasuged
with the primary amin®i or 9k (0.03 mmol, 1 eq), C}l, (0.25M), EtN (0.05 mmol, 1.5 eq)
and benzoyl chloride (0.04 mmol, 1.2 eq). The crodeture was stirred at room temperature
until completion (60 min). The mixture was concatedin vacuo and purified by FC on silica
gel (petroleum ether/EtOAc 19:1 to 7:3) affordige tcorresponding benzoylated product as a
white solid. TLC was developed in PMA.

The racemic standards for HPLC analysis were pesp#éinrough a benzoylation reaction of

racemic amine8i and9k, which were previously synthesized using borofa)Ye’a
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NHAC (S,2)-N-(1-Phenylpent-3-en-1-yl)acetamide, 10a. Following GP for

\ acetylation, 10a (9.9 mg, 0.05 mmol, 89%) was isolated by FC, istgrirom
primary amine9a (8.8 mg, 0.05 mmol) in C}l, (0.22 mL), E4N (22.3 pL,
0.16 mmol), DMAP (1.1 mg, 0.009 mmol) and acetibyairide (7.8 pL, 0.08 mmolkE:Z ratio
1:6.3'H NMR (300 MHz, CDC}) & (*denotes minor isomer) 7.37-7.21 (m, 5Hys@H), 5.80
(d,J = 7.0 Hz, 1H, NH), 5.63-5.45 (m, 1H, HCHQ, 5.35-5.23 (m, 1HHC=CH), 5.11-4.99 (m,
1H, HCNH), 2.57 (tddJ = 7.0, 1.7, 0.9 Hz, 2H, Gl 2.52-2.45* (m, 2H, Ch), 1.99 (s, 3H,
COCH,), 1.63* (dd,J = 6.4, 1.4 Hz, 3H, Ck), 1.59 (dd,J = 6.8, 0.8 Hz, 3H, CH. **C NMR (75
MHz, CDCk) & (*denotes minor isomer) 169.4 (C=0), 142.0%{%, 141.9 (Gom), 128.9*
(CarontH), 128.7 (GrontH), 127.4 (HCEH), 127.3* (HCCH), 127.2 (GronrH), 126.6 (GrontH),
126.6* (GyonrH), 126.4* (HC=CH), 125.5 (KL=CH), 53.1 (HCNH), 53.0* (HCNH), 39.4*
(CH,), 33.5 (CH), 23.5 (CGCHg), 18.1* (CHy), 13.1 (CH). IR (CH,Cl,): 3282 (NH st), 1645
(C=0 st) cnt. MS (El) m/z (%): 148 (64, [MC4H]). HRMS: Calculated for [GH:gNOJ™:
204.1388 [M+HJ; found: 204.1396. The ee was determined by HPLi@gua Chiralpak IA
column p-hexanefPrOH (98:2)]; flow rate 1.0 mL/minZ isomer tminer = 44.24 MiN,Tmajor =
51.01 min (97% eek iSomertmajor = 47.61 MiNTminer = 56.93 min (96% ee).

Me

NHAC (S,Z2)-N-(1-(p-tolyl)pent-3-en-1-yl)acetamide, 10b.Following GP for
= acetylation, 10b (16.1 mg, 0.07 mmol, 80%) was isolated by FC,tisigr
from primary aminedb (16.4 mg, 0.09 mmol) in Ci€l, (0.37 mL), E4N
(39 uL, 0.28 mmol), DMAP (1.1 mg, 0.009 mmol) armbtic anhydride (13.2 pL, 0.14 mmol).
E:Z ratio 1:6.0.'H NMR (300 MHz, CDC})  (*denotes minor isomer) 7.23-7.10 (M, 4Hy&
H), 5.82 (d,J = 8.1 Hz, 1H, NH), 5.64-5.47 (m, 1H, HCH(}, 5.36-5.23 (m, 1HHC=CH), 5.07-
4.93 (m, IHHCNH), 2.60-2.52 (m, 2H, C}), 2.53-2.40* (m, 2H, Ch}, 2.32 (s, 3H, GonlCH3),
1.97 (s, 3H, COCH), 1.59 (dd,J = 6.7, 0.8 Hz, 3H, Ch. °C NMR (75 MHz, CDCJ) &
(*denotes minor isomer) 169.3 (C=0), 139.0%4{&, 138.9 (Grom), 137.1 CaonrCHs), 137.0*
(CarontCHa), 129.4 (GonrH), 128.8* (HCCH), 127.1 (HC£H), 126.6 (GionrH), 126.5*
(HC=CH), 125.7 (KL=CH), 52.9 (HCNH), 52.7* (HCNH), 39.4* (ChH, 33.4 (CH), 23.6
(COCHj3), 21.2 (GronCHS3), 18.1* (CH), 13.1 (CH). IR (CHCI,): 3289 (NH st), 2926 (C-H st),
1644 (C=0 st) cih MS (El) m/z (%):162 (92, [N+C4H-]). HRMS: Calculated for [GH»NO]*:
218.1545 [M+H]; found: 218.1549. The ee was determined by HPLi@gua Chiralpak AY-3

Me
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column p-hexanefPrOH (95:5)]; flow rate 1.0 mL/minZ isomer tmingr = 25.78 Min,tmajor =
41.14 min (>99% eef isSomertmingr = 38.28 MiNtmajor = 55.80 min (95% ee).

NHAC (S,2)-N-(1-(4-Methoxyphenyl)pent-3-en-1-yl)acetamide, 10c.

A

Following GP for acetylation, 10c (17.8 mg, 0.08 mmol, 90%) was

Me
Meo isolated by FC, starting from primary amifie (16.2 mg, 0.08 mmol) in

CH,CI, (0.34 mL), E{N (38.5 pL, 0.28 mmol), DMAP (1.0 mg, 0.008 mmohdaacetic
anhydride (7.8 pL, 0.08 mmoll:Z ratio 1:5.7.*H NMR (300 MHz, CDC}) & (*denotes minor
isomer) 7.20 (dJ = 8.7 Hz, 2H, GonH), 6.86 (d,J = 8.6 Hz, 2H, GonrH), 5.75 (d,J = 8.2 Hz,
1H, NH), 5.62-5.44 (m, 1H, HC=4), 5.35-5.22 (m, 1HHC=CH), 5.06-4.91 (m, 1H4CNH),
3.79 (s, 3H, OCh), 2.60-2.51 (m, 2H, C}), 2.50-2.42* (m, 2H, Ch), 1.97 (s, 3H, COCH,
1.63* (dd,J = 6.4, 1.0 Hz, 3H, Ck), 1.59 (dd,J = 6.8, 0.9 Hz, 3H, CH. **C NMR (75 MHz,
CDCl,) & (*denotes minor isomer) 169.3 (C=0), 158.2£&0), 134.2* (Gron), 134.0 (Grom,
128.8* (HC=CH), 127.8 (GronrH), 127.7* (GronrH), 127.1 (HCEH), 126.6* (HC=CH), 125.7
(HC=CH), 114.1* (GuonrH), 55.4 (HCNH), 52.6 (OCh), 52.5* (OCH), 39.3* (CH), 33.4
(CH,), 23.6 (CGCHs), 18.1* (CHy), 13.1 (CH). IR (CH,Cl,): 3282 (NH st), 1644 (C=0 st), 1245
(C-O-C st as), 1020 (C-O-C st sy) ¢mMS (El) m/z (%): 178 (98, [MC,H]). HRMS:
Calculated for [GHooNO,]": 234.1494 [M+H]; found: 234.1499. The ee was determined by
HPLC using &Chiralpak AY-3 column p-hexanetPrOH (95:5)]; flow rate 1.0 mL/mirZ isomer
Tminor = 55.28 MiNTmajor = 124.25 min (98% eef isomertmajor = 99.91 MiNTminor = 106.38 min

(95% ee).

NHAC (S,Z)-N-(1-(2-Methoxyphenyl)pent-3-en-1-yl)acetamide, 10d-ollowing GP
\Me for acetylation, 10d (14.9 mg, 0.06 mmol, 68%) was isolated by FC,tisigr
from primary amine9d (18 mg, 0.09 mmol) in C¥Cl, (0.38 mL), E4N (39.3
puL, 0.28 mmol), DMAP (1.1 mg, 0.009 mmol) and acetnhydride (13.3 pL, 0.14 mmok:Z
ratio 1:9.0."H NMR (300 MHz, CDC}) & (*denotes minor isomer) 7.25-7.19 (m, 1Hy&H),
7.15 (dd,J = 7.6, 1.8 Hz, 1H, GonH), 6.95-6.86 (M, 2H, GonrH), 6.43 (d,J = 8.7 Hz 1H, NH),
5.55-5.41 (m, 1H, HC=B), 5.35-5.23 (m, 1HHC=CH), 5.22-5.10 (m, 1HHCNH), 3.89 (s,
3H, OCHp), 2.63-2.42 (m, 2H, C}), 1.97 (s, 3H, COCH), 1.65-1.56* (m, 3H, Ckj, 1.51 (ddJ
= 6.7, 0.9 Hz, 3H, CH. *C NMR (75 MHz, CDCJ) & (*denotes minor isomer) 169.0 (C=0),
157.2 (Goni0), 1293 (Gom, 129.2 (GronrH), 128.6 (HCEH), 126.5 (GomwH), 126.4

OMe
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(HC=CH), 120.8 (GonrH), 111.1 (GrontH), 55.5 (OCH), 51.8 (HCNH), 32.6 (CH), 23.8
(COCHS3), 18.1* (CH), 12.9 (CH). IR (CH,Cl,): 3307 (NH st), 2930 (C-H st), 1641 (C=0O st),
1245 (C-OC st as), 1027 (C-O-C st sy)'tMS (El) m/z (%): 178 (100, [F4C,H;]). HRMS:
Calculated for [GHooNO,]": 234.1494 [M+H]; found: 234.1498. The ee was determined by
HPLC using &Chiralcel OD-3 column p-hexanetPrOH (98:2)]; flow rate 1.0 mL/mirZ isomer
Tminor = 35.75 MiNTmajor = 106.07 min (85% eeE isomertmajor = 33.85 Min,tminer = 97.60 min
(73% ee).

NHAC (S,2)-N-(1-(3-Methoxyphenyl)pent-3-en-1-yl)acetamide, 10d-ollowing GP
X for acetylation, 10e (14.4 mg, 0.06 mmol, 89%) was isolated by FC asihn
starting from primary amin®e (13.3 mg, 0.07 mmol) in Ci&l, (0.28 mL),
EtN (29 uL, 0.21 mmol), DMAP (0.8 mg, 0.007 mmol) aamcktic anhydride
(9.8 pL, 0.1 mmol)E:Z ratio 1:5.6*H NMR (300 MHz, CDC}) 5 (*denotes minor isomer) 7.31-
7.20 (M, 1H, GonrH), 6.93-6.75 (M, 3H, GonrH), 5.78 (d,J = 6.8 Hz, 1H, NH), 5.65-5.48 (m,
1H, HC=), 5.36-5.23 (m, 1HHC=CH), 5.09-4.92 (m, 1H;ICNH), 3.80 (s, 3H, OC}), 2.62-
2.51 (m, 2H, CH), 2.51-2.42* (m, 2H, Ch}, 1.99 (s, COCBh), 1.60 (dd,J = 6.8, 0.9 Hz, 3H,
CHs). *C NMR (75 MHz, CDCJ)) & (*denotes minor isomer) 169.4 (C=0), 159.9,{&0),
143.6 (Grom): 129.8 (GronrH), 129.7* (GronrH), 129.0* (HCCH), 127.3 (HCEH), 126.4*
(HC=CH), 125.5 (H.=CH), 118.9 (GontH), 118.8* (GronrH), 112.8 (GronrH), 112.7* (Gront
H), 112.5 (GronrH), 112.4* (GyonrH), 55.4 (OCH), 53.1 (HCNH), 52.9* (HCNH), 39.4* (CH),
33.5 (CH), 23.6 (COCH), 18.1* (CH), 13.1 (CH). IR (CHCI,): 3285 (NH st), 2940 (C-H st),
1648 (C=0 st), 1260 (C-O-C st as), 1045 (C-O-Cysicsi*. MS (El) m/z (%): 178 (100, [
C,H7]). HRMS: Calculated for [GH2oNO,]": 234.1494 [M+H]; found: 234.1498. The ee was
determined by HPLC using @hiralpak IC column p-hexanetPrOH (98:2)]; flow rate 0.7

OMe

mL/min; Z iSomertminor = 139.35 Mintmajor = 172.43 min (>99% eef isomertmajor = 134.51
MiN, Trminor = 192.95 min (96% ee).

NHAG (S,2)-N-(1-(4-Bromophenyl)pent-3-en-1-yl)acetamide, 10f. Following

N GP for acetylation, 10f (20.8 mg, 0.07 mmol, 83%) was isolated by FC,

Me
Br starting from primary aminbc (21.4 mg, 0.09 mmol) in Ci&l, (0.36 mL),

EtN (37.2 pL, 0.27 mmol), DMAP (1.1 mg, 0.009 mmotjdaacetic anhydride (12.6 uL, 0.13
mmol). E:Z ratio 1:5.7*H NMR (300 MHz, CDC}) & (*denotes minor isomer) 7.43 (d= 8.4
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Hz, 2H, GuontH), 7.14 (d,J = 8.4 Hz, 2H, GorrH), 5.87 (d,J = 7.3 Hz, 1H, NH), 5.67-5.47 (m,
1H, HC=CH), 5.31-5.19 (m, 1HHC=CH), 5.03-4.89 (m, 1H4CNH), 2.56-2.48 (m, 2H, C},
2.47-2.39* (m, 2H, Ck), 1.98 (s, 3H, COCH), 1.63* (dd,J = 6.4, 1.4 Hz, 3H, CK), 1.58 (ddJ

= 6.8, 0.8 Hz, 3H, CH. *C NMR (75 MHz, CDCJ) & (*denotes minor isomer) 169.5 (C=0),
141.2* (Gyon), 141.1 (Gron), 131.7 (GronrH), 129.5* (HC=CH), 128.4 (GronrH), 128.3* (Gyonr
H), 127.7 (HC€H), 125.9* (HC=CH), 125.0 (HC=CH), 121.2 (GonrBr), 52.7 (HCNH), 52.5*
(HCNH), 39.3* (CH), 33.3 (CH), 23.5 (CQCH,), 18.1* (CHy), 13.1 (CH). IR (CH,Cl,): 3282
(NH st), 1648 (C=0 st) cth MS (El) m/z (%): 226 (44, [(4C,H;]). HRMS: Calculated for
[C1sH1Z/NOBI]": 282.0494 [M+H]; found: 282.0504. The ee was determined by HPLi@gus
Chiralpak AY-3 column p-hexanetPrOH (95:5)]; flow rate 1.0 mL/mirZ isomertminor = 27.18

MiN, Tmajor = 51.42 Min (98% ee isomertyinor = 44.41 MiNTmaor = 54.08 min (98% ee).

NHAC (S,2)-N-(1-(4-Chlorophenyl)pent-3-en-1-yl)acetamide, 10g.Following

o GP for acetylation, 10g (13.6 mg, 0.06 mmol, 84%) was isolated by FC,

Me
c starting from primary amingg (13.4 mg, 0.07 mmol) in Ci&l, (0.27 mL),

EtN (28.4 uL, 0.2 mmol), DMAP (1.0 mg, 0.008 mmol)daacetic anhydride (9.6 uL, 0.1
mmol). E:Z ratio 1:5.5.*H NMR (300 MHz, CDC}) & (*denotes minor isomer) 7.29 (d= 8.5
Hz, 2H, GyonrH), 7.20 (d,J = 8.5 Hz, 2H, GonrH), 5.81 (d,J = 7.1 Hz, 1H, NH), 5.66-5.47 (m,
1H, HC=CH), 5.33-5.18 (m, 1HHC=CH), 5.07-4.90 (m, 1HHCNH), 2.58-2.49 (m, 2H, C}},
2.47-2.40% (m, 2H, Ch), 1.98 (s, 3H, COCH), 1.64* (dd,J = 6.4, 1.4 Hz, 3H, Ck), 1.58 (dd)

= 6.8, 0.9 Hz, 3H, CH. *C NMR (75 MHz, CDCJ) & (*denotes minor isomer) 169.4 (C=0),
140.7* (Gyon), 140.5 (Gron), 133.1 (GronCl), 133.0* (GyonrCl), 129.5% (HC=CH), 128.8 (Gront
H), 128.0 (GrontH), 127.9* (GuonrH), 127.8 (HC€H), 126.0* (HC=CH), 125.0 (HC=CH), 52.6
(HCNH), 52.4* (HCNH), 39.3* (Ch)), 33.4 (CH), 25.5* (CQCH,), 23.6 (CQCH,), 18.1* (CHy),
13.2 (CH). IR (CH,Cl,): 3285 (NH st), 1648 (C=0 st) ¢mMS (El) m/z (%): 182 (49, [M
C,H7]). HRMS: Calculated for [GH;;NOCI]": 238.1001 [M+H]J; found: 238.0999. The ee was
determined by HPLC using @Ghiralpak AY-3 column p-hexaneitPrOH (95:5)]; flow rate 1.0
mL/min; Z isomertminor = 23.02 MiNTmajor = 44.60 min (>99% eef isomertmine = 38.71 min,
Tmajor = 41.73 min (>99% ee).
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NHAG (S,2)-N-(1-(4-Fluorophenyl)pent-3-en-1-yl)acetamide, 10h. Following
N GP for acetylation, 10h (5.5 mg, 0.02 mmol, 61%) was isolated by FC,
F Me  starting from primary aminéh (7.4 mg, 0.04 mmol) in C4€l, (0.16 mL),
EtN (16.7 pL, 0.12 mmol), DMAP (0.5 mg, 0.004 mmoldaacetic
anhydride (5.8 pL, 0.06 mmoll:Z ratio 1:5.4.*H NMR (300 MHz, CDC}) & (*denotes minor
isomer) 7.31-7.20 (m, 2H, fe+H), 7.06-6.96 (m, 2H, Lo.H), 5.74 (d,J = 6.0 Hz, 1H, NH),
5.66-5.48 (m, 1H, HC=B), 5.35-5.19 (m, 1HHC=CH), 5.07-4.93 (m, 1HHCNH), 2.59-2.50
(m, 2H, CH), 2.49-2.41* (m, 2H, Ch), 1.99 (s, 3H, COCH}, 1.59 (dd,J = 6.7, 0.8 Hz, 3H,
CHs). **C NMR (75 MHz, CDCJ)) & (*denotes minor isomer) 169.4 (C=0), 162.1 Y@ =
245.2 HZ, GonrF), 162.0* (d,2cr = 245.2 Hz, GonrF), 137.9* (d,Jc.r = 2.9 HZ, Gron), 137.8
(d, ek = 3.3 HZ, Gron), 129.3* (HC=CH), 128.2 (d3Jcr = 7.8 HZ, GonrH), 128.1* (d,%)ck =
7.2 Hz, GrontH), 127.6 (HCE€H), 126.1* (HC=CH), 125.2 (C=CH), 115.5 (d?Jcr = 21.4 Hz,
CaronrH), 115.4% (d,%Jcr = 21.4 Hz, GonrH), 52.6 (HCNH), 52.4* (HCNH), 39.5* (C})l, 33.5
(CH,), 23.5 (CQCHg), 18.1* (CH), 13.1 (CH). IR (CH,Cly): 3289 (NH st), 2927 (C-H st), 1644
(C=0 st), 1220 (C-F st). MS (El) m/z (%): 166 (49,"-C,H-]), 124 (100, [M-CsH,F]). HRMS:
Calculated for [GH;NOF]": 222.1294 [M+H]J; found: 222.1292. The ee was determined by
HPLC using &Chiralpak AY-3 column p-hexanetPrOH (95:5)]; flow rate 1.0 mL/mirZ isomer
Tminor = 17.30 MiNTraor = 34.12 min (>99% eeE isomertpajor = 24.23 MiNTminor = 30.90 min

(99% ee).

10hwas crystallized in vapour diffusion conditions lwiEtO:n-hexane at -20 °C.
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NHBz (R,Z2)-N-(1-Phenylhept-5-en-3-yl)benzamide, 10i.Following GP for
~ benzoylation, 10i (9.3 mg, 0.03 mmol, 96%) was isolated by FC, istgrt
e from primary aminei (6.3 mg, 0.03 mmol) in CKI, (0.13 mL), E4N (7
puL, 0.05 mmol) and benzoyl chloride (4.6 pL, 0.0mat). E:Z ratio nd. R= 0.51 (petroleum
ether/EtOAc 8:2)H NMR (300 MHz, CDC}) & (*denotes minor isomer) 7.72-7.65 (m, 2H,
CaronrH), 7.53-7.38 (M, 3H, GonrH), 7.32-7.23 (M, 2H, GonrH), 7.24-7.14 (m, 3H, GourrH),
5.94 (d,J = 8.8 Hz, 1H, NH), 5.71-5.56 (m, 1H, HCHG, 5.56-5.40 (m, 1HHC=CH), 4.38-
4.18 (m, 1H, H-3), 2.74 (] = 8.0 Hz, 2H, 2xH-1), 2.54-2.41 (m, 1H, H-4a),®225 (m, 1H,
H-4b), 2.07-1.78 (m, 2H, 2xH-2), 1.67* (dii= 5.9, 0.9 Hz, 3H, C}, 1.63 (dd,J = 6.7, 0.7 Hz,
3H, CHy). **C NMR (75 MHz, CDC)) & (*denotes minor isomer) 167.1 (C=0), 142.0%(Q,
141.9 (Grom), 135.1* (Gron), 135.0 (Grom, 131.4 (GronrH), 129.0* (HC=CH), 128.7 (HCH),
128.6 (HC=CH), 128.5 (GuonrH), 127.4 (GionrH), 126.9 (GronrH), 126.5* (HC=CH), 126.1
(CaroniH), 125.6 (GrontH), 49.7 (C-3), 49.5* (C-3), 38.1* (C-2), 36.3* {0, 36.2 (C-2), 32.75
(C-4), 32.67* (C-1), 32.1 (C-1), 18.2* (GH 13.2 (CH). IR (CH,Cl,): 3303 (NH st), 2926 (C-H
st), 1630 (C=0 st) cth MS (El) m/z (%): 238 (38, [M C4H;]), 105 (100, [M-Cy5H1eN]).
HRMS: Calculated for [gH2.NO]": 294.1858 [M+H]; found: 294.1859. The ee was determined
by HPLC using aChiralpak AY-3 column p-hexanetPrOH (97:3)]; flow rate 1.0 mL/minE

2 4

iISOMer Trmingr = 61.18 MiN,tmajor = 129.93 min (93% ee). isomer tmajor = 83.30 MiN,Tminor =
87.76 min (93% ee).

NHAG, (R,2)-N-(Dodec-2-en-5-yl)acetamide, 10j. Following GP for
Me 5 \Mi acetylation, 10j (10.2 mg, 0.04 mmol, 81%) was isolated by FC,
starting from primary amin®j (10.2 mg, 0.06 mmol) in Ci€l,
(0.22 mL), E{N (23.4 pL, 0.17 mmol), DMAP (1.0 mg, 0.008 mmofjdaacetic anhydride (8
uL, 0.08 mmol) E:Z ratio 1:5.6."H NMR (300 MHz, CDCJ) & (*denotes minor isomer) 5.66-
5.52 (m, 1H, HC=El), 5.47-5.31 (m, 1HHC=CH), 5.24 (d,J = 8.4 Hz, 1H, NH), 4.07-3.86 (m,
1H, HCNH), 2.36-2.23 (m, 1H, H-4a), 2.21-2.07 (m, 1H4bl, 1.95 (s, 3H, COC$)} 1.66* (dd,
J=6.0, 1.3 Hz, 3H, C}}, 1.61 (ddJ = 6.7, 1.1 Hz, 3H, ChJ, 1.41-1.16 (m, 13H, 6xCfj 0.91-
0.83 (m, 3H, CH). **C NMR (75 MHz, CDCJ)) & (*denotes minor isomer) 169.64 (C=0),
169.59* (C=0), 128.4* (HCEH), 126.9 (HC£H), 126.8* (HC=CH), 125.9 (KC=CH), 49.4
(HCNH), 49.1* (HCNH), 37.9* (CH), 34.4 (CH), 32.0 (CH), 31.9 (CH), 29.7 (CH), 29.4
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(CH,), 26.2 (CH), 26.1* (CH), 23.7 (CQCH3), 18.2* (CH), 14.2 (CH), 13.1 (CH). IR
(CH,Cl,): 3278 (NH st), 2926 (C-H st), 1645 (C=0 st)'tnMS (El) m/z (%):170 (35, [V
C,H7]). HRMS: Calculated for [@H,gNO]": 226.2171 [M+H]; found: 226.2177. The ee was
determined by HPLC using @Ghiralpak AY-3 column p-hexaneitPrOH (95:5)]; flow rate 1.0
mL/min; Z isomertyinor = 12.85 MiN,tmajor = 22.86 min (96% eef isomertmajor = 19.99 min,

Tminor = 26.17 min (99% ee).

NHBz_ (S,Z2)-N-(1-Cyclohexylpent-3-en-1-yl)benzamide, 10k.Following GP for
13 \M‘; benzoylation, 10k (3.9 mg, 0.01 mmol, 96%) was isolated by FC, istgrfrom
primary aminedk (2.5 mg, 0.01 mmol) in C}€l, (0.1 mL), EtN (3.2 pL, 0.02
mmol) and benzoyl chloride (2.1 pL, 0.02 mmol=R.5 (petroleum ether/EtOAc 8:F.Z ratio
1:6.3'H NMR (300 MHz, CDCJ) § 7.77-7.70 (m, 2H, GuorrH), 7.53-7.38 (M, 3H, GurrH), 5.91
(d,J = 9.3 Hz, 1H, NH), 5.66-5.52 (m, 1H, HCH(, 5.51-5.37 (m, 1HHC=CH), 4.14-4.01 (m,
1H, H-1), 2.50-2.37 (m, 1H, H-2a), 2.34-2.15 (m,, HH2b), 1.88-1.71 (m, 4H, 2x,), 1.71-
1.42 (m, 4H, GH+CH), 1.36-0.98 (m, 6H, 3xgH,). °C NMR (75 MHz, CDCJ) & (*denotes
minor isomer) 167.3 (C=0), 135.4* (G, 135.3 (Gom), 131.4* (GyonrH), 128.7 (GronrH),
128.4* (HC=CH), 127.1* (HC=CH), 126.9 (GoonrH), 126.8 (HC€H), 126.3 (HC=CH), 54.1
(C-1), 53.8* (C-1), 41.4 (GH), 35.2* (C-2), 30.1 (C-2), 29.9* ((H,), 29.8* (CyH.), 29.3
(CeyH2), 29.0 (GyH2), 26.5 (GyH,), 26.3 (GyH,), 18.2* (CHy), 13.2 (CH). IR (CH.CIL,): 3310
(NH st), 2851 (C-H st), 1630 (C=0 st) ¢mMS (El) m/z (%): 216 (59, [MC4H-]), 105 (100,
[M*-Cy;H,oN]). HRMS: Calculated for [GH2eNO]™: 272.2018 [M+H]; found: 272.2014. The ee
was determined by HPLC usingGhiralcel OD-3 column p-hexanetPrOH (98:2)]; flow rate
1.0 mL/min; E isomertmajor = 13.05 Min,tmingr = 16.15 min (94% ee}, isomer tminor = 14.19

MiN, Tmajor = 18.47 min (91% ee).

S N-((S,1E,52)-1-Phenylhepta-1,5-dien-3-yl)acetamide, 10kollowing GP

e \MZ for acetylation, 10l (17.3 mg, 0.07 mmol, 97%) was isolated by FC,
starting from primary amin@l (14.6 mg, 0.08 mmol) in Ci€l, (0.31 mL),
EtN (32.6 pL, 0.23 mmol), DMAP (1.0 mg, 0.008 mmohdaacetic anhydride (11 pL, 0.12
mmol). E:Z ratio 1:6.0'H NMR (300 MHz, CDC}) § 7.41-7.18 (m, 4H, GnrH), 6.51 (dd,J =
16.0, 1.5 Hz, 1H, H-1), 6.14 (dd,= 16.0, 6.0 Hz, 1H, H-2), 5.72-5.49 (m, 2H, H-6+)\H.49-

5.35 (m, 1H, H-5), 4.80-4.64 (m, 1H, H-3), 2.562(2n, 2H, CH), 2.03 (s, 3H, COCH, 1.73-
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1.60 (m, 3H, CH). *C NMR (75 MHz, CDCJ) & (*denotes minor isomer) 169.4 (C=0), 136.8
(Carom), 130.6 (C-1), 130.5* (C-1), 129.5 (C-6), 128.7,{fzH), 127.7 (C-2), 127.6 (LonrH),
126.5 (GronrH), 126.1%(C-5), 125.2 (C-5), 50.7 (C-3), 50.5*-@}, 38.3* (C-4), 32.5 (C-4), 23.7
(COCHj3), 18.2* (CH), 13.2 (CH). IR (CH,Cly): 3289 (NH st), 2926 (C-H st), 1644 (C=0 st)
cmt. MS (El) m/z (%): 229 (1, ), 174 (72, [M-C,H;]). HRMS: Calculated for [GH,oNO]":
230.1545 [M+HJ; found: 230.1546. The ee was determined by HPL@gua Chiralpak 1C
column p-hexane/EtOH (97:3)]; flow rate 1.0 mL/miBjisomertyinor = 32.04 MiNgTmajor = 34.47
min (94% ee).
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ABBREVIATIONS, ACRONYMS AND SYMBOLS!

Ac Acetyl

acac Acetylacetonate

ACDC Asymmetric Counterion Directed Catalysis
Ac,O Acetic anhydride

aqg. Agueous

Ar Aryl

BINOL 1,1"-Bi-2-naphthol

Bn Benzyl

Boc tert-Butoxycarbonyl

bs broad signal

c Concentrarion (measured in g/100 mL)
Carom Aromatic carbon

CBA Chiral Brgnsted Acid

CPA Chiral Phosphoric Acid

D-A Diels-Alder

DFT Densitiy Functional Theory

DMDO Dimethyldioxirane

DMSO Dimethylsulfoxide

dpp diphenyl phosphate

dr. diastereomeric ratio

EDG Electron-donating group

e.e. enantiomeric excess

etal. Et alii (and others)

eV Electron volt

EWG Electron-withdeawing group

FC Flash chromatography

GC Gas chromatography

GP General Procedure

HOMO Highest Occupied Molecular Orbital
HPLC High Performance Liquid Chromatography
HRMS High Resolution Mass Spectrometry

J Coupling constant

LUMO Lowest Unoccupied Molecular Orbital
Mes mesityl

M.p. Melting point

MS molecular sieves or Mass Spectrometry

1" For standard Abbreviations and Acronyms, see: “Guidelines for Authors” J. Org. Chem. 2017.
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NHC
n.r.
PMP
PTC

R
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SOMO
SPINOL
SI
TADDOL
Tf

Ts

TS

X

o

Tmajor

Tminor

not determined

N-heterocyclic carbene

no reaction

para-methoxyphenyl

Phase Transfer Catalysis

alkyl group or substituent
regioisomeric ratio

room temperature

Single Occupied Molecular Orbital
1,1 -spirobiindane-7,7"-diol
Supporting Information
(o,a,0,0-tetraaryl-1,3-dioxolane-4,5-dimethanol)
Trifluoromethanesulfonyl

Tosyl

transition state

halogen, heteroatom or leaving group
chemical shift

Retention time for major enantiomer
Retention time for minor enantiomer



Resumen extendido

El empleo de catalizadores quirales que contienen enlaces de hidrégeno dadores
ha abierto una estrategia muy (til para la afinidad entre el catalizador y el sustrato ya
que confiere una mejor organizacion y estados de transicion mas rigidos que otorgan
mejores estereoselectividades. En este sentido, los acidos de Brgnsted han demostrado
ser catalizadores altamente eficaces y versatiles para un gran numero de
transformaciones sintéticas relevantes. Debido a la necesidad de activar un mayor rango
de sustratos mediante la utilizacion de éacidos mas fuertes, Terada y Akiyama
desarrollaron un nuevo grupo de acidos fosfdricos quirales basados en la estructura del
BINOL capaces de actuar de forma bifuncional en un gran nimero de reacciones.

Siguiendo la linea de investigacion del grupo en el area de la organocatalisis
asimétrica, la presente memoria recoge el estudio y desarrollo de varias metodologias
bajo catélisis de &cidos de Brgnsted quirales los cuales participan generando especies
reactivas y a su vez proporcionando un entorno asimétrico conduciendo a la formacion
de productos de forma enantioenriquecida.

En un primer capitulo, se ha expuesto un breve resumen con perspectiva histérica
de las caracteristicas mas generales de la organocatalisis asimétrica, haciendo especial
mencidn a los avances en los diferentes modos de activacién de compuestos carbonilicos
e iminas empleando catalizadores de acidos de Brgnsted tipo &cidos fosféricos o
triflamidas. Se detallan los modos de activacion con recientes ejemplos bibliograficos
aclarando el mecanismo de cada uno de ellos.

El principal proyecto de la tesis doctoral consiste en el estudio del
comportamiento de compuestos con estructura 1,3-dipolo frente a dienos ricos en
electrones en un caso tipico de cicloadicion (4+3). Pretendemos explorar el uso de
cationes alilicos estabilizados por heteroatomos como fuente de la unidad que aporta tres

atomos de carbono, los cuales son conocidos por reaccionar de manera eficaz con dienos



via cicloadicién (4+3) rindiendo una estructura carbocationica ciclica de siete eslabones
gue posteriormente evoluciona hasta el producto final (ver Esquema 1).

1 o 2
R%)?\(Rz \\i// RBR4
R3+ ‘R“ B
Esquema 1

Inicialmente se trabajo en la sintesis de los diferentes precursores de cation
oxaalilico como son los metilidenoxiranos. De esta forma, la formacion in situ de los
cationes oxaalilicos mediante la epoxidacion de alenos estabilizados por nitrogeno con
la consiguiente apertura del metilidenoxirano resulté ser la estrategia mas viable. La
primera aproximacion se baso en la apertura de alquilidenoxiranos mediante catalisis
por acidos de Brgnsted fuertes que se fundamenta en la protonacion o activacion del
sustrato mediante enlaces de hidrégeno por el catalizador &cido, la base conjugada
obtenida, que contiene el entorno quiral, se mantiene préxima al proton por
interacciones ionicas o electrostaticas. La posterior transformacion sobre este intermedio
asimétrico da lugar al producto final enantioenriquecido. Se realizé un estudio con los
reactivos epoxidantes clasicos como pueden ser mCPBA, CH;COOH, '‘BUOOH o H,0,
sin observar el producto de cicloadicion en ninguno de los casos. Al acudir a la
bibliografia se observo la utilizacion del dimetildioxirano (DMDQO) en reacciones de
epoxidacion de alenos. Asimismo, se decidié preparar dicho compuesto y ensayarlo en
la reaccion obteniendo el cicloaducto con un rendimiento del 35% en presencia de
furano y un éacido fosférico (Esquema 2).
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Esquema 2

En 2004, para compensar las limitaciones observadas hasta la fecha con el empleo
de tioureas quirales, Akiyama y Terada presentaron los &cidos fosforicos derivados del
BINOL. Estas especies presentan la acidez adecuada para generar interacciones
electrostaticas mas estables, y una situacion més restringida del grupo &cido gracias a su



entorno quiral. Ademas, el grupo fosfato es a la vez acido y base, confiriendo un
carécter bifuncional al catalizador. De esta forma, se procedi6 a verificar la viabilidad de
la reaccion variando la acidez de los catalizadores empleados para promover la reaccion
entre una alenamida conocida y furano como dieno rico en electrones. Se observé que
una mayor acidez en el sistema catalitico promovia la reaccion de manera mas eficaz en
términos de rendimiento y estereocontrol.

De esta forma, se evaluaron diferentes alenos con grupos dadores y electron-
atractores modulando de esta forma la electrofilia del cation oxaalilico con el fin de
lograr los mejores resultados encontrando necesaria la incorporacién tanto de un grupo
electron-atractor tipo alcoxicarbonilo como un sustituyente aromatico sobre el &tomo de
nitrégeno. A continuacion se realizaron estudios de temperatura, diversos modos de
adicion, variaciones en la concentracién, estudio de equivalentes, disolventes y co-
disolventes observando una mejora significativa bajo el empleo de acetato de etilo como
co-disolvente en el sistema de reaccién. De esta forma, también se estudié el empleo de
otros acetatos sin observar ninguna mejora.

Con el fin de mejorar los resultados, se reevaluaron diferentes catalizadores bajo
las condiciones éptimas de reaccion incluyendo sistemas tipo SPINOL o bifosféricos
gue han demostrado buenos resultados en otras reacciones descritas en la bibliografia sin
lograr una mejora en los resultados.

Tras un extenso proceso de exploracién de las variables de reaccion, se determina
gue el empleo de triflamida sustituida por triphenylsilyl en posiciones 3,3"del BINOL
como catalizador en DMDO en tolueno y acetato de etilo como disolvente a -78 °C
conducen a la formacidon de 8-oxabiciclo[3.2.1]-octano (Esquema 3).
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Esquema 3




A continuacién se decidi6 estudiar la influencia de la sustitucion y naturaleza
electronica del dieno, observando que la reaccidn es muy dependiente de este parametro,
estando limitada al uso de furanos como dienos ricos en electrones capaces de
proporcionar resultados aceptables en cuanto a rendimiento y estereocontrol. Se realizd
el alcance de la reaccién con buenos rendimientos y enantioselectividades bajo una
absoluta diastereoselectividad y casi completa regioselectividad. Sin embargo, la
reaccién queda limitada al uso de furanos sustituidos en posicion 3.

Con el fin de completar el trabajo se utilizaron los furanos que mejores resultados
aportaron al estudio de alenos sustituidos en posicion y con sustituyentes de diferente

naturaleza como grupos alquilo o funcionalizados obteniendo excelentes resultados

(Esquema 4).
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Esquema 4

Finalmente, el tercer capitulo trata sobre el trabajo realizado en la Universidad de
Loughborough (UK) bajo la supervision del Prof. Andrei V. Malkov y la posterior
colaboracion con nuestro grupo en la UPV/EHU trabajando con el objetivo de establecer
las condiciones 6éptimas para la resolucion cinética de mezclas racémicas de
alilboronatos secundarios mediante la alilacion selectiva facial de aldehidos empleando
condiciones de &cidos de Brgnsted quirales (Esquema 5) para posteriormente utilizarlos
como productos de partida en la alilacion de iminas.

i l 2,4,6-PrCgH,
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Esquema 5




Los boronatos resueltos seran utilizados para la sintesis de aminas quirales
homoalilicas. Desarrollaremos la alilacién asimétrica de iminas primarias mediante el
empleo de alilboronatos enantioenriquecidos con el objetivo de lograr un proceso de
absoluta transferencia de quiralidad al producto final. Los boronatos resueltos se
afiadiran tras la condensacion del correspondiente aldehido en imina bajo amoniaco en
disolucion de etanol a temperatura ambiente (Esquema 6).
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Esquema 6
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